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Abstract.
Background: Despite growing evidence regarding the association between exercise training (ET) and functional brain net-
work connectivity, little is known about the effects of ET on large-scale within- and between-network functional connectivity
(FC) of core brain networks.
Objective: We investigated the effects of ET on within- and between-network functional connectivity of the default mode
network (DMN), frontoparietal network (FPN), and salience network (SAL) in older adults with intact cognition (CN) and
older adults diagnosed with mild cognitive impairment (MCI). The association between ET-induced changes in FC and
cognitive performance was examined.
Methods: 33 older adults (78.0 ± 7.0 years; 16 MCI and 17 CN) participated in this study. Before and after a 12-week
walking ET intervention, participants underwent a graded exercise test, Controlled Oral Word Association Test (COWAT),
Rey Auditory Verbal Learning Test (RAVLT), a narrative memory test (logical memory; LM), and a resting-state fMRI scan.
We examined the within (W) and between (B) network connectivity of the DMN, FPN, and SAL. We used linear regression
to examine associations between ET-related changes in network connectivity and cognitive function.
Results: There were significant improvements in cardiorespiratory fitness, COWAT, RAVLT, and LM after ET across partic-
ipants. Significant increases in DMNW and SALW, and DMN-FPNB, DMN-SALB, and FPN-SALB were observed after ET.
Greater SALW and FPN-SALB were associated with enhanced LM immediate recall performance after ET in both groups.
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Conclusion: Increased within- and between-network connectivity following ET may subserve improvements in memory
performance in older individuals with intact cognition and with MCI due to Alzheimer’s disease.

Keywords: Alzheimer’s disease, cognitive function, exercise training, functional connectivity, mild cognitive impairment,
neural network, older adults, physical activity

INTRODUCTION

It has been well-documented that aging is asso-
ciated with declines in cognition [1], brain volume,
including cortical and subcortical (e.g., the hip-
pocampus) atrophy [2, 3], cerebral blood flow [4],
and altered brain tissue microstructure [5]. In addi-
tion to these measurements, functional connectivity
(FC) analysis has been used to characterize the func-
tional organization of the brain in response to aging.
Functional brain network connectivity is typically
analyzed using resting-state functional magnetic
resonance imaging (fMRI) data collected during task-
free conditions [6, 7]. Using resting-state fMRI data,
major functional networks of the brain have been
identified including the default mode network (DMN;
primary anchor regions: the medial prefrontal gyrus
and posterior cingulate), the frontoparietal network
(FPN; primary anchor regions: the dorsolateral pre-
frontal cortex and lateral posterior parietal cortex),
and the salience network (SAL; primary anchor
regions: the dorsal anterior cingulate cortex and insu-
lar cortex; also referred to as the cingulo-opercular
network) [8, 9]. It has been suggested that these key
networks have unique roles and functions. For exam-
ple, the DMN is responsible for introspection and
self-generated thoughts [8, 10], the FPN is respon-
sible for higher-order cognitive processes [11], and
the SAL is responsible for detecting and integrat-
ing relevant sensory information and the facilitation
of switching between DMN and FPN engagement
[12]. Converging evidence reports that aging is asso-
ciated with reduced FC within the DMN [13], FPN
[14], and SAL [15], which are indices of age-related
deterioration in brain functional network organiza-
tion. Clinically, age-related declines in cognition
and brain network organization are also associated
with increased risk for the diagnosis of mild cog-
nitive impairment (MCI) and Alzheimer’s disease
[16].

Mounting evidence suggests that exercise training
(ET) mitigates age-related decline in functional net-
work integrity. Particularly, there is a line of evidence
suggesting ET-elicited neuroprotective effects are
reflected by changes in brain FC [17]. For example,

one study found increases in the DMN and lat-
eral prefrontal aspects of a fronto-insular network
(and overlap with the SAL network) in response to
a 12-month walking ET intervention, and the ET-
related increase in DMN connectivity was associated
with improved executive function performance in
older adults (67.3 years) [18]. In another study, 4
months of aerobic ET consisting of treadmill and
cycling exercise led to an increase in FC between
the right parahippocampal gyrus and left superior
temporal gyrus in middle-aged adults (45.1 years)
[19]. We previously reported that a 12-week walking
ET was also associated with an increase in cerebel-
lar FC with inferior parietal lobule and precuneus
regions, which were associated with improvement
in phonemic fluency performance in healthy older
adults (78.0 years) [20]. In addition to the evidence
in older adults with intact cognition, there has been
great interest in the impact of ET on brain network
connectivity in older adults diagnosed with MCI, a
prodromal stage of dementia most often character-
ized by episodic memory decline with intact activities
of independent daily living [21]. For example, a 12-
week walking ET intervention was associated with
increased DMN FC [22] and hippocampal FC [23]
in older adults diagnosed with MCI. Importantly, the
ET-related increase in hippocampal FC corresponded
to ET-related improvements in memory performance
in older adults diagnosed with MCI [23], suggest-
ing that regular participation in exercise may be able
to stimulate neural plasticity in memory networks
among older individuals who have experienced cog-
nitive decline.

Many of the studies in the exercise neuroscience
literature have utilized a ‘seed-based’ approach to
investigate the effects of exercise on the functional
networks of the aging brain [17]. A seed-based
analysis of resting-state fMRI data requires a
hypothesis-driven determination of the seed regions
to assess the FC between the seed region and rest
of the brain [24]. Since the analysis is centered on
the seed region, it is relatively simple to compute
and interpretation of the results is straightforward
[24]. Nonetheless, the results from seed-based anal-
yses depend highly on the selection of the seed
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region(s), which could make it susceptible to bias
[25]. Furthermore, the seed-based analysis is locally
constrained to the FC between the seed region and
brain regions that are functionally connected to the
seed region, which limits our understanding about the
global scale functional organization of the brain (e.g.,
within-network and between-network connectivity)
[24].

Dorsman and colleagues (2020) investigated the
longitudinal relationship between physical activity
and inter- and intra-network connectivity in older
adults (73.3 years). They found that longitudinal
increases in self-reported participation in physical
activity were associated with increased network FC
including the FPN-subcortical network and intra-
subcortical network [26]. Yet, physical activity was
assessed by self-report and only cognitively healthy
older adults were included. Hence, a prospective
intervention trial is necessary to gain insights into
the effects of ET on network FC in older adults,
particularly those diagnosed with MCI. To address
this knowledge gap, we investigated the effects of
ET on within- and between-network connectivity in
older adults with intact cognition and those diagnosed
with MCI. We also tested if the ET-related changes
in within- and between-brain network connectivity
were associated with changes in cognitive perfor-
mance. For the cognitive tasks, Controlled Oral Word
Association Test (COWAT) [27], the Rey Auditory
Verbal Learning test (RAVLT) [28], and the Wechsler
Memory Scale Logical Memory subtest (LM) [29,
30] were used based on our previous findings that
showed improved performance of these tasks after
walking ET [20, 23, 31].

To test our research questions, the triple net-
work model was used to examine the effects of ET
on FC within the DMN, FPN, and SAL, as well
as FC between each of these networks [32]. The
model posits that the interconnectivity of three major
brain networks (i.e., DMN, FPN, and SAL) under-
lies complex cognitive processes that when disrupted
presumably leads to cognitive dysfunction [32]. Pre-
vious evidence suggests that aging is associated with
decreased within-network FC and increased between-
network FC [33]. Given the beneficial effects of ET on
functional network connectivity in older adults, both
with intact cognition and MCI [17, 18], we hypoth-
esized that there would be increased within-network
FC and decreased between-network FC in response
to ET in both older adults with intact cognition and
those diagnosed with MCI. We also hypothesized
that greater ET-related increases in within-network

FC and decrease in between-network FC would be
associated with greater ET-related improvements in
the COWAT, RALVT, and LM performances in both
groups.

MATERIALS AND METHODS

Participants

A previous paper provides more detail on our par-
ticipant recruitment procedures [34], which included
advertisements in newspapers, talks at community
and residential sites, and referrals by physicians. Tele-
phone screening was used for health and magnetic
resonance imaging (MRI) exclusions to determine
preliminary eligibility, followed by a neurological
and neuropsychological assessment to determine
final eligibility (see Neurocognitive Testing section).
Written informed consent and physician approval for
participating in moderate-intensity ET were obtained
from all participants. This study was approved in
accordance with the Declaration at Helsinki. Testing
sessions were administered within 3–5 days prior to
and following the intervention.

Inclusion and exclusion criteria

As previously reported [34], we included only
older individuals who, during phone screening,
reported engaging in moderate-intensity physical
activity on fewer than three days/week for the
six months preceding the study. Other exclusion-
ary criteria included history of or current: 1) brain
injury, cardiovascular disease, or cerebral ischemia;
2) contraindications for MRI; 3) cerebrovascular or
neurological disorder or disease; 4) untreated psychi-
atric symptoms meeting DSM-IV criteria, including
but not limited to severe depression and substance
use disorder; 5) current score of >15 on the 30-
item Geriatric Depression Scale (GDS) [35] or
evidence of impaired activities of daily living [36];
and 6) left-handedness (i.e., <50 of laterality quotient
[37]).

Neurocognitive testing

As previously reported [34], a team of neuropsy-
chologists evaluated cognitive scores to determine
MCI diagnosis using National Institute of Aging-
Alzheimer’s Association criteria [38], including: 1)
subjective cognitive complaints; 2) cognitive impair-
ment in at least one domain; 3) intact activities of
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daily living; 4) not demented. The neuropsychologi-
cal test battery, administered between 0700 and 1100
hours included the COWAT [27], RAVLT [28], and
LM subtest of the Wechsler Memory Scale-III [29,
30] before and following a 12-week ET interven-
tion. The average difference between the last day of
exercise and post-intervention testing across all par-
ticipants was 5.3 ± 3.9 days. The COWAT examines
phonemic fluency (i.e., words starting with a spe-
cific letter, e.g., F, A, S); participants were instructed
to produce as many words as possible within 60 s
[27]. The total number of words produced during the
tests were used as the index of the test performance
in the present study. Alternate forms were used for
before and after ET intervention across participants.
The RAVLT (episodic memory) involves individu-
ally presenting 15 unrelated words that participants
are instructed to attempt to recall after the presenta-
tion; five consecutive trials are performed [28]. After
presentation and recall of a different (interference)
list, immediate recall of the original words is tested,
followed by delayed recall 20-min later. The primary
interpretive index of the RAVLT performance was
the number of words recalled at Trial 1 (T1), sum
of Trial 1 to Trial 5 (T1-5), immediate recall, and
delayed recall. Alternate forms of the RAVLT were
counterbalanced at the before and after ET sessions
to minimize possible learning effects across partici-
pants. During the LM test, the examiner reads two
short stories after which participants immediately
recall the stories as exactly as possible [29, 30]. A
delayed recall test follows 30-min later and a yes/no
recognition test of story details thereafter. The num-
ber of correct responses during the immediate recall,
delayed recall, and recognition were used for the
present study.

Cardiorespiratory fitness test

All participants underwent a modified submaxi-
mal exercise test to assess cardiorespiratory fitness
before and after the 12-week exercise interven-
tion, as described in our previous paper [34]. We
utilized a modified Balke-Ware protocol in which
exercise speed was constant at 3.2 km/h and grade
increased 1◦/min (start at 0◦ grade) motorized tread-
mill. Metabolic data, including rate of oxygen (V̇O2)
consumption and rate of carbon dioxide (V̇CO2) pro-
duction, were obtained on a calibrated metabolic
measurement system (Parvo Medics, Salt Lake City,
UT). We estimated V̇O2 peak using linear extrapola-
tion based on oxygen consumption at a 85% of heart

rate reserve (HRR) [39]. Borg rating of perceived
exertion (RPE) was used to measure subjective effort
during the exercise test [40], which was measured
every min. Heart rate (HR) and blood pressure were
measured every 2 min during the test. HRR was deter-
mined based on age-predicted maximal heart rate and
resting heart rate measured while seated prior to the
exercise test. The test was terminated using standard
safety and objective criteria [34]. All testing sessions
occurred within 3–5 days before and after the inter-
vention period.

Exercise intervention

The study participants completed a 12-week tread-
mill walking intervention. A certified personal trainer
or exercise physiologist supervised all exercise ses-
sions in local recreation centers. Each session lasted
30 min and occurred four days per week. A HR mon-
itor (Polar Electro, Kempele, Finland) and the RPE
scale [40] were used during each exercise sessions to
monitor the intensity of the exercise and to maintain
a moderate intensity. The exercise session intensity,
duration, and weekly frequency were increased grad-
ually across the first month until participants were
walking 30 min per session (4 days per week). Dur-
ing the remaining (5–12) weeks, the exercise intensity
was targeted at 50–60% of HRR and exercise duration
was 30 min (a total of 44 sessions for 12 weeks), plus
a 10-min warm-up and 10-min cool-down (50 min
total). The treadmill speed and grade were modified
each session based on each participant’s progress and
exercise capacity. The proportion of sessions attended
was used to assess compliance to the intervention
protocol.

MRI acquisition

MRI data (3.0 Tesla (GE, Waukesha, WI)
were acquired at high-resolution with T1-weighted
anatomical images for co-registration using the fol-
lowing parameters: 3D Spoiled Gradient Recalled at
steady state protocol (SPGR), slice thickness = 1 mm,
voxel size = 0.94 × 0.94 × 1.00 mm, number of exci-
tations (NEX) = 1, repetition time (TR) = 9.6 ms,
field of view = 240 mm, echo time (TE) = 3.9 ms,
inversion recovery preparation time = 450 ms, flip
angle = 12◦, resolution = 256 × 224, and sequence
duration = 6 min. Resting state fMRI data were
collected with eyes open (with a fixation cross)
using the following standard parameters: gradient
echo planar images (6 min acquisition time, 36
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slices, axial plane), 4.0 mm isotropic voxels, field
of view = 240 mm, slice thickness = 1.0 mm, TR/TE =
2000/25 ms, NEX = 1 mm, resolution = 64 × 64, flip
angle = 77◦.

Structural and functional MRI data processing

First, FreeSurfer’s (version 5.3.0) automated pro-
cessing stream (recon-all) was used to process the
T1-weighted anatomical volumes, which generate
cortical and subcortical reconstructions [41]. Second,
to minimize magnetization disequilibrium, we used
Analysis of Functional NeuroImages [42] (AFNI,
v.17.2.10) 3dTcat function to manually remove the
first three volumes of the functional image time-
series. Third, Slice-Oriented Motion Correction,
which corrects misalignment between consecutive
slices, was used to realign the truncated functional
images [43]. Next, the motion-corrected functional
volumes and FreeSurfer-rendered anatomical images
were coregistered using AFNI’s align epi anat func-
tion. We visually inspected for proper alignment
and no further correction was administered. AFNI’s
single-subject preprocessing stream (proc.py) was
used to further process the coregistered functional
volumes that include: 1) censoring volumes with
outlier fraction threshold (>10%), 2) despiking
(3dDespike) the remaining time-series to reduce
high-intensity transients within the blood oxygen
level dependent (BOLD) signal, 3) time-shifting to
the beginning of the TR (3dTshift), 4) bandpass
filtering (0.01 to 0.1 Hz), 5) censoring image vol-
umes if their frame-wise displacement was greater
than 0.2 mm, and 6) removing signals from ventri-
cles and white matter to further reduce physiological
noise. The proc.py script resulted in the transforma-
tion matrix with a grid spacing of 2 mm3. Since there
was no difference in the percentage of censored TRs
between the before (0.86 ± 0.27%) and after ET scans
(0.94 ± 0.34%) (p = 0.09; paired t-test), we did not
use head movement as a covariate in the subsequent
analyses.

Construction of functional connectivity networks

We used the brain atlas developed by Power et
al. [44] to define functional network nodes, which
were created based on meta-analytic and FC mapping
techniques. The Power et al. atlas contains a total of
264 regions of interest widely distributed across cor-
tical, subcortical, and cerebellar brain regions. These
regions of interest were modeled as spherical nodes

representing individual elements of large-scale brain
organization. Among all brain networks, we specif-
ically selected three core large-scale networks, the
DMN, FPN, and SAL, based on the triple network
model [32]. We first created spherical regions of inter-
est positioned on each of the coordinates provided by
the atlas developed by Power and colleagues (2011)
[44] in MNI space (10 mm in diameter) (Fig. 1).
We then extracted the average residual BOLD sig-
nal within each network node to calculate network
edges for each participant and each experimental
time point (e.g., before and after ET). Edge weights
of subject-specific networks were defined as the
Fisher’s r-to-z transformed Pearson product-moment
cross-correlations of the average BOLD time series
calculated between network nodes.

Within-network and between-network functional
connectivity

Average FC was calculated within and between the
DMN, FPN, and SAL. Within-network FC was calcu-
lated for each participant as the average of all edges
(nij) within the DMN (DMNW), FPN (FPNW), and
SAL (SALW). Between-network FC was calculated
as the average of all edges between nodes of the DMN
and FPN (DMN-FPNB), between nodes of the DMN
and SAL (DMN-SALB), and between nodes of the
FPN and SAL (FPN-SALB). We retained negative
edges in adjacency matrices for the present study;
thus an undirected, signed, and weighted matrix was
created for each participant for each time point (i.e.,
before and after ET). Although a statistical threshold
is commonly applied to correlation matrices in FC
analyses in order to retain the most reliable positive
connections, the present study did not use a thresh-
old for the adjacency matrices due to the potential
neurophysiological relevance of weak and negatively
correlated FC in the whole-brain network topology
[45, 46]. The group-averaged adjacency matrices rep-
resenting the DMN, FPN, and SAL for each time
point (i.e., before- and after-ET) are presented in
Fig. 2.

Statistical analysis

The baseline demographic and cognitive test per-
formance differences between groups (MCI versus
CN) were analyzed using independent sample t-tests
(or Wilcoxon signed-rank tests for non-parametric
data) or Fisher’s exact test for discrete data [e.g.,
number of female participants or apolipoprotein E
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Fig. 1. Location of the nodes for each network defined by Power (2011) atlas [44]. Red: DMN (59 nodes); Yellow: FPN (25 nodes); and
Black: SAL (18 nodes). Detailed coordinates for each node are presented in Supplementary Table 1.

epsilon-4 allele (APOE �4) carrier] after determin-
ing normality using the Shapiro-Wilk test. Since
no alternate forms were used for the LM test, we
computed residualized change scores for the LM
test to minimize practice effects and regression to
the mean [47, 48]. Repeated measures ANOVAs
were used to compute the main effects of Time
(i.e., before versus after ET), Group (i.e., MCI ver-
sus CN), and the Group × Time interaction on the
functional network connectivity metrics and cog-
nitive test performance outcomes. The associations
between ET-related changes in cognitive perfor-
mance (�cognitive performance) and within and
between network connectivity FC (�within-network

FC and �between-network FC, respectively) were
then examined using partial correlation analysis.
We conducted bivariate correlation tests to evaluate
relationships between age and variables of interest
including FC and cognitive performance prior to
the partial correlation analysis. We found no sig-
nificant correlations between age and variables of
interest (p ≥ 0.209). We also did not find significant
correlations between sex and variables of interest
(p ≥ 0.146). Therefore, the correlation analyses were
unadjusted for age and sex [49, 50]. Statistical signif-
icance was determined at alpha = 0.05. All statistical
tests were conducted using SPSS (v. 26.0, IBM,
Armonk, NY).
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Fig. 2. Group-averaged (CN and MCI) adjacency matrix repre-
senting functional connectivity of DMN, FPN, and SAL defined
using Power (2011) atlas [44]. A) Before exercise training. B) After
exercise training. C) After minus Before exercise training.

RESULTS

Demographic characteristics

Data from the sample used in the study have been
previously published examining different outcomes
and sub-samples [34]. Briefly, advertisements for

recruitment yielded 407 respondents; 92 were con-
sented and underwent neurological examination, 68
were scheduled for pre-test assessments, 39 began
exercise intervention, and 35 completed all study
procedures. Of the 35 participants who completed
the entire study protocol, 2 individuals (1 MCI and
1 CN) were excluded due to missing fMRI data.
The remaining 33 participants were included in the
present analyses (16 MCI and 17 CN; mean age = 78
years). Of the 16 MCI participants, six were classi-
fied as amnestic MCI (i.e., impairment specifically
in the memory domain; detailed information about
recruitment and enrollment is described in our pre-
vious work [34]). 31 participants were Caucasians
and two were African Americans. Formal educa-
tion averaged 16 years and 72% were women. 11
participants were APOE �4 carriers. The CN group
demonstrated a significantly greater Mattis Dementia
Rating Scale-2 score compared to MCI (p = 0.001), as
expected. In contrast, there were no significant differ-
ences between the MCI and CN groups in the baseline
demographic characteristics including age, sex, edu-
cation, number of APOE �4 carriers, V̇O2peak, GDS
(missing data 1 MCI and 1 CN), and Lawton Instru-
mental Activities of Daily Living. Table 1 displays
demographics, cardiorespiratory fitness, depression
symptom scores, activities of daily living, and cogni-
tive data for all participants.

Exercise intervention

The mean number of exercise sessions completed
was 42.3 ± 2.2 out of 44 total sessions, and the adher-
ence rate was 96.1 ± 5.0%. The mean intensity of
the exercise session during the first four weeks was
46.9 ± 7.1% HRR and during the weeks 5–12 was
54.7 ± 11.0% HRR and the mean rating of perceived
exertion (RPE) was 10.6 ± 1.8 and 10.8 ± 2.0 (light
exertion), respectively [34].

Cardiorespiratory fitness and cognitive task
performance

There was a significant increase in V̇O2peak from
before to after ET in both groups (missing data 1 CN
and 2 MCI) [F(1,28) = 9.252, p = 0.005, η2

p = 0.248].
There were significant main effects of Time on LM
task performance (missing data 2 CN and 1 MCI),
with consistent improvements in the LM imme-
diate recall [F(1,28) = 6.836, p = 0.014, η2

p = 0.196],
LM delayed recall [F(1,28) = 4.677, p = 0.039,
η2

p = 0.143], and LM recognition [F(1,28) = 8.947,
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Table 1
Demographic information for study participants

Total Sample MCI CN Group Differences
(n = 33) (n = 16) (n = 17)

Mean ± SD Mean ± SD Mean ± SD p

Demographics
Age (y) 78.0 ± 7.0 80.5 ± 5.7 75.8 ± 7.4 0.223
Female (n, %) 24 (72.7%) 10 (62.5%) 14 (82.3%) 0.201F
Education (y) 16.0 ± 2.5 15.6 ± 3.2 16.5 ± 1.9 0.332
APOE �4 Carriers (n, %) 11 (33.3%) 5 (31.2%) 6 (35.2%) 0.622F

Cardiorespiratory Fitness
Baseline V̇O2peak (ml/kg/min) 19.4 ± 4.5 18.6 ± 3.7 20.1 ± 5.1 0.258

Depression
Baseline GDS 4.6 ± 3.3 6.0 ± 3.7 3.8 ± 2.7 0.074

Cognitive Function
Baseline Mattis Dementia Rating Scale-2 Total 134.3 ± 11.1 128.0 ± 13.3 140.3 ± 2.5 0.001

Activities of Daily Living
Baseline Lawton Activities of Daily Living 4.6 ± 0.5 4.6 ± 0.5 4.6 ± 0.6 0.910

MCI, mild cognitive impairment; CN, normal cognition control; F, Fisher’s Exact Test; APOE �4, apolipoprotein E epsilon 4 allele; V̇O2peak,
peak rate of oxygen consumption; GDS, Geriatric Depression Scale.

p = 0.006, η2
p = 0.242] after ET. Similarly, there were

significant improvements in RAVLT Trial 1 (missing
data 2 CN and 1 MCI) [F(1,28) = 4.887, p = 0.035,
η2

p = 0.149] and COWAT performance (missing data
2 CN and 1 MCI) [F(1,28) = 4.599, p = 0.041,
η2

p = 0.141]. In contrast, no significant effects of Time
were observed in RAVLT T1-5 [F(1,28) = 1.202,
p = 0.282, η2

p = 0.041], RAVLT immediate recall

[F(1,28) = 0.777, p = 0.386, η2
p = 0.027], and RAVLT

delayed recall [F(1,28) = 0.307, p = 0.584, η2
p =

0.011].
No significant Group × Time interactions

were found for cognitive performance, includ-
ing LM immediate recall [F(1,28) = 0.194, p =
0.663, η2

p = 0.007], LM delayed recall [F(1,28) =

0.175, p = 0.679, η2
p = 0.006], LM recognition

[F(1,28) = 0.994, p = 0.327, η2
p = 0.034], RAVLT T1

[F(1,28) = 1.222, p = 0.278, η2
p = 0.042], RAVLT T1-

5 [F(1,28) = 0.481, p = 0.494, η2
p = 0.017], RAVLT

immediate recall [F(1,28) = 1.523, p = 0.227,
η2

p = 0.052], RAVLT delayed recall [F(1,28) = 0.034,

p = 0.855, η2
p = 0.001], and COWAT [F(1,28) = 3.965,

p = 0.056, η2
p = 0.124] (Table 2).

Within- and between-network connectivity

In response to ET, significantly increased
within-network connectivity occurred from
before to after ET for the DMN (DMNW)
[F(1,31) = 7.963, p = 0.008, η2

p = 0.204] and SAL

(SALW) [F(1,31) = 6.941, p = 0.013, η2
p = 0.183]

across participants. Conversely, there was no signif-

icant main effect of Time for FPN within-network
connectivity (FPNW) [F(1,31) = 2.258, p = 0.143,
η2

p = 0.068]. No significant Group × Time interac-
tions were found for the within-network connectivity
measures, including DMNW [F(1,31) = 2.490,
p = 0.125, η2

p = 0.074], FPNW [F(1,31) = 0.545,

p = 0.466, η2
p = 0.017], and SALW [F(1,31) = 1.234,

p = 0.275, η2
p = 0.038]. For between network connec-

tivity, effects of Time were consistently observed
for the DMN-FPNB [F(1,31) = 8.699, p = 0.006,
η2

p = 0.219], DMN-SALB [F(1,31) = 9.652, p = 0.004,

η2
p = 0.237], and FPN-SALB [F(1,31) = 6.994,

p = 0.013, η2
p = 0.184]. No significant Group × Time

interactions were detected for between-network
connectivity measures, including DMN-FPNB
[F(1,31) = 0.299, p = 0.588, η2

p = 0.010], DMN-

SALB [F(1,31) = 0.808, p = 0.376, η2
p = 0.025],

and FPN-SALB [F(1,31) = 0.157, p = 0.694,
η2

p = 0.005] (Table 3). For the FC outcomes,
we ran 3 Group × Time analyses for within network
effects and 3 Group × Time analyses for between
network effects. The conservative Bonferroni cor-
rection is p < 0.016 and the significant main effects
of Time survive.

Associations between ET-related changes in
network connectivity and cognitive performance

Across participants, ET-related changes in the SAL
within-network connectivity (�SALW) explained
22.1% of the variance in �LM immediate recall
residualized change score [R = 0.471, R2 = 0.221,
p = 0.009] (Fig. 3A). No significant relationships
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Table 2
Cognitive task outcome data for study participants

Total Sample (n = 33) MCI (n = 16) CN (n = 17) Time Group Group × Time
Before After Before After Before After

Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD p (η2
p) p (η2

p) p (η2
p)

Cardiorespiratory Fitness
V̇O2peak (ml/kg/min) 19.38 ± 4.50 21.10 ± 3.70 18.59 ± 3.68 21.20 ± 3.24 20.07 ± 5.14 21.02 ± 4.16 0.005 (0.248) 0.647 (0.008) 0.166 (0.067)

Cognitive Function
LM Immediate Recall 36.27 ± 13.39 39.23 ± 13.51 30.60 ± 14.23 34.07 ± 15.89 41.93 ± 9.99 44.40 ± 8.26 0.014 (0.196) 0.021 (0.177) 0.663 (0.007)
LM Delayed Recall 21.57 ± 10.14 23.63 ± 10.63 17.80 ± 10.18 19.47 ± 10.80 25.33 ± 8.89 27.80 ± 8.94 0.039 (0.143) 0.028 (0.161) 0.679 (0.006)
LM Recognition 24.23 ± 3.40 25.53 ± 3.47 22.47 ± 3.06 24.20 ± 3.29 26.00 ± 2.80 26.87 ± 3.20 0.006 (0.242) 0.006 (0.239) 0.327 (0.034)
RAVLT Trial 1 4.67 ± 2.08 5.63 ± 1.93 4.31 ± 1.88 5.60 ± 2.09 5.00 ± 2.26 5.67 ± 1.83 0.035 (0.149) 0.478 (0.018) 0.278 (0.042)
RAVLT Trial 1–5 43.23 ± 13.77 44.87 ± 15.04 37.80 ± 13.44 40.47 ± 15.62 48.67 ± 12.21 49.27 ± 13.53 0.282 (0.041) 0.050 (0.130) 0.494 (0.017)
RAVLT Immediate Recall 8.60 ± 4.46 8.93 ± 4.35 6.80 ± 4.09 7.60 ± 4.73 10.40 ± 4.20 10.27 ± 3.61 0.386 (0.027) 0.043 (0.138) 0.227 (0.052)
RAVLT Delayed Recall 8.30 ± 4.69 8.60 ± 4.66 6.60 ± 4.43 7.00 ± 4.76 10.00 ± 4.45 10.20 ± 4.10 0.584 (0.011) 0.040 (0.142) 0.855 (0.001)
COWAT 36.60 ± 12.47 39.40 ± 14.34 33.07 ± 13.64 38.47 ± 16.84 40.13 ± 10.46 40.33 ± 12.47 0.041 (0.141) 0.056 (0.124) 0.352 (0.031)

MCI, mild cognitive impairment; CN, normal cognition control; V̇O2peak, peak rate of oxygen consumption; p-values and effect size (η2
p) reflect the Time and Group × Time effects from repeated

measures ANOVA.

Table 3
Within- and between-network data for study participants

Total Sample (n = 33) MCI (n = 16) CN (n = 17) Time Group Group × Time
Before After Before After Before After

Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD Mean ± SD p (η2
p) p (η2

p) p (η2
p)

Within-Network Connectivity
DMNW 0.079 ± 0.027 0.103 ± 0.037 0.082 ± 0.024 0.092 ± 0.035 0.077 ± 0.031 0.113 ± 0.037 0.008 (0.204) 0.323 (0.031) 0.125 (0.074)
FPNW 0.112 ± 0.054 0.128 ± 0.044 0.118 ± 0.053 0.127 ± 0.053 0.105 ± 0.056 0.130 ± 0.036 0.143 (0.068) 0.714 (0.004) 0.466 (0.017)
SALW 0.099 ± 0.036 0.145 ± 0.062 0.097 ± 0.040 0.115 ± 0.062 0.100 ± 0.033 0.145 ± 0.062 0.013 (0.183) 0.221 (0.048) 0.275 (0.038)

Between-Network Connectivity
DMN-FPNB 0.004 ± 0.008 0.019 ± 0.266 0.005 ± 0.006 0.018 ± 0.027 0.002 ± 0.010 0.019 ± 0.026 0.006 (0.219) 0.861 (0.001) 0.588 (0.010)
DMN-SALB 0.009 ± 0.013 0.026 ± 0.030 0.012 ± 0.014 0.024 ± .034 0.006 ± 0.012 0.028 ± 0.027 0.004 (0.237) 0.846 (0.001) 0.376 (0.025)
FPN-SALB 0.018 ± 0.022 0.040 ± 0.040 0.022 ± 0.021 0.041 ± 0.045 0.014 ± 0.023 0.039 ± 0.035 0.013 (0.184) 0.572 (0.010) 0.694 (0.005)

MCI, mild cognitive impairment; CN, normal cognition control; p-values and effect size (η2
p) reflect the Time and Group × Time effects from repeated measures ANOVA; DMN, default mode

network; FPN, frontoparietal network; SAL, salience network; W, within network connectivity; B, between network connectivity.
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were observed between the within-network con-
nectivity measures and other cognitive measures
including the RAVLT T1, COWAT, LM delayed
recall, or LM recognition performance (p ≥ 0.063).
For the between network connectivity measures,
the �FPN-SALB explained 30.1% of the vari-
ance in �LM immediate recall residualized change
score [R = 0.548, R2 = 0.301, p = 0.001] (Fig. 3B).
There were no other significant associations between
between-network connectivity measures and other
cognitive assessments (p ≥ 0.056).

DISCUSSION

The present study examined the effects of a 12-
week walking ET intervention on the within- and
between-network FC of the major brain functional
networks (i.e., DMN, FPN, and SAL) and their asso-
ciations with cognitive performance in cognitively
normal older adults and those diagnosed with MCI.
Our results indicate that participation in moderate-
intensity walking exercise 4 days per week for 12
weeks resulted in a 10.5% enhancement in car-
diorespiratory fitness (V̇O2peak) across participants.
In addition, there was a significant increase in the
within-network FC of the DMN and SAL after ET.
Furthermore, there were ET-related increases in the
FC between the three major networks of the brain
(i.e., DMN-FPNB, DMN-SALB, and FPN-SALB).
Importantly, a greater ET-related increase in within
network FC of the SAL, as well as increased FC
between the FPN and SAL, were associated with
improvements in episodic memory performance (LM
task immediate recall), suggesting that alterations in
within- and between-network FC may reflect neural
network plasticity associated with improvements in
cognitive function following ET. Notably, we did not
detect any Group (MCI versus CN) by Time (before-
versus after-ET) interaction effects, suggesting the
effects of ET were consistent across cognitively nor-
mal older adults and those who have experienced
modest cognitive decline.

In line with our hypothesis, our finding suggests
that a 12-week ET is associated with increased DMN
within-network FC. This result is consistent with
previous cross-sectional studies suggesting an asso-
ciation between higher cardiorespiratory fitness and
greater DMNW [51, 52]. Moreover, the present result
is consistent with our previous work using the same
cohort that demonstrated an increased DMN FC
in response to ET (seed region: posterior cingulate

cortex) [22]. Similarly, the ET-induced increase in
SALW in this study is in agreement with a previous
study suggesting increased anterior insula FC (i.e., a
key node of the SAL) in older adults after a 6-month
aerobic ET intervention that was paired with regular
intake of a nutritional supplement [53]. Importantly,
we found that the ET-related increase in SALW was
associated with enhanced LM immediate recall per-
formance. The association between the ET-related
increase in within-network FC and LM immediate
recall performance suggests that strengthened FC
within the network may serve as one underlying neu-
rophysiological mechanism of ET-related cognitive
improvements. These findings support the hypothesis
that ET may enhance the within-network functional
connections, which may subserve improved cogni-
tive function in older adults with normal cognition
and older adults diagnosed with MCI. On the other
hand, we did not find significant changes in FPNW
in response to ET, which is consistent with Voss et
al. (2010) that showed no overall effects after a 12-
month walking exercise [18]. Nevertheless, although
the effect size was smaller, the direction of the ET-
related effects on FPNW was consistent with DMNW
and SALW in this study; thus, the effects of ET on
FPN should be further investigated in the future with
larger sample.

In contrast to our hypothesis, ET led to increased
FC between the DMN, FPN, and SAL. Our results
are in partial contrast to the findings reported by Voss
and colleagues (2016) in which CRF was negatively
associated with the strength of between-network FC
[51]. One possible reason for the conflicting results
is the difference in the selection of functional net-
works; the present study selected the nodes based
on the work by Power et al. [44], while Voss et al.
(2016) selected the nodes based on previous findings
from their group [18, 52]. Other possible factors for
the disagreement include the differences in the study
design (intervention versus cross-sectional), sample
characteristic (cognitively impaired and intact older
adults versus healthy younger and older adults), and
fMRI preprocessing approach (nuisance regression
versus global signal regression (minimizing between
network FC than nuisance regression)).

Nevertheless, the literature consistently points to
increasing between-network FC in the aging brain
[54]. It has been hypothesized that the age-related
increase in network FC reflects recruitment of broader
neural resources to compensate for adverse age-
related changes in the brain. While the compensatory
mechanism may be indicative of distressed networks,
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Fig. 3. A) Positive association of change in the salience network within-network connectivity and changes in logical memory immediate
recall performance across participants (both MCI and CN). B) Positive associations of FPN-SAL between-network connectivity and logical
memory immediate recall performance across participants (both MCI and CN). Dotted curves indicate 95% confidence interval around the
mean.

the adaptation to increase communication across net-
works may enable brain function and behavior to
be maintained in the face of age- and pathology-
related neurodegeneration [55]. Indeed, a greater
compensatory response in the aging brain has been
hypothesized to promote preserved cognitive func-
tion for a longer period of time [56, 57]. Given
that we found an ET-related increase in between-
network FC and corresponding improvements in
cognitive performance, the ET-related increases in
between-network FC may reflect a compensatory

reorganization of functional networks involving
broader network interactions in the aging brain.
Another potential mechanism underpinning the cur-
rent findings is that ET-related improvements in
vascular brain function including enhanced blood
flow, greater blood volume, better neuro-vascular
coupling may have influenced the BOLD response,
which in turn would affect measures of FC [58–60].
In support of these hypotheses, our previous work
using the same cohort also consistently showed an
ET-related increase in FC [20, 22, 23, 61] and cor-
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responding improvements in cognitive function [20,
23]. Of note, the ET-related increase in the between-
network FC was observed in all the core networks
(i.e., DMN-FPNB, DMN-SALB, and FPN-SALB) in
both CN and MCI participants, suggesting broader
effects elicited by ET on compensatory responses
between major brain networks.

Indeed, we observed no significant Group (CN
versus MCI) by Time (before-ET versus after-ET)
interaction effects on the within- and between-
network connectivity changes. This contrasts with
our previous report using the same cohort in which
we found (using a seed-based analysis) a signif-
icant Group by Time interaction effect on DMN
FC. Specifically, our previous study demonstrated
an ET-related increase in FC between the posterior
cingulate cortex and right inferior parietal lobule in
older adults with MCI, while the CN group demon-
strated an ET-related decrease in the FC between
the posterior cingulate cortex and right inferior pari-
etal lobule [22]. In the present study, however, the
Group by Time interaction for the DMNW was not
significant (p = 0.125), which presumably attributes
to differences in the analytic approach (i.e., con-
nectivity within the network versus connectivity
between seed and rest of the brain). Further, due
to the relatively small sample size (N = 33; CN = 16;
MCI = 17), the present study should be replicated in
the future with a larger sample size to conclusively
test whether or not cognitive status is an important
moderator on the effects of ET on large-scale brain
network FC.

Lastly, we found that ET-related changes in the
within- and between-network connectivity were con-
sistently associated with LM memory performance.
Specifically, within- and between-network connec-
tivity of the SAL has been associated with LM
immediate recall, which reflects episodic memory
performance. Although there is relatively little evi-
dence regarding the direct association between the
SAL and LM performance, the implication of SAL on
working memory has been established [62]. Specif-
ically, it has been suggested that the SAL plays a
role in transforming salience signals to engage in
a task-relevant neurophysiological response, while
disengaging from responses that are not relevant
to the task [62]. With this, it has been speculated
that the SAL engages in maintenance and retrieval
of the information, an essential aspect of effective
working memory performance [63]. Notably, suc-
cessful performance of the LM immediate recall
task requires encoding, maintenance, and retrieval

of the information since participants had to recall
short stories immediately after listening to them,
which is associated with working memory processes
[64]. Therefore, engagement of the SAL in mainte-
nance and retrieval of information may corroborate
the association between the ET-related alterations in
the within- and between-network changes in the SAL
and improvements in the LM immediate recall per-
formance after ET. Indeed, it has been previously
suggested that greater network FC between the FPN
and DMN is associated with better memory perfor-
mance [65] and the present study adds to the prior
finding with evidence that the greater interconnectiv-
ity between the FPN and SAL are associated with
improved memory performance.

Strengths and limitations

One major strength of the present study is using
a large network-level analysis. Beyond a seed-based
approach, the within- and between-network analy-
sis helps to broaden our understanding about the
potential role of ET in delaying the onset of age-
related cognitive decline and Alzheimer’s disease.
In addition, our participants demonstrated a high
compliance rate (96%) to the walking exercise inter-
vention. We hypothesize that the high compliance rate
played an important role in significantly enhancing
cardiorespiratory fitness (10.5% increase in V̇O2peak)
and ET-indued changes in the brain and cognitive
functions. However, the present study was limited
by the lack of a non-exercise (or active) control
group, warranting some caution when interpret-
ing the results. Nevertheless, the present finding
is unlikely to simply reflect the passage of time
or non-specific intervention effects, given its con-
sistency with previous studies showing ET-related
increase in FC and cognitive performance [18, 20,
23] and cross-sectional studies [51, 52] demonstrat-
ing the associations between ET (or cardiorespiratory
fitness)-related increased FC and better cognitive
function. In addition, because alternate forms were
not used for the LM, some improvements in per-
formance might be due to a practice effect. To
address this, residualized change scores were com-
puted by regressing post-intervention scores on
pre-intervention scores and then computing the dif-
ference between observed post-intervention scores
and predicted post-intervention scores [66]. Resid-
ualized change scores assure that any variability in
the outcome (post-intervention) that is explained by
pre-intervention levels does not contribute to the
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key prediction. Next, the present study is limited
by small sample and homogeneous characteristics of
the participants, limiting generalization of the results.
Future randomized control trials with a larger sample
size should replicate this work to draw a defini-
tive conclusion regarding the effects of ET on the
network connectivity in older adults with normal
cognition and individuals diagnosed with MCI, and
whether these effects provide protection from further
cognitive decline. Lastly, due to exploratory nature
of the present study, this study lacks controlling
multiple comparisons when examining the associa-
tions between ET-related changes in brain networks
and cognitive function. Therefore, the present study
should be viewed with caution until future study repli-
cates the associations between ET-related changes in
network changes and cognitive function.

Conclusion

The current findings elucidate the salutary effects
of walking exercise on communication within and
between large brain functional networks, beyond our
well-established understanding on the effects of ET
on regional or task-specific brain networks. Notably,
the ET-related changes in network FC and mem-
ory performance were observed in both groups (CN
and MCI), indicating that ET-induced effects on
brain network FC may occur in older individuals
who have experienced clinically relevant cognitive
decline. These findings suggest regular participation
in simple aerobic exercise like moderate intensity
walking may induce neuroplastic effects even in the
face of Alzheimer’s disease-related neurodegenera-
tive processes that have resulted in a diagnosis of
MCI.
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