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Abstract

Older adults comprise the fastest growing global demographic and are at increased risk of poor mental health outcomes.
Although aerobic exercise and sleep are critical to the preservation of emotional well-being, few studies have examined
their combined mood-enhancing effects, or the potential neural mechanisms underlying these effects. Here, we used a ran-
domized crossover design to test the impact of acute exercise on mood and the intrinsic functional connectivity (iFC) of the
cingulo-opercular network in physically healthy older adults. Wrist actigraphy provided objective indices of sleep. Results
revealed that 30 min of moderate-intensity aerobic exercise acutely enhanced positive affect (PA) and reduced iFC between
the cingulo-opercular network and the hippocampus. Both effects were magnified among older adults with greater sleep dis-
turbance. Exercise-induced changes in hippocampal iFCmediated relations between sleep disturbance and exercise-induced
increases in PA. These findings provide evidence that aerobic exercise enhances mood, that it does so by altering connec-
tivity between the anterior insula—a key hub in the cingulo-opercular network—and the hippocampus and that lower sleep
quality is a stronger predictor of these effects among older adults. These observations underscore the benefits of moderate-
intensity exercise—a safe and scalable behavioral intervention—and provide new clues about the neural circuitry underlying
the interactive effects of sleep and exercise on mood.
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Introduction

Adults over the age of 65 years constitute the fastest growing
demographic of the global population (Wahl et al., 2019). By 2050,

this segment of society is expected to exceed two billion peo-
ple, effectively doubling its current size (Newgard and Sharpless,
2013). While greater longevity affords longer periods of pro-
ductive and meaningful life, older age confers increased risk
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for a range of negative health outcomes (Kennedy et al., 2014).
Poor emotional well-being—including lower levels of positive
affect (PA) and elevated depression, the leading cause of disabil-
ity worldwide (Friedrich, 2017)—is common among older adults
(Rodda et al., 2011) and has far-reaching impacts on health by
exacerbating chronic disease [i.e. cardiovascular disease (Dhar
and Barton, 2016), cancer (Spiegel and Giese-Davis, 2003), dia-
betes (Mezuk et al., 2008), arthritis (Dickens et al., 2002) and
Alzheimer’s disease (Ownby et al., 2006)].

Growing evidence indicates that exercise is critically impor-
tant for the preservation of emotional well-being among older
adults (Rhyner and Watts, 2016). Studies have shown that both
aerobic exercise and resistance training can diminish depres-
sion (Gordon et al., 2018; Morres et al., 2019) and that a single
10- to 35-min session of light-to-moderate intensity exercise can
acutely amplify PA (Ekkekakis and Petruzzello, 1999; Reed and
Ones, 2006). Moreover, several studies have shown that acute
and chronic aerobic exercises improve sleep in midlife to later
life (King et al., 1997; Kline et al., 2011; Santos et al., 2012).

Like exercise, sleep is implicated in emotion regulation and
mental health outcomes across the life span (Steptoe et al.,
2008), and changes in sleep are common with aging (Mander
et al., 2017; Li et al., 2018). On average, middle-aged and older
adults have shorter sleep duration, lower sleep efficiency
(i.e. percentage of time in bed asleep) and more sleep com-
plaints (Mander et al., 2017; Li et al., 2018) than their younger
counterparts. Among older women, lower sleep efficiency and
more awake time after sleep onset (WASO) are associated with
elevated anxiety (Spira et al., 2009), and older adults with insom-
nia are more likely to report negative emotions (Buysse, 2004).
From a mechanistic perspective, acute sleep deprivation has
been shown to increase loneliness (Simon and Walker, 2018),
amplify amygdala reactivity (Krause et al., 2017) and alter the
activity of the cingulo-opercular network—a key mediator of
emotion regulation and detection of salient stimuli (Krause et al.,
2017).

Despite compelling evidence linking sleep and exercise to
emotional well-being, few studies have examined their com-
bined effects. Although existing work provides preliminary
evidence for interactive effects, for example by showing that
the salubrious impact of chronic exercise on post-traumatic
stress symptoms are magnified among those with poor sleep
(Babson et al., 2015), little is known about whether or not these
interactions occur in response to single sessions of exercise,
or the neural circuitry that may underlie these interactions.
Converging lines of evidence point to the importance of cingulo-
opercular (‘salience’) network intrinsic functional connectivity
(iFC) as a potential modifiable target. Anchored by the anterior
insula (AI)/frontal operculum and midcingulate cortex (MCC),
the cingulo-opercular network is a distinct network that detects
and filters sensory information and is thought to play a criti-
cal role in emotion regulation and salience detection (Menon
and Uddin, 2010). Other works highlight the potential relevance
of this network to mood and anxiety disorders (Furman et al.,
2011; Andreescu et al., 2015; Koch et al., 2016) and insomnia
(Chen et al., 2014). The cingulo-opercular network projects to
several subcortical brain regions that are sensitive to exercise,
including afferent projections to the hippocampus (Erickson
et al., 2011; Arszovszki et al., 2014; Alfini et al., 2016). Collectively,
these observations motivate the hypotheses that the mood-
enhancing effects of acute exercise are magnified among those
with disturbed sleep and that these effects might be mediated
by alterations in cingulo-opercular network iFC.

Here, we used a novel combination of approaches to rig-
orously evaluate the joint effects of sleep and acute exercise
on affect and cingulo-opercular network iFC in older adults.
Wrist actigraphy provided objective indices of sleep distur-
bance (WASO) and duration [total sleep time (TST)], which
were selected because they are two key dimensions of sleep
that can be derived from wrist actigraphy and are associated
with emotional well-being (Faubel et al., 2009; Lemola et al.,
2013; Wrzus et al., 2014; Tazawa et al., 2019). A randomized
crossover design enabled us to test the impact of a 30-min
aerobic exercise intervention on mood and cingulo-opercular
network connectivity, relative to a well-established sedentary
control condition. Integrating these data streams enabled us to
determine whether (i) acute exercise enhances PA, (ii) this emo-
tional ‘boost’ is magnified among older adults with greater sleep
disturbance and (iii) these emotional effects emerge from alter-
ations in the functional connectivity of the cingulo-opercular
network.

To assess specificity, we also examined the impact of sleep
quality and acute exercise on negative affect (NA) and on
frontoparietal (‘executive’) network connectivity; particularly
because prior research has demonstrated an effect of exercise
on frontoparietal network iFC and the dorsal lateral prefrontal
cortex (dlPFC)—one of its primary hubs (Fang et al., 2016; Prehn
et al., 2019). Moreover, like the cingulo-opercular network, fron-
toparietal network iFC has been implicated in executive control
and emotion regulation (Golkar et al., 2012; Prehn et al., 2019).
Addressing these questions has the potential to inform the
development of safe, scalable and low-cost behavioral interven-
tions for improving the health and well-being of older adults,
and to provide novel targets for mechanistic work in humans
or animals.

Method

Participants

Thirty-two physically active, cognitively normal older adults
(75% women, age 55–81 years) participated in the current
study (Table 1). Recruitment strategies included in-person infor-
mational sessions at local recreation centers, regional news-
paper advertisements and study fliers posted on university

Table 1. Participant characteristics

Characteristics Mean±s.d.

Age (years) 66.3±7.3
Female 24 (75.0)
Education >12 years 30 (93.8)
White 25 (78.1)
Body mass index (kg/m2) 25.6±4.2
7-Day physical activity (kcal/kg/day) 221.9±28.4
BDI-II 1.9±1.9
STAI-Trait 46.6±3.8
MMSE 29.2±1.1
STOP-BANG 1.6±0.7
Total sleep time (min) 406.3±70.4
Wake after sleep onset (min) 34.4±23.0
Actigraphic data collection (days) 8.1±3.5

Note. Female, education and white are expressed as n (%).
Abbreviations. BDI-II; Beck Depression Inventory-II; STAI-T, Spielberger State and
Trait Anxiety Inventory, Trait version; MMSE, Mini-Mental State Exam; STOP-
BANG, Snoring, Tired, Observed, Pressure-Body, Age, and Gender questionnaire.
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Fig. 1. Participant recruitment, screening, exclusion and enrollment between 2016 and 2018.

listservs. Participants were screened using a structured tele-
phone interview to determine health history and screen for
potential contraindications. Qualified individuals obtained their
physicians’ approval for moderate-intensity exercise and par-
ticipated in a laboratory screening session, where they were
familiarized with the procedures and provided informedwritten
consent (Figure 1). This study was approved by the Institutional

Review Board of the University of Maryland in accordance with
the Helsinki Declaration.

Eligibility criteria

Individuals were excluded if they reported a history of heart
attack, stroke, transient ischemic attack, seizures, epilepsy,
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brain tumor, closed head injury, alcohol/substance abuse, psy-
chosis; current visual/auditory limitations; or a current diag-
nosis of Alzheimer’s disease, atrial fibrillation, cardiovascular
disease, coronary artery disease, diabetes, hypertension or
Parkinson’s disease. We attempted to exclude individuals with
probable obstructive sleep apnea using the Snoring Tired-
ness Observed Pressure-Body Age Neck Gender questionnaire
(scores >4) (Chung et al., 2016), elevated depression using the
Beck Depression Inventory-II (>13) (Beck et al., 1996), elevated
trait anxiety using the State Trait Anxiety Inventory (>54)
(Spielberger et al., 1970), significant cognitive impairment using
the Mini-Mental Status Examination (<24) (Folstein et al., 1983),
left-handedness using the EdinburghHandedness Inventory (<0)
(Oldfield, 1971), severe obesity (body mass index ≥40 kg/m2),
low physical activity (<30 min of physical activity three
times per week during the past 6 months), limited English
language proficiency and magnetic resonance imaging (MRI)
contraindications.

Sleep assessment

Prior to the first imaging assessment, participants were fit-
ted with and instructed to wear an actigraph (Motionlogger
Watch; Ambulatory Monitoring, Inc., Ardsley, New York) on
their non-dominant wrist for seven consecutive 24-h intervals.
We collected actigraphic data in 1-min epochs and required a
minimum of 3 nights of usable data from each participant. To
facilitate data processing, participants were instructed to press
an event-marker button on the actigraph when they went to bed
(with the intention of sleeping) and again after rising. Daily sleep
diaries were used as an ancillary source of information, and
served as a means of identifying the in-bed interval, fromwhich
the actigraphic sleep measures were derived. Participants were
instructed to log the time in the evening they got into bed with
the intention of sleeping, and the time in themorning they arose
with the intention of beginning their day (Alfini et al., 2020). Par-
ticipants were also instructed to log actigraph removals (e.g. due
to bathing or swimming) each evening. Actigraphic data and
diary information were visually inspected by two (nonblinded)
raters to identify invalid data (i.e. non-wear periods and periods
of device malfunction). Inter-rater discrepancies were resolved
via consensus. Action-W software (AmbulatoryMonitoring, Inc.)
was used to automatically quantify sleep disturbance (WASO;
total number of minutes awake after sleep onset) and duration
(TST; total number of minutes asleep while in bed), which were
averaged across nights of actigraphy.

Acute exercise and sedentary control procedures

Immediately prior to the imaging assessment, participants
engaged in either 30 min of moderate-intensity cycling exer-
cise or seated rest (intersession interval, M=12.1, SD=

±17.0 days). PA and NA were assessed immediately before and
after the acute exercise and sedentary control interventions.
Sessions were randomized and occurred on separate days. Dur-
ing both interventions, valence (=0.96) and arousal (=0.96) were
assessed using the Self-Assessment Manikin (Bradley and Lang,
1994), with higher scores indicating greater valence (emotional
feelings of attractiveness/goodness) and arousal. Participants
also wore a heart rate (HR) monitor (Polar RS800CX, Polar Elec-
tro, Oy, Kempele, Finland) during both interventions. Valence,
arousal, HR and rating of perceived exertion (RPE)—indexed
using the Borg’s 6–20 RPE scale (Borg, 1990)—were recorded

at 5-min intervals, before, during and after each intervention.
Participants were provided water ad libitum.

Exercise was performed on a mechanically braked cycle
ergometer (Monark 828 E, Monark Exercise AB, Vansbro Sweden)
in a testing room at the neuroimaging center. As described in
prior publications from our group and others (Rajab et al., 2019b;
Won et al., 2019a; Won et al., 2019b), we used an established
exercise protocol consisting of 20 min of steady-state exercise
flanked by a 5-min self-paced warm-up and cool-down. During
exercise, participants were instructed to achieve and sustain an
RPE of 15 (i.e. verbal anchor ‘hard’) and a pedal cadence of 60–
80 revolutions perminute. Participants were instructed to adjust
the ergometer’s resistance to control exercise intensity. After the
cool-down, a towel and dry clothing were provided.

Seated rest was completed in a chair in the same test-
ing room. The sedentary rest intervention included 30 min of
wakeful rest, during which participants refrained from reading,
writing, talking, or using digital devices.

Affect assessment

PA and NA were assessed using the state version of the Positive
and Negative Affect Schedule (Watson et al., 1988), a psychome-
trically sound, 20-item index of PA (=0.91) and NA (=0.69).

MRI assessment

Participantswere instructed to remain still, keep their eyes open,
and focus on a fixation cross. MRI data were acquired using a
Siemens Trio Tim 3.0 Tesla MRI scanner (Erlangen, Germany)
and 32-channel head-coil. Sagittal T1-weighted anatomical
images were acquired ∼10 min after each intervention using a
magnetization prepared rapid gradient echo (MPRAGE) imaging
sequence (TR=1900ms, TE=2.3ms, TI=900ms, flip angle= 9◦,
slice thickness=0.9 mm, in-plane resolution=0.9 × 0.9 mm,
matrix=300 × 320, field-of-view=230 × 256 mm, duration=

4 min 26 s). Echo planar imaging (EPI) volumes were acquired
∼10 min after the completion of the MPRAGE scan (interim
scans included field mapping and arterial spin labeling) using
a multi-band sequence (TR/TE=2000/24 ms, flip angle=70,
slice thickness=3.0 mm, 36 slices, in-plane resolution=3.0 ×
3.0 mm, matrix= 64 × 64, volumes=240, duration=8 min 06 s).
EPI images were acquired in the oblique axial plane (i.e. 20 rel-
ative to the anterior commissure–posterior commissure line) to
reduce potential susceptibility artifact.

MRI data processing

T1-weighted images were processed using the FreeSurfer
(v. 5.3.0) automated pipeline, which includes tissue segmen-
tation and intensity-based surface deformation. FreeSurfer-
rendered anatomical maps were used for co-registration, gray
matter isolation and nuisance regression (Khan et al., 2008;
Fischl, 2012). The first four volumes of the EPI time-series
were discarded to allow for T2* equilibration effects. The
resulting time-series was realigned using slice-oriented motion
correction (Beall and Lowe, 2014) to mitigate motion arti-
fact. Further processing was performed using AFNI (v. 19.2.06)
(Cox, 1996). EPI volumes were de-spiked (3dDespike), slice-
time corrected to the beginning of each TR (3dTshift) and
motion corrected using the (reference) volume with the least
motion (i.e. the minimum outlier fraction). EPI volumes
with an outlier fraction >10% or a volume-wise displacement
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>0.2 mm were censored. The percentage of volumes cen-
sored following the exercise condition (2.2%) was not signif-
icantly different from the percentage of volumes censored
following the rest condition (2.1%) (Z=0.1, P=0.918, n=32).
The reference volume was co-registered to the corresponding
T1-weighted image (align_epi_anat.py). The T1-weighted image
and anatomical followers (FreeSurfer rendered gray matter,
white matter and ventricular segmentations) were normalized
to the MNI atlas (ICBM 2009c template; 3dQwarp) (Cox and Glen,
2013). The resulting transformation matrix was used to normal-
ize and resample (2 mm3) the co-registered EPI data. To further
mitigate artifact, the motion parameters, white matter signal
and cerebral spinal fluid signals were included as nuisance
regressors, and the residual time-series was bandpass filtered
to retain frequencies between 0.01 and 0.1 Hz (3dDeconvolve).
After each processing step, data were visually inspected for
quality assurance.

First-level fMRI modeling

A seed-based analysis was used to interrogate the cingulo-
opercular network. Guided by previous studies (Yeo et al., 2011;
Choi et al., 2012), we seeded the AI, one of its primary hubs
using 10-mm spheres (left= −34, 22, −2, right=34, 22, −2).
To compute iFC, whole-brain voxelwise regressions were com-
puted separately for each arm of the trial (exercise/control)
using the average seed time-series as a predictor (3dfim+and
3dcalc). Voxelwise correlations were normalized using Fisher’s
r-to-z transformation. To assess specificity, we also interrogated
another intrinsically connected task-positive brain network—
the frontoparietal network—using seeds placed in the dlPFC
(left=−50, 20, 34, right= 50, 20, 34; Figure 2) (Vincent et al., 2008;
Menon and Uddin, 2010; Yeo et al., 2011; Choi et al., 2012; Menon,
2015). The central voxel for both seed masks was determined
using the Harvard–Oxford atlas.

Analytic strategy

Whole-brain tests of voxelwise mean differences. Voxelwise
analyses enabled us to identify the effects of acute exercise on
cingulo-opercular network iFC. We merged each participant’s
normalized FreeSurfer-rendered GMmap to create a group-level
intersection mask, within which spatial smoothing, voxelwise
analyses andMonte Carlo simulations were performed. We used
3dttest++ to spatially smooth (8 mm) the z-transformed iFC
maps and determine the effects of exercise (vs. rest) on cingulo-
opercular network iFC. Data were thresholded at P<0.05, whole-
GM corrected for cluster extent (≥1464 mm3) using 3dClustSim
and a P=0.001 cluster-defining threshold (Eklund et al., 2016).
To assess specificity, identical procedures were used to assess
the impact of the acute exercise intervention on frontoparietal
network iFC. Significant voxelwise results were averaged and
carried forward to ‘off-line’ regression tests in order to protect
against non-independence error.

Brain–behavior relations. Exploratory data analyses were used
to identify potential outliers and evaluate the distributional
characteristics of the outcome variables (Tukey, 1977). Analyses
were conducted using Stata software (v. 15.1; StataCorp, College
Station, TX). Unless otherwise stated, we used mixed-effects
models with restricted maximum likelihood and unstructured
covariance. Only one sleep measure and one MRI or affective

Fig. 2. Cingulo-opercular and frontoparietal networks. Upper panel depicts the

cingulo-opercular network. Lower panel depicts the frontoparietal network. Left

column depicts the networks revealed by the present study (n=32), averaged

across the two assessments. For comparison purposes, the right column depicts

the same networks derived using the ‘gold-standard’ Yeo–Buckner data set

[n=1000; (Yeo et al., 2011)]. Visual inspection suggests that the networks are

similar, with most differences attributable to the lower spatial resolution of the

Yeo–Buckner data set. ‘Gold-standard’ networks were generated using the seed

coordinates chosen for the present study in NeuroSynth (Yarkoni et al., 2011). For

illustrative purposes, results were arbitrarily thresholded to show the top 12.5%

of voxels in each map.
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variable was included in eachmodel, and all analyses controlled
for potential nuisance variance in mean-centered age and sex.
Missing PA data for one participant was imputed using the sam-
ple mean. First, we evaluated the Condition × Time interaction
on PA.We repeated this analysis for NA to assess specificity. Sec-
ond, guided by the results of our first objective, we assessed
whether variation in objective sleep disturbance (WASO) pre-
dicted the effects of exercise on PA. To assess specificity, we
repeated this analysis for sleep duration (TST). Third, based on
the results of our whole-brain voxelwise analysis, we extracted
the average connectivity signal (3dROIstats) from the clusters
that showed a significant mean difference between the exer-
cise and rest conditions and used this to compute an iFC change
score for these regions (post-exercise − post-rest). Fourth, we
used a standard mediation framework (Baron and Kenny, 1986)
to test whether exercise-induced differences in iFC statisti-
cally explained relations between sleep disturbance (WASO) and
exercise-induced changes in PA [(post-exercise − pre-exercise)
− (post-rest − pre-rest)]. Here, we used linear regression to
test three specific pathways: (i) relations between sleep distur-
bance (WASO) and brain function; (ii) relations between brain
function and exercise-induced changes in PA and (iii) rela-
tions between sleep disturbance (WASO) and exercise-induced
changes in PA. To minimize the overall number of compar-
isons, we used a ‘go/no-go’ analytic strategy; only those iFC
clusters that demonstrated significant relations for a particu-
lar pathway were examined in subsequent tests. We also used
the Šidák test to correct for multiple comparisons (on a fami-
lywise basis) in multivariable analyses that included more than
one test (Šidák, 1967). Because two predictors were included in
our first family ofmultivariablemodels, amore stringent thresh-
old was enforced for statistical significance (P=0.0253). Finally,
using R (v. 3.6.1), we implemented a well-established non-
parametric bootstrapping procedure to formally test mediation
(Tingley et al., 2014).

Results

Preliminary analyses confirmed the validity of the
acute exercise intervention

As a precursor to hypothesis testing, we confirmed between-
condition differences in perceived exertion, valence, arousal and
HR (Table 2).

Table 2. Experimental intervention manipulation check

Condition

Outcome Exercise Rest P (d)

Borg’s RPE,
mean± s.d.

14.6±1.3 6.1±0.3 <0.001 (0.88)

SAM, Valence,
mean± s.d.

5.9±2.0 6.9±2.1 0.008 (0.50)

SAM, Arousal,
mean± s.d.

5.4±2.1 4.3±2.0 0.027 (0.41)

Heart rate (bpm),
mean± s.d.

137.3±19.1 66.6±8.7 <0.001 (3.26)

Note. RPE, rating of perceived exertion 6–20 scale; SAM, Self-Assessment
Manikin; bpm, beats per minute; d, Cohen’s d. Values reflect the scores for
each measure averaged over the final 10 min of exercise and rest, respectively.
P-values are from paired t-tests or Wilcoxon signed-rank tests.

Acute aerobic exercise enhances PA

Results revealed a significant Condition×Time interaction for
PA (B=2.90, 95% confidence interval [CI]=0.30–5.50, P=0.029,
n=32). Acute exercise intervention amplified PA (B=1.22, 95%
CI=0.27–2.17, P=0.012, n=32), whereas rest diminished PA
(B=−1.68, 95% CI=−3.22 to −0.14, P=0.033, n=32). Planned
comparisons revealed higher PA after exercise compared to rest
(B=2.88, 95% CI=0.96–4.80, P=0.003, n=32), and no differ-
ences in PA were found at baseline (B=−0.02, 95% CI=−2.07
to 2.04, P= 0.988, n=32; Figure 3A). None of these effects were
significant for NA (P>0.122), suggesting a degree of specificity.

The positive impact of exercise is magnified among
individuals with greater sleep disturbance

As expected, we found a significant Condition × Sleep inter-
action, such that individuals with greater sleep disturbance
(WASO) showed magnified exercise-induced improvements
in PA (B=−0.08, 95% CI=−0.14 to −0.02, P=0.005, n=32;
Figure 3B). Comparable effects were not evident for sleep dura-
tion (TST), P=0.148.

Acute exercise decreases cingulo-opercular iFC with
the hippocampus and cerebellum

Voxelwise analyses indicated that acute exercise signifi-
cantly decreased iFC between the cingulo-opercular network
(AI hubs) and several regions, including the left hippocampus
(anterior/posterior; 18, 31, −5) and left cerebellum (subre-
gion VIII; −18, 31, −5), (Figures 4A & 4B). Acute exercise
did not significantly affect iFC of the frontoparietal network
(not depicted), suggesting that this effect is specific to the
cingulo-opercular network.

Alterations in cingulo-opercular network iFC mediate
the link between sleep disturbance and
exercise-induced PA

Paralleling the behavioral results, individuals with greater sleep
disturbance (WASO) showed greater exercise-induced decreases
in iFC between the cingulo-opercular network (AI hubs) and
the left hippocampus (B=−0.0020, 95% CI=−0.0040 to −0.0004,
P=0.018, n=32). The same pattern was evident, but failed
to reach significance, for the left cerebellum (B=−0.00099,
95% CI=−0.00198 to 0.00001, P=0.052, n=32). Thus, the AI-
cerebellum functional connection was excluded from subse-
quent analyses. Individuals evincing greater exercise-induced
decreases in hippocampal iFC also showed greater exercise-
induced increases in PA (B=−16.58, 95% CI=−29.69 to −3.46,
P=0.015, n=32). Moreover, those with greater sleep disturbance
(WASO) showed larger exercise-induced improvements in PA
(B=0.067, 95% CI=0.004–0.129, P=0.038, n=32). A nonpara-
metric bootstrapping procedure revealed that exercise-induced
decreases in iFC between the cingulo-opercular network
(AI hubs) and the left hippocampus significantly mediated the
association between sleep disturbance (WASO) and exercise-
induced increases in PA (B=0.025, 95% CI=0.004–0.070,
P= 0.018, n=32) (Figure 5).

Discussion

Older adults are at increased risk for exacerbation of chronic
medical conditions through poor emotional well-being, which
can be further compounded by poor sleep. Exercise represents
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Fig. 3. Exercise boosts PA to a greater degree among individuals with greater sleep disturbance. A. Condition×Time interaction for PA. Planned comparisons demon-

strated that exercise significantly increased PA, whereas rest significantly decreased PA. Results also revealed higher PA after exercise compared to rest. PA did not

differ across intevention arms at baseline. Erros bars represent the standard error. B. Condition×WASO interaction for PA. Individuals with greater sleep disturbance

(WASO) exhibited greater exercise-induced improvements in positive affect [(post-exercise − pre-exercise) − (post-rest − pre-rest)].

a viable intervention, yet there is little known about how the
affective changes elicited by a single dose of exercise inter-
act with sleep quality, or the neural networks that may drive
these effects. In this study of physically active, cognitively
normal older adults, 30 min of moderate aerobic exercise

increased PA and reduced iFC between the cingulo-opercular
network (AI hubs) and several regions, including the hippocam-
pus and cerebellum. Both effects were magnified for older
adults with objectively greater sleep disturbance (WASO). Medi-
ation analyses demonstrated that exercise-induced changes in
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Fig. 4. Acute aerobic exercise reduces iFC between the cingulo-opercular network (AI hubs) and the hippocampus and cerebellum. A. Hippocampus. B. Cerebellum.

For illustrative purposes, bar graphs depict the mean iFC for each arm of the crossover intervention.

cingulo-opercular (AI-hippocampal) iFC statistically explained
relations between sleep disturbance (WASO) and exercise-
induced increases in PA. In contrast, significant effects were
not evident for NA, total sleep duration (TST), or the frontopari-
etal network, suggesting a degree of specificity. Taken together,
these findings provide compelling new evidence that aerobic
exercise acutely enhances mood, that it does so by altering con-
nectivity between the AI—a key hub in the cingulo-opercular
(or ‘salience’) network—and the hippocampus, and that lower
sleep quality is a stronger predictor of these effects among older
adults.

Our findings linking cingulo-opercular network (AI-hippo
campal) iFC with PA are supported by studies that examined
functional connectivity in the context of mood disorders, and
psychological stress (see Menon (2011) for an extensive review).

One such study (Sheline et al., 2010) examined the connectiv-
ity patterns of three large-scale brain networks (the cognitive
control, default mode, and affective networks) in 18 young
adults with major depression, compared to 17 age-matched
controls. Individuals with depression exhibited increased con-
nectivity in the bilateral dorsal medial prefrontal cortex in all
three networks. This brain region, the dorsal nexus, overlaps
with the ACC, which along with the AI, is a primary hub of
the cingulo-opercular network (Menon and Uddin, 2010). These
findings suggest a central role for this region in the etiol-
ogy of depression, and further propose that iFC reductions in
regions related to the AI may help mitigate depressive symp-
toms. A second study (van Marle et al., 2010) investigated func-
tional connectivity patterns immediately after acute psycho-
logical stress, compared to a no-stress control, in 26 young
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Fig. 5. Exercise-induced changes (∆EX) in iFC between the cingulo-opercular network (AI hubs) and left hippocampusmediate∆EX in positive affect (PA) among elders

with disturbed sleep (WASO). A. Relations between objective sleep disturbance and ∆EX in iFC (post-exercise − post-rest) between the cingulo-opercular network

(AI hubs) and left hippocampus (path a in panel D). B. Relations between ∆EX in hippocampal iFC and ∆EX in PA [(post-exercise − pre-exercise) − (post-rest − pre-

rest)] (path b in panel D). C. Relations between sleep disturbance and ∆EX in PA (path c in panel D). D. Statistical mediation framework. A non-parametric bootstrap

analysis confirmed a significant mediation effect, indicating that ∆EX in AI-left hippocampal iFC partially explain relations between objective sleep disturbance and

∆EX in PA (path c’ and the significant indirect effect of a × b). Path.

women. Results revealed that those exposed to psychologi-
cal stress exhibited greater connectivity between prominent
corticolimbic regions of the cingulo-opercular network, includ-
ing the amygdala, MCC, AI and locus coeruleus, compared
to controls, suggesting that cingulo-opercular iFC may repre-
sent a measurable target for interventions aiming to reduce
psychological distress. Our findings are internally consistent
with the interpretation that decreased cingulo-opercular net-
work iFC after exercise is a driver of the exercise-related increase
in subjectively rated PA, particularly among those who expe-
rience more disrupted sleep (greater WASO), in whom mood
disorders are known to be more prevalent (Krystal, 2012).
Additionally, while another study found that exercise altered
frontoparietal network iFC (Prehn et al., 2019), we identified
no such effect following an acute bout of exercise (vs. rest),
which may reflect differences in experimental designs. A key
challenge for future research will be to conduct larger-scale
studies that are conducive to parametric analyses—including
individuals of varying fitness levels (e.g. untrained vs trained;
normal weight vs. obese), exercise intensity, exercise mode,

and clinical status (e.g. individuals diagnosed with or at risk
of developing clinically significant depressive symptoms) to
determine the reproducibility of such effects (Poldrack et al.,
2017).

Sleep deprivation and restriction are linked to irritability and
lower PA (Kamphuis et al., 2012; Goldstein et al., 2013; Minkel
et al., 2014; Pires et al., 2016; Ben Simon et al., 2020), and recent
findings suggest that sleep loss and sleep disruption consis-
tently reduce PA to a greater degree than NA (Finan et al., 2015
2017; Ben Simon et al., 2020). Such discrepancies may relate,
in part, to sleep’s role in mood disorders, particularly depres-
sion, in which anhedonia (or the inability to experience PA)
is a hallmark feature (Ben Simon et al., 2020). Our participants
were not sleep deprived, yet we found that greater sleep disrup-
tion (WASO) predicted the extent to which exercise increased
PA. Considering the strong link between poor sleep and mood
disorders (Peterson and Benca, 2006; Baglioni et al., 2011), it is
possible that individuals with greater sleep disturbances may
exhibit an affective (behavioral and neuronal) phenotype simi-
lar to those with depression (Triantafillou et al., 2019; Ben Simon
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et al., 2020). Further, numerous studies have demonstrated the
mood-enhancing effects of aerobic exercise in patients with
depression (Blumenthal et al., 1999 2007; Brush et al., 2020), but
conflicting data suggest that such effects may be dampened and
perhaps inconsequential in peoplewith normal (non-depressed)
moods (Lennox et al., 1990). If individuals with sleep disrup-
tions and mood disorders do, in fact, share similar affective
characteristics, it would help explain why exercise might prefer-
entially improve emotional well-being more among those with
poor sleep.

Our findings were particularly strong in terms of the reduced
connectivity between the AI and left hippocampus. Exercise is
known to strongly impact hippocampal function (Pereira et al.,
2007; Erickson et al., 2011; Won et al., 2019b). In our previously
published work, acute exercise increased the activation of the
hippocampus during semantic memory retrieval (Won et al.,
2019b). Together, these findings suggest that acute exercise may
tune hippocampal neurons for adaptive responses that promote
positive affective experience andmemory retrieval. Future stud-
ies should evaluate whether acute exercise impacts other con-
nections within the cingulo-opercular network, namely those
connected to the dorsal ACC.

Our findings concerning the effects of acute exercise on PA
are consistent with a large body of prior research (Ekkekakis
and Petruzzello, 1999; Reed and Ones, 2006). Previous studies
have shown that exercise performed at low-to-moderate inten-
sity (Berger and Motl, 2000; Ekkekakis et al., 2000) for at least 10
min (Jakicic et al., 1995) increases PA and that PA can remain
elevated for up to 30 min after exercise (Steptoe and Bolton,
1988). To date, very few studies have examined the combined
effects of sleep and exercise on acute PA. Results from one
such investigation suggest that aerobic exercise training reduces
symptoms of post-traumatic stress disorder among veterans
reporting poor baseline sleep, compared to those reporting good
baseline sleep (Babson et al., 2015). Notably, the current study
is broadly consistent with these observations and specifically
implicates decreased AI-hippocampal connectivity as a possible
mechanism.

Potential mechanisms

The mood-enhancing effects of acute exercise may be linked
to the upregulation of several signaling pathways, includ-
ing those stimulated by stress hormones (Kirschbaum and
Hellhammer, 1989; Budde et al., 2015), endocannabinoids
(Dietrich and McDaniel, 2004) and growth factors (Cappon et al.,
1994). Moderate-intensity exercise activates the hypothalamic–
pituitary–adrenal (HPA) axis by stimulating the secretion of
corticotropin-releasing hormone (CRH) from the hypothalamus,
which leads to the release of the adrenocorticotropic hormone
from the anterior pituitary gland, and the secretion of cortisol
from the adrenal cortex (Mastorakos and Pavlatou, 2005). As
an integral factor in the fight or flight response, cortisol acts
not only to liberate stored energy by stimulating gluconeoge-
nesis and glycogenesis but also exerts feedback inhibition on
the hypothalamus to stop the secretion of CRH (Goncharova
et al., 2019). Additionally, cortisol crosses the blood–brain bar-
rier and binds to receptors located on several cingulo-opercular
network-related brain regions (i.e. AI, hippocampus), where it
may help regulate affect and emotion processing (Thomason
et al., 2011; Banks, 2012). However, cortisol exerts differential
effects on brain regions depending on the receptor to which
it binds (Lupien et al., 2007). Animal studies have shown that

voluntary exercise reduces mineralocorticoid receptor binding,
and increases glucocorticoid receptor binding in the hippocam-
pus, facilitating hippocampal modulation of the stress response
(Stranahan et al., 2008). Nonetheless, despite receptor affinity,
short-term release of cortisol is likely beneficial, while prolonged
release of cortisol can be deleterious and inhibitive of the stress
response (Lupien et al., 2007). Additional experimental studies
are necessary to understand how the HPA axis may mediate
exercise-induced improvements in PA. Several lines of research
suggest that exercise—a predictable, controllable stressor—
may modulate HPA activity by enhancing cellular function and
promoting hippocampal negative feedback (on the HPA axis),
thereby shutting down the release of cortisol (Stranahan et al.,
2008). As such, the effects of exercise could potentially normal-
ize, or protect against, the HPA axis hyperactivation observed in
both poor sleep and mood disorders (Watson and Mackin, 2006).

Other animal studies have suggested that exercise may
improve mood states by increasing galanin (a neuropeptide
implicated in the circadian regulation of sleep/wake patterns
and feeding) and suppressing the stress-related neurotransmit-
ter norepinephrine (Sciolino and Holmes, 2012).

Similarly, growth factors, including brain-derived neu-
rotrophic factor, insulin-like growth factor-1 and vascular
endothelial growth factor are upregulated in response to acute
exercise and have been linked to adult hippocampal neurogene-
sis (Ding et al., 2006; Cotman et al., 2007). Althoughwidely known
for their effects on cognition (Cotman et al., 2007), neurotrophic
factors bind to receptors on the hippocampus and prefrontal
cortex, and have been shown to improve mood and depressive
symptoms (Castrén and Kojima, 2017). Similarly, in terms of
network iFC, both sleep loss and affective disorders have been
associated with elevated cingulo-opercular network iFC (Sheline
et al., 2010; van Marle et al., 2010; Simon et al., 2015; Ben Simon
et al., 2020), and prior reports have demonstrated the salutary
effects of exercise on network iFC in both healthy and clinical
populations (Voss et al., 2010; Flodin et al., 2015; Chirles et al.,
2017). Although more research is warranted, it is possible that
the acute exercise intervention in the current study improved
PA through a normalization of AI-hippocampal iFC.

Future challenges

Our study is not without limitations. MRI scans occurred after
both conditions, but were not conducted prior to the exercise
or control interventions, precluding us from evaluating ‘pas-
sage of time’ effects on functional MRI (fMRI). This represents
an important challenge for future research. The use of larger
and more diverse samples—including individuals with a greater
range of age-related impairments—would enhance the repro-
ducibility and generalizability of such work (Munafò et al., 2017;
Fox et al., 2018), as would demographic information about work
status and schedule, which has the potential to impact sleep
timing and duration. An argument can also bemade that seden-
tary behavior, alone, may reduce PA; however, we used a true ‘no
treatment’ control condition, in which the only aspect that dif-
fered between the two conditions was pedaling the ergometer.
We found no evidence that participants had a negative affective
experience during either condition. In fact, valence ratings were
significantly greater during seated rest compared to exercise
(Table 2). Further evaluations comparing the effects of different
types of sedentary conditions (e.g. ‘no treatment’ vs ‘reading’)
on affect are warranted. Additionally, future, larger-scale stud-
ies with greater statistical power should consider implementing
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more sophisticated analytic techniques (e.g. moderated media-
tion), which could help identify the potential causal effects of
exercise on PA and determine whether sleep moderates some
or all of these pathways. Such strategies would improve our
understanding of sleep’s role in the relationship between exer-
cise and PA. Likemost fMRI studies, our results are observational
and, excepting the impact of exercise on mood and iFC, do not
license causal claims. Moreover, while subjective and objective
measures of sleep do not always align, both provide important
and likely complementary information. Future large-scale stud-
ies would afford a critical opportunity to compare the value of
objective measures of sleep vs self-reported sleep quality, which
has also been linked to affect, well-being and psychosocial
risk factors (Steptoe et al., 2008). Another key avenue for future
research will be to manipulate sleep (e.g. via acute deprivation)
and cingulo-opercular (AI-hippocampal) iFC (e.g. via neurofeed-
back) to clarify their mechanistic importance.

Conclusions

Compared to sedentary rest, 30 min of aerobic exercise acutely
enhanced PA and reduced iFC between the AI hubs of the
cingulo-opercular network and the hippocampus. Both effects
were amplified among healthy older adults with objectively
greater sleep disturbance. Mediation analyses demonstrated
that decreased AI-hippocampal iFC following acute exercise
accounted for a significant proportion of the greater exercise-
induced increase in PA in those with greater sleep distur-
bance (WASO). These observations underscore the benefits of
moderate intensity exercise—a safe and scalable behavioral
intervention—and provide new clues about the neural circuitry
underlying the interactive effects of sleep and exercise on mood
in older age. The use of a randomized crossover design and
objective actigraphic measures of sleep quality enhances our
confidence in the robustness and translational relevance of
these results in later life.
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