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Effects of Physical Exercise Breaks on Executive Function in
a Simulated Classroom Setting: Uncovering a Window into

the Brain

Qian Yu, Zhihao Zhang, Sebastian Ludyga, Kirk I. Erickson, Boris Cheval, Meijun Hou,
Dominika M. Pindus, Charles H. Hillman, Arthur F. Kramer, Ryan S. Falck,
Teresa Liu-Ambrose, Jin Kuang, Sean P. Mullen, Keita Kamijo, Toru Ishihara,
David A. Raichlen, Matthew Heath, David Moreau, André O. Werneck, Fabian Herold,

and Liye Zou*

Acknowledging the detrimental effects of prolonged sitting, this study
examined the effects of an acute exercise break during prolonged sitting on
executive function, cortical hemodynamics, and microvascular status. In this
randomized crossover study, 71 college students completed three conditions:
(i) uninterrupted sitting (SIT); (ii) SIT with a 15 min moderate-intensity cycling
break (MIC); and (iii) SIT with a 15 min vigorous-intensity cycling break (VIC).
Behavioral outcomes, retinal vessel diameters (central retinal artery
equivalents [CRAE], retinal vein equivalents [CRVE], arteriovenous ratio [AVR]),
cortical activation, and effective connectivity were evaluated. Linear mixed
models identified significant positive effects of exercise conditions on
behavioral reaction time (RT), error rate, and inverse efficiency score

(B = —2.62, —0.19, —3.04: ps < 0.05). MIC and VIC conditions produced
pre-to-post-intervention increases in CRAE and CRVE (f = 4.46, 6.34), frontal
activation, and resting-state and task-state causal density (f = 0.37, 0.06)

(ps < 0.05) compared to SIT; VIC was more beneficial for executive function
and neurobiological parameters. The effect of AVR on average RT was
mediated through task-based causal density (indirect effect: —0.82). Acutely
interrupting prolonged sitting improves executive function, microvascular
status, and cortical activation and connectivity, with causal density mediating
the microvascular-executive function link.

1. Introduction

Accumulating evidence suggests that
single bouts of physical exercise can tran-
siently improve cognitive performance.!!]
Since its inception, this research field
has shifted its focus from investigating
processes such as sensory and perceptual
memory to scrutinizing the effects of phys-
ical exercise on higher-order cognition,
such as executive function—including
inhibitory control, working memory, and
cognitive flexibility.'!! Regardless of the
task used to probe executive functioning,
previous studies examining the acute
effects of physical exercise on inhibitory
control (defined as the ability to resist im-
pulses and distractions) typically reported
improved post-exercise performance.!?!
Such improvements in inhibitory control
processes are relevant to many aspects
of everyday living including academic
engagement.’] For example, executive
functions are closely related to successful
school performance because domains of ex-
ecutive functions such as inhibitory control
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encompass the cognitive mechanisms that organize and regu-
late goal-directed behavior in an open environment.!*] The Stroop
task in generall®! and the dual-task Stroop task in particular are
established measures of inhibitory control whereas the latter can
also mirror the multitasking demands that can occur in academic
and real-world contexts.!®!

A considerable portion of the research investigating the re-
lationship between acute physical exercise and cognitive func-
tion has been conducted in controlled laboratory settings.l”] Al-
though the laboratory environment enables precise measure-
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ments and the rigorous control of environmental factors, it may
not fully mirror the complex and dynamic real-life scenarios
in which several confounders such as environmental distrac-
tions can influence the effects of acute physical exercise on cog-
nitive performance.l®! Younger adults, particularly those in ed-
ucational institutions, often spend extended periods sitting in
classrooms or studying, which can present a considerable chal-
lenge to maintaining optimal cognitive performance.®! To ex-
amine the effects of acute physical exercise on cognitive perfor-
mance in such an ecologically valid school or university setting,
researchers have begun investigating in younger adults (e.g.,
college students) the effects of acute physical exercise breaks
during prolonged sitting on cognitive performance.l’) However,
this research has yielded mixed results.*”) For example, Mul-
lane et al.l'% observed cognitive benefits among nine over-
weight young adults in response to acute bouts of standing and
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light-intensity physical exercise (i.e., cycling and walking) during
six hours of prolonged sitting. In contrast, Sperlich et al. observed
a non-significant difference in inhibitory control (assessed by the
Stroop task) between two conditions wherein twenty students
were required to remain seated for three hours or for the same
amount of time while interrupted with a 6 min exercise bout fol-
lowing one hour of sitting.['%! Given the preliminary nature of
these findings, factors such as small sample size and method-
ological heterogeneity may influence the generalizability of the
results.

Notably, the neurobiological mechanisms that underlie the
cognitive benefits of acute physical exercise breaks during pro-
longed sitting were poorly understood.’#!!l Preliminary evi-
dence from laboratory experiments showed that breaking up
prolonged sitting by acute physical exercise may prevent a de-
cline in cognitive performance by increasing endothelial shear
stress!'? and cerebral blood flow,!**) elevating brain neurotrophic
factors (e.g., brain-derived neurotrophic factor),*l and accel-
erating anti-inflammatory function.'>] Based on a multilevel
approach, 1% a better understanding of the neurobiological mech-
anisms that underlie acute physical-exercise-induced changes in
cognitive performance should not only focus on cellular and
molecular mechanisms but should also include the investiga-
tion of changes on the functional brain level (e.g., using func-
tional imaging techniques).'®! In this context, functional near-
infrared spectroscopy (ENIRS) has emerged as a promising and
versatile tool for understanding the effects of acute physical ex-
ercise on cognitive performance. The fNIRS is relatively robust
against motion-related artifacts and enables monitoring of func-
tional brain changes (i.e., cortical hemodynamics) with good spa-
tial and temporal resolution.[*]

In this context, two studies have investigated the effects of
acute physical exercise during periods of prolonged sitting on
cognitive performance and cortical hemodynamics obtained via
fNIRS.'81 Yu et al. (2022) investigated the effects of a 15 min acute
light-intensity physical exercise (cycling) break between two 45
min periods of prolonged sitting in 60 college students./'*"]
Episodic memory performance was not significantly changed
by the acute physical exercise break but the nodal efficiency
(efficiency of information transfer within brain networks) in
the anterior prefrontal cortex during memory encoding, and
the nodal efficiency and degree centrality (prominence of a re-
gion based on its connection) of the orbitofrontal cortex dur-
ing memory retrieval were improved.['¥®! Additionally, during
memory encoding, the acute physical exercise break modified
functional connectivity between the anterior and dorsolateral
prefrontal cortices.['*®] Heiland et al. provided evidence that a
3 min break every 30 min during 3 h of prolonged sitting was
associated with lower activation of the right prefrontal cortex
and improved working memory performance, mood, and alert-
ness in 13 healthy adults.'8] Collectively, these results sug-
gest that acute light-intensity physical exercise breaks during
periods of prolonged sitting can influence cortical hemodynam-
ics, although the effects on behavioral indices may differ be-
tween different cognitive domains (e.g., episodic memory, work-
ing memory). Notably, however, it is unclear whether physical
exercise intensity (e.g., moderate intensity versus vigorous in-
tensity) differentially influences cortical hemodynamics and ex-
ecutive function during periods of prolonged sitting, necessitat-
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ing further research to better understand potential dose-response
relationships.

To further elucidate potential neurobiological mechanisms
that are associated with the acute physical exercise-induced
changes in cortical hemodynamics, we also investigate potential
associations between cortical hemodynamics and the microvas-
cular status. Elucidating such potential associations is motivated
by the fact that some studies observed significant correlations
between indicators of microvascular status and cortical hemo-
dynamics obtained during a handgrip exercisel'! and cognitive
test.2% In the current study, we utilized retinal vessel analysis, an
economical yet effective method, to operationalize the microvas-
cular status of an individual.[?!] Retinal vessel analysis offers valu-
able insights into the microvascular status of the brain because
cerebral and retinal vessels have similar physiological and mor-
phological properties due to their shared embryological origin.[??]
Furthermore, cross-sectional research has examined the relation-
ships between physical fitness (i.e., muscular strength, speed
agility, and cardiorespiratory fitness), retinal microcirculation,
and cognitive function.?}] This cross-sectional study involving
347 primary school children revealed that indicators of retinal
microcirculation independently contributed to variance in cog-
nitive performance, particularly concerning inhibitory control
and information processing.?* Additionally, a randomized con-
trolled trial with 35 adolescents, focusing on an 8-week aerobic
and coordinative training program, observed a positive correla-
tion between changes in retinal arteriolar diameter and cognitive
performance improvements, specifically in reaction time (RT)
during an inhibitory control task.[?>] Collectively, these findings
highlight the potential of retinal vessel diameters as a proxy of the
microvascular status to better understand the underlying neu-
robiological mechanisms that contributed to physical exercise-
induced changes in cognitive performance in general and phys-
ical exercise-induced changes in cortical hemodynamics (i.e.,
obtained during a cognitive task) in particular. However, potential
associations between changes in retinal vessel diameters, cortical
hemodynamics, and cognitive performance changes in response
to acute physical exercise breaks have not yet been studied.

To address the above-mentioned knowledge gaps, the cur-
rent study used a randomized crossover design to investigate
the acute effects of physical exercise breaks during two peri-
ods of prolonged sitting on executive function (measured via
the dual-task Stroop task), cortical hemodynamics (measured by
fNIRS), and retinal microvascular status. To simulate real-world
scenarios, the duration of the two periods of prolonged sitting
and the exercise break were set to coincide with two consecu-
tive classes and recess times at Chinese universities. Our pri-
mary aims were to 1) investigate among young adults how acute
physical exercise breaks of different intensities (vigorous- and
moderate-intensity cycling) affect dual-task Stroop task perfor-
mance (i.e., baseline, color-dual task, and lexical-dual task Stroop
performance), cortical hemodynamics (i.e., activation and effec-
tive connectivity), and microvascular status following prolonged
sitting in an academic setting, and 2) examine the relationships
between physical exercise-induced changes in executive function,
cortical hemodynamics, and retinal vessel diameters. Based on
the current evidence,!'®2%] we hypothesized that physical exer-
cise breaks during two periods of prolonged sitting would en-
hance executive function and cortical hemodynamics. We also
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hypothesized that interrupting prolonged sitting with acute phys-
ical exercise would increase retinal vessel diameters, reflecting
enhanced microvascular function.!?”] Furthermore, based on the
literature,[#%8] we predicted that vigorous-intensity exercise cy-
cling would yield greater benefits for both behavioral and neuro-
biological outcomes. Additionally, we hypothesized that improve-
ments in executive function and microvascular status would be
mediated by changes in cortical hemodynamics.

By using measures of different levels of analysis (i.e., reti-
nal microvascular status, cortical hemodynamics, and executive
functions) and simulating a realistic academic setting, this study
will broaden our knowledge of the effects of acute physical exer-
cise breaks during periods of prolonged sitting and its potential
neurobiological mechanisms, on which direct empirical evidence
is currently scant in the literature.l'?"] Thus, the to-be-expected
findings of the current study have great potential to inform not
only future research work but also public health actions.

2. Experimental Section

2.1. Participants

College students were recruited through campus poster ad-
vertisements. Inclusion criteria were: 1) 18 and 25 years of
age;?% 2) normal or corrected-to-normal vision;*! 3) right-
handedness indicated by self-report;1*?] 4) no history of cardiovas-
cular, metabolic, gastrointestinal, neurological, or psychiatric dis-
orders; and 5) regular menstrual cycles for female participants.!]
Exclusion criteria were: 1) any medical conditions requiring on-
going treatment; 2) pregnancy or lactation;** 3) recent adher-
ence to strict diets (e.g., ketogenic diet);**! and 4) use of sub-
stances such as caffeine, alcohol, or nicotine within 48 hours be-
fore each trial.3®] All participants were able to safely participate in
the maximal incremental exercise test and the acute cycling bouts
based on the Physical Activity Readiness Questionnaire.[’”] Each
participant signed an informed written consent form before par-
ticipating. The Ethical Committee of Shenzhen University (No:
PN-2020-041) approved the research protocol in compliance with
the latest version of the ethical principles of the Declaration of
Helsinki.

The sample size using the “simr” package in R was
calculated, ¥ simulating a dataset aligned with this study design.
The “powerSim” function was employed to run 100 simulations
to estimate model power.[®] The sample size was iteratively in-
creased until reaching 80% power at a sample size of 63 partic-
ipants. Ultimately, a total of 71 participants (20.94 + 1.93 years,
50.70% females) were recruited (Appendix 1).

2.2. Study Design

A single-blind randomized crossover design with pre- and
post-intervention comparisons was used. Participants com-
pleted each of the following experimental conditions in pseudo-
counterbalanced order with at least a 7-day washout period be-
tween conditions (Figure 1): i) 115 min of uninterrupted sitting
[SIT: control]; ii) 50 min of sitting + 15 min of moderate-intensity
cycling + 50 min of sitting [MIC: experimental condition 1J;
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iii) 50 min of sitting + 15 min of vigorous-intensity cycling +
50 min of sitting [VIC: experimental condition 2]. To increase
ecological validity by simulating the typical class and break du-
rations in most Chinese universities, an acute physical exercise
break of 15 min was implemented between two 50 min periods
of sitting. Previous work!7*%°] indicated that breaks within a 10-
20 min range effectively yield cognitive benefits, supporting the
selection of this time interval. Participants were randomly as-
signed to three experimental conditions using R software’s ran-
dom number generator (sample() function).[**l A familiarization
session was completed approximately three days (+1 day) before
the experiment started, during which participants were familiar-
ized with the cognitive assessment and cycling protocols.

In the familiarization session, participants’ sex and age were
recorded. Body mass index (BMI) was calculated as body weight
in kilograms divided by the square of height in meters, assessed
by an automatic portable stadiometer (BSM370, Seoul 135-960,
Korea). The Chinese version of the International Physical Activ-
ity Questionnaire-Short Form which has acceptable psychome-
tric properties!*!l was used to evaluate participants’ moderate-
and vigorous-intensity physical activity. As recommended, these
activities were weighted by their energy requirements defined
in the Metabolic Equivalent of Task (minutes/week) to provide
indices for the individual physical activity level.l*?] The 19-item
Pittsburgh Sleep Quality Index was used to record subjective
sleep quality in the past month, in which the global score was de-
rived from 7 components of sleep (subjective sleep quality, sleep
latency, sleep duration, sleep efficiency, sleep disturbance, use of
sleep medication, and daytime dysfunction).[* The 21-item De-
pression, Anxiety, and Stress Scale was used to measure the emo-
tional states of depression, anxiety, and stress, respectively.[*]
In addition, we used the 8-item visual analog mood scales to
evaluate different mood states, namely feeling afraid, confused,
sad, angry, energetic, tired, happy, and tense.[**] All the above-
mentioned questionnaires were analyzed according to estab-
lished recommendations and guidelines.

To account for potential hormonal influences on brain func-
tion, all female participants conducted the three experimental
trials during the early to mid-luteal phase of their menstrual
cycle.?¥] During the 48 h before each visit, participants were in-
structed to refrain from caffeine, alcohol, nicotine, and moderate-
to-vigorous-intensity physical activity, and all participants re-
ported adhering to these instructions. Participants were required
to consume the same standardized meals (i.e., 55%-58% carbo-
hydrate, 29%—-31% fat, and 12%-15% protein) on the day before
each visit. The evening before each experimental session, dinner
was consumed between 19:00 and 21:00.

2.3. Maximal Incremental Exercise Test

The maximal incremental exercise test was conducted seven days
before the beginning of the experimental conditions to eval-
uate participants’ cardiorespiratory fitness level and to set the
participant-specific exercise intensity. After a 3 min warm-up at
25 W, participants pedaled on an electric-controlled cycle ergome-
ter (Ergoline Ergoselect 100, Germany) against an initial work-
load of 50 W, which increased by 25 W every 3 min until volitional
exhaustion. The participants were asked to maintain a pedalsling
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Figure 1. The schematicillustration of the three experimental conditions (i.e., SIT versus MIC versus VIC). (Notes. The primary outcomes of assessments
1-3 were also separately shown at the bottom of the figure; SIT, condition of 115 min uninterrupted sitting [control]; MIC, experimental condition 1 with
15 min moderate-intensity cycling; VIC, experimental condition 2 with 15 min vigorous-intensity cycling; fNIRS, functional near-infrared spectroscopy; A1,
assessment 1; A2, assessment 2; A3, assessment 3; CRAE, central retinal artery equivalent; CRVE, central retinal vein equivalent; AVR, arteriole-to-venule
ratio; HbO, oxyhemoglobin; HbR, deoxyhemoglobin; GCA, Granger causality analysis).

rate of 60 + 5 revolutions per minute until volitional exhaustion,
which was characterized by meeting two or more of the follow-
ing criteria:[*6] i) rating of perceived exertion (RPE) > 18; ii) peak
heart rate (HR) > 90% of age-predicted maximum (220 — age);
and iii) respiratory exchange ratio > 1.15. Respiratory gases were
collected and analyzed using a gas analyzer (Vmax Encore Sys-
tem, CareFusion Corp., United States), which was prepared ac-
cording to the instructions of the manufacturer. As peak maxi-
mal oxygen consumption (VO2,,,,), the average of 15 seconds of
the highest oxygen uptake in the final stage was considered.[*?!

2.4. Experimental Day Protocol

Participants were instructed to arrive at the laboratory (tempera-
ture of 26 °C, humidity of 40%, lighting intensity of 400 lux, back-
ground noise below 40 decibels) at ~07:00 following an overnight
fast (>10 h) and had 30 min to consume breakfast. Breakfast
remained the same across all the experimental conditions to
avoid influences of nutritional composition and energy contribu-
tion on cognitive performance.[*’] Retinal vessel diameter mea-
surements were conducted between 08:00 and 08:05, followed
by a 5 min record of resting-state brain activity by {NIRS. Sub-
sequently, between 8:10 and 8:35, a modified dual-task Stroop
task was completed while cortical hemodynamics were concur-
rently measured via fNIRS. Next, participants in the SIT con-
dition started 115 min of uninterrupted sitting between 08:35
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and 10:30. Participants in MIC and VIC conditions performed
15 min of cycling after the first 50 min sitting period. In line with
other studies,['**8] participants were instructed only to leave their
chairs if they completed the predetermined cycling exercise, al-
though they were permitted to do so if needed. Participants were
allowed to read books/magazines, work on a laptop, do home-
work, or send email messages during seated rest, and avoid activ-
ities that may cause a considerable change in mood (e.g., watch-
ing emotional movies).[*”] The 50 min sitting period was aligned
with the duration of class at most Chinese universities. During
the experimental procedure, participants were provided with wa-
ter ad libitum but were not allowed to eat. Lastly, retinal vessel
diameters (10:30-10:35), resting-state brain activity recorded by
fNIRS (10:35-10:40), and dual-task Stroop performance with con-
current fNIRS (10:40-11:05) were re-evaluated after the period of
prolonged sitting (Figure 1).

During the physical exercise break, participants in the MIC
and VIC conditions cycled continuously for 15 min at moder-
ate (i.e., ®60% of VO,,.,;) or vigorous (i.e., #80% of VO, ) in-
tensity on a Monark cycle ergometer (839E, Varberg, Sweden),
respectively.®®! The duration of the physical exercise break was
aligned with the regular break duration between two lessons used
at most Chinese universities. The exercise-intensity classification
was based on the American College of Sports Medicine’s!>"! def-
initions for exercise work rates. The preferred saddle height was
determined in the familiarization session. The RPE scores®! and
HR assessed by a monitor (Polar F4M BLK, Kempele, Finland)
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were collected at baseline, at 3 min intervals, and immediately
after the cessation of the acute bout of physical exercise in MIC
and VIC conditions.

2.5. Dependent Variables
2.5.1. Retinal Vessel Analysis

In the domains of ophthalmology and vascular health research,
three typical indicators, namely the central retinal arteriolar
equivalent (CRAE), central retinal venular equivalent (CRVE),
and the arteriolar-to-venular ratio (AVR), were used to opera-
tionalize the microvascular status of an individual.[??! Although
CRAE and CRVE provide specific insights into the microvascular
patterns of arterial and venous microvascular status, respectively,
the AVR serves as a broader indicator, reflecting the overall regu-
latory state of the microcirculation system.[**]

Retinal vascular diameters of the right eye were assessed us-
ing computer-assisted quantitative assessment software (IVAN,
University of Wisconsin, Madison, USA), with images captured
by a fundus camera (TRC-NW400).52! The overlying grid place-
ment, vessel type identification, and vessel width measurement
were automatically performed at an angle of 45° with an optic disc
at the center.>?] Three images were projected at the same mag-
nification, converted to digital images through the scanner, and
calibrated based on a standard disc diameter of 1800 mm.?] The
six largest arterioles and six largest venules coursing through an
area of 0.5-to-1.0-disc diameters from the optic disc margin were
measured and used to calculate the average CRAE and CRVE.
The calculation of CRAE and CRVE was developed by Hubbard
et al. (1999)13] and Knudtson et al. (2003).°*] The diameters of
retinal arterioles and venules were calculated based on branch-
ing coefficients (0.88 for arterioles and 0.95 for venules), which
linked parent trunk vessels with branches.l>*!

An iterative procedure was applied to pair the largest vessels
with the smallest one and repeat until a single number (cen-
tral vessel equivalent) was reached.[** The AVR was computed as
CRVE divided by CRAE.’*] In the current study, trained graders
conducted all assessments and analyses of retinal measures. A
reproducibility study was undertaken to ensure consistency mea-
surement of CRAE, CRVE, and AVR, with intraclass correlation
coefficients ranging from 0.81-0.86. The assessment followed the
standard operating procedures proposed by Streese et al.l’>*]

2.5.2. Cognitive Paradigm — the Modified Dual-Task Stroop Task

A modified dual-task Stroop task, which was originally developed
by Ward et al.,l®) was used (see Figure 2). The dual-task Stroop
task consisted of three blocks conducted in the following order:
i) the baseline Stroop block, ii) the color-dual Stroop block, and
(iii) the lexical-dual Stroop block. As shown in Figure 2, the order
of the latter two blocks was counterbalanced. Each block com-
prised a practice sequence and three test sequences, with 12 tri-
als in each sequence. There were 25% incongruent stimuli (i.e.,
the word “BLUE,” “GREEN,” and “YELLOW” printed in an in-
congruent color), 25% neutral stimuli (i.e., groups of Xs [XXXX]
printed in blue, green, or yellow), and 50% congruent stimuli
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(i-e., the word “BLUE,” “GREEN,” “YELLOW” printed in a con-
gruent color) trials in one block. For each trial, a central fixation
was first presented for 8000 ms. A stimulus remained on the
screen for 3000 ms, and an interstimulus interval of 500 ms was
employed. Each block lasted ~504 s.

In the baseline Stroop condition, participants were instructed
to indicate the ink color by pressing the colored keys on the key-
board with the right hand as quickly and accurately as possible.
In the color-dual task Stroop condition, participants continued re-
sponding to the ink color of stimuli but also needed to keep track
of the number of items printed in blue and enter this number
via the keyboard when prompted to do so. In the lexical-dual task
Stroop condition, participants were instructed to indicate the ink
color of the items while keeping in mind the number of times
they saw the word “BLUE,” regardless of the ink color. The count
of blue items or the word “BLUE” was restarted in each sequence.
Participants were seated ~50 cm from the monitor during the
whole task. The inverse efficiency score (IES) was calculated as
follows: IES = mean RT for correct response/(1-proportion of
decision errors), with a higher value indicating lower efficiency
(more time taken and/or more errors). As recommended by Ward
et al.[% the z-scored RT, error rate (ER), and IES were calculated
for normalization, facilitation of more robust statistical analysis,
and combination of different measures.

2.5.3. fNIRS Data Acquisition and Quality Check

The fNIRS data were collected from the NIRSport2 device (NIRx
Medical Technologies, LLC) operating in the continuous-wave
mode (Figure 2). The optodes were set in an {NIRS-EEG compat-
ible cap using the international 10-10 system for EEG electrode
placement. In the current study, the {NIRS-montage included
16 LED sources and 16 avalanche photodiode detectors with an
inter-optode distance of ~3 cm, which covered nine regions of
interests (ROIs;, i.e., medial frontal [C10, C12, C14], left superior
frontal [C2, C7, C8, C9, C13, C37, C39, C40], left middle frontal
[C1, C3, C4, C5, C6), left precentral [C38, C47, C48], left pari-
etal [C41, C42, C43, C44, C45, C46, C49], right superior frontal
[C11, C15, C16, C17, C19, C31, C32, C34], right middle frontal
[C18, C20, C21, C22, C23], right precentral [C24, C26, C33], and
right parietal [C25, C27, C28, C29, C30, C35, C36] regions). The
anatomical locations of sources, detectors, and 46 channels were
estimated and registered to the Montreal Neurological Institute
probabilistic reference system using a Patriot 3D Digitizer (Pol-
hemus, Co., USA).’%l The wavelengths of light emitted by the
source were 760 nm and 850 nm. The data were recorded contin-
uously at a sampling rate of 10.2 Hz using the NIRx acquisition
software Aurora fNIRS. The quality check and segmentation of
fNIRS data were conducted before the further processing of the
data, and channels with a bad signal quality were excluded from
subsequent analyses (i.e., channels with a coefficient of variation
equal to or higher than 15%).557]

2.5.4. fNIRS Data Analysis: Preprocessing Pipeline and Task-Based
Activation

Regarding the fNIRS data analysis, it followed established
guidelines and recommendations.'’>*8] In brief, task-based
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Figure 2. a,b) Visualization of the functional near-infrared spectroscopy setup and recording, c) the spatial registration of the fNIRS channels, and
d) the test procedures of the modified dual Stroop task. (Notes. Figure 2a, equipment worn in the actual experimental environment; Figure 2b, coordinates
of sources, detectors, and channels; Figure 2c, location of sources and detectors; Figure 2d, modified dual-task Stroop task paradigm. In Figure 2c, the
pink circle represents the source, while the blue circle represents the detector. In Figure 2c, the yellow, orange, green, blue, and purple lines separately
represent channels in the medial frontal [C10, C12, C14], superior frontal [C2, C7-9, C11, C13, C15-17, C19, C31-32, C34, C37, C39-40], middle frontal
[C1, C3-6, C18, C20-23], precentral [C24, C26, C33, C38, C47-48), and parietal [C25, C27-30, C35, C36, C41-46, C49] regions. In Figure 2d, three blocks
of modified dual-task Stroop task were well represented: the baseline Stroop block ran first, and then the Color-Dual Stroop block and the Lexical-Dual
block ran in a counterbalanced order. Each block comprised a practice sequence and 3 test sequences, with 12 trials in each sequence.). (Abbreviations.
S, source; D, detector; C, channel).
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fNIRS data in the three blocks (i.e., baseline Stroop block ver-
sus color-dual Stroop block versus lexical-dual Stroop block) were
analyzed using the NIRS Brain AnalyzIR Toolbox.>?! During pre-
processing, raw light intensity (pre-block time: 15 s; block time:
504 s) was loaded and converted to optical density and then to
oxygenated (HbO) and deoxygenated (HbR) hemoglobin concen-
tration using the Modified Beer-Lawbert Law.[%%] At the first level
(participant level) of statistics, a general linear regression anal-
ysis was performed with an autoregressive iterative reweighted
least-squares approach, which corrected the serially correlated er-
rors with pre-whitening and down-weighted outliers caused by
motion artifacts by robust weighted regression. A spatial princi-
pal component filter was applied to correct artifacts arising from
motion and systemic physiology.*! A canonical hemodynamic
response function model was used in the sensitivity-specificity
analysis. At the second level (group level) of statistics, the group
mean for each condition was calculated. Each condition’s esti-
mated regression coefficients (i.e., beta value) represented the
estimated strength of hemodynamic activity. False discovery rate
(FDR) correction was used to conceptualize the rate of type I er-
rors in multiple comparisons.

2.5.5. fNIRS Data Analysis: Preprocessing Pipeline and Effective
Connectivity Analysis

The 5 min HbO time-series data before the modified dual-task
Stroop taskl®!l was used for the effective connectivity analysis
(Granger causality analysis, GCA) of resting state, %] as it pre-
viously showed maximum agreement with fMRI resting-state
signals.®¥] The GCA was used to determine whether one time
series may predict another, revealing probable causal relation-
ships between variables in time-dependent data.l®?] Effective con-
nectivity analyses were also conducted for the HbO time series
data in the three blocks (baseline, color-dual, and lexical-dual
Stroop blocks) and during the whole task. A band-pass filter be-
tween 0.01 and 0.08 Hz!** was used before converting the optical
density data to HbO time series data using the modified Beers-
Lambert law (differential path-length factor = 6). Moreover, the
first few components acquired from the principal components
analysis were regressed out to reduce the systemic physiological
noises.[%!

Using preprocessed HbO time-series data, vector autoregres-
sive (VAR) models were developed utilizing the MATLAB Mul-
tivariate Granger Causality toolbox (version 1; MathWorks, Nat-
ick, MA, USA) to estimate causal interactions across ROIs.[6%]
The optimal model order was selected according to the Bayesian
Information Criterion (BIC) due to its balance between model
fit and complexity.[®?2] Model stability was achieved by ensur-
ing all eigenvalues lay inside the unit circle.) The model’s
goodness-of-fit was verified using the Akaike Information Cri-
terion (AIC) alongside residual white noise tests.[®??] Maximum
likelihood estimation was used in parameter estimation of the
VAR model for efficiency and consistency in the context of mul-
tivariate time-series data.[®?] The F-statistic quantified the extent
to which each lagged value contributed to the prediction of fu-
ture values of the dependent variable.[?] Causal density served
as a comprehensive metric for assessing the strength and dis-
tribution of causal interactions within the cortical network.[62]
Statistical significance was set at p < 0.05, and the p-values of the

Adv. Sci. 2025, 12, 2406631 2406631 (8 of 17)

www.advancedscience.com

multiple comparisons in hypothesis testing were corrected us-
ing FDR estimation.[*®] To provide a more comprehensive view
of hemodynamic responses, we also conducted effective connec-
tivity analyses for HbR.

2.6. Statistical Analyses

Linear mixed models (LMMs) were used to investigate the
effects of exercise breaks on behavioral outcomes, such as
RT, ER, and IES, across the different experimental conditions
(i-e., SIT versus MIC versus VIC), Stroop conditions (baseline
Stroop versus color-dual Stroop versus lexical-dual Stroop), and
assessment times (preintervention versus postintervention). Our
models included interactions between factors and controlled for
sex, age, and BMLI®] The random effect of participants was in-
corporated to account for intra-subject variability.®’] Similarly,
for task-based fNIRS data, models were built on beta values
of each ROI and causal density. In the models of retinal ves-
sel diameter measurements (i.e., CRAE, CRVE, and AVR) and
causal density of resting-state {NIRS data, the experimental con-
dition and assessment time were regarded as fixed effects, while
the random intercept for each participant was set to account
for within-participant correlations. The AIC and BIC balanced
model fit and complexity.[®] Maximum likelihood estimation was
used for fixed and random effect parameter estimation.[®] Ef-
fect sizes are reported as beta values (f) from the LMM, which
represent the estimated change in the outcome variable per unit
change in the predictor, adjusted for fixed and random effects.[®]
Post-hoc statistical analyses were performed to decompose inter-
action effects and examine simple effects at different levels of
factors (i.e., experimental condition, Stroop condition, and as-
sessment time points) using estimated marginal means.[®] To
ensure the validity of LMMs, normality was assessed via Q-Q
plots and the Shapiro-Wilk test.[®) Homogeneity of variance was
evaluated using residual versus fitted plots and the Breusch-
Pagan test,”") and independence was tested using the Durbin-
Watson test for repeated measures data.”!! If normality or ho-
moscedasticity assumptions were violated, variance-stabilizing
transformations were applied.”?] For cases where assumptions
were difficult to meet or fully resolve, bootstrapping was used
to ensure robust estimates.[”*] Corresponding analyses were con-
ducted using “lme4”"* and “emmeans”!”*! packages of R soft-
ware (version 3.3.3; The R Foundation, Vienna, Austria).
Mediation analysis was performed to investigate whether spe-
cific measures of cortical activity (i.e., the average change of beta
values of HDO, the causal density of resting state, and during
the whole task from pre-intervention to post-intervention) me-
diated the potential relationship between microvascular parame-
ters obtained via retinal vessel analysis (i.e., the average changes
of CRAE, CRVE, and AVR) and behavioral cognitive performance
(the average changes of RT, ER, and IES). In the first step, an
explorative correlation analysis to identify variables with statisti-
cally significant associations was performed. Afterward, standard
mediation models were built through the Mediation Toolbox de-
signed for neuroimaging statistics (Tor Wager’s group; https://
github.com/canlab/MediationToolbox)!”®! to check whether me-
diation effects occur if it was observed statistically significant
correlations between specific variables. Confounding variables
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(i-e., sex, age, and BMI) were included as regressors in the me-
diation model. Bootstrap-based significance testing with 10 000
random samples was utilized for statistical mediation analysis. A
statistically significant mediation effect was defined as the bias-
corrected bootstrap confidence limits for the indirect path that
did not include zero.””] A two-tailed p-value less than 0.05 was
considered statistically significant. The FDR approach was used
to control the rate of type I errors in the presence of multiple
comparisons.

3. Results

3.1. Participant’s Characteristics

Participants’ demographics stratified by biological sex
are reported in Appendix 1. There were 35 males (age:
20.34 + 1.8lyears; BMIL: 23.00 + 4.28 kg m?; VO,pear
32.33 +7.66 ml kg min) and 36 females (age: 21.53 + 2.01 years;
BMI: 20.36 + 3.05 kg m?*; VO, ., 27.11 + 5.73 ml kg min™")
recruited into the study. Information on mental health, sleep,
and regular physical activity levels is also available in Appendix
1. No significant differences in nutrient intake (protein, car-
bohydrate, and fat) were observed among SIT, MIC, and VIC
conditions (ps > 0.05) (Appendix 1). For the MIC condition, RPE
scores (010 and 6-20 scales) and HR (beats per minute) were as
follows: baseline (1.23 + 0.55, 10.00 & 0.83, 106.01 & 9.37), 3 min
(2.37 £ 0.57, 11.82 + 1.05, 119.18 + 8.32), 6 min (3.04 + 0.66,
12.58 + 1.09, 128.62 + 7.03), 9 min (4.56 + 0.81, 12.83 + 1.13,
130.20 + 6.21), 12 min (4.76 + 0.84, 13.10  1.24, 130.25 + 5.94),
and immediately post-exercise (4.90 + 0.94, 13.31 + 1.34, 131.35
+ 5.35). In the VIC condition, RPE scores (0-10 and 6-20 scales)
and HR were similarly reported at each time point: baseline (2.10
+0.83,10.62 + 1.30, 113.37 + 12.57), 3 min (3.71 + 0.68, 12.56 +
1.53,135.82 + 11.07), 6 min (4.61 + 0.87, 14.52 + 1.40, 152.49 +
10.44), 9 min (6.23 + 0.99, 15.32 + 1.32, 159.59 + 9.00), 12 min
(6.66 = 1.23, 15.92+ 1.79, 161.63 + 7.89), and immediately
post-exercise (7.15 + 1.28, 16.62 + 1.82, 166.06 + 8.75).

3.2. Linear Mixed Models of Behavioral Cognitive Outcomes
(Reaction Time, Error Rate, and Inverse Efficiency Score)

The LMM analysis identified significant main effects of exper-
imental condition, Stroop condition, and assessment time on
behavioral outcomes (Figure 3 and Appendix 2). The interac-
tions between the experimental condition and assessment time
as well as between the experimental condition and Stroop condi-
tion were statistically significant for RT (f = —1.52; § = —1.15)
and IES (f = —1.77; p = —1.40) (ps < 0.05). Consistent with
our hypothesis, we found that MIC reduced RT, ER, and IES
more than SIT from pre-intervention to post-intervention (dif-
ference in estimated marginal means [emmean]: —0.13, —0.36,
—0.20, respectively, ps < 0.05). Compared to MIC, VIC showed
further reductions in RT, ER, and IES from pre-intervention to
post-intervention (emmean difference: —0.09, —0.17, —0.13, re-
spectively, ps < 0.05). Comparisons between Stroop conditions
showed that both color-dual and lexical-dual Stroop blocks re-
sulted in a higher level of IES than the baseline Stroop block
across experimental conditions (emmean differences: 0.425,
1.832; ps < 0.05).
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3.3. Linear Mixed Models of Retinal Vessel Diameters

Significant interactions between experimental conditions and as-
sessment time were observed for CRAE (f = 4.46, p < 0.05) and
CRVE (f = 6.34, p < 0.05) (Appendix 3). Compared to SIT, both
MIC and VIC significantly increase the CRAE (emmean differ-
ence: 0.27, 3.03) and CRVE (emmean difference: 1.14, 3.72) from
pre-intervention to post-intervention (ps < 0.05), which is consis-
tent with our hypothesis. The VIC further significantly increased
the CRVE in comparison with MIC from pre-intervention to
post-intervention (emmean difference: 2.58; p < 0.05). The AVR
was significantly influenced by both experimental conditions
(8 =0.0003, p < 0.05) and assessment time (f = —0.01, p < 0.05),
but not the interaction between them (p > 0.05).

3.4. Linear Mixed Models of Beta Values of Cortical Activation

For cortical activation (i.e., the beta value of HbO) (Appendix 4),
significant interactions between experimental conditions and as-
sessment time as well as interactions between experimental con-
ditions and Stroop condition were observed for ROI 2 (§ = 0.08;
f =0.10), ROI 3 (f = 0.06; f = 0.08), ROI 6 (f = 0.04; f = 0.06),
and ROI 7 (f = 0.04; § = 0.06) (ps < 0.05). Compared to SIT, both
MIC and VIC induced higher levels of cortical activation in ROI 2
(emmean differences: 0.002, 0.004), ROI 3 (emmean differences:
0.002, 0.005), ROI 6 (emmean differences: 0.001, 0.006), and ROI
7 (emmean differences: 0.002, 0.009) from pre-intervention to
post-intervention (ps < 0.05). The VIC induced a higher level of
cortical activation than MIC in these ROIs from pre-intervention
to post-intervention (emmean difference in ROI 2, 3, 6, and
7:0.002, 0.003, 0.005, 0.007; ps < 0.05).

For hemodynamic response in HDR (i.e., beta value) (Ap-
pendix 5), there were no significant interactions between experi-
mental conditions and assessment time or interactions between
experimental conditions and Stroop condition observed in the
ROIs (p > 0.05).

3.5. Linear Mixed Models of Resting-State Causal Density as Well
as Granger Causality Analyses

For the resting-state causal density of HbO, significant effects for
experimental condition (f = 0.64, p < 0.05) and assessment time
(B = —0.64, p < 0.05), as well as their interaction (f = 0.37, p <
0.05) were observed (Appendix 6). Compared to SIT, both MIC
and VIC significantly increased the causal density from preinter-
vention to postintervention (emmean differences = 0.17, 0.17; ps
< 0.05). For the resting-state causal density of HbR, no signif-
icant main effect (i.e., experiment condition, assessment time,
and Stroop condition) or interaction was observed (p > 0.05) (Ap-
pendix 7). Details of Granger’s causal analysis of resting-state
causal density (HbO and HbR) are provided in Appendix 8.

3.6. Linear Mixed Models of Task-Based Causal Density as Well
as Granger Causality Analyses

For task-based causal density, significant interactions were ob-
served between experimental condition and assessment time
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Figure 3. Results of behavioral assessments. (Notes. a1, comparisons of experimental conditions [SIT, MIC, VIC] of reaction time; a2, comparisons of
assessment timepoints [pretest, posttest] of reaction time; a3, comparisons of Stroop conditions [baseline, color-dual, and lexical-dual Stroop] of reaction
time; b1, comparisons of experimental conditions of error rate; b2, comparisons of assessment timepoints of error rate; b3, comparisons of Stroop
conditions of error rate; c1, comparisons of experimental conditions of inverse efficiency score; c2, comparisons of assessment timepoints of inverse
efficiency score; c3, comparisons of Stroop conditions of inverse efficiency score. Data are shown as the mean and 95% confidence intervals. Statistical
comparisons were conducted using estimated marginal means with post-hoc comparisons of linear mixed models. Asterisks indicate significance levels:
*p < 0.05, **p < 0.01.). (Abbreviations. SIT, uninterrupted sitting; MIC, moderate-intensity cycling; VIC, vigorous-intensity cycling).

(B = 0.06), between experimental condition and Stroop condi-
tion (B = 0.09), and between assessment time and Stroop condi-
tion (f = 0.27) (ps < 0.05). Compared to SIT, both MIC and VIC
enhanced the task-based causal density from pre-intervention to
post-intervention (emmean differences: 0.004, 0.007; ps < 0.05),
which was consistent with our hypothesis. The VIC resulted in
a higher level of causal density than MIC from pre-intervention
to post-intervention (emmean difference: 0.003; p < 0.05). Com-
pared to SIT, the MIC induced the connectomes from ROI 1 to

Adv. Sci. 2025, 12, 2406631 2406631 (10 of 17)

ROI 3 and from ROI 4 to ROI 7 from pre-intervention to post-
intervention (differences in F statistics: 0.006, 0.01) (ps < 0.05)
(Figures 4 and 5). Compared to SIT, the VIC induced the connec-
tomes from ROI 1 to ROI 3, from ROI 2 to ROI 9, from ROI 4 to
ROI 1, and from ROI 4 to ROI 7 from pre-intervention to post-
intervention (differences in F statistics: 0.007, 0.01, 0.01, 0.01;
ps < 0.05) (Figures 4 and 5).

In the LMM of the task-based causal density of HbR, the ex-
perimental condition (8 = 0.01, p < 0.05) but not assessment
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Figure 4. Granger causality analysis of the task-based causal density of oxyhemoglobin. (Notes. Figure al-a6, p values of Granger causality analyses
[a1-2, pre-intervention and post-intervention of SIT; a3-4, pre-intervention and post-intervention of MIC; a5-6, pre-intervention and post-intervention of
VIC. The black dot indicated the existence of a connectome between two ROIs [from the X axis to the Y axis], with the dot size indicating the value of
p value. Figure b1-6 and F-statistics of Granger causality analyses [b1-2, pre-intervention and post-intervention of SIT; b3-4, pre-intervention and post-
intervention of MIC; b5-6, pre-intervention and postintervention of VIC]. The color [from red to blue] and size [from the smallest to the largest] of dots
indicated the values of F-statistics [from 0.00 to 0.05]. ROI 1, medial frontal region; ROI 2, left superior frontal region; ROI 3, left middle frontal region;
ROI 4, left precentral region; ROI 5, left parietal region; ROI 6, right superior frontal region; ROI 7, right middle frontal region; ROI 8, right precentral
region; ROI 9, right parietal region; ROI, region of interest; SIT, condition of 115 min uninterrupted sitting [control]; MIC, experimental condition 1 with
15 min moderate-intensity cycling; VIC, experimental condition 2 with 15 min vigorous-intensity cycling.]

time or Stroop condition showed significant effects (ps > 0.05)  ments in cortical hemodynamics. We observed a significant im-
(Appendix 10). provement in executive function following acute physical ex-
ercise breaks, particularly for vigorous-intensity cycling, which
showed superior effects compared to moderate-intensity cycling.
3.7. Standard Mediation Model We also noted significant increases in retinal vessel diameters
(i-e., CRAE, CRVE, and AVR) and cortical activation in regions
Partial correlation analyses among measures are available in Ap. associated with executive function. A single bout ofphysical exer-
pendix 11. A standard mediation model was built to investigate  cise breaking up prolonged sitting with either moderate or vigor-
the effects of AVR on RT through the task-based causal density of ~ ous intensity acutely enhanced both resting-state and task-based
HbO (Appendix 11 and Figure 6). The total effect of AVR on RT  effective connectivity and causal density of the frontoparietal net-
was significant (f = —1.33, 95%CI [-1.44, —1.22], t = —23.54, p work. Moreover, findings from the mediation analysis suggested
< 0.05). When controlling for task-based causal density of HbO,  that changes in retinal microvascular status (i.e., AVR) may in-
the direct effect of AVR on RT remained significant (§ = —0.51, fluence performance via alterations in the causal density of the
95%CI [—0.72, —0.30], t = —4.89, p < 0.05). The mediation ef: frontoparietal network during a dual-task Stroop task.
fect was significant, as indicated by the indirect effect of —0.82
(95%CI [—1.00, —0.29]).
4.1. Influence of An Acute Physical Exercise Break on Executive
Function
4. Discussion )
In terms of behavior, results showed that among college stu-
The findings supported our hypotheses that acute physical ex- dents, an acute physical exercise break during prolonged sit-
ercise enhanced microvascular status and measures of execu-  ting led to significant improvements on a dual-task Stroop task,
tive function, and that these effects were mediated by improve-  evidenced by shorter RT, lower ER, and reduced IES. These
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(a4) (a5) (a6)

Figure 5. Directional connectomes among the brain regions of interest. (Notes. The directional connectomes among the brain regions of interest were
acquired from Granger causality analysis for task-based causal density of oxyhemoglobin. al1-2, connectomes of pre-intervention and post-intervention
of SIT; a3-4, connectomes of pre-intervention and post-intervention of MIC; connectomes of pre-intervention and post-intervention of VIC. ROl 1, medial
frontal region; ROI 2, left superior frontal region; ROI 3, left middle frontal region; ROI 4, left precentral region; ROI 5, left parietal region; ROI 6, right
superior frontal region; ROI 7, right middle frontal region; ROI 8, right precentral region; ROI 9, right parietal region.); ROI, region of interest; SIT,
condition of 115 min uninterrupted sitting [control]; MIC, experimental condition 1 with 15 min moderate-intensity cycling; VIC, experimental condition
2 with 15 min vigorous-intensity cycling).

findings support and extend prior research emphasizing that  vious research as it suggests that acute physical exercise breaks
brief periods of physical exercise benefit executive function, at vigorous intensity resulted in more pronounced improve-
specifically inhibitory control, which is essential for control- ments in executive function compared to acute physical exercise
ling impulsive behavior, sustaining concentration, and execut-  breaks at moderate intensity. Notably, recent research indicates
ing goal-directed actions.!'?"] Moreover, our study adds to pre-  thatimplementing vigorous-intensity exercise breaks in practical

Task-based Causal Density of
Oxyhemoglobin

Retinal Arteriovenous Ratio Reaction Time

/\Ov:iy

Artery

-0.511%%*

Figure 6. Mediation model. (Notes. Independent variable, retinal arteriovenous ratio; dependent variable, average reaction time; mediator, task-based
causal density of oxyhemoglobin).
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settings, such as educational environments, is feasible.[”®! How-
ever, moderate-intensity exercise is potentially more acceptable
to students and could foster long-term adherence by offering a
more pleasurable experience.l””! Further, young adults exhibited
slower RT and higher IES during sedentary periods, underscor-
ing the negative consequences of prolonged sitting on cognitive
function. These findings corroborate existing literature demon-
strating the detrimental effects of sedentary behavior on mea-
sures of cognitive performance.®8% Additionally, our study uti-
lized a modified dual-task Stroop task to assess executive function
performance in different Stroop conditions. Across experimental
conditions, we found that young adults exhibited poorer cogni-
tive performance in both the color-dual and lexical-dual Stroop
conditions compared to the baseline single-task Stroop condi-
tion, with the lexical-dual condition showing the poorest perfor-
mance. This observation is perhaps related to the fact that the
traditional Stroop test probes inhibitory control, while the dual-
task Stroop conditions assessed a broader spectrum of execu-
tive functions, including working memory, divided attention, and
cognitive flexibility.®!] These findings suggest that the increased
cognitive load in dual-task conditions can significantly influence
the ability to manage and integrate multiple cognitive processes
simultaneously.¥!! Overall, our results underscore the significant
impact of acute physical exercise breaks on multiple aspects of
executive performance and underline the potential advantages of
integrating acute physical exercise breaks into practical settings,
that are characterized by a high level of sedentary behavior (e.g.,
university classes), to alleviate the detrimental consequences of
prolonged sitting on cognitive function.

4.2. Influence of An Acute Physical Exercise Break on the Retinal
Microvasculature

Our findings suggest that engaging in acute physical exercise
breaks during prolonged sitting led to significant increases in
retinal vessel diameters, as indicated by variations in CRAE,
CRVE, and AVR. Whereas prolonged sitting was associated
with decreases in retinal vessel diameters across all measures
(CRAE, CRVE, and AVR). These findings align with existing
literature demonstrating the beneficial effects of physical ac-
tivity on microvascular health operationalized via retinal vessel
parameters.®2 Notably, the vigorous-intensity exercise break con-
dition resulted in greater changes in vessel diameter metrics
compared to the moderate-intensity condition. This is consistent
with Nussbaumer et al.,[?2] who found that physical exercises
with a maximal effort triggered a more pronounced vasodila-
tory response than submaximal efforts. This enhanced response
likely stems from the stronger activation of autoregulatory mech-
anisms, such as the myogenic response, during more strenuous
activities.?’?] These mechanisms can help to maintain adequate
blood flow and protect microvascular structures during the ele-
vated blood pressure states induced by strenuous exercise.!?2]

4.3. The Influence of An Acute Physical Exercise Break on
Cortical Hemodynamics

Compared to prolonged sitting (SIT), acute physical exercise
breaks (both MIC and VIC) were associated with increased ac-
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tivation within the frontal cortex, specifically in the left and
right superior frontal and middle frontal regions, across all three
blocks of the modified dual-task Stroop task. Our findings also
demonstrate that enhanced cortical activation, particularly in
the prefrontal cortex, correlates with improved Stroop perfor-
mance, indicating a significant relationship between brain ac-
tivity and cognitive performance during exercise breaks during
prolonged sitting.['7>#3] This suggests that periods of exercise
break may enhance neural efficiency, enabling better cognitive
performance with less exertion.®* Furthermore, physical exer-
cise breaks also influenced the resting-state and task-based causal
density within an established frontoparietal executive function
network.[®>] This indicates that acute physical exercise breaks
may facilitate efficient recruitment and resource synchronization
within and between the local neural structures supporting execu-
tive function.®] In the MIC condition, an enhanced connection
was observed between ROI 1 (medial frontal region) and ROI
3 (left middle frontal region), and between ROI 4 (left precen-
tral region) and ROI 7 (right middle frontal region). These con-
nections suggest that moderate-intensity physical exercise breaks
promote stronger functional coupling between key frontal re-
gions implicated in executive control processes and motor coor-
dination, potentially facilitating more efficient cognitive and mo-
tor performance.®] Besides the effective connectivity observed in
the MIC condition, the VIC condition exhibited broader enhance-
ments in connectivity from ROI 2 (left superior frontal region)
to ROI 9 (right parietal region), implicating more widespread ef-
fects on brain network organization. The acute physical exercise
breaks at vigorous intensity likely exert a stronger influence on
neural connections, potentially due to increased physiological de-
mands and activation of extra brain areas involved in motor plan-
ning, attention, and sensorimotor integration.[*”] Integrating in-
dicators such as cortical activation, causal density, and effective
connectivity provides a comprehensive view of how acute physi-
cal exercise breaks can influence cortical hemodynamics in spe-
cific brain areas that have been documented to be essential for
executive function (e.g., prefrontal cortex).

4.4. The Association Between Acute Physical Exercise-Induced
Changes in Retinal Microvasculature, Cortical Hemodynamics,
and Cognitive Performance

The results of the mediation analysis suggest that the associa-
tion between AVR and RT was partially mediated by task-based
causal density in the frontoparietal network. In the present study,
AVR as a proxy for microvascular health, was used as an indepen-
dent variable — specifically referring to post-to-pre changes, while
task-based causal density in the frontoparietal network (reflecting
cortical hemodynamics) was selected as a mediator, serving as a
key intermediary that transmits the influence of microvascular
health on cognitive performance.[®® The task-based causal den-
sity of the frontoparietal network acts as an indicator of neural
activity and functional connectivity, demonstrating the brain’s ca-
pacity to allocate resources and coordinate activity across cortical
regions.[®) As hypothesized in previous work,®8! our observation
that changes in cortical hemodynamics and neural processing ef-
ficiency mediate the relationships between microvascular health
status (i.e., operationalized by retinal parameter) and cognitive
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performance, support the notion that microvascular change is
a precursor and driver of functional brain change.!®! Of note,
a correlation between microvascular status and functional brain
changes is physiologically plausible but future research is needed
to elucidate this phenomenon in more detail and to verify our
observations. While this mediation provides evidence for a pu-
tative mechanism of acute physical exercise break on cognitive
performance, it is also crucial to consider other neurobiologi-
cal pathways (e.g., changes in neuromodulatory systems such as
noradrenergic or dopaminergic systems)?>%] that might explain
additional variance of the post-exercise cognitive performance
improvements. Thus, it is recommended that future research in-
vestigates the specific neurobiological mechanisms driving the
positive effects of acute physical exercise breaks on cognitive
performance by considering additional variables such as pupil
size (as a proxy for the activity of the noradrenergic system)[?”?!
and spontaneous eye blink rate (as a proxy for the dopaminergic
system).[%]

4.5. Limitations, Strengths, and Novelties

It is important to acknowledge several limitations of the current
research. First, the generalizability of our findings may be lim-
ited due to the specific characteristics of our sample, which con-
sisted solely of college students. Future research should replicate
these findings in other cohorts with different ages, physical fit-
ness, or health status to investigate the generalizability of our
findings.[??] Second, while our study employed advanced mea-
surement techniques such as fNIRS and retinal vessel analysis,
these methods have inherent limitations in terms of spatial reso-
lution, accuracy, and indirect assessment, which should be con-
sidered when interpreting the results. Of note, the {NIRS does
not enable the detection of activity in subcortical structures and
thus cannot provide a complete picture of brain activation pat-
terns. Third, we specifically studied the cortical hemodynamics
and microvascular status related to several aspects of executive
function; thus, the potential contributions of other neurobiolog-
ical mechanisms, such as molecular and cellular signaling (e.g.,
noradrenergic and dopaminergic system), remain elusive and
should be considered in future studies. Fourth, while this study
focuses on and probes executive function with the modified dual-
task Stroop task, other cognitive domains, such as aspects of at-
tention and memory,°!) may also be influenced by acute physical
exercise breaks. Thus, future research should consider assessing
a broader set of cognitive processes to substantiate the generaliz-
ability of these findings. Fifth, this study focuses on the acute ef-
fects of physical exercise breaks on executive performance, with-
out assessing the long-term implications of regular physical ex-
ercise breaks on cognitive performance. Based on our findings,
it is a promising area for future research to investigate whether
implementing acute physical exercise breaks over longer periods
(e.g., a semester) can yield lasting cognitive benefits. Sixth, this
study assessed cognitive performance following prolonged sit-
ting, without introducing continuous cognitive load (e.g., arising
from studying or computer work) during sedentary time. In the
real-world academic settings, individuals often experience con-
tinuous cognitive demands during sitting (e.g., listening to the
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lecture while taking notes).[°?l Thus, to better mimic practical set-

tings, future research should investigate how inducing different
levels of cognitive load during periods of prolonged sitting can
moderate the positive effects of acute physical exercise breaks.

The present study offers several strengths and novelties that
contribute to our understanding of the acute effects of physical
exercise breaks on cognitive performance, cortical hemodynam-
ics, and microvascular status. First, the study employed a ran-
domized crossover design with pre- and post-comparison, en-
hancing the robustness of our findings by minimizing biases
(e.g., differences related to the individual)l’*! and controlling for
potential confounding variables. Second, our approach consid-
ered different levels of analysis by combining assessments of cog-
nitive performance (i.e., RT, ER, and IES), cortical hemodynam-
ics (i.e., cerebral activation and effective connectivity at both rest-
ing and task-based states), and microvascular status using retinal
vessel analysis (i.e., CRAE, CRVE, and AVR), and thus allows for a
relatively thorough examination of the neurobiological processes
of acute physical exercise breaks that may drive the positive ef-
fects on measures of cognitive performance. Third, our design
includes three experimental conditions (i.e., vigorous-intensity
cycling, moderate-intensity cycling, and prolonged sitting con-
trol) and three Stroop task conditions (baseline Stroop, color-dual
task, and lexical-dual task). Such design allows us to identify how
different exercise intensities and domains of the cognitive task in-
fluence the effects of acute exercise breaks on behavioral, retinal
microvascular, and neurobiological outcomes. Fourth, we used
LMMs!® for data analysis, which offer advantages over tradi-
tional methods by accounting for both fixed and random effects.
This approach enhances precision in repeated measures, ensur-
ing robust findings that reflect the simulated real-world impact of
acute physical exercise breaks. Fifth, we investigate the potential
neurobiological mechanisms of the positive associations between
microvascular parameters, brain functions, and cognitive perfor-
mance by mediation analysis which advances our understanding
of candidate mechanisms that can explain the positive effects of
acute physical exercise breaks on cognitive performance during
periods of prolonged sitting on which the direct empirical evi-
dence is currently scant.[11:2]

A further strength of our study is the relevance of our study
findings to inform public health initiatives aimed at promoting
physical exercise and reducing time spent on sedentary behav-
iors (especially mentally passive screen-based sedentary activities
such as non-educational TV viewing) among college students. By
demonstrating the benefits of acute physical exercise breaks on
different indicators of cognitive and brain health, our study may
help inform educational institutions seeking to optimize learn-
ing environments. However, implementing these acute physical
exercise break interventions in practical settings is likely to face
some challenges which include, the programming of the acute
physical exercise breaks (e.g., exercise type and intensity) and the
feasibility (e.g., academic scheduling conflicts and concerns that
acute physical exercise breaks may disrupt classroom routines —
but see for an example — https://drtejaspatel.com/in-japan-must-
exercise-at-work/). Addressing these requires a multidisciplinary
approach involving educators, health professionals, and policy-
makers to integrate physical activity relatively seamlessly into stu-
dents’ daily lives.
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5. Conclusions

Our study sheds light on the acute effects of physical exercise
breaks on cognitive performance in college students, as well as
some neurobiological mechanisms that potentially contribute to
the acute physical exercise-induced cognitive performance ben-
efits — namely cortical hemodynamics and microvascular status.
Our findings suggest that incorporating acute physical exercise
breaks during periods of prolonged sitting (e.g., in classroom set-
tings) can lead to immediate improvements in executive func-
tion, accompanied by changes in retinal vessel diameters, cor-
tical activation and efficient connectivity, all of which indicated
improved microvascular and brain function. These findings un-
derscore the importance of integrating acute physical exercise
breaks into daily routines, especially in environments with a high
level of sedentary behavior like educational institutions, office
work (e.g., reception, call centers, computer programming, legal
sectors), and transportation (e.g., driving, flying). Future research
should aim to elucidate potential dose-response relationships be-
tween acute physical exercise breaks and cognitive performance,
including but not limited to the optimal duration and type (e.g.,
cycling, walking, running), to thoroughly assess the versatility
and efficacy of acute physical exercise interventions in bolstering
cognitive performance and brain health. Future research should
also investigate the long-term effects of regular physical exercise
breaks on cognitive function, and indicators of brain health, as
well as investigate potential neurobiological mechanisms under-
lying the potential physical exercise-induced improvements of
cognitive performance.
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