
1Pindus DM, et al. BMJ Open 2025;15:e095415. doi:10.1136/bmjopen-2024-095415

Open access�

Breaking prolonged sitting with high-
intensity interval training to improve 
cognitive and brain health in middle-
aged and older adults: a protocol for the 
pilot feasibility HIIT2SITLess trial

Dominika M Pindus  ‍ ‍ ,1,2,3 Scott Paluska,1,4,5 Joseph So,1,6 Miroslaw Wyczesany,7 
Tomasz S Ligeza,7 Jesus Sarol,8 Jin Kuang,1 Flor B Quiroz,1,9 
Ramiya Shanmugam,1,10 Talha Syed,1,9 Maciej Kos  ‍ ‍ ,11 Naiman Khan,1,2,3,12 
Charles Hillman,11,13,14 Art Kramer11,13

To cite: Pindus DM, Paluska S, 
So J, et al.  Breaking prolonged 
sitting with high-intensity 
interval training to improve 
cognitive and brain health in 
middle-aged and older adults: a 
protocol for the pilot feasibility 
HIIT2SITLess trial. BMJ Open 
2025;15:e095415. doi:10.1136/
bmjopen-2024-095415

	► Prepublication history 
and additional supplemental 
material for this paper are 
available online. To view these 
files, please visit the journal 
online (https://doi.org/10.1136/​
bmjopen-2024-095415).

Received 22 October 2024
Accepted 08 April 2025

For numbered affiliations see 
end of article.

Correspondence to
Dr Dominika M Pindus;  
​pindus@​illinois.​edu

Protocol

© Author(s) (or their 
employer(s)) 2025. Re-use 
permitted under CC BY-NC. No 
commercial re-use. See rights 
and permissions. Published by 
BMJ Group.

ABSTRACT
Introduction  Excessive sedentary time (ST) is linked 
to dementia risk, poorer attentional control and episodic 
memory. These cognitive decrements have been 
associated with decreased functional connectivity (FC) 
in the frontoparietal network (FPN) and default mode 
networks (DMN) with ageing. Physical activity (PA) 
interventions can enhance FC in these networks, but these 
interventions are not designed to decrease ST among 
older adults. Prolonged sitting (ie, sitting continuously for 
≥20 min) can acutely reduce frontoparietal brain function 
and attentional control, while a single PA bout lasting at 
least 20 min can enhance them. It has been theorised that 
stimulation of the cerebral norepinephrine release through 
peripheral increase in catecholamines may explain this 
effect. In contrast, the effects of shorter (<10 min) PA 
bouts used to interrupt prolonged sitting on neurocognitive 
functions remain poorly understood. This pilot randomised 
crossover feasibility trial capitalises on PA intensity as the 
major limiting factor in peripheral catecholamine increase 
and tests the effects of interrupting prolonged sitting every 
30 min with 6 min high-intensity interval training (HIIT) 
compared with low-intensity interval training (LIIT) bouts. 
The study will address three aims: (1) to assess feasibility, 
acceptability, fidelity and safety of HIIT breaks to improve 
neurocognitive function in middle-aged and older adults; 
(2) to quantify the differences between conditions in the 
change in the amplitude and latency of the P3b component 
of event-related potentials (a marker for frontoparietal 
function) and (3) to explore the differences between 
conditions in attentional control, episodic memory and FC 
of the FPN and DMN in middle-aged and older adults.
Methods and analysis  54 healthy adults, aged 
40–75 years, will be recruited from the local community 
and randomly assigned to a condition sequence (HIIT, 
LIIT vs LIIT and HIIT). Each HIIT bout comprises a 1 min 
warm-up, 2 min at 90% of the maximum heart rate 
(HRmax), 1 min passive rest and 2 min at 90% HRmax. 
During 2 min intervals in LIIT, participants exercise at 
57%–60% of HRmax. The primary outcomes include the 
feasibility (recruitment and retention rates, percentage of 

valid electroencephalogram data), acceptability of time 
commitment, HIIT bouts and neurocognitive assessments, 
fidelity (the intensity of HIIT breaks, percentage of time 
spent sitting) and the amplitude and the latency of the P3b 
component of event-related brain potentials measured 
during the modified Eriksen flanker task at pretests, after 
the first and the third PA bout and at post-test. General 
linear mixed-effects models will be used to test the effects 
of the intervention on the P3b component.
Ethics and dissemination  The Institutional Review 
Board at the University of Illinois Urbana-Champaign 
provided the ethical approval for the study. Findings will be 
disseminated in peer-reviewed journals and at scientific 
conferences.
Trial registration number  NCT06243016.

STRENGTHS AND LIMITATIONS OF THIS STUDY
	⇒ The HIIT2SITLess study is a well-controlled ran-
domised crossover pilot feasibility trial designed to 
isolate the effects of the intensity of short physical 
activity (PA) bouts to interrupt prolonged sitting on 
frontoparietal function in middle-aged and older 
adults.

	⇒ The trial is designed based on the theory linking the 
activation of the locus coeruleus-norepinephrine 
system with high-intensity exercise to frontoparietal 
brain function.

	⇒ The trial employs rigorous neurophysiological and 
cognitive measures of frontoparietal function, inhib-
itory control and episodic memory.

	⇒ This pilot feasibility trial recruits healthy middle-
aged and older adults with a limited cardiovascular 
risk; hence, its generalisability to populations with 
an increased cardiovascular risk is limited.

	⇒ The study focuses on acute but not the long-term 
benefits of interrupting prolonged sitting with PA 
on brain function, attentional control and episodic 
memory.
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INTRODUCTION
The year 2020 has marked a dramatic shift in the ageing 
population worldwide, when the number of older adults 
exceeded the number of children.1 Most older adults 
aged ≥65 years experience normal age-related cognitive 
decline, characterised by a decreased ability to control 
distractions and correctly recall the details of informa-
tion and events (ie, episodic memory).2–4 These cognitive 
functions are indispensable for everyday functioning, 
learning and decision-making.5 6 Given the ubiquity of 
normal age-related cognitive decline, there is an urgent 
need for effective approaches to improve cognitive and 
brain health during ageing.

Yet, effective and scalable interventions to improve 
cognitive and brain health in older adults are lacking. 
Traditional physical activity (PA) interventions (eg, 
a 20–40 min bout of moderate-intensity PA) show 
promise and can improve frontoparietal function and 
hippocampal-dependent episodic memory in seniors.7 
However, they have limited impact because most older 
adults (70%) do not engage daily in moderate-intensity 
PA that lasts even 10 min.8 In contrast, the efficacy of PA 
interventions that use short (<10 min) but high-intensity 
PA to improve frontoparietal function and cognition in 
seniors is virtually unknown. Such interventions could 
boost PA adoption because they address critical barriers 
to PA participation in middle-aged and older adults: the 
lack of time and access to gyms.9

Traditional PA interventions designed to enhance 
neurocognitive function in older adults also do not 
reduce their excessive sedentary time (ST), amounting to 
10 hours/day.10 Epidemiological evidence suggests that 
remaining sedentary for 10 hours/day or more increases 
the risk of Alzheimer’s Disease (AD) and AD-related 
dementias, even in physically active adults.11 Emergent 
observational studies indicate that ST and prolonged 
sitting, such as sitting continuously for 20 min or longer, 
may attenuate attentional control,12 13 episodic memory14 
and frontoparietal function.15 For example, adults aged 
21–45 years with more prolonged ST had poorer atten-
tional control.12 Older adults engaging in more ST 
had poorer episodic memory.14 Pontifex et al15 found a 
decrease in P3b amplitude in young adults who sat for 
20 min, suggesting a decrease in frontoparietal brain 
function. The P3b component of event-related brain 
potentials (ERPs) is a stimulus-locked positive-going 
waveform embedded in an electroencephalogram (EEG) 
signal, which appears approximately 250–700 ms after 
stimulus onset with a maximum over parietal electrodes.16 
The amplitude of the P3b-ERP component increases 
proportionally with the attentional resources allocated 
towards the inhibition of neuronal activity extraneous to 
the task in order to facilitate the task-relevant attentional 
processing; its latency is thought to index the speed of 
stimulus evaluation.16 The P3b-ERP component is consid-
ered a marker of frontoparietal function because several 
of its cortical generators overlap with frontoparietal 
regions.17–19 Yet, it is unknown how prolonged sitting can 

affect frontoparietal function in middle-aged and older 
adults and if interrupting sitting with high-intensity PA 
could improve it.

Spatial patterns of coactivation between brain regions 
supporting cognitive performance are already observed 
at rest in correlated fluctuations of activity, known as 
intrinsic brain networks.20 One such network, the fron-
toparietal network (FPN; comprising hubs in the frontal 
cortex and intraparietal sulcus21), supports cognitive 
control functions, including attentional control.21–23 
Higher functional connectivity (FC) at rest in this network 
predicts better attentional control in older adults.22 Yet, 
FC in the FPN declines with age24 25 and in AD,26 which 
predicts faster cognitive decline.25 Another network rele-
vant to cognitive ageing is the default mode network 
(DMN; it comprises regions in the medial prefrontal 
and posterior cingulate cortices27 28), which supports 
episodic memory.29 FC in this network also declines with 
age,25 30 presaging faster cognitive decline.25 A decline 
in FC within the DMN has also been related to episodic 
memory decline in older adults.29 Accordingly, changes 
in FC in the FPN and the DMN can enhance our under-
standing of PA effects on brain functions that are suscep-
tible to age-related and AD-related decline.

To be effective, PA interventions should target the 
mechanisms underlying the decreasing efficiency of the 
frontoparietal functions, attentional control and episodic 
memory decline during ageing. The locus coeruleus, 
a group of noradrenergic neurons in the pons,31 helps 
maintain the structural integrity of the FPN.32 Cerebral 
norepinephrine increases activation in the frontopari-
etal brain regions and optimises attentional control.33–35 
It also binds to β-adrenoreceptors in the hippocampus, 
stimulating learning and memory,36 37 including episodic 
memory.38–40 Its effects may also extend to increased 
FC in the DMN.41 42 PA is thought to stimulate phasic 
norepinephrine release from the locus coeruleus31 43 and 
enhance frontoparietal function,44–46 attentional control47 
and episodic memory48 via locus coeruleus projections to 
the prefrontal and parietal cortices49 50 and the hippo-
campus.51 Yet, the locus coeruleus-norepinephrine system 
(LC-NE) is highly susceptible to ageing52 and AD.53 Thus, 
PA interventions designed to stimulate the LC-NE system 
could significantly impact the functional integrity of the 
ageing brain.

High-intensity interval training (HIIT) could stimulate 
the LC-NE system because it uses short high-intensity 
intervals (interspersed with brief periods of rest), 
which can rapidly enhance peripheral catecholamine 
release54 55 and stimulate the LC-NE system.56 57 In confir-
mation, experimental studies in young adults showed that 
a HIIT bout lasting ≤10 min can improve frontoparietal 
function and attentional control at a short 15–20 min 
delay.58 59 However, the effect of a single bout of HIIT 
on cognitive function declines after 20–30 min.47 Thus, 
a single bout cannot counteract the potential adverse 
effect of 5 hours of prolonged sitting that adults of all ages 
engage in daily60 on neurocognitive function. Whether 
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regularly interrupting prolonged sitting with short 
(<10 min) bouts of HIIT could be leveraged to improve 
cognitive and brain function in middle-aged and older 
adults over several hours is unknown.

Several previous studies tested the effect of frequent 
but short PA (2–5 min) breaks to prolonged sitting of 
primarily light intensity on cognitive function relative to 
sitting alone.61–63 Yet, they were unsuccessful in improving 
cognitive functions. One reason for this null effect can be 
insufficient PA intensity (ie, light or moderate) to stimu-
late the LC-NE system within 2–5 min.64–66 As discussed 
above, adults spend a substantial proportion of the day in 
prolonged sitting (~48%), which increases with age. The 
proposed work overcomes these limitations by leveraging 
short HIIT bouts at the intensity and duration sufficient 
to increase peripheral catecholamines64 65 to enhance 
cognitive and brain functions.

STUDY AIMS AND OBJECTIVES
The lack of effective PA interventions to reduce 
prolonged sitting and enhance cognitive and brain func-
tion in middle-aged and older adults reflects a significant 
gap in our understanding of the detrimental effects of 
prolonged sitting on brain health and the necessary PA 
dose to counter its effects. The HIIT2SITLess study was 
designed to address this gap. The HIIT2SITLess study is 
a randomised crossover pilot feasibility trial designed to 
test three specific aims:
1.	 To assess the feasibility, acceptability, fidelity and 

safety of HIIT breaks to improve neurocognitive 
function.

2.	 To quantify the differences between conditions in a 
change in P3b amplitude and latency, a marker of fron-
toparietal function.

3.	 To explore the differences between conditions in at-
tentional control, episodic memory and FC in the FPN 
and DMNs.

The study will test the following hypotheses:
1.	 HIIT interruptions to prolonged sitting will be feasi-

ble, acceptable and safe and can be implemented with 
fidelity to enhance neurocognitive function in middle-
aged and older adults.

2.	 HIIT versus light intensity interval training (LIIT) 
bouts will result in greater changes in P3b amplitude 
and latency.

3.	 HIIT versus LIIT bouts will improve attentional con-
trol and episodic memory.

4.	 HIIT versus LIIT bouts will enhance FC in frontopari-
etal and DMNs.

Given the emergent evidence that acute responses to 
exercise can predict chronic adaptations in brain func-
tion and cognitive performance,67 the findings from this 
study can inform future acute and chronic PA interven-
tions to reduce prolonged sitting and enhance brain 
health in middle-aged and older adults.

METHODS AND ANALYSIS
Study setting and design
HIIT2SITLess is a randomised crossover trial with two 
interventions lasting 3.5 hours each: prolonged sitting 
interrupted every 30 min with 6 min HIIT bouts active 
condition and prolonged sitting interrupted every 30 min 
with 6 min LIIT bouts control condition. The study is 
conducted over three consecutive visits. The participants 
will be recruited to the trial between February 2024 and 
March 2026. All participants provided written informed 
consent in accordance with the Institutional Review 
Board at the University of Illinois Urbana-Champaign 
(see online supplemental table 1 for sponsor details).

Trial registration
The trial was registered on ​ClinicalTrials.​gov No. 
NCT06243016 before the enrolment of the first partici-
pant. See online supplemental table 2 for trial registra-
tion details.

Participants
The study will enrol 54 (27 female) middle-aged (40–59 
years) and older (60–75 years) cognitively healthy adults 
from Champaign County, IL, and the surrounding areas. 
This age range was chosen based on the proven safety of 
HIIT in similar age groups,68 a steeper decline in physical 
function after the age of 75 years,69 and previous exercise 
trials and cohort studies into cognitive and brain health 
in middle-aged70–72 and older adults.7 67

Eligibility
Our inclusion and exclusion criteria have been designed 
to enrol individuals who are sedentary, low or moderately 
physically active and can safely engage in acute high-
intensity exercise. The criteria were developed to empha-
sise safety and generalisability of study outcomes. Table 1 
outlines the study’s inclusion and exclusion criteria.

Blinding and randomisation
54 participants will be randomised to two condition 
sequences by a statistician following baseline assess-
ments. Permuted block randomisation generated using 
the PROC PLAN procedure (SAS Institute)73 is used, 
where sequences are randomised within a block of six 
participants to minimise the possibility of group imbal-
ances due to dropout. Participants are randomised to 
one of two condition sequences by a study statistician: (1) 
X=HIIT, LIIT breaks or Y=LIIT, HIIT breaks. Generated 
permuted block randomisation also ensures that blocks 
are balanced by cognitive task (ie, flanker (F), antisaccade 
(A) and mnemonic similarities task (M)) sequence (FAM, 
MFA and AMF). The principal and coinvestigators will be 
blinded to the sequence allocation. The sequence will be 
concealed until the participant’s enrolment. On enrol-
ment, the study sequence will be verbally communicated 
to the study coordinator by a statistician. The coordinator 
will record the sequence number in Research Electronic 
Data Capture (REDCap). The staff implementing the 

https://dx.doi.org/10.1136/bmjopen-2024-095415
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Table 1  Study inclusion and exclusion criteria

Inclusion criteria Exclusion criteria

Age 40–75 years; including premenopausal, postmenopausal and 
perimenopausal women regardless of hormone therapy replacement.

Physical disability or musculoskeletal disease prohibitive to 
vigorous exercise

BMI <40 kg/m2 Learning disabilities

Sedentary (≥6 hours/day sitting by a survey question) Cognitive abilities below a 26-point cut-off on a MoCA

The Canadian Society for Exercise Physiology Physical Activity and 
Sedentary Behaviour Questionnaire in the low and moderate physical 
activity range

Type 1 or 2 diabetes

Capable of exercising vigorously based on the PARQ+ Neurological condition (eg, MS, Parkinson, dementia, MCI)

Has a medical clearance for maximal exercise and HIIT from a physician Colour blindness

Normotensive or participant’s blood pressure is controlled (ie, individuals 
who had previously been at or above the 140/90 mm Hg threshold before 
the initiation of treatment but are now below this threshold)

Brain injury (eg, traumatic brain injury, stroke)

Intellectual ability no less than 1 SD relative to the population mean (ie, 
≥85 where mean=100, SD=15) as measured with KBIT-2

Presence of other health conditions that may be exacerbated by 
exercise

No current or previous diagnosis of type 1 or type 2 diabetes confirmed by 
the participant’s physician

History of heart disease

Fasting blood glucose <126 mg/dL or HbA1c <6.5% in the last 12 months High cholesterol not controlled by medication

Good or corrected vision (near vision 20/30) and hearing Signs and symptoms indicative of underlying cardiovascular 
disease (based on General Health History Questionnaire)

No significant abnormalities on the ECG during the maximal exercise test A chronic pulmonary disease (eg, chronic obstructive pulmonary 
disease)

No signs and symptoms that suggest an underlying cardiovascular 
disease as recorded during the maximal exercise test by a study physician

Emphysema

No indications to prematurely stop the maximal exercise test as outlined 
by the ACSM’s Guidelines for Exercise Testing and Prescription

Pulmonary embolus

Concussion if more than 12 months before the study screening Asthma

History of cancer but in full remission for at least 12 months and no history 
of chemotherapy, signed off by the physician or an oncologist

History of renal disease

History of seizures

A neuropsychiatric disorder (eg, attention-deficit hyperactivity 
disorder, schizophrenia)

Osteoporosis if it interferes with an individual’s ability to exercise

Severe back problems

Severe arthritis if it interferes with an individual’s ability to exercise

Thyroid disorder not controlled by medication

Polyneuropathy

Sleep disorders except for obstructive sleep apnoea

AIDS

Hepatitis C

History of long COVID-19

Current or past smoking <12 months

Corticosteroid intake <31 days before screening

Opioids taken <6 months from screening

Anabolic androgens taken <31 days before screening

A serious illness or hospitalisation in the last 6 months

Currently taking medications that can affect the central nervous 
system (except for antidepressants and anxiolytics)

Current participation in an ongoing trial likely to influence exercise 
ability or cognitive function

ACSM, American College of Sports Medicine; BMI, body mass index; HbA1c, glycated haemoglobin; HIIT, high-intensity interval training; KBIT-2, 
Kaufman Brief Intelligence Test-2; MoCA, Montreal Cognitive Assessment; PARQ+, Physical Activity Readiness Questionnaire+.
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trial will be unblinded. Participants will be blinded as to 
the intervention order until their first intervention visit.

Recruitment and retention
Recruitment of participants began in February 2024 with 
planned completion of enrolment by June 2025. The 
participant recruitment occurs via local media outlets, 
the local buses, the University list-serve, social media 
campaigns, contacts to local faith congregations, the 
University Extension, organisations serving older adults 
in Champaign County, and flyers, and individual mailouts 
to adults aged 40–75 years in Champaign County. Recruit-
ment and enrolment occur continuously. The researchers 
will send reminders and will call to remind participants 
about their appointments. In case of dropout, the 
research coordinator will follow up with questions about 
reasons for withdrawal.

Study procedures
A complete schedule of study assessments is presented in 
online supplemental table 3.

Screening procedure
Screening call
At the beginning of the screening call, participants 
will sign an informed consent to the screening process 
(online supplemental material 1). The screening call 
is designed to select participants based on age, English 
language fluency, independent living, physical function, 
self-reported sitting time, PA, ability to engage in vigorous 
cycling, disability status, vision and hearing and to screen 
out individuals with a history of stroke or transient isch-
aemic attack, long COVID-19 and smokers. A trained 
researcher will then administer the Telephone Inter-
view of Cognitive Status-modified. Only individuals with 
a score <32 (a cut-off for mild cognitive impairment)74 
will be included. If a participant qualifies based on these 
assessments, they will complete a General Health History 
questionnaire designed to screen out participants with an 
increased risk of cardiovascular disease,75 and pre-existing 
conditions as listed in the exclusion criteria (table 1). An 
individual will also fill in the Hospital Anxiety and Depres-
sion Scale.76 Individuals with anxiety and depression will 
be included due to the high prevalence of these disor-
ders in the general population.77 78 Hospital Anxiety and 
Depression Scale scores will be used to explore the poten-
tial confounding effect of these factors on the results. 
In addition to eligibility based on these assessments, the 
individual must be cleared by his/her primary care physi-
cian (PCP) for maximal and high-intensity exercise.

Physical Activity Questionnaires
The Canadian Society for Exercise Physiology Physical 
Activity and Sedentary Behaviour Questionnaire79 screens 
out highly physically active individuals who engage in 
300 min or more of moderate-to-vigorous PA per week. 
The Physical Activity Readiness Questionnaire+80 is used 
to identify individuals who may be at a greater risk of 

participating in high-intensity exercise. Table  2 lists all 
psychosocial assessments.

Screening visit
Once the participant who qualified based on a screening 
call is medically cleared by his/her PCP, the participant 
will come to the laboratory for an in-person screening 
visit. Before the screening visit (as well as baseline and 
intervention visits), participants will be asked not to 
(1) exercise strenuously for 48 hours before the experi-
mental visit, (2) drink caffeine or (3) alcohol in the 24 
hours before the experimental visit. They will also come 
to the laboratory in the morning after the overnight fast. 
A trained researcher will measure their resting heart 
rate (HR) and blood pressure (BP). Only participants 
with systolic over diastolic BP (SBP/DBP) of less than 
200/110 mm Hg on the screening day will undergo the 
maximal exercise test because higher values are a contra-
indication to a maximal exercise test.75 They also must 
have a confirmation from their physician on a medical 
clearance that their BP is within a normotensive range. 
The anthropometric measurements will follow to ensure 
that the participant’s body mass index (BMI) does not 
exceed 40 kg/m2 due to an increased cardiovascular 
risk.81 If the participant’s physician cannot confirm 
fasting glucose levels or glycated haemoglobin levels less 
than below diagnostic values for type 2 diabetes in the last 
12 months, a trained researcher will collect a fasting capil-
lary blood sample using a lancet device and a point-of-
care glucometer to confirm that fasting glucose levels are 
below 126 mg/dL. Next, participants fill in demographic 
information and undergo neuropsychological testing.

Neuropsychological assessments
A trained researcher administers a Montreal Cognitive 
Assessment to screen out individuals with scores <26 
suggestive of potential cognitive impairment .82 A stan-
dardised test of cognitive abilities (Kaufman Brief Intelli-
gence Test-2)79 will be administered next, and individuals 
with a score <85 (ie, 1 SD below the age-matched popula-
tion) will be excluded.

Psychosocial assessments
A set of psychosocial questionnaires will be administered 
to allow for more accurate assessments of depressive 
symptoms (table 2).

Cardiorespiratory fitness testing
Participants will undergo a maximal exercise test on a 
cycle ergometer (Excalibur, Lode, Groningen, the Neth-
erlands) using a modified Astrand protocol83 84 with a 
12-lead ECG. The test will be supervised by a study physi-
cian who is experienced in supervising graded maximal 
exercise tests in older adults. This test is conducted based 
on the recommendations from the American College 
of Sports Medicine (ACSM) to evaluate participants’ 
physiological responses to exercise.75 Its results will be 
used as an inclusion criterion to enhance the safety of 
acute high-intensity exercise. Three trained first aid and 

https://dx.doi.org/10.1136/bmjopen-2024-095415
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cardiopulmonary resuscitation (CPR)-certified exper-
imenters will conduct the test in collaboration with the 
study physician. Participants’ resting BP, HR and ECG 

readings will be collected. They will then warm up for 
2 min while pedalling at the same speed of 50 revolutions 
per minute. Next, the workload on the cycle ergometer 

Table 2  Psychosocial assessments

Name Description

The Activities Collected over Time over 24-hours139 A 24-hour physical activity recall to measure participant’s previous day physical 
activity, sedentary behaviours and sleep.

Beck Depression Inventory-2140 A 21-item inventory to assess attitudes and symptoms of depression in adults 
aged 18–80 years.

Cardiorespiratory Fitness Questionnaire141 A 5-item questionnaire to assess the level of aerobic fitness based on questions 
about habitual aerobic exercise.

The Epworth Sleepiness Scale142 An 8-item scale to assess the levels of sleepiness defined as the chance of 
dozing off in 8 common circumstances.

Florida Cognitive Activity Scale A 23-item scale assessing the frequency that the participants engage in daily 
cognitively stimulating activities such as crossword puzzles, home repairs, 
playing chess etc.

FDI DIS Abbreviated143 144 An 8-item questionnaire to assess the frequency of engaging in common 
everyday activities such as visiting friends, taking care of finances, and the 
extent to which individuals feel limited in their ability to perform such activities.

FDI FXN Abbreviated 144 145 A 15-item questionnaire to assess the level of difficulty an individual has with 
specific activities of daily living such as running and walking 0.5 mile, preparing 
meals, going up a flight of stairs, etc.

FXNSE without a device146 A 15-item scale measuring individual’s confidence in completing specific 
functional activities unassisted.

Geriatric Depression Scale147 It is a 15-item scale that assesses the degree of depressive symptoms and 
anhedonia in older adults.

Godin-Shephard Leisure Time Physical Activity 
Questionnaire148 149

A 3-item assessment of habitual structured exercise in a typical week.

Hospital Anxiety and Depression Scale76 A 14-item questionnaire with questions about symptoms of depression, anxiety 
and psychological distress during the past week.

The Canadian Society for Exercise Physiology 
Physical Activity and Sedentary Behaviour 
Questionnaire79

A 7-item questionnaire assessing time spent on average in moderate-to-vigorous 
physical and muscle strengthening physical activity during a usual week, 
perceived aerobic fitness, time spent sedentary and frequency of interrupting 
prolonged sitting.

Kaufman Brief Intelligence Test-276 A standardised and normed intelligence test for ages 4–90 years. The test 
comprises one verbal and two non-verbal components used to compute verbal 
and non-verbal IQ scores and a general IQ score.

Karolinska Sleepiness Scale95 A one-item assessment of individual’s subjective experience of sleepiness over 
the past 5 min.

Montreal Cognitive Assessment (MoCA)82 150 MoCA is a screening tool for cognitive impairment. It comprises 13 items 
assessing 7 cognitive domains: visuospatial and executive function, naming, 
memory, language, abstraction, and orientation in time and place.

Physical Activity Readiness Questionnaire for 
Everyone80

It is a 7-item screening tool recommended as pre-participation screening before 
a subject begins physical activity. Questions ask about diagnosis and signs and 
symptoms of cardiovascular disease, medication and bone, joint and soft tissue 
problems that may prevent an individual from physical activity.

Pittsburgh Sleep Quality Index80 A 9-item tool assessing sleep quality.

Preference for Tolerance of the Intensity of Exercise 
Questionnaire151

A 16-item scale to assess individual’s responses and preference for exercise 
intensity.

Rosenberg Sedentary Behaviour Questionnaire152 An 18-item questionnaire assessing the time individuals spent in various 
sedentary behaviours on weekdays and weekend days.

Task Engagement Scale96–98 A 9-item scale assessing the level of physical, emotional and cognitive 
engagement in a task.

Mental Effort Scale99 A single-item scale assessing the level of mental effort exerted during the task.

FDI DIS, Late-Life Function and Disiability Instrument -Disability Component; FDI FXN, Late-Life Function and Disability Instrument: 
Function Component; FXNSE, Function Self Efficacy Scale.
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will be increased depending on the participant’s sex, 
starting at 50 watts for females and increasing every 2 min 
by 25 watts. Males will start at 100 watts and exercise at 
50 watts increments.83 84 The participant will cycle until 
volitional exhaustion.83 84 Their HR and ECG are contin-
uously monitored, and BP will be monitored every 2 min 
during exercise by a physician. Every 2 min, the study staff 
will record ratings of perceived exertion (RPE) using the 
Borg scale.85 Relative peak oxygen consumption will be 
expressed in mL/kg/min and based on maximal effort 
as evidenced by at least two of the following criteria75: (1) 
respiratory exchange ratio ≥1.1, (2) failure of the HR to 
increase with increasing workload (ie, ≤10 bpm increase 
relative to age-predicted HRmax

86) or (3) RPE>17. The test 
finishes with a 5 min cool-down. If there are no positive 
findings on the ECG as described in the indications to 
stopping the maximal exercise test in the ACSM’s Guide-
lines for Exercise Testing and Prescription,75 the indi-
vidual will be cleared for participation in the study. The 
HRmax achieved during the test will be used to determine 
exercise intensity for each individual.

Baseline
Baseline assessments were designed to familiarise partic-
ipants with the main intervention procedures, including 
cognitive tasks and HIIT and LITT bouts. Participants 
will first sign an informed study consent (online supple-
mental material 2). The consent includes provisions for 
the deidentified data for use in future studies. A trained 
researcher will assess their resting BP to verify that SBP/
DBP is <200/110 mm Hg, which is a counterindication 
to exercise.75 Participants will then practise two LIIT and 
two HIIT bouts every 25 min. During each 25 min block, 
they will complete a questionnaire battery and practice 
cognitive tasks described in detail under the intervention 
section.

LIIT bouts
Each LIIT bout will last 6 min and comprise a 1 min 
warm-up (cycling at 50 rpm with no resistance), followed 
by two low-intensity intervals, cycling at 57%–60% of their 
maximum HR lasting 2 min and separated by a 1 min 
passive recovery (sitting on a cycle ergometer). Research 
assistants will continuously monitor participants’ HR 
and prompt the participants to adjust speed to elicit the 
prescribed exercise intensity. RPE ratings will be collected 
every minute.

HIIT bouts
Each HIIT bout will last 6 min and comprise a 1 min 
warm-up (cycling at 50 rpm with no resistance), followed 
by two high-intensity intervals separated by a 1 min passive 
recovery (sitting on a cycle ergometer). High-intensity 
intervals comprise cycling for 2 min at, on average, 90% 
of the participant’s individual HRmax established during 
the maximal exercise test on the same cycle ergometer. 
The workload and speed will be continuously adjusted by 
a trained researcher to reach the 90% HRmax. Participants’ 

HR will be continuously monitored by the research 
staff in response to exercise and 2 min after exercise to 
confirm the drop in HR of at least 22 beats per minute, 
which indicates a normal HR response after exercise.87 88 
Participant’s BP is also monitored 6 min after each bout 
of exercise to ensure that resting BP does not exceed the 
<200/110 mm Hg threshold.75 Between HIIT and LIIT 
bouts, participants will practice cognitive tasks (described 
in the intervention section) and complete questionnaires.

Cognitive task practice
Participants will complete two cognitive tasks of atten-
tional control (a modified Eriksen flanker task and the 
antisaccade task) during baseline to minimise practice 
effects observed in previous studies.89 90 The Mnemonic 
Similarity Task (MST) uses two parallel versions to control 
for practice effects. The cognitive tasks are described in 
detail in the intervention section.

Psychosocial questionnaires
A battery of questionnaires will be administered to 
provide a descriptive characterisation of the study sample 
in relation to their habitual leisure-time exercise, types of 
sedentary behaviours they engaged in and their habitual 
cognitive activities (table  2). In addition, data on sleep 
quality and sleeping habits will be collected. All these 
factors are related to cognitive and brain functions and 
will provide contextual descriptive information for the 
study sample.

Physical function questionnaires
The data on physical function, physical function self-
efficacy, gait and disability will be collected to provide 
important characteristics of the study sample to contex-
tualise the feasibility and acceptability data from this pilot 
trial.

Accelerometry
At the end of the baseline visit, participants will be 
provided with two activity monitors: an activPAL 4 micro 
(PAL Technologies, Glasgow, Scotland) to wear on their 
right thighs to monitor sitting and sit-to-stand transitions, 
and a GT9XLink (ActiGraph, Pensacola, Florida, USA) to 
wear on their wrists, which monitor PA and sleep contin-
uously 24/7 over 1 week. Both devices record raw accel-
eration from tri-axial accelerometers. The activPAL uses 
accelerometer-derived information about thigh position 
and acceleration to determine body posture. It provides 
information on sitting/lying down time, sit-to-stand tran-
sitions, sedentary patterning (bouts and breaks) and 
stepping cadence. The raw acceleration recorded by the 
GT9XLink is translated to average acceleration, energy 
expenditure, steps and PA intensities used to estimate ST, 
light, moderate and vigorous PA (min/day). The device 
also measures sleep latency, efficiency, and total sleep 
time. In addition, participants will keep a sleep diary to 
record times in and out of bed, sleep and wake-up times 
and complete a 24-hour PA recall for the day preceding 
each intervention condition.91 The information from 

https://dx.doi.org/10.1136/bmjopen-2024-095415
https://dx.doi.org/10.1136/bmjopen-2024-095415
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accelerometers will be used as exploratory covariates 
in participants’ responses to the intervention. Partici-
pants will also wear the devices for 1 week preceding the 
second intervention day. The data from both weeks will 
be compared to assess consistency in free-living physical 
behaviours between intervention visits.

Intervention visits
Figure  1 illustrates an experimental design. At each 
experimental visit, participants will engage in the same 
protocol except for the intensity of PA. Participants are 
asked to come to the laboratory after an overnight fast. 
At the beginning of the visit, participants are outfitted 
with a chest HR monitor, an accelerometer and an 
activPAL to monitor intervention fidelity. On coming 
to the laboratory, participants are outfitted with a waist-
worn GT9XLink accelerometer, an activPAL and an HR 
monitor and asked to sit quietly for 5 min. After the rest, 
their resting HR and BP are collected to verify that SBP/
DBP is <200/110 mm Hg. Participants are then fitted with 
an EEG cap. During the cap preparation, participants 
are provided with a light, standardised meal calibrated 
to their recommended caloric intake based on MyPlate 
(https://www.myplate.gov/) recommendations specific 
to age group (40–50, 50–60, 60–70 and 70–75), gender 
and BMI and accounting for 22% of their recommended 
daily energy intake.92 93 After breakfast, they complete a 
24-hour PA recall (Activities Completed over Time in 24 
Hours),94 Karolinska Sleepiness Scale95 and their HR and 
BP are measured. The PA recall is collected to confirm 
compliance with not engaging in high-intensity exercise 
24 hours before the visit. Karolinska Sleepiness Scale 
will be used to explore any differences in intervention 
effects based on self-perceived levels of sleepiness. Then, 
participants will begin a 6 min rest while the EEG signal 
is collected. After the resting state EEG data collection, 
they will complete three cognitive tasks in a randomised 
order while the EEG signal is simultaneously collected. 

Then, participants will complete one intervention at each 
visit. Each intervention comprises a 3.5-hour sitting time 
interrupted every 30 min with a 6 min interval training 
bout of light (LIIT, a control condition) or high inten-
sity (HIIT, an active condition). The same specifications 
for LIIT and HIIT bouts are used as during the baseline 
visit. Participants will complete five bouts per interven-
tion, totaling 30 min of LIIT or HIIT, depending on the 
condition. The order of the intervention conditions will 
be randomised across participants such that each partic-
ipant will serve as his/her own control. HR and BP are 
monitored and recorded two and 6 min after each break, 
respectively, to ensure that participants show a normal 
physiological response to exercise. Participants will also 
complete one a modified Eriksen flanker task with simul-
taneous EEG recordings twice during a 3.5-hour sitting, 
15 min after the first and the third PA bout (figure 1), to 
assess the acute and cumulative effects of HIIT versus LIIT 
bouts on cognitive and brain function. In the last 15 min 
of sitting, participants will receive another standardised 
meal identical to the one received at the pretest. After 
they consume the meal, participants engage in the exact 
same neurocognitive assessments as during the pretest. 
After neurocognitive assessments in experimental visit 1, 
participants will receive two activity monitors to wear for a 
week preceding the second intervention visit. Participants 
complete two study surveys designed to assess interven-
tion acceptability at the end of the second intervention 
visit.

Sedentary activities
During the 3.5-hour sitting, participants sit continu-
ously except for HIIT/LIIT bouts and bathroom breaks. 
Participants are transported to the bathroom in a wheel-
chair. The frequency and duration of bathroom breaks 
are recorded. Participants sit at a table with a laptop in 
the same testing room as the cycle ergometer. They will 
complete a standardised set of home administrative tasks 

Figure 1  Study design. EEG, electroencephalogram; HIIT, high-intensity interval training; HR, heart rate; LIIT, low-intensity 
interval training; MST, Mnemonic Similarity Task. Created in: https://BioRender.com

https://www.myplate.gov/
https://BioRender.com
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(eg, planning a holiday, a birthday party) and read a stan-
dardised set of popular science articles from the New 
York Times. Activities will change every 30 min. Two sets 
of sedentary activities were developed, and their order 
was randomised across participants. To control for cogni-
tive and emotional arousal, participants are asked not 
to use their electronic devices during the intervention. 
Participants are provided with plain water to drink during 
the 3.5-hour sitting but no food except for the two stan-
dardised meals to control for energy intake.

Mental effort, cognitive engagement and fatigue
To monitor participants’ cognitive engagement and 
subjective task difficulty, they will fill in Task Engage-
ment96–98 and Cognitive Effort99 scales before each HIIT 
or LIIT bout. These measures were included to control 
for cognitive stimulation during sedentary activities. 
To monitor participants’ psychological arousal, we will 
measure the levels of perceived fatigue and vigour, they 
will self-report their energy, vigour and fatigue on a vali-
dated Visual Analogue Fatigue Scale before every break.100 
We will also monitor participants’ perceived enjoyment 
of PA during each condition with Physical Activity Enjoy-
ment Scale to inform intervention acceptability.101

Cognitive tasks
Modified Eriksen Flanker task
Inhibitory control is measured using a modified Eriksen 
flanker task before, after and twice during 3-hour sitting.102 
The modified Eriksen flanker task provides a measure of 
attentional control (an aspect of inhibitory control) by 
introducing a perceptual and response conflict. Partic-
ipants are presented with a row of five 3 cm tall arrow-
heads appearing in the centre of the computer screen on 
a black background. A participant is required to respond 
to the directionality of the middle arrowhead, flanked 
by arrowheads pointing either in the same (congruent 
trials) or the opposite direction (incongruent trials). 
Incongruent flankers introduce a perceptual conflict 
that must be overcome to respond correctly. Congruency 
and directionality are random and equiprobable. Stimuli 
are presented for 83 ms, followed by a 1000 ms response 
window and a jittered inter-trial interval (ITI) of 1100, 
1300 and 1500 ms. Participants will complete two blocks 
of 100 trials. Behavioural measures of reaction time (RT), 
RT variability and accuracy for each task condition will 
be used as secondary outcomes. This task is sensitive to 
modulation with acute exercise.44 In addition, the P3b 
component measured during this task has shown reliable 
responses to a single bout of acute exercise.103 Partici-
pants complete this task before, after and twice during 
the intervention (figure 1).

Antisaccade task
The antisaccade task is an accuracy-based measure of 
attentional control and was chosen as a complementary 
cognitive measure to the RT-based Eriksen flanker task. 
It also provides a psychometrically superior evaluation of 

attentional control.104 Participants first fixate on a cross-
hair. Next, a tone signals the beginning of the trial. An 
asterisk appears to either the left or right of the cross-
hair, followed by a letter Q or O displayed opposite to 
the asterisk side. The participant has to look away from 
the asterisk in the direction of the letter. Then, the letter 
is masked. The participant must identify which letter (O 
or Q) appeared with a corresponding button press. The 
number of correctly identified letters is the secondary 
outcome. Participants complete 2 blocks of 76 trials with 
set ITI to 5000 ms and varied fixation time (1000, 2000 
ms). Participants complete this task before and after each 
intervention.

Mnemonic Similarity Task
Episodic memory is measured with a computerised 
MST.105 106 Performance on this task is a good marker 
of hippocampal function105 and is sensitive to the acute 
effects of PA in older adults.107 An encoding phase will be 
administered first. Participants study 64 coloured pictures 
of common objects, one at a time, for 2.0 s each with 0.5 s 
interstimulus interval. They then indicate whether the 
object was an ‘indoor’ or ‘outdoor’ item. An immediate 
retrieval phase follows, comprising repeats, lures (similar 
but new objects), and new objects. Participants will indi-
cate if objects are old or new.108 They complete a set of 
192 objects. A lure discrimination index (probability of 
‘similar’/’novel’ judgements in response to a lure) is 
another secondary outcome. Participants complete the 
MST task before and after 3.5-hour sitting on each inter-
vention day.

Electroencephalogram
One of the primary outcomes of the HIIT2SITLess study 
is to test the effects of HIIT interruptions to prolonged 
sitting on the P3b-ERP component during an inhibitory 
control modified flanker task. Accordingly, participants 
are fitted with an EEG cap throughout the intervention 
to measure the EEG signal before and after each 3.5-
hour sitting time. The EEG is recorded during a 6 min 
rest at pretest and post-test, followed by EEG recordings 
simultaneous with cognitive tasks. In addition, the EEG 
is recorded while the flanker task is completed twice 
during the 3.5-hour sitting. The EEG is measured using 
a 64-electrode Quik-Cap Neo Net (Compumedics, Char-
lotte, North Carolina, USA) with four integrated bipolar 
electrodes for vertical and horizontal eye movements, 
arranged according to the 10–10 system.

Neurofunctional measures
The P3b: The main aim of the HIIT2SITLess study is to 
assess the effects of HIIT interruptions to sitting on the 
P3b component, which is an established marker of fron-
toparietal brain function embedded within the stimulus-
locked ERP. Both the P3b amplitude and latency have 
been reliably modulated by acute exercise.103 However, its 
responses to prolonged sitting in older adults have not yet 
been investigated. Accordingly, the P3b-ERP component 
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will be measured during the flanker task at four time 
points (before, after and twice during each intervention) 
and twice during the antisaccade task (before and after 
the intervention).

N2 and error-related negativity
The effects of the intervention on other ERP components 
related to cognitive control will also be explored.109 Cogni-
tive control can be defined as a set of mental operations 
implicated in selection, scheduling and coordinating 
information processes involved in attention, memory and 
action in service of a goal.110 Attentional control is part 
of the cognitive control system.111 The stimulus-locked 
N2-ERP component109 is thought to represent conflict 
processing. The N2 is a small negative-going component, 
which appears within 200–350 ms following stimulus 
onset and reaches a maximum over the frontal Fz and FCz 
electrodes.109 Larger N2 amplitudes have been observed 
with successful conflict resolution and fewer commission 
errors.112 This ERP component has been modulated by 
a single bout of sitting lasting 20 min in preadolescents 
such that a more negative N2 amplitude was observed 
during the flanker task (suggesting greater conflict) 
after a bout of sitting compared with a bout of moderate-
intensity walking.113 The error-related negativity (ERN) 
is a response-locked negative-going component that 
often appears in response to commission errors and is 
considered a marker of conflict monitoring mediated 
by the dorsal portion of the anterior cingulate cortex.114 
The ERN can be modulated by acute exercise,115 but its 
response to prolonged sitting has not been investigated. 
Accordingly, neurofunctional responses underlying 
inhibitory control, which include conflict monitoring, are 
measured in the HIIT2SITLess study.

Frontal N400 (FN400) and late positive component
The HIIT2SITLess study will also explore the neuro-
electric correlates of pattern separation (a measure 
of episodic memory) using the MST. Specifically, the 
study will explore the intervention effects on the differ-
ence waveforms in response to old and new items (an 
old-new effect) presented during the MST in the ERP 
components studied in the context of familiarity116–118 
and recollection.119 120 For example, the anterior-central 
negative-going FN400 component appears approximately 
400 ms after stimulus onset over frontal electrodes. The 
positive-going late positive component (LPC) appears 
posteriorly approximately 600 ms after stimulus onset.121 
Anterior-central FN400 is thought to index familiarity 
judgments because it varies with self-reported recogni-
tion confidence ratings.116 In contrast, the parietal LPC 
is thought to index recollection because its amplitude 
varies with an individual’s ability to identify a source of 
memory120 but not with their recognition confidence.116 
Correctly identified lure items in the MST are thought 
to represent pattern separation, the process that reduces 
overlap between memory representations. This process is 
involved in memory recollection. In contrast, incorrectly 

identifying a similar item as old (lure false alarms in the 
MST) is thought to index pattern completion, which can 
rely on partial or degraded memory traces for memory 
retrieval, akin to recognition memory. The amplitudes 
of the FN400 and LPC components will be examined in 
response to correctly identified lures and lure false alarms 
during the MST.

Directional connectivity
In addition to ERPs, this study will explore changes in FC 
patterns during rest and task engagement in response 
to the HIIT interruptions to sitting. We will reconstruct 
cortical sources and estimate non-directional and direc-
tional (ie, effective) FC in high temporal resolution,122 123 
using the weighted Minimum Norm Estimation, a gold 
standard of source reconstruction, together with the 
Directed Transfer Function,124 125 a technique that uses 
multivariate autoregressive modelling to estimate network 
dynamics over time. The effects of the intervention on FC 
between the regions of the FPN and the DMN at rest and 
during the flanker and the MST tasks will be explored. 
These networks have been chosen because FC in these 
networks declines with age,126 127 but a single bout of PA 
can strengthen FC in both networks.128 FC in other cogni-
tive networks will also be explored.

End-of-study questionnaire
The HIIT2SITLess study survey
An 18-item survey developed by researchers specifically 
for the study. The survey includes 12 questions with 
answers on a 7-point Likert scale asking participants to 
evaluate the time commitment required for the study, 
engagement in HIIT and LIIT, EEG and cognitive assess-
ments, sitting duration and sedentary behaviours that 
participants engaged in during the intervention. The 
survey also includes six open-ended questions asking 
participants for an explanation of their ratings and any 
additional comments.

The HIIT breaks survey
A 24-item survey developed specifically for the study. The 
survey includes 14 items measured on a 7-point Likert 
scale and ten open-ended items asking about the partic-
ipant’s experience with the HIIT breaks, including the 
dose (ie, duration, frequency, intensity) and how they 
compare to a single bout of moderate-intensity exer-
cise. To evaluate the potential feasibility of participants 
adopting similar HIIT breaks at home, four questions 
focus on the likelihood of adopting such breaks. The 
remaining open-ended questions ask about participants’ 
preferences for the type of exercise, duration, intensity 
and frequency.

Follow-ups
In addition to monitoring for adverse events by research 
staff during the study visits, adverse events will be moni-
tored for 30 days immediately following the last interven-
tion day. A study coordinator will call a week after the 
intervention and approximately 30 days after the study. 
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If an adverse event is recorded, the research coordinator 
will follow up with a participant until the event is resolved.

Primary outcomes
Our primary outcomes for feasibility, fidelity and accept-
ability of the intervention are listed in table  3. The 
primary outcomes related to intervention effects on brain 
function are the change in task-evoked brain activity. 
Specifically, the amplitude and the latency of the P3b 
difference during the modified Eriksen flanker task over 
four measurements at the pretest, after the first and third 
PA bout, and at the post-test. We will use the area under 
the curve (AUC) to measure change.

Secondary outcomes
Our secondary outcomes related to aim one focus on 
safety. We will measure the frequency of serious adverse 
events and moderate severity adverse events. An adverse 
event in the HIIT2SITLess trial is defined as any occur-
rence of an undesirable and unintended, but not neces-
sarily unexpected, result of the HIIT or LIIT intervention 
or study procedures. A moderate adverse event results in 
a low level of inconvenience or concern with the inter-
vention or study procedures and may cause some inter-
ference with functioning. An example of a moderate 
adverse event is chest pain or injury with no fracture. A 
serious adverse event in the HIIT2SITLess trial is defined 
as an event that may be harmful to the participant and/or 
serious enough to warrant discontinuing the study due to 
its intolerability or potential harm to the participant. Any 
adverse event that meets the standard criteria outlined in 
the Code of Federal Regulations (21CFR 312.32) will be 
classified as a serious adverse event.129 The research staff 
are trained on expected adverse events such as muscle 

soreness due to high-intensity exercise, mild discomfort 
or bruising due to the use of a lancet device. The staff 
records these events on an adverse events form. In addi-
tion, the study physician observes for any adverse events 
during the graded maximal exercise test. The study staff 
monitors participants’ responses to exercise and observes 
for signs and symptoms of hypoglycaemia throughout 
each intervention session. A description of the event is 
recorded by attending staff and reviewed and classified 
by the PI.

The secondary outcomes related to aim 3 include the 
differences between conditions in:
1.	 Behavioural responses during the modified Eriksen 

flanker task.
2.	 Behavioural responses during the antisaccade task.
3.	 Behavioural responses during the MST task.
4.	 The amplitude and the latency of the N2-ERP compo-

nent during the flanker task.
5.	 The amplitude and the latency of the P3b-ERP compo-

nent during the antisaccade task.
6.	 The amplitude and the latency of the N2-ERP compo-

nent during the antisaccade task.
All secondary outcomes will be measured at pretest 

and post-test except for behavioural and neuroelectric 
measures from the modified Eriksen flanker task, which 
are measured at four time points (before, after and twice 
during each intervention).

Exploratory outcomes
Exploratory outcomes related to aim 3 include:
1.	 The amplitude and the latency of the ERN component 

during the flanker task.

Table 3  Feasibility, missingness, fidelity and acceptability outcomes

Description

Feasibility

 � Recruitment rates N randomised/N screened5

 � Retention rates N randomised who successfully completed all conditions/N randomised5

 � Cognitive and EEG data % of participants with fully completed preintervention and postintervention EEG recordings 
with >50% of valid, correct trials for each task and task condition.

Fidelity

 � HIIT % of high-intensity intervals at 90% HRmax

 � Sitting % of time spent sitting during each condition (out of 180 min)

Acceptability

 � Time commitment Number and length of visits:
1-Unacceptable; 7-Fully acceptable,
Number of dropouts due to time commitment.

 � HIIT Duration; (2) Intensity; (3) Frequency; (4) cycling
1-Not acceptable, would not implement at home; to 7-Fully acceptable and would implement 
at home.

 � EEG/cognitive measures 1-Unacceptable; 7-Fully acceptable,
Number of dropouts due to EEG measurements.

EEG, electroencephalogram; HIIT, high-intensity interval training.
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2.	 The amplitude and the latency of the ERN component 
during the antisaccade task.

3.	 The amplitude and the latency of the FN400 compo-
nent during the MST task.

4.	 The amplitude and the latency of the LPC component 
during the MST task.

5.	 FC within the FPN.
6.	 FC within the DMN.
7.	 FC in other than FPN and DMN canonical brain 

networks.

Data monitoring
Access to person-identifiable information is restricted to a 
research coordinator, a graduate student and study tech-
nicians. Identifiable information is kept separate from 
the data and maintained on REDCap, a secure web appli-
cation (capable of compliance with the Health Insurance 
Portability and Accountability Act, HIPPA) for building 
and maintaining study infrastructure, including surveys, 
collecting informed consent and building databases. Part 
of the identifiable information (medical clearance) is 
maintained on the HIPPA-compliant cloud storage service 
Box for Protected Health Information. All research 
records will be retained for 6 years on completion of the 
study based on the HIPAA (45 CFR 164.530(j)). Data 
quality is promoted by staff training, and data complete-
ness is verified by a senior team leader at the end of each 
session. REDCap also provides outcome-specific range 
restrictions as an additional data quality check. Protocol 
amendments are listed in online supplemental table 4. 
Any further amendments will be approved by the IRB at 
the University of Illinois Urbana-Champaign. The Data 
Safety and Monitoring Board was deemed unnecessary 
due to the small scale of the trial. The trial receives safety 
oversight from an independent Safety Officer appointed 
by the National Institute on Aging.

Sample size determination
The study was powered for the effect of HIIT versus LIIT 
bouts on the pre-to-post-condition change in the P3b 
amplitude on a working memory task (which relies on 
attentional control) based on two dependent sample 
t-tests using G*Power V.3.1.130 Our target sample of 42 
adults is based on an acute effect of a single HIIT bout 
on the P3b amplitude relative to baseline in middle-aged 
and older adults reported by Tsai et al.131 Using a one-
tail test, an ⍺=0.05, we will have 91% power to detect 
an effect size with Cohen’s d=0.5 on preintervention to 
postintervention comparison. Kamijo et al132 reported 
Cohen’s d=1.2 for the P3b latency in older adults using 
a single 20 min bout of moderate intensity (expected to 
increase peripheral catecholamines).65 133 We will have 
80% power to detect an effect of d=0.78 based on inde-
pendent samples t-test (one-tailed) comparisons. To 
account for 20% attrition, we will recruit 54 older adults 
to the study.

Statistical analyses
Missing data
We will verify whether the collected data meet the missing 
completely at random (MCAR) assumption using Little’s 
test of MCAR. If this assumption holds, to account for the 
missing data,134 we will fit general linear mixed-effects 
models.135 (A violation of the MCAR assumption will 
prompt an investigation to identify its causes and appro-
priate statistical solutions.) Mixed-effects models assume 
that data are missing at random and implicitly account 
for the missing values by modelling weighted averages 
of condition effects, one for complete cases and one for 
singletons. To allow for the intention-to-treat analysis, we 
will estimate sequence (two levels: X, Y), condition (two 
levels: HIIT Breaks, LIIT Breaks) and time (four levels: 
prebreak, after break #1, after break #3 and post-test), 
and the two-way and three-way interactions between 
these factors; no interim analyses will be performed. If 
the analyses suggest no sequence interaction with time 
and condition, we will estimate the two-way condition by 
time interactions. All analyses of primary outcomes for 
aim 2 will be conducted on pretest, after the first and the 
third PA bout, and post-test assessments.135 We will test 
intervention effects on secondary outcomes using the 
pretest and post-test assessments. We will also explore the 
intervention effects on FC at rest and during task engage-
ment and neurofunctional correlates of attentional 
control, pattern separation and completion using two 
time points: pretest and post-test. We will include each 
outcome as a response variable, sequence, condition and 
time as fixed effects and a participant-specific random 
intercept. Carryover (ie, period) effects are assumed to 
be null based on the sufficient washout period of 1 week 
between treatments.136 Results will be presented as mean 
differences between conditions in the AUC with one-
tailed 95% CI (primary outcome) and mean differences 
between conditions at post-test for secondary outcomes. 
We will present the results as the effect sizes (Cohen’s 
d).137

Data sharing
During the research period, access to the data will be 
restricted to the researchers directly working on the 
project. Data that support the conclusions of the project 
published in peer-reviewed scientific journals will be made 
available to other researchers on request. Only deiden-
tified data that support a published manuscript will be 
shared. All investigators involved in the development of 
the trial will be coauthors of any subsequent publications 
resulting from the trial.

Reporting guidelines
The study was designed in accordance with Standard 
Protocol Items: Recommendations for Interventional 
Trials, and its details are provided in online supplemental 
material.
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Publication
Publication of the results of this trial will be submitted for 
consideration in peer-reviewed scientific journals and will 
be made available to participants on request.

Patient and public involvement
Patients or the public were not involved in developing 
this trial protocol.

Ethics and dissemination
The study has been approved by the IRB at the University 
of Illinois Urbana-Champaign (IRB24-0010). All partic-
ipants provide informed written consent to screening 
procedures and separately to the study procedures. Partic-
ipants are provided with a copy of the consent document 
before the screening and in-person visit to allow them 
time to review the information (online supplemental 
materials 1 and 2). The data collected from participants 
will be used for research purposes. Deidentified data can 
be used for future studies and training purposes.

DISCUSSION
The HIIT2SITLess randomised crossover pilot feasi-
bility trial was designed to assess the feasibility of HIIT 
as brief interruptions to prolonged sitting to enhance 
cognitive and brain function in middle-aged and older 
adults. This is a carefully designed controlled study, 
where PA intensity is individually tailored and care-
fully monitored by the research staff. The study was 
designed based on a theoretical premise that brief 
but high-intensity PA breaks to prolonged sitting can 
enhance function by stimulating the cerebral norepi-
nephrine system through the abdominal vagus nerve 
pathway.56 57 In contrast, light-intensity PA may not 
yield such improvements due to too low intensity of 
short (< 10 min) PA bouts. We hypothesise that imple-
menting 6 min HIIT interruptions to prolonged sitting 
every 30 min will be feasible and acceptable over the 
3.5-hour period to middle-aged and older adults. We 
also hypothesise that HIIT interruptions to prolonged 
sitting will enhance frontoparietal function as indicated 
by greater P3b amplitude and shorter P3b latency of the 
incongruent-congruent difference waveform during 
the flanker task measuring inhibitory control. Further-
more, this pilot trial will allow us to explore the inter-
vention effects on behavioural measures of inhibitory 
control and episodic memory and their neuroelectric 
correlates. The HIIT2SITLess trial goes beyond the 
ERP markers of brain function and seeks to explore 
the effects of interrupting prolonged sitting with HIIT 
bouts on FC in FPN and the DMN using directional FC 
measures. As such, this trial is the first of its kind to 
test the effectiveness and feasibility of HIIT as a means 
to reduce prolonged sitting in the population of highly 
sedentary adults at risk of age-related cognitive decline.

As with every trial, this trial has several limitations. 
Although built on a theoretical premise, the study is not 

designed to test the changes in central or peripheral 
norepinephrine to directly test this theory. However, 
the P3b-ERP component is considered an index of 
phasic shifts in the locus coeruleus activity,138 the main 
source of cerebral norepinephrine, because the locus 
coeruleus can exert a neuromodulatory effect on the 
P3b through its efferent cortical projections,43 which 
overlap with cortical generators of the P3b.17–19 HIIT 
is physically demanding and, therefore, entails greater 
risk in individuals who are at an increased risk of cardio-
vascular disease and those with a cardiovascular disease 
history. Accordingly, participating individuals must have 
medical clearance and show no positive findings on 
the graded maximal exercise test. Our study is also not 
designed to test the differences in other than intensity 
components of the PA dose (ie, PA bout frequency and 
duration). Nonetheless, by including two neurofunc-
tional measures after the first and the third PA bout, we 
will explore the cumulative benefit of three compared 
with a single bout of HIIT on brain function and inhibi-
tory control. The outcomes from the HIIT2SITLess trial 
will inform mechanistic models (catecholamine-driven 
increase in phasic locus coeruleus activity) that may 
underpin the effectiveness of interrupting prolonged 
sitting with brief PA bouts on cognitive and brain func-
tions. The feasibility outcomes will promote the clinical 
applications of interrupting prolonged sitting with HIIT 
in highly sedentary middle-aged and older populations. 
The results from this study can be used to support the 
development of chronic interventions to test the effec-
tiveness of reducing prolonged sitting with HIIT on 
brain function, structure and the underlying biological 
mechanisms.

Author affiliations
1Department of Health and Kinesiology, University of Illinois at Urbana-Champaign 
College of Applied Health Sciences, Urbana, Illinois, USA
2Neuroscience Program, University of Illinois Urbana-Champaign, Urbana, Illinois, 
USA
3Beckman Institute for Advanced Science and Technology, University of Illinois 
Urbana-Champaign, Urbana, Illinois, USA
4University of Vermont Larner College of Medicine, Burlington, Vermont, USA
5Evergreen Sports Medicine, Williston, Vermont, USA
6Department and Urgent Care VA, Hospital Medicine, Danville, UK
7Insitute of Psychology, Jagiellonian University, Krakow, Małopolskie, Poland
8Interdisciplinary Health Sciences Institute, University of Illinois Urbana-Champaign, 
Urbana, Illinois, USA
9Department of Psychology, University of Illinois Urbana-Champaign, Urbana, Illinois, 
USA
10The School of Cellular and Molecular Biology, University of Illinois Urbana-
Champaign, Urbana, Illinois, USA
11Center for Cognitive & Brain Health, Northeastern University, Boston, 
Massachusetts, USA
12Division of Nutritional Sciences, University of Illinois Urbana-Champaign, Urbana, 
Illinois, USA
13Department of Psychology, Northeastern University, Boston, Massachusetts, USA
14Department of Physical Therapy, Movement, & Rehabilitation Sciences, 
Northeastern University, Boston, Massachusetts, USA

Contributors  DMP: conceptualisation, data curation, methodology, funding 
acquisition, project administration, resources, supervision, writing original draft; CH, 
AK and NK: conceptualisation, methodology, funding acquisition, resources; MW and 

https://dx.doi.org/10.1136/bmjopen-2024-095415
https://dx.doi.org/10.1136/bmjopen-2024-095415


14 Pindus DM, et al. BMJ Open 2025;15:e095415. doi:10.1136/bmjopen-2024-095415

Open access�

TSL: methodology, software; SP, JSo, JSa and MK: methodology; JK: visualisation. 
FBQ, RS and TS: data acquisition. All coauthors reviewed, edited and approved the 
final draft. DMP is the guarantor of this work.

Funding  Research reported in this publication was supported by the National 
Institute on Aging of the National Institutes of Health under Award Number 
R21AG080411.

Disclaimer  The content is solely the responsibility of the authors and does not 
necessarily represent the official views of the National Institutes of Health. Neither 
study sponsors nor funder had no role in the design of this study and will have 
no role in its execution, analyses, interpretation of the data or decision to submit 
results.

Competing interests  None declared.

Patient and public involvement  Patients and/or the public were not involved in 
the design, or conduct, or reporting, or dissemination plans of this research.

Patient consent for publication  Not applicable.

Provenance and peer review  Not commissioned; externally peer reviewed.

Supplemental material  This content has been supplied by the author(s). It has 
not been vetted by BMJ Publishing Group Limited (BMJ) and may not have been 
peer-reviewed. Any opinions or recommendations discussed are solely those 
of the author(s) and are not endorsed by BMJ. BMJ disclaims all liability and 
responsibility arising from any reliance placed on the content. Where the content 
includes any translated material, BMJ does not warrant the accuracy and reliability 
of the translations (including but not limited to local regulations, clinical guidelines, 
terminology, drug names and drug dosages), and is not responsible for any error 
and/or omissions arising from translation and adaptation or otherwise.

Open access  This is an open access article distributed in accordance with the 
Creative Commons Attribution Non Commercial (CC BY-NC 4.0) license, which 
permits others to distribute, remix, adapt, build upon this work non-commercially, 
and license their derivative works on different terms, provided the original work is 
properly cited, appropriate credit is given, any changes made indicated, and the use 
is non-commercial. See: http://creativecommons.org/licenses/by-nc/4.0/.

ORCID iDs
Dominika M Pindus http://orcid.org/0000-0001-7288-7921
Maciej Kos http://orcid.org/0000-0002-3219-1492

REFERENCES
	 1	 World Health Organization. Ageing and health. Geneva: World 

Health Organization, 2024. Available: https://www.who.int/news-​
room/fact-sheets/detail/ageing-and-health

	 2	 Old SR, Naveh-Benjamin M. Differential effects of age on item and 
associative measures of memory: a meta-analysis. Psychol Aging 
2008;23:104–18. 

	 3	 Greene NR, Naveh-Benjamin M. Adult age-related changes in 
the specificity of episodic memory representations: A review and 
theoretical framework. Psychol Aging 2023;38:67–86. 

	 4	 Simpson S, Eskandaripour M, Levine B. Effects of Healthy and 
Neuropathological Aging on Autobiographical Memory: A Meta-
Analysis of Studies Using the Autobiographical Interview. J Gerontol 
B Psychol Sci Soc Sci 2023;78:1617–24. 

	 5	 Del Missier F, Mäntylä T, Bruine de Bruin W. Executive functions in 
decision making: an individual differences approach. Think Reason 
2010;16:69–97. 

	 6	 Yonelinas AP, Ranganath C, Ekstrom AD, et al. A contextual binding 
theory of episodic memory: systems consolidation reconsidered. 
Nat Rev Neurosci 2019;20:364–75. 

	 7	 Erickson KI, Voss MW, Prakash RS, et al. Exercise training increases 
size of hippocampus and improves memory. Proc Natl Acad Sci U S 
A 2011;108:3017–22. 

	 8	 Zenko Z, Willis EA, White DA. Proportion of Adults Meeting the 
2018 Physical Activity Guidelines for Americans According to 
Accelerometers. Front Public Health 2019;7:135. 

	 9	 Spiteri K, Broom D, Bekhet AH, et al. Barriers and Motivators of 
Physical Activity Participation in Middle-aged and Older-adults - A 
Systematic Review. J Aging Phys Act 2019;27:929–44. 

	 10	 Matthews CE, Carlson SA, Saint-Maurice PF, et al. Sedentary 
Behavior in U.S. Adults: Fall 2019. Med Sci Sports Exerc 
2021;53:2512–9. 

	 11	 Raichlen DA, Aslan DH, Sayre MK, et al. Sedentary Behavior and 
Incident Dementia Among Older Adults. JAMA 2023;330:934–40. 

	 12	 Pindus DM, Edwards CG, Walk AM, et al. The relationships between 
prolonged sedentary time, physical activity, cognitive control, 
and P3 in adults with overweight and obesity. Int J Obes (Lond) 
2021;45:746–57. 

	 13	 Pindus DM, Edwards CG, Walk AM, et al. Sedentary time is related 
to deficits in response inhibition among adults with overweight and 
obesity: An accelerometry and event-related brain potentials study. 
Psychophysiology 2021;58:e13843. 

	 14	 Han X, Song L, Li Y, et al. Accelerometer-Measured Sedentary 
Behavior Patterns, Brain Structure, and Cognitive Function 
in Dementia-Free Older Adults: A Population-Based Study. J 
Alzheimers Dis 2023;96:657–68. 

	 15	 Pontifex MB, Parks AC, Henning DA, et al. Single bouts of exercise 
selectively sustain attentional processes. Psychophysiology 
2015;52:618–25. 

	 16	 Polich J. Updating P300: an integrative theory of P3a and P3b. Clin 
Neurophysiol 2007;118:2128–48. 

	 17	 Bledowski C, Prvulovic D, Hoechstetter K, et al. Localizing P300 
generators in visual target and distractor processing: a combined 
event-related potential and functional magnetic resonance imaging 
study. J Neurosci 2004;24:9353–60. 

	 18	 Eichele T, Specht K, Moosmann M, et al. Assessing the 
spatiotemporal evolution of neuronal activation with single-trial 
event-related potentials and functional MRI. Proc Natl Acad Sci U S 
A 2005;102:17798–803. 

	 19	 Volpe U, Mucci A, Bucci P, et al. The cortical generators of P3a and 
P3b: a LORETA study. Brain Res Bull 2007;73:220–30. 

	 20	 Damoiseaux JS, Rombouts SARB, Barkhof F, et al. Consistent 
resting-state networks across healthy subjects. Proc Natl Acad Sci 
U S A 2006;103:13848–53. 

	 21	 Dosenbach NUF, Fair DA, Miezin FM, et al. Distinct brain networks 
for adaptive and stable task control in humans. Proc Natl Acad Sci 
U S A 2007;104:11073–8. 

	 22	 Campbell KL, Grady CL, Ng C, et al. Age differences in the 
frontoparietal cognitive control network: implications for 
distractibility. Neuropsychologia 2012;50:2212–23. 

	 23	 Borst JP, Anderson JR. Using model-based functional MRI to locate 
working memory updates and declarative memory retrievals in the 
fronto-parietal network. Proc Natl Acad Sci U S A 2013;110:1628–33. 

	 24	 Andrews-Hanna JR, Snyder AZ, Vincent JL, et al. Disruption 
of large-scale brain systems in advanced aging. Neuron 
2007;56:924–35. 

	 25	 Buckley RF, Schultz AP, Hedden T, et al. Functional network 
integrity presages cognitive decline in preclinical Alzheimer disease. 
Neurology (ECronicon) 2017;89:29–37. 

	 26	 Zhao Q, Sang X, Metmer H, et al. Functional segregation of 
executive control network and frontoparietal network in Alzheimer’s 
disease. Cortex 2019;120:36–48. 

	 27	 Buckner RL, Andrews-Hanna JR, Schacter DL. The brain’s default 
network: anatomy, function, and relevance to disease. Ann N Y 
Acad Sci 2008;1124:1–38. 

	 28	 Raichle ME, MacLeod AM, Snyder AZ, et al. A default mode of brain 
function. Proc Natl Acad Sci U S A 2001;98:676–82. 

	 29	 Staffaroni AM, Brown JA, Casaletto KB, et al. The Longitudinal 
Trajectory of Default Mode Network Connectivity in Healthy 
Older Adults Varies As a Function of Age and Is Associated with 
Changes in Episodic Memory and Processing Speed. J Neurosci 
2018;38:2809–17. 

	 30	 Damoiseaux JS, Beckmann CF, Arigita EJS, et al. Reduced resting-
state brain activity in the “default network” in normal aging. Cereb 
Cortex 2008;18:1856–64. 

	 31	 Sara SJ. The locus coeruleus and noradrenergic modulation of 
cognition. Nat Rev Neurosci 2009;10:211–23. 

	 32	 Bachman SL, Dahl MJ, Werkle-Bergner M, et al. Locus coeruleus 
MRI contrast is associated with cortical thickness in older adults. 
Neurobiol Aging 2021;100:72–82. 

	 33	 Tomassini A, Hezemans FH, Ye R, et al. Prefrontal Cortical 
Connectivity Mediates Locus Coeruleus Noradrenergic Regulation 
of Inhibitory Control in Older Adults. J Neurosci 2022;42:3484–93. 

	 34	 Lee TH, Greening SG, Ueno T, et al. Arousal increases neural gain 
via the locus coeruleus-norepinephrine system in younger adults 
but not in older adults. Nat Hum Behav 2018;2:356–66. 

	 35	 Hernaus D, Casales Santa MM, Offermann JS, et al. 
Noradrenaline transporter blockade increases fronto-parietal 
functional connectivity relevant for working memory. Eur 
Neuropsychopharmacol 2017;27:399–410. 

	 36	 Hansen N, Manahan-Vaughan D. Hippocampal long-term 
potentiation that is elicited by perforant path stimulation or that 
occurs in conjunction with spatial learning is tightly controlled by 
beta-adrenoreceptors and the locus coeruleus. Hippocampus 
2015;25:1285–98. 

http://creativecommons.org/licenses/by-nc/4.0/
http://orcid.org/0000-0001-7288-7921
http://orcid.org/0000-0002-3219-1492
https://www.who.int/news-room/fact-sheets/detail/ageing-and-health
https://www.who.int/news-room/fact-sheets/detail/ageing-and-health
http://dx.doi.org/10.1037/0882-7974.23.1.104
http://dx.doi.org/10.1037/pag0000724
http://dx.doi.org/10.1093/geronb/gbad077
http://dx.doi.org/10.1093/geronb/gbad077
http://dx.doi.org/10.1080/13546781003630117
http://dx.doi.org/10.1038/s41583-019-0150-4
http://dx.doi.org/10.1073/pnas.1015950108
http://dx.doi.org/10.1073/pnas.1015950108
http://dx.doi.org/10.3389/fpubh.2019.00135
http://dx.doi.org/10.1123/japa.2018-0343
http://dx.doi.org/10.1249/MSS.0000000000002751
http://dx.doi.org/10.1001/jama.2023.15231
http://dx.doi.org/10.1038/s41366-020-00734-w
http://dx.doi.org/10.1111/psyp.13843
http://dx.doi.org/10.3233/JAD-230575
http://dx.doi.org/10.3233/JAD-230575
http://dx.doi.org/10.1111/psyp.12395
http://dx.doi.org/10.1016/j.clinph.2007.04.019
http://dx.doi.org/10.1016/j.clinph.2007.04.019
http://dx.doi.org/10.1523/JNEUROSCI.1897-04.2004
http://dx.doi.org/10.1073/pnas.0505508102
http://dx.doi.org/10.1073/pnas.0505508102
http://dx.doi.org/10.1016/j.brainresbull.2007.03.003
http://dx.doi.org/10.1073/pnas.0601417103
http://dx.doi.org/10.1073/pnas.0601417103
http://dx.doi.org/10.1073/pnas.0704320104
http://dx.doi.org/10.1073/pnas.0704320104
http://dx.doi.org/10.1016/j.neuropsychologia.2012.05.025
http://dx.doi.org/10.1073/pnas.1221572110
http://dx.doi.org/10.1016/j.neuron.2007.10.038
http://dx.doi.org/10.1212/WNL.0000000000004059
http://dx.doi.org/10.1016/j.cortex.2019.04.026
http://dx.doi.org/10.1196/annals.1440.011
http://dx.doi.org/10.1196/annals.1440.011
http://dx.doi.org/10.1073/pnas.98.2.676
http://dx.doi.org/10.1523/JNEUROSCI.3067-17.2018
http://dx.doi.org/10.1093/cercor/bhm207
http://dx.doi.org/10.1093/cercor/bhm207
http://dx.doi.org/10.1038/nrn2573
http://dx.doi.org/10.1016/j.neurobiolaging.2020.12.019
http://dx.doi.org/10.1523/JNEUROSCI.1361-21.2022
http://dx.doi.org/10.1038/s41562-018-0344-1
http://dx.doi.org/10.1016/j.euroneuro.2017.02.004
http://dx.doi.org/10.1016/j.euroneuro.2017.02.004
http://dx.doi.org/10.1002/hipo.22436


15Pindus DM, et al. BMJ Open 2025;15:e095415. doi:10.1136/bmjopen-2024-095415

Open access

	 37	 Gibbs ME, Hutchinson DS, Summers RJ. Noradrenaline 
release in the locus coeruleus modulates memory formation 
and consolidation; roles for α- and β-adrenergic receptors. 
Neuroscience 2010;170:1209–22. 

	 38	 Dahl MJ, Mather M, Düzel S, et al. Rostral locus coeruleus integrity 
is associated with better memory performance in older adults. Nat 
Hum Behav 2019;3:1203–14. 

	 39	 Yebra M, Galarza-Vallejo A, Soto-Leon V, et al. Action boosts 
episodic memory encoding in humans via engagement of a 
noradrenergic system. Nat Commun 2019;10:3534. 

	 40	 Clewett D, Sakaki M, Nielsen S, et al. Noradrenergic mechanisms of 
arousal’s bidirectional effects on episodic memory. Neurobiol Learn 
Mem 2017;137:1–14. 

	 41	 Zerbi V, Floriou-Servou A, Markicevic M, et al. Rapid 
Reconfiguration of the Functional Connectome after 
Chemogenetic Locus Coeruleus Activation. Neuron 
2019;103:702–18. 

	 42	 Oyarzabal EA, Hsu L-M, Das M, et al. Chemogenetic stimulation 
of tonic locus coeruleus activity strengthens the default mode 
network. Sci Adv 2022;8:eabm9898. 

	 43	 Poe GR, Foote S, Eschenko O, et al. Locus coeruleus: a new look at 
the blue spot. Nat Rev Neurosci 2020;21:644–59. 

	 44	 Kao SC, Cadenas-Sanchez C, Shigeta TT, et al. A systematic 
review of physical activity and cardiorespiratory fitness on P3b. 
Psychophysiology 2020;57:e13425. 

	 45	 Hyodo K, Dan I, Suwabe K, et al. Acute moderate exercise 
enhances compensatory brain activation in older adults. Neurobiol 
Aging 2012;33:2621–32. 

	 46	 Weng TB, Pierce GL, Darling WG, et al. The Acute Effects of Aerobic 
Exercise on the Functional Connectivity of Human Brain Networks. 
Brain Plast 2017;2:171–90. 

	 47	 Ai J-Y, Chen F-T, Hsieh S-S, et al. The Effect of Acute High-Intensity 
Interval Training on Executive Function: A Systematic Review. Int J 
Environ Res Public Health 2021;18:3593. 

	 48	 Suwabe K, Hyodo K, Byun K, et al. Acute moderate exercise 
improves mnemonic discrimination in young adults. Hippocampus 
2017;27:229–34. 

	 49	 Bari A, Xu S, Pignatelli M, et al. Differential attentional control 
mechanisms by two distinct noradrenergic coeruleo-frontal cortical 
pathways. Proc Natl Acad Sci U S A 2020;117:29080–9. 

	 50	 Counts SE, Mufson EJ. Chapter 12 - Locus coeruleus. In: Mai JK, 
Paxinos G, eds. The human nervous system. 3rd edn. San Diego: 
Academic Press, 2012: 425–38.

	 51	 Berridge CW, Waterhouse BD. The locus coeruleus-noradrenergic 
system: modulation of behavioral state and state-dependent 
cognitive processes. Brain Res Brain Res Rev 2003;42:33–84. 

	 52	 Marcyniuk B, Mann DMA, Yates PO. The topography of nerve cell 
loss from the locus caeruleus in elderly persons. Neurobiol Aging 
1989;10:5–9. 

	 53	 Betts MJ, Cardenas-Blanco A, Kanowski M, et al. Locus coeruleus 
MRI contrast is reduced in Alzheimer’s disease dementia and 
correlates with CSF Aβ levels. Alzheimers Dement (Amst) 
2019;11:281–5. 

	 54	 Wadley AJ, Chen Y-W, Lip GYH, et al. Low volume-high intensity 
interval exercise elicits antioxidant and anti-inflammatory effects in 
humans. J Sports Sci 2016;34:1–9. 

	 55	 Kilian Y, Engel F, Wahl P, et al. Markers of biological stress in 
response to a single session of high-intensity interval training 
and high-volume training in young athletes. Eur J Appl Physiol 
2016;116:2177–86. 

	 56	 McMorris T, Turner A, Hale BJ, et al. Beyond the catecholamines 
hypothesis for an acute exercise–cognition interaction: a 
neurochemical perspective. In: Exercise-cognition interaction: 
neuroscience perspectives. San Diego, CA: Elsevier Academic 
Press, 2016: 65–103.

	 57	 McMorris T. The acute exercise-cognition interaction: From the 
catecholamines hypothesis to an interoception model. Int J 
Psychophysiol 2021;170:75–88. 

	 58	 Kao S-C, Westfall DR, Soneson J, et al. Comparison of the acute 
effects of high-intensity interval training and continuous aerobic 
walking on inhibitory control. Psychophysiology 2017;54:1335–45. 

	 59	 Kujach S, Byun K, Hyodo K, et al. A transferable high-intensity 
intermittent exercise improves executive performance in association 
with dorsolateral prefrontal activation in young adults. Neuroimage 
2018;169:117–25. 

	 60	 Diaz KM, Howard VJ, Hutto B, et al. Patterns of Sedentary Behavior 
in US Middle-Age and Older Adults: The REGARDS Study. Med Sci 
Sports Exerc 2016;48:430–8. 

	 61	 Charlett OP, Morari V, Bailey DP. Impaired postprandial glucose 
and no improvement in other cardiometabolic responses or 
cognitive function by breaking up sitting with bodyweight 

resistance exercises: a randomised crossover trial. J Sports Sci 
2021;39:792–800. 

	 62	 Duvivier BMFM, Schaper NC, Koster A, et al. Benefits of 
Substituting Sitting with Standing and Walking in Free-Living 
Conditions for Cardiometabolic Risk Markers, Cognition and Mood 
in Overweight Adults. Front Physiol 2017;8:353. 

	 63	 Wennberg P, Boraxbekk C-J, Wheeler M, et al. Acute effects of 
breaking up prolonged sitting on fatigue and cognition: a pilot 
study. BMJ Open 2016;6:e009630. 

	 64	 Kjaer M. Epinephrine and some other hormonal responses to 
exercise in man: with special reference to physical training. Int J 
Sports Med 1989;10:2–15. 

	 65	 Zouhal H, Jacob C, Delamarche P, et al. Catecholamines 
and the effects of exercise, training and gender. Sports Med 
2008;38:401–23. 

	 66	 Kjaer M, Christensen NJ, Sonne B, et al. Effect of exercise on 
epinephrine turnover in trained and untrained male subjects. J Appl 
Physiol (1985) 1985;59:1061–7. 

	 67	 Voss MW, Weng TB, Narayana-Kumanan K, et al. Acute Exercise 
Effects Predict Training Change in Cognition and Connectivity. Med 
Sci Sports Exerc 2020;52:131–40. 

	 68	 Keating CJ, Párraga Montilla JÁ, Latorre Román PÁ, et al. 
Comparison of High-Intensity Interval Training to Moderate-Intensity 
Continuous Training in Older Adults: A Systematic Review. J Aging 
Phys Act 2020;28:798–807. 

	 69	 Xu F, Cohen SA, Greaney ML, et al. Longitudinal Sex-Specific 
Physical Function Trends by Age, Race/Ethnicity, and Weight 
Status. J Am Geriatr Soc 2020;68:2270–8. 

	 70	 Ahmed FS, McMillan TM, Guenther BA, et al. Cognitive 
Performance following Single- or Multi-Session Exercise 
Intervention in Middle Age: A Systematic Review. Exp Aging Res 
2024;50:28–64. 

	 71	 Hötting K, Reich B, Holzschneider K, et al. Differential cognitive 
effects of cycling versus stretching/coordination training in middle-
aged adults. Health Psychol 2012;31:145–55. 

	 72	 Iso-Markku P, Aaltonen S, Kujala UM, et al. Physical Activity and 
Cognitive Decline Among Older Adults: A Systematic Review and 
Meta-Analysis. JAMA Netw Open 2024;7:e2354285. 

	 73	 SAS Institute Inc. SAS/stat® 15.2 user’s guide. Cary, NC: SAS 
Institute INC, 2020. Available: https://documentation.sas.com/doc/​
en/statug/15.2/titlepage.htm

	 74	 Knopman DS, Roberts RO, Geda YE, et al. Validation of the 
telephone interview for cognitive status-modified in subjects 
with normal cognition, mild cognitive impairment, or dementia. 
Neuroepidemiology 2010;34:34–42. 

	 75	 Liguori G, Feito Y, Fountaine C, et al. ACSM’s guidelines for 
exercise testing and prescription. 11th edn. Philadelphia: Wolters 
Kluwer, 2022.

	 76	 Crawford JR, Henry JD, Crombie C, et al. Normative data for 
the HADS from a large non-clinical sample. Br J Clin Psychol 
2001;40:429–34. 

	 77	 Zablotsky B, Weeks JD, Terlizzi EP, et al. Assessing Anxiety and 
Depression: A Comparison of National Health Interview Survey 
Measures. Natl Health Stat Report 2022;172:1–17. 

	 78	 Lee B, Wang Y, Carlson SA, et al. National, State-Level, and 
County-Level Prevalence Estimates of Adults Aged ≥18 Years Self-
Reporting a Lifetime Diagnosis of Depression - United States, 2020. 
MMWR Morb Mortal Wkly Rep 2023;72:644–50. 

	 79	 Blakesley RE, Mazumdar S, Dew MA, et al. Comparisons of 
methods for multiple hypothesis testing in neuropsychological 
research. Neuropsychology 2009;23:255–64. 

	 80	 Warburton DER, Jamnik VK, Bredin SSD, et al. The physical activity 
readiness questionnaire for everyone (PAR-Q+) and electronic 
physical activity readiness medical examination (ePARmed-X+). 
Health Fit J Canada 2011;4:3–17. 

	 81	 Piché M-E, Poirier P, Lemieux I, et al. Overview of Epidemiology 
and Contribution of Obesity and Body Fat Distribution to 
Cardiovascular Disease: An Update. Prog Cardiovasc Dis 
2018;61:103–13. 

	 82	 Nasreddine ZS, Phillips NA, Bédirian V, et al. The Montreal Cognitive 
Assessment, MoCA: a brief screening tool for mild cognitive 
impairment. J Am Geriatr Soc 2005;53:695–9. 

	 83	 Åstrand PO. Work tests with the Bicycle Ergometer Varberg. 
Sweden: AB Cykelfabriken Monark, 1965.

	 84	 Bayles MP. Cardiorespiratory fitness assessment. In: Riebe 
D, Liguori G, Ehrman JK, et al, eds. ACSM’s exercise testing 
and prescription. 10th edn. Philadelphia, PA: Wolters Kluwer, 
2018: 58–83.

	 85	 Borg G. Borg’s perceived exertion and pain scales. Champaign, 
IL: Human Kinetics, 1998:104, Viii.Available: https://uiuclib.on.​
worldcat.org/oclc/38002592

http://dx.doi.org/10.1016/j.neuroscience.2010.07.052
http://dx.doi.org/10.1038/s41562-019-0715-2
http://dx.doi.org/10.1038/s41562-019-0715-2
http://dx.doi.org/10.1038/s41467-019-11358-8
http://dx.doi.org/10.1016/j.nlm.2016.10.017
http://dx.doi.org/10.1016/j.nlm.2016.10.017
http://dx.doi.org/10.1016/j.neuron.2019.05.034
http://dx.doi.org/10.1126/sciadv.abm9898
http://dx.doi.org/10.1038/s41583-020-0360-9
http://dx.doi.org/10.1111/psyp.13425
http://dx.doi.org/10.1016/j.neurobiolaging.2011.12.022
http://dx.doi.org/10.1016/j.neurobiolaging.2011.12.022
http://dx.doi.org/10.3233/BPL-160039
http://dx.doi.org/10.3390/ijerph18073593
http://dx.doi.org/10.3390/ijerph18073593
http://dx.doi.org/10.1002/hipo.22695
http://dx.doi.org/10.1073/pnas.2015635117
http://dx.doi.org/10.1016/s0165-0173(03)00143-7
http://dx.doi.org/10.1016/s0197-4580(89)80004-1
http://dx.doi.org/10.1016/j.dadm.2019.02.001
http://dx.doi.org/10.1080/02640414.2015.1035666
http://dx.doi.org/10.1007/s00421-016-3467-y
http://dx.doi.org/10.1016/j.ijpsycho.2021.10.005
http://dx.doi.org/10.1016/j.ijpsycho.2021.10.005
http://dx.doi.org/10.1111/psyp.12889
http://dx.doi.org/10.1016/j.neuroimage.2017.12.003
http://dx.doi.org/10.1249/MSS.0000000000000792
http://dx.doi.org/10.1249/MSS.0000000000000792
http://dx.doi.org/10.1080/02640414.2020.1847478
http://dx.doi.org/10.3389/fphys.2017.00353
http://dx.doi.org/10.1136/bmjopen-2015-009630
http://dx.doi.org/10.1055/s-2007-1024866
http://dx.doi.org/10.1055/s-2007-1024866
http://dx.doi.org/10.2165/00007256-200838050-00004
http://dx.doi.org/10.1152/jappl.1985.59.4.1061
http://dx.doi.org/10.1152/jappl.1985.59.4.1061
http://dx.doi.org/10.1249/MSS.0000000000002115
http://dx.doi.org/10.1249/MSS.0000000000002115
http://dx.doi.org/10.1123/japa.2019-0111
http://dx.doi.org/10.1123/japa.2019-0111
http://dx.doi.org/10.1111/jgs.16638
http://dx.doi.org/10.1080/0361073X.2022.2137360
http://dx.doi.org/10.1037/a0025371
http://dx.doi.org/10.1001/jamanetworkopen.2023.54285
https://documentation.sas.com/doc/en/statug/15.2/titlepage.htm
https://documentation.sas.com/doc/en/statug/15.2/titlepage.htm
http://dx.doi.org/10.1159/000255464
http://dx.doi.org/10.1348/014466501163904
http://dx.doi.org/10.15620/cdc:117491
http://dx.doi.org/10.15585/mmwr.mm7224a1
http://dx.doi.org/10.1037/a0012850
http://dx.doi.org/10.14288/hfjc.v4i2.103
http://dx.doi.org/10.1016/j.pcad.2018.06.004
http://dx.doi.org/10.1111/j.1532-5415.2005.53221.x
https://uiuclib.on.worldcat.org/oclc/38002592
https://uiuclib.on.worldcat.org/oclc/38002592


16 Pindus DM, et al. BMJ Open 2025;15:e095415. doi:10.1136/bmjopen-2024-095415

Open access�

	 86	 Talukdar T, Román FJ, Operskalski JT, et al. Individual differences 
in decision making competence revealed by multivariate fMRI. Hum 
Brain Mapp 2018;39:2664–72. 

	 87	 Fletcher GF, Ades PA, Kligfield P, et al. Exercise standards for 
testing and training: a scientific statement from the American Heart 
Association. Circulation 2013;128:873–934. 

	 88	 Shetler K, Marcus R, Froelicher VF, et al. Heart rate recovery: 
validation and methodologic issues. J Am Coll Cardiol 
2001;38:1980–7. 

	 89	 White N, Flannery L, McClintock A, et al. Repeated computerized 
cognitive testing: Performance shifts and test-retest reliability in 
healthy older adults. J Clin Exp Neuropsychol 2019;41:179–91. 

	 90	 White N, Forsyth B, Lee A, et al. Repeated computerized cognitive 
testing: Performance shifts and test-retest reliability in healthy 
young adults. Psychol Assess 2018;30:539–49. 

	 91	 Kirkpatrick SI, Subar AF, Douglass D, et al. Performance of the 
Automated Self-Administered 24-hour Recall relative to a measure 
of true intakes and to an interviewer-administered 24-h recall. Am J 
Clin Nutr 2014;100:233–40. 

	 92	 Islam H, Townsend LK, McKie GL, et al. Potential involvement 
of lactate and interleukin-6 in the appetite-regulatory hormonal 
response to an acute exercise bout. J Appl Physiol (1985) 
2017;123:614–23. 

	 93	 Vanderheyden LW, McKie GL, Howe GJ, et al. Greater lactate 
accumulation following an acute bout of high-intensity exercise in 
males suppresses acylated ghrelin and appetite postexercise. J 
Appl Physiol (1985) 2020;128:1321–8. 

	 94	 Matthews CE, Kozey Keadle S, Moore SC, et al. Measurement of 
Active and Sedentary Behavior in Context of Large Epidemiologic 
Studies. Med Sci Sports Exerc 2018;50:266–76. 

	 95	 Akerstedt T, Gillberg M. Subjective and objective sleepiness in the 
active individual. Int J Neurosci 1990;52:29–37. 

	 96	 Crawford ER, LePine JA, Buckman BR. Job engagement scale short 
form [unpublished manuscript]. Iowa City: University of Iowa, 2013.

	 97	 Newton DW, LePine JA, Kim JK, et al. Taking engagement to task: 
The nature and functioning of task engagement across transitions. J 
Appl Psychol 2020;105:1–18. 

	 98	 Rich BL, Lepine JA, Crawford ER. Job engagement: antecedents 
and effects on job performance. AMJ 2010;53:617–35. 

	 99	 Paas F. Training strategies for attaining transfer of problem-solving 
skill in statistics: a cognitive-load approach. J Educ Psychol 
1992;84:429–34. 

	100	 Lee KA, Hicks G, Nino-Murcia G. Validity and reliability of a scale to 
assess fatigue. Psychiatry Res 1991;36:291–8. 

	101	 Kendzierski D, DeCarlo KJ. Physical activity enjoyment scale: two 
validation studies. J Sport Exerc Psychol 1991;13:50–64. 

	102	 Hillman CH, Motl RW, Pontifex MB, et al. Physical activity and 
cognitive function in a cross-section of younger and older 
community-dwelling individuals. Health Psychol 2006;25:678–87. 

	103	 Kao S-C, Chen F-T, Moreau D, et al. Acute effects of exercise 
engagement on neurocognitive function: a systematic review and 
meta-analysis on P3 amplitude and latency. Int Rev Sport Exerc 
Psychol 2022;1–43. 

	104	 Draheim C, Tsukahara JS, Martin JD, et al. A toolbox approach to 
improving the measurement of attention control. J Exp Psychol Gen 
2021;150:242–75. 

	105	 Stark SM, Kirwan CB, Stark CEL. Mnemonic Similarity Task: 
A Tool for Assessing Hippocampal Integrity. Trends Cogn Sci 
2019;23:938–51. 

	106	 Yassa MA, Mattfeld AT, Stark SM, et al. Age-related memory deficits 
linked to circuit-specific disruptions in the hippocampus. Proc Natl 
Acad Sci U S A 2011;108:8873–8. 

	107	 Callow DD, Pena GS, Stark CEL, et al. Effects of acute aerobic 
exercise on mnemonic discrimination performance in older adults. J 
Int Neuropsychol Soc 2023;29:519–28. 

	108	 Stark SM, Yassa MA, Lacy JW, et al. A task to assess behavioral 
pattern separation (BPS) in humans: Data from healthy aging and 
mild cognitive impairment. Neuropsychologia 2013;51:2442–9. 

	109	 Folstein JR, Van Petten C. Influence of cognitive control 
and mismatch on the N2 component of the ERP: a review. 
Psychophysiology 2008;45:152–70. 

	110	 Braver TS, Barch DM. A theory of cognitive control, aging cognition, 
and neuromodulation. Neurosci Biobehav Rev 2002;26:809–17. 

	111	 Miyake A, Friedman NP. The Nature and Organization of Individual 
Differences in Executive Functions: Four General Conclusions. Curr 
Dir Psychol Sci 2012;21:8–14. 

	112	 Falkenstein M, Hoormann J, Hohnsbein J. ERP components in Go/
Nogo tasks and their relation to inhibition. Acta Psychol (Amst) 
1999;101:267–91. 

	113	 Drollette ES, Scudder MR, Raine LB, et al. Acute exercise facilitates 
brain function and cognition in children who need it most: an ERP 

study of individual differences in inhibitory control capacity. Dev 
Cogn Neurosci 2014;7:53–64. 

	114	 Yeung N, Botvinick MM, Cohen JD. The Neural Basis of Error 
Detection: Conflict Monitoring and the Error-Related Negativity. 
Psychol Rev 2004;111:931–59. 

	115	 Pontifex MB, Parks AC, Delli Paoli AG, et al. The effect of acute 
exercise for reducing cognitive alterations associated with 
individuals high in anxiety. Int J Psychophysiol 2021;167:47–56. 

	116	 Paller KA, Voss JL, Boehm SG. Validating neural correlates of 
familiarity. Trends Cogn Sci 2007;11:243–50. 

	117	 Curran T, Hancock J. The FN400 indexes familiarity-based 
recognition of faces. Neuroimage 2007;36:464–71. 

	118	 Addante RJ, Ranganath C, Yonelinas AP. Examining ERP correlates 
of recognition memory: evidence of accurate source recognition 
without recollection. Neuroimage 2012;62:439–50. 

	119	 Paller KA, Kutas M. Brain Potentials during Memory Retrieval 
Provide Neurophysiological Support for the Distinction 
between Conscious Recollection and Priming. J Cogn Neurosci 
1992;4:375–92. 

	120	 Wilding EL. In what way does the parietal ERP old/new effect index 
recollection? Int J Psychophysiol 2000;35:81–7. 

	121	 Anderson ML, James JR, Kirwan CB. An event-related potential 
investigation of pattern separation and pattern completion 
processes. Cogn Neurosci 2017;8:9–23. 

	122	 Spadone S, Wyczesany M, Della Penna S, et al. Directed Flow of 
Beta Band Communication During Reorienting of Attention Within 
the Dorsal Attention Network. Brain Connect 2021;11:717–24. 

	123	 Mantini D, Della Penna S, Marzetti L, et al. A signal-processing 
pipeline for magnetoencephalography resting-state networks. Brain 
Connect 2011;1:49–59. 

	124	 Hauk O. Keep it simple: a case for using classical minimum norm 
estimation in the analysis of EEG and MEG data. Neuroimage 
2004;21:1612–21. 

	125	 Hämäläinen MS, Ilmoniemi RJ. Interpreting magnetic fields of 
the brain: minimum norm estimates. Med Biol Eng Comput 
1994;32:35–42. 

	126	 Geerligs L, Renken RJ, Saliasi E, et al. A Brain-Wide Study of 
Age-Related Changes in Functional Connectivity. Cereb Cortex 
2015;25:1987–99. 

	127	 Malagurski B, Liem F, Oschwald J, et al. Functional dedifferentiation 
of associative resting state networks in older adults - A longitudinal 
study. Neuroimage 2020;214:116680. 

	128	 Chao S-H, Liao Y-T, Chen VC-H, et al. Correlation between 
brain circuit segregation and obesity. Behav Brain Res 
2018;337:218–27. 

	129	 Investigational new drug application. Title 21, Code of federal 
regulations, part 312. 2010. 2010. Available: https://www.ecfr.gov/​
current/title-21/chapter-I/subchapter-D/part-312

	130	 Faul F, Erdfelder E, Lang A-G, et al. G*Power 3: a flexible statistical 
power analysis program for the social, behavioral, and biomedical 
sciences. Behav Res Methods 2007;39:175–91. 

	131	 Tsai C-L, Pan C-Y, Tseng Y-T, et al. Acute effects of high-intensity 
interval training and moderate-intensity continuous exercise on 
BDNF and irisin levels and neurocognitive performance in late 
middle-aged and older adults. Behav Brain Res 2021;413:113472. 

	132	 Kamijo K, Hayashi Y, Sakai T, et al. Acute effects of aerobic exercise 
on cognitive function in older adults. J Gerontol B Psychol Sci Soc 
Sci 2009;64:356–63. 

	133	 Galbo H, Holst JJ, Christensen NJ. Glucagon and plasma 
catecholamine responses to graded and prolonged exercise in man. 
J Appl Physiol 1975;38:70–6. 

	134	 Eldridge SM, Chan CL, Campbell MJ, et al. CONSORT 2010 
statement: extension to randomised pilot and feasibility trials. BMJ 
2016;355:i5239. 

	135	 Jones B, Kenward MG. Chapter 3. Higher-order designs for two 
treatments. In: Design and analysis of cross-over trials. 3rd edn. 
New York, NY, US: Chapman and Hall/CRC, 2014: 105–34.

	136	 Chang YK, Labban JD, Gapin JI, et al. The effects of acute 
exercise on cognitive performance: a meta-analysis. Brain Res 
2012;1453:87–101. 

	137	 Cohen J. Statistical power analysis for the behavioral sciences. 2nd 
edn. New York, NY: Taylor & Francis Group, 1988.

	138	 Nieuwenhuis S, Aston-Jones G, Cohen JD. Decision making, the 
P3, and the locus coeruleus-norepinephrine system. Psychol Bull 
2005;131:510–32. 

	139	 Keadle SK, Patel S, Berrigan D, et al. Validation of ACT24 Version 
2.0 for Estimating Behavioral Domains, Active and Sedentary Time. 
Med Sci Sports Exerc 2023;55:1054–62. 

	140	 Beck AT, Steer RA, Carbin MG. Psychometric properties of the Beck 
Depression Inventory: twenty-five years of evaluation. Clin Psychol 
Rev 1988;8:77–100. 

http://dx.doi.org/10.1002/hbm.24032
http://dx.doi.org/10.1002/hbm.24032
http://dx.doi.org/10.1161/CIR.0b013e31829b5b44
http://dx.doi.org/10.1016/s0735-1097(01)01652-7
http://dx.doi.org/10.1080/13803395.2018.1526888
http://dx.doi.org/10.1037/pas0000503
http://dx.doi.org/10.3945/ajcn.114.083238
http://dx.doi.org/10.3945/ajcn.114.083238
http://dx.doi.org/10.1152/japplphysiol.00218.2017
http://dx.doi.org/10.1152/japplphysiol.00081.2020
http://dx.doi.org/10.1152/japplphysiol.00081.2020
http://dx.doi.org/10.1249/MSS.0000000000001428
http://dx.doi.org/10.3109/00207459008994241
http://dx.doi.org/10.1037/apl0000428
http://dx.doi.org/10.1037/apl0000428
http://dx.doi.org/10.5465/amj.2010.51468988
http://dx.doi.org/10.1037//0022-0663.84.4.429
http://dx.doi.org/10.1016/0165-1781(91)90027-m
http://dx.doi.org/10.1123/jsep.13.1.50
http://dx.doi.org/10.1037/0278-6133.25.6.678
http://dx.doi.org/10.1080/1750984X.2022.2155488
http://dx.doi.org/10.1080/1750984X.2022.2155488
http://dx.doi.org/10.1037/xge0000783
http://dx.doi.org/10.1016/j.tics.2019.08.003
http://dx.doi.org/10.1073/pnas.1101567108
http://dx.doi.org/10.1073/pnas.1101567108
http://dx.doi.org/10.1017/S1355617722000492
http://dx.doi.org/10.1017/S1355617722000492
http://dx.doi.org/10.1016/j.neuropsychologia.2012.12.014
http://dx.doi.org/10.1111/j.1469-8986.2007.00602.x
http://dx.doi.org/10.1016/s0149-7634(02)00067-2
http://dx.doi.org/10.1177/0963721411429458
http://dx.doi.org/10.1177/0963721411429458
http://dx.doi.org/10.1016/s0001-6918(99)00008-6
http://dx.doi.org/10.1016/j.dcn.2013.11.001
http://dx.doi.org/10.1016/j.dcn.2013.11.001
http://dx.doi.org/10.1037/0033-295X.111.4.931
http://dx.doi.org/10.1016/j.ijpsycho.2021.06.008
http://dx.doi.org/10.1016/j.tics.2007.04.002
http://dx.doi.org/10.1016/j.neuroimage.2006.12.016
http://dx.doi.org/10.1016/j.neuroimage.2012.04.031
http://dx.doi.org/10.1162/jocn.1992.4.4.375
http://dx.doi.org/10.1016/s0167-8760(99)00095-1
http://dx.doi.org/10.1080/17588928.2016.1195804
http://dx.doi.org/10.1089/brain.2020.0885
http://dx.doi.org/10.1089/brain.2011.0001
http://dx.doi.org/10.1089/brain.2011.0001
http://dx.doi.org/10.1016/j.neuroimage.2003.12.018
http://dx.doi.org/10.1007/BF02512476
http://dx.doi.org/10.1093/cercor/bhu012
http://dx.doi.org/10.1016/j.neuroimage.2020.116680
http://dx.doi.org/10.1016/j.bbr.2017.09.017
https://www.ecfr.gov/current/title-21/chapter-I/subchapter-D/part-312
https://www.ecfr.gov/current/title-21/chapter-I/subchapter-D/part-312
http://dx.doi.org/10.3758/bf03193146
http://dx.doi.org/10.1016/j.bbr.2021.113472
http://dx.doi.org/10.1093/geronb/gbp030
http://dx.doi.org/10.1093/geronb/gbp030
http://dx.doi.org/10.1152/jappl.1975.38.1.70
http://dx.doi.org/10.1136/bmj.i5239
https://pubmed.ncbi.nlm.nih.gov/24754911
http://dx.doi.org/10.1016/j.brainres.2012.02.068
http://dx.doi.org/10.1037/0033-2909.131.4.510
http://dx.doi.org/10.1249/MSS.0000000000003135
http://dx.doi.org/10.1016/0272-7358(88)90050-5
http://dx.doi.org/10.1016/0272-7358(88)90050-5


17Pindus DM, et al. BMJ Open 2025;15:e095415. doi:10.1136/bmjopen-2024-095415

Open access

	141	 Jurca R, Jackson AS, LaMonte MJ, et al. Assessing 
cardiorespiratory fitness without performing exercise testing. Am J 
Prev Med 2005;29:185–93. 

	142	 Johns MW. A new method for measuring daytime sleepiness: the 
Epworth sleepiness scale. Sleep 1991;14:540–5. 

	143	 Szabo AN, Mullen SP, White SM, et al. Longitudinal invariance 
and construct validity of the abbreviated late-life function and 
disability instrument in healthy older adults. Arch Phys Med Rehabil 
2011;92:785–91. 

	144	 Jette AM, Haley SM, Kooyoomjian JT. Late-life FDI manual. Boston, 
MA: Boston University, 2002:73.Available: https://www.bu.edu/sph/​
files/2011/06/LLFDI_Manual_2006_rev.pdf

	145	 McAuley E, Konopack JF, Motl RW, et al. Measuring disability and 
function in older women: psychometric properties of the late-life 
function and disability instrument. J Gerontol A Biol Sci Med Sci 
2005;60:901–9. 

	146	 McAuley E, Wójcicki TR, White SM, et al. Physical activity, function, 
and quality of life: design and methods of the FlexToBa trial. 
Contemp Clin Trials 2012;33:228–36. 

	147	 Sheikh JI, Yesavage JA. Geriatric Depression Scale (GDS): recent 
evidence and development of a shorter version. Clin Gerontol J 
Aging Ment Health 1986;5:165–73. 

	148	 Godin G. The Godin-Shephard leisure-time physical activity 
questionnaire. Health Fit J Canada 1969;4:18–22. 

	149	 Amireault S, Godin G. The Godin-Shephard leisure-time physical 
activity questionnaire: validity evidence supporting its use for 
classifying healthy adults into active and insufficiently active 
categories. Percept Mot Skills 2015;120:604–22. 

	150	 Kenny RA, Coen RF, Frewen J, et al. Normative values of 
cognitive and physical function in older adults: findings from 
the Irish Longitudinal Study on Ageing. J Am Geriatr Soc 
2013;61 Suppl 2:S279–90. 

	151	 Ekkekakis P, Hall EE, Petruzzello SJ. Some like it vigorous: 
measuring individual differences in the preference for and tolerance 
of exercise intensity. J Sport Exerc Psychol 2005;27:350–74. 

	152	 Rosenberg DE, Norman GJ, Wagner N, et al. Reliability and validity 
of the Sedentary Behavior Questionnaire (SBQ) for adults. J Phys 
Act Health 2010;7:697–705. 

http://dx.doi.org/10.1016/j.amepre.2005.06.004
http://dx.doi.org/10.1016/j.amepre.2005.06.004
http://dx.doi.org/10.1093/sleep/14.6.540
http://dx.doi.org/10.1016/j.apmr.2010.12.033
https://www.bu.edu/sph/files/2011/06/LLFDI_Manual_2006_rev.pdf
https://www.bu.edu/sph/files/2011/06/LLFDI_Manual_2006_rev.pdf
http://dx.doi.org/10.1093/gerona/60.7.901
http://dx.doi.org/10.1016/j.cct.2011.10.002
http://dx.doi.org/10.1300/J018v05n01_09
http://dx.doi.org/10.1300/J018v05n01_09
http://dx.doi.org/10.14288/hfjc.v4i1.82
http://dx.doi.org/10.2466/03.27.PMS.120v19x7
http://dx.doi.org/10.1111/jgs.12195
http://dx.doi.org/10.1123/jsep.27.3.350
http://dx.doi.org/10.1123/jpah.7.6.697
http://dx.doi.org/10.1123/jpah.7.6.697

	Breaking prolonged sitting with high-­intensity interval training to improve cognitive and brain health in middle-­aged and older adults: a protocol for the pilot feasibility HIIT2SITLess trial
	Abstract
	Introduction﻿﻿
	Study aims and objectives
	Methods and analysis
	Study setting and design
	Trial registration
	Participants
	Eligibility
	Blinding and ﻿﻿randomisation﻿﻿
	Recruitment and retention
	Study procedures
	Screening procedure
	Screening call
	Physical ﻿﻿Activity﻿﻿ Questionnaires

	Screening visit
	Neuropsychological assessments
	Psychosocial assessments
	Cardiorespiratory fitness testing


	Baseline
	LIIT bouts
	HIIT bouts
	Cognitive task practice
	Psychosocial questionnaires
	Physical function questionnaires
	Accelerometry

	Intervention visits
	Sedentary activities

	Mental effort, cognitive engagement and fatigue
	Cognitive tasks
	Modified Eriksen Flanker task
	Antisaccade task
	Mnemonic Similarity Task

	Electroencephalogram
	Neurofunctional measures
	N2 and error-related negativity
	Frontal N400 (FN400) and late positive component
	Directional connectivity

	End-of-study questionnaire
	The HIIT2SITLess study survey
	The HIIT breaks survey

	Follow-ups
	Primary outcomes
	Secondary outcomes
	Exploratory outcomes
	Data monitoring
	Sample size determination
	Statistical analyses
	Missing data

	Data sharing
	Reporting guidelines
	Publication
	Patient and public involvement
	Ethics and dissemination

	Discussion
	References


