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Objectives: High sedentary behaviour is associated with
adverse effects on central vascular function and cognitive
function. Although interventions to mitigate the adverse ef-
fects of workplace sitting are intriguing, evidence of the effi-
cacy of such interventions remains lacking. This randomised
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cross-over trial was aimed at exploring the effectiveness of
prolonged sitting, with or without physical activity breaks, on
central, peripheral vascular and cognitive function in adults.

Methods: Twenty one healthy adults completed 4 h of
simulated work conditions in three experimental visits: (1)
uninterrupted sitting (SIT); (2) sitting interrupted by 3 min
of walking every hour (LIT); and (3) sitting interrupted by
3 min of stair climbing every hour (MIT). Carotid (CA) and
superficial femoral artery (SFA) diameter, velocity, shear
rate and blood flow were measured with Duplex ultrasound
at 50 MHz at three time points (hours 0, 2 and 4), and ex-
ecutive function was assessed with the computer based
Eriksen Flanker task every hour.

Results: The decreases in reaction time (—30.59%) and ac-
curacy (—10.56%) during SIT conditions were statistically
significant, and less of a decrease was observed under LIT and
MIT conditions. No significant differences in CA and SFA
function were observed with LIT and MIT interventions.

Conclusion: Physical activity breaks of varying intensity
during prolonged sitting improve reaction time. Howev-
er, the vascular benefits of physical activity breaks should
be confirmed in the future through long term studies in
natural environment.

Keywords: Endothelial function; Executive function; Move-
ment breaks; Physical activity; Sedentary behaviour; Sitting
posture

© 2023 The Authors. Published by Elsevier B.V. This is an
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Introduction

In the modernised world, manual labour has substantially
decreased because of computerisation, and high levels of
sedentary behaviours are evident in modern workplaces.l’2
Sedentary behaviour, defined as any waking behaviour, e.g.,
reclined posture or sitting characterised by low energy
expenditure, is likely to be associated with chronic disease
risk Hyperglycaemia, hyperlipidaemia-induced inflammation
and resulting altered vascular stress associated with sedentary
behaviour are proposed mechanisms of chronic disease risk.*’

Emerging evidence indicates that uninterrupted prolonged
sitting decreases carotid and superficial femoral artery blood
flow, thereby decreasing blood supply to the temporal and
frontal areas of the brain, which are involved in memory and
executive function.®!! Although periodic movement breaks
have been hypothesised to improve central and peripheral
vascular function through altered shear stress, vasodilating
mediators such as nitric oxide, prostaglandins and vascular
compliance, evidence regarding the intensity of these breaks
remains under debate.”'” Moderate to vigorous physical
activity is well established to improve adult endothelial
function.'>' Early laboratory studies have suggested a similar
favourable vascular benefit with light-intensity activities;

however, recent meta-analytic studies have revealed limited ev-
idence regarding the favourable vascular effects of movement
breaks or ‘snackivity’. 1516

Substantial evidence now suggests that physical activity
breaks can favourably influence executive function in chil-
dren.'”'® Executive function refers to an array of higher-order
mental processes that enable individuals to exert self-control
and self-regulate their behaviour.!” Executive function is
assessed according to three core processes: (1) inhibition:
inhibiting predominant responses and controlling attention;
(2) switching between mental tasks or mental rotation; and
(3) memory: retaining information and processing at need.'®
Executive function is an inherent predictor of problem-
solving ability and work productivity.w’zo Low central
vascular dysfunction is associated with cognitive decline,
poor problem-solving ability and low work productivity.21
Although prolonged sitting is associated with vascular
dysfunction, evidence of the efficacy of active physical
activity breaks in achieving regional vascular outcomes is
mixed.'® The effectiveness of physical activity breaks remain
uncertain, because most studies have manipulated the
frequency and duration of physical activity breaks but not
the intensity—a factor potentially linking physical activity
breaks to favourable vascular function in adults.'

Empirical evidence suggests that high-intensity exercise en-
hances shear stress-induced nitric oxide bioavailability,
vascular diameter and blood flow, and restores vascular ho-
meostasis to a greater extent than moderate- and low-intensity
exercise.” Furthermore, high-intensity exercise is a time-
efficient and accessible modality for decreasing cardiovascular
risk. Evidence regarding active breaks has varied only in
duration and frequency, and mixed evidence regarding the
vascular benefits of physical activity breaks has been
observed.'° However, the favourable vascular effects associated
with moderate-to-high-intensity physical activity breaks, such
as stair climbing, remain unclear. To our knowledge, only one
experimental study by Cho (2020) has found that 5 min stair
climbing bouts during prolonged sitting attenuate the decrease
in endothelial function after a high-fat meal.”* However, the
comparison of vascular effects between active physical
activity breaks of varied intensity (light = walking, moderate-
high = stair climbing) remains to be investigated.

Here, we aimed to explore the influence of movement
breaks of varying intensity during prolonged sitting on
vascular and cognitive function during simulated work
conditions in young adults. Furthermore, we explored
whether the change in vascular function might correspond to
a change in executive function with active physical activity
breaks during a simulated workday. Our results may
encourage occupational and public health experts to design
appropriate (time-efficient, accessible and cost-effective)
movement break strategies with sufficient intensity to miti-
gate the adverse vascular and cognitive function associated
with prolonged sitting and improve work productivity.

Materials and Methods

Our randomised cross-over trial is presented according to
the “Consolidated Standards of Reporting Trials (CON-
SORT) 2010 statement: extension to randomised cross-over
trials™>* (checklist provided in Supplementary file S1).
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Trial design and setting

The details of the method have been published previously.25
This counterbalanced randomised crossover trial was
conducted between November 2021 and February 2022, with
the aim of exploring the effectiveness of physical activity
breaks of differing intensity on central and peripheral
vascular function, and their association with executive
function in young adults. The Kasturba Hospital
Institutional Ethics Committee approved the study. This
study was conducted in accordance with the ethical principles
of the Declaration of Helsinki. The design of the trial is
illustrated in Figure 1.

Participants

After the necessary permissions had been granted by the
ethical committee and higher authorities, young adults (25—35-
year-old men and women), were invited to participate through
official emails and advertisements on social media. The par-
ticipants were deemed eligible if they were physically inactive
(self-reported physical activity levels less than 600 METS mi-
nutes per week, assessed with the International Physical Ac-
tivity Questionnaire), had good visual acuity (>5/6) and were
able to climb at least two flights of stairs. Volunteers with
established cardiovascular, metabolic or mental health disor-
ders affecting central and peripheral vascular and executive
function were excluded. Furthermore, participants who were
taking drugs that might affect their participation in physical
activity (e.g., beta-blockers or anxiolytic drugs) or who had
experienced musculoskeletal trauma within 3 weeks that might
limit stair climbing were excluded from the study. All partici-
pants provided written informed consent.

Physical activity break interventions

In the present study, prolonged sitting was interrupted by
physical activity breaks of two intensities: (1) In light in-
tensity breaks (LIT), participants were instructed to break
their prolonged sitting time with light intensity walk breaks
for 3 min every hour for the next 4 h. The participants walked
at a self-selected ‘light’ velocity perception (Borg rate of
perceived exertion score (RPE) of 11/20). (2) In moderate
intensity breaks (MIT), the participants climbed two flights
of stairs for 3 min every hour for the next 4 h of the pro-
longed sitting period. The participants self-selected their
climbing speed to achieve a ‘somewhat difficult’ perception,
according to the Borg RPE scores (RPE = 13/20). Walk-and-
sir interventions were administered in the 30-m hallway and
the stairway close to the ultrasound room where the study
was conducted.

Outcomes

Carotid and superficial femoral artery function

On the basis of existing evidence, duplex ultrasound (GE
Voluson Swift, Germany) at a pulsed frequency of 50 MHz
was used to measure central (right carotid artery) and pe-
ripheral vascular (right superficial femoral artery) function
(diameter and velocity), with the probe insonated at an angle
of 60°.%10:26728 Edge detection software automatically

measured the central and peripheral artery diameters and
velocities with B Mode automated computer analysis. The
shear stress and blood flow were estimated with the
formulas 4 x [mean blood velocity/arterial diameter] and
3.14 x (diameter/2)2 x mean blood velocity x 60,
respectively.zg

Executive function

The Erikson Flanker paradigm was used to assess the
response inhibition and executive function with computer-
based software (Inquist 6.0, Millisecond Software, Seattle,
WA, USA).*"

In this computer-based Eriksen Flanker test, the partici-
pants were presented with five alphabets, H, K, S and C, on a
laptop with Inquist 6.0 software.’! With the central alphabet
as the target and the other alphabets on the sides as
flankers, the participants were instructed to press either the
Q or P buttons according to the H or K, and S or C
alphabets displayed on the computer screen. The
participants were presented with 120 trials (60 congruent
and 60 incongruent). Each stimulus lasted 1500 ms, and was
followed by an interval of 3000 ms before the next stimulus.
After every 40 trials, the participants were given a 1-
min break to recover from the stress of the continuous vi-
sual stimuli. The raw and summary files were exported from
the software in CSV format. The reaction time (ms) and ac-
curacy (%) were determined from the extracted CSV files.

Sample size

To establish a 43 ml/min difference in superficial femoral
velocity with a moderate effect (Cohen’s d = 0.52) between
the SIT and LIT interventions, we determined that 18 par-
ticipants would be required to achieve a 95% level of sig-
nificance and 80% power. Because four experimental visits
were conducted, and we anticipated a 20% dropout rate, we
calculated that 21 participants would be necessary (G*Power
version 3.1.9.6, Universitdt Kiel, Germatny).32

Randomisation and blinding

Computer-generated randomisation (www.randomiser.
org) was used to determine the order of intervention visits
(SIT, LIT and MIT). Volunteers were instructed to select one
of the concealed envelopes which had randomly generated
treatment orders, and this order was followed for subsequent
visits. An experienced sonologist unaware of the study or
randomisation assessed all vascular outcomes and provided
the results in coded envelopes. The primary investigator
opened the envelopes and decoded them at the time of
analysis. However, the investigators assessing cognitive
function and the final data compilation were not blinded to
the order of the intervention visits.

Procedure

The interventions were performed in a temperature- and
humidity-controlled ultrasound laboratory in a multifaceted
teaching hospital. Participants who volunteered to participate
in the study visited the laboratory four times on different days
for familiarisation, then underwent three interventions: SIT,
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LIT and MIT. During the familiarisation visits, basic de-
mographic and anthropometric data were collected, and par-
ticipants were familiarised with vascular ultrasound, and
walking or stair climbing for 3 min in the laboratory. Prospec-
tive sleep, physical activity and diet were measured for the next 7
days with a diary log. The participants were instructed to avoid
smoking, alcohol and vigorous-intensity activities for at least
48 h before the intervention visits. The participants were assured
of 8 h of adequate sleep, and the previous dinner was consumed
between 8:00 PM and 9:00 PM, according to the sleep and diary
log before each intervention visit. The order of the visits was
determined according to computer-generated randomisation. A
6—7 day wash-out period was used to avoid the influence of one
intervention over the other on the following days.

During the intervention period, participants were
instructed to visit the laboratory between 8:00 AM and
9:00 AM, to avoid the influence of diurnal variation on
vascular and cognitive function. To avoid vigorous activity
during the commute, the participants were passively
transported to the laboratory with a motor vehicle. After
baseline measurements, the participants had a breakfast
providing 33% of their daily requirements.33 During the
SIT intervention visit, the participants were instructed to

sit throughout the day for the next 4 h and were allowed
to read or watch non-stimulating documentary films on
the computer. The participants were not allowed to write
or type, and avoided vigorous lower limb movements, as
monitored by the observer throughout the sitting period. If
washroom visits were necessary, the participants were
passively transported to the washroom with a wheelchair
led by the primary investigator. Ultrasound-based vascular
assessments were administered every 2 h, and cognitive
measurements were administered hourly. On the LIT
intervention day, the participants interrupted their sitting
time with light-intensity walking breaks for 3 min every
hour for 4 h. During the MIT intervention visits, the
participants were instructed to break their sitting time with
3 min of stair climbing at a self-selected velocity every hour
for the next 4 h. The intervention visits were interspersed
for 6—7 days to provide a wash-out.

Statistical analysis

Baseline demographics, regional vascular outcomes
(diameter, velocity, shear and blood flow) and executive func-
tion (reaction time and accuracy) are expressed as

Hourly interruptions with physical activity breaks

Interventions
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Figure 1: The study design used for the present randomised cross-over trial. The participants were randomised to three interventions: (1)
SIT: uninterrupted sitting for 4 h; (2) LIT: sitting interrupted by light intensity moderate physical activity breaks for 3 min every hour for
the next 5 h; and (3) MIT: sitting disrupted by moderate-intensity physical activity breaks for 3 min every hour for the next 5 h. Carotid
and superficial femoral artery function were measured every 2 h in the intervention visit. In contrast, executive function was measured

every hour for the next 4 h in the intervention visit.
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mean =+ standard error in normalised data or
median + interquartile range in skewed data. Skewed data were
log-transformed as necessary.

The time course of the regional vascular outcomes (CA and
SFA diameter, velocity, blood flow and shear rate) and com-
parisons among conditions (SIT, LIT and MIT) were analysed
with linear mixed models. Each dependent variable (CA and
SFA diameter, velocity, blood flow and shear rate) was ana-
lysed with linear mixed models, with time and condition as
fixed effects and participants as random effects. Simple and
interaction effects were analysed within and between experi-
mental visits. Marginal means were estimated, and a post-hoc
Holm test was used to correct the differences at each time

point within the different conditions. Descriptive plots were
drawn with time as the horizontal axis and groups as separate
lines. The level of significance was set at p < 0.05. Multiple
linear regression models were used to determine the association
between carotid arterial and cognitive function. Statistical
analysis was performed with the statistical software JASP
(version 0.14.0; University of Amsterdam, Netherlands).

Results

Twenty-one participants completed all four experimental
visits. Figure 2 shows the inclusion and the counterbalancing
of the interventional visits.

Assessed for eligibility
(n=29)
E Excluded (n = 8)
= - recent ankle sprain < 3 weeks (n= 1)
E - covid < 3 weeks (n = 2)
5‘ - not comfortable with ultrasound (n = 3)
% - anxiety and on medication (n = 1)
w v -on menstrual period (n = 1)
[ Randomised (n = 21)
(-8
g v A y v v A
3 Uninterrupted sitting Uninterrupted sitting Self-paced level walk | [ Self-paced level walk Self-paced stair climb| [Self-paced stair climb
= (n=4) (n=3) (n=3) (n=4) (n=4) (n=3)
8 6 - 7 days wash-out 6 - 7 days wash-out 6-7 days wash-out 6 - 7 days wash-out 6 - 7 days wash-out
o A A A 4 A4 A
z Self-paced level walk Self-paced stair climb Uninterrupted sitting | [Self-paced stair climb Uninterrupted sitting | [Self-paced level walk
g (n=4) (n=3) (n=3) (n=4) (n=4) (n=3)
6 J 6 - 7 days wash-out 6 - 7 days wash-out 6 - 7 days wash-out 6 - 7 days wash-out 6 - 7 days wash-out
o A 4 A4 \ 4 A 4 A4
= Self-paced stair climb Self-paced level walk Self-paced stair climb| [ Uninterrupted sitting Self-paced level walk| [Uninterrupted sitting-
=~ (n=4) S (n=3) (n=4) (n=4) (n=3)
(n=3)
2]
7
car
=
-
=
=
8 [ Analysed (n = 21) ]

Figure 2: Flowchart demonstrating the screening, inclusion, randomisation, follow-up and analysis of the participants in the study.

Table 1: Baseline characteristics of the participants.

Variables Mean £+ SD n (%)

Males 17 (81%)

Education Undergraduate 5(29.41)
Postgraduate 16 (70.58)

Overall Male Female p

Age (years) 26.65 £ 2.64 24.41 + 3.84 27.82 + 2.88 0.182

Body mass index (kg/m?) 22.32 £ 2.46 24.88 £ 3.50 21.83 £ 1.26 0.041*

Waist circumference (cm) 97.32 + 6.31 98.46 + 8.31 96.54 + 1.34 0.824

*Significance shown by independent t test, p < 0.05.
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Table 2: Changes in central vascular endothelial function and executive function within conditions.

Variable Intervention [expressed as mean difference (standard error)] &
SIT LIT MIT
Ty — T, T, — Ty Ty — Ty Ty — T, Ty — Ty Ty — T4 Ty — T» T, — Ty Ty — Ty

Central vascular function

Carotid artery 0.03 —0.00 0.03 0.02 0.00 0.02 —0.02 0.00 —0.01
diameter (cm) (0.03) (0.03) (0.03) (0.03) (0.03) (0.03) (0.03) (0.03) (0.03)
Carotid artery —3.22 —1.63 —4.85 —2.84 —7.32 —5.54 8.71 1.65 10.35
velocity (cm/s) (5.64) (5.73) (5.73) (5.64) (5.73) (5.56) (5.64) (5.64) (5.64)
Carotid artery shear —134.50 —1.32 —135.82 —66.73 —41.20 —107.93 159.48 14.91 174.39
rate (/s) (112.90) (114.65) (114.65) (112.90) (111.32) (111.32) (112.90) (112.90) (112.90)
Carotid artery 169.24 —48.45 120.79 43.25 —21.38 21.88 25.55 36.76 62.31
blood flow (ml/ (204.86) (208.04) (208.04) (204.86) (202.00) (202.00) (204.86) (204.86) (204.86)
min)
SFA diameter (cm) 0.00 0.01 0.01 0.02 0.01 0.03 —0.06 0.05 —0.09
(0.04) (0.04) (0.04) (0.04) (0.04) (0.04) (0.04) (0.04) (0.04)
SFA velocity (cm/s) 33.29 —1.86 31.44 —2.02 —0.14 —-2.16 2.95 —0.86 2.09
(17.85) (18.12) (18.12) (17.85) (17.60) (17.85) (17.85) (17.85) (17.85)
SFA shear rate (/s) 382.66 —36.34 397.01 —52.94 —10.75 —63.68 112.84 10.57 123.41
(209.78) (213.04) (206.85) (209.74) (206.85) (206.85) (209.78) (209.78) (209.78)
SFA blood flow (ml/ 725.12 5.84 730.95 66.38 32.53 98.91 —223.09 —142.22 —365.32
min) (442.90) (449.77) (449.77) (442.90) (436.71) (436.71) (442.90) (442.90) (442.90)
Executive function
Reaction time (ms) 111.14 —30.70 80.44 28.11 22.89 50.99 29.83 24.31 54.14
(45.66)** (46.37) (46.37)* (45.66) (45.02) (45.02)* (45.66) (45.66) (45.66)*
Accuracy (%) 7.37 4.39 11.77 5.42 3.14 8.57 0.25 —2.93 —2.67
4.97)* (5.05) (5.05)* 4.97) (4.90) (4.90)* (4.97) 4.97)* 4.97)

Abbreviations: LIT = sitting interrupted by light intensity activity, MIT = sitting interrupted by moderate intensity activity,
SIT = uninterrupted sitting, To — T, = difference in variables between baseline and the 2nd hour, T, — T4 = difference in variables between
the 2nd hour and 4th hour, Tg — T4 = difference in variables between baseline and the 4th hour, ‘—’ indicates the decrease with respect to
earlier measurements, ‘+’ indicates the increase with respect to earlier measurements, A — mean change in the values calculated from
analysis of variance, *p < 0.05, **p < 0.01.

Table 3: Post hoc analysis comparing light intensity and moderate intensity microbreaks with sitting. All values are relative to pro-
longed sitting as the baseline.

Variable Group comparison
SIT vs LIT SIT vs MIT LIT vs MIT
A 95% CI d p A 95% CI d P A 95% CI
Vascular function
Carotid artery —0.02 —0.06, 0.012 —0.304  0.380 0.00 —0.03, 0.04  0.022 1.000 0.02 —0.01, 0.06
diameter (cm)
Carotid artery 2.58 —5.13, 10.30 0.157 0.858 4.80 —2.95, 0.292 0.434 222 —5.46, 9.89
velocity (cm/s) 12.55
Carotid artery 94.08 —60.38, 248.54 0.286 0.454 60.88 —94.30, 0.185 0.709 —33.20 —186.85,
shear rate (/s) 216.05 120.45
Carotid artery blood ~ —119.25  —399.52, 161.02 —0.200  0.631 111.58 —169.98, 0.187 0.631 230.83 —47.98,
flow (ml/min) 393.14 509.64
SFA diameter (cm) —0.01 —0.06, 0.04 —0.056  0.777 —0.04 —0.09,0.02 —0.323 0.32 —0.03 —0.08, 0.02
SFA velocity (cm/s) 14.21 —10.20, 38.63 0.273 0.42 15.33 —9.20, 0.295 0.42 1.12 —23.17,
39.86 25.41
SFA shear rate (/s) 178.83 —108.17, 465.83 0.292 0.284 224.84 —63.49, 0.368 0.201 46.01 —239.49,
513.16 331.51
SFA blood 255.99 —349.93, 861.91 0.198 0.956 153.14 —455.58, 0.119 1.000 —102.85  —705.61,
flow (ml/min) 761.85 499.91
Executive function
Reaction time (ms) —110.6 —173.06, —48.13  —0.831 <0.001%**  —163.03  —225.78, —1.225  <0.001***  —52.43 —114.57,
—100.27 9.71
Accuracy (%) —10.04 —16.84, —3.24 —0.693  0.002** —8.87 —15.70, —0.612  0.005** 1.17 —5.60, 7.94
—2.04

Abbreviations: LIT = sitting interrupted by light intensity activity, MIT = sitting interrupted by moderate intensity activity,

SIT = uninterrupted sitting, To — T, = difference in variables between baseline and the 2nd hour, T, — T4 = difference in variables between
the 2nd hour and 4th hour, Ty — T4 = difference in variables between baseline and the 4th hour, ‘—’ indicates the decrease with respect to
earlier measurements, ‘4’ indicates the increase with respect to earlier measurements, A _ mean change in the values calculated from
analysis of variance, *p < 0.05, **p < 0.01.
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Table 4: Association between changes in carotid vascular function and executive function.

Central vascular

Intervention Executive function (Eriksen Flanker paradigm)

Accuracy (%)

MIT SIT LIT MIT

function B (p)
Reaction time (ms)
SIT LIT
Carotid artery SIT 3.398 (0.194)
diameter (cm) LIT 1.895 (0.299)
MIT
Carotid artery SIT 8.535 (0.102)
velocity (cm/s) LIT 0.848 (0.735)
MIT
Carotid artery shear SIT —3.391 (0.182)
rate (/s) LIT 0.426 (0.830)
MIT
Carotid artery SIT —7.283 (0.115)
blood flow (ml/ LIT —1.028 (0.500)
min) MIT

2.200 (0.412)
2.400 (0.186)
—0.585 (0.737) —0.173 (0.914)
2.471 (0.547)
2.216 (0.373)
—1.889 (0.409) 2.916 (0.177)
—0.718 (0.706)
—0.533 (0.784)
—0.860 (0.604) ~1.598 (0.304)
—3.844 (0.371)
~1.650 (0.277)

1.952 (0.398) —1.864 (0.382)

Note: Values are expressed as standardised association (B) and significance values (p) in parentheses. ‘p’ is set at a significance level of less
than 0.5. Abbreviations: LIT = sitting interrupted by light intensity activity walk breaks, MIT = sitting interrupted by moderate intensity

stair climbing breaks, SIT = uninterrupted sitting.
Baseline characteristics

The mean BMI was 24.88 4+ 3.50 (n = 19; 91%). The
baseline characteristics are depicted in Table 1.

Changes in regional vascular function with movement breaks

Central vascular function

The carotid artery diameter decreased by —5.45%, and
the blood flow decreased by —7.84%, whereas carotid artery
velocity and shear stress increased by 2.59% and 8.02%,

respectively at the 2nd hour of SIT; however statistical sig-
nificance was not reached. The LIT and MIT interventions
had less pronounced effects on carotid vascular function
(Tables 2 and 3). Supplementary file Figure S3 (a—d)
illustrates the mean change in carotid artery function from
baseline to the 2nd and 4th hour among three conditions:
SIT, LIT and MIT.

Peripheral vascular function
We found no significant changes in SFA diameter, blood
flow, velocity and shear stress from baseline to the 2nd hour

Group comparison Time comparison

LIT vs MIT Baseline vs 2nd hour 2nd hour vs 4th hour Baseline vs 4th hour

d p A 95% CI d p A 95% CI d p A 95% CI d p

Vascular function

0.327 0.304 0.01 —0.03,0.05 0.133 1.000  0.01 —0.02,0.05  0.159 1.000  0.00 —0.03,0.04  0.026 1.000

0.135 0.858 0.88 —6.83,8.59  0.054 1.000  —0.01 —7.73,7.70  —0.007 1.000 —0.89 —8.61,6.82 —0.054 1.000

—0.101 0.709 —13.92  —168.29, —0.042 1.000 —23.12 —177.58, —0.070  1.000 —9.21 —163.67, —0.028  1.000
140.45 131.34 145.25

0.386 0.156 79.35 —200.76, 0.133 1.000  68.33 —211.94, 0.114 1.000  —11.02 —291.29 —0.018  1.000
359.45 348.59

—0.267 0.356 —0.014  —0.064, —0.132  1.000 —0.02 —0.067, —0.160 1.000 —0.003 —0.05,0.05 —0.028  1.000
0.036 0.033

0.021 0.912 11.41 —12.99, 0.219 0.810  10.46 —13.96, 0.201 0.810 —0.95 —25.37, —0.018  0.927
35.81 34.87 23.46

0.075 0.703 147.52 —139.31, 0.241 0.676  135.35 —151.65, 0.221 0.676  —12.17  —=299.17, —0.020  0.920
434.35 422.35 274.83

—0.080 1.000 189.47 —416.10, 0.147 1.000  154.85 —451.07, 0.120 1.000  —34.62 —640.54, —0.027  1.000
795.04 760.77 571.30

Executive function

—0.394 0.048%* 56.36 —6.07, 0.423 0.068  61.86 0.61,124.32  0.465 0.061  5.50 —56.96, 0.041 0.835
118.79 67.96

0.081 0.682 4.35 —2.45, 0.300 0.264  5.89 —0.92, 0.406 0.127 1.54 —5.26,8.34  0.106 0.593

11.15

12.69
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of SIT. However, movement breaks during the LIT and
MIT interventions mitigated arterial dysfunction during
prolonged sitting. The LIT intervention resulted in non-
significant changes in SFA function during the 2nd hour
of sitting: SFA diameter —3.31%; SFA velocity, 2.86%;
SFA shear stress, 6.15%; and SFA blood flow, —4.32%
(Tables 2 and 3). Supplementary file Figure S3 (e—h)
illustrates the mean change in SFA function from baseline
to the 2nd and 4th hour among three conditions: SIT,
LIT and MIT.

Cognitive function

Our study indicated significant interaction effects in ex-
ecutive function between groups and over time (Table 3).
Reaction time decreased significantly during the first 2 h of
prolonged sitting (—30.59%) but increased marginally
during the second 2 h (7.79%). This decrease in reaction
time was not observed with the LIT and MIT
interventions. However, accuracy decreased significantly in
the first 2 h of prolonged sitting (—10.56%) and continued
to decrease in the next 2 h (—6.72%). This decrease in
accuracy was only marginal on LIT and MIT intervention
visit days (Tables 2, 3 and Supplementary file S2).
Supplementary file Figure S4 illustrates the changes in
executive function between groups and times.

Association between carotid arterial function and executive function

No significant association was found in the changes
observed in carotid artery function and executive function
(reaction time and accuracy) during the three intervention
visits: SIT, LIT, and MIT (Table 4).

Discussion

Our randomised cross-over trial was aimed at exploring
the vascular effects of varied intensity movement breaks
during prolonged sitting in simulated work conditions.
Although we observed central and peripheral vascular
compromise with prolonged sitting, which was mitigated by
movement breaks of light and moderate intensity, the ob-
servations did not reach statistical significance. Our study did
not demonstrate significant positive vascular effects of
interrupting sedentary behaviour in simulated work condi-
tions. However, executive function was improved with
interruption of prolonged sitting.

We found no significant differences in carotid vascular
function during prolonged sitting or interruption with move-
ment breaks of any intensity. Our findings concur with recent
laboratory studies indicating no significant differences in ca-
rotid vascular function during prolonged sitting or interrup-
tion with physical activity breaks of varying intensity.mf’}()
Evans (2019) has concluded that intermittent calf raises do
not alter aortic pulse wave velocity, whereas Wanders (2021)
did not find any significant difference in carotid artery
reactivity with moderate intensity cycling breaks for 5 min
every 30 min with varied meal composition.si36 Although
empirical evidence has demonstrated an approximately 10%
improvement in carotid artery diameter, approximately 50%
carotid artery blood flow and decreased arterial stiffness
after 12 weeks of aerobic or resistance training, our acute
cross-over study did not indicate a significant difference in

carotid artery diameter, blood flow, velocity and shear rate
with acute movement breaks, even with moderate intensity,
during prolonged sitting.3 3% However, the discordance in
carotid vascular effects due to physical activity might also be
due to inherent differences in carotid artery function
observed in healthy adults.”’

Because the lower limb arteries are prone to arterial
stiffness and atherosclerosis pathology, experimental studies
have administered behavioural interventions to mitigate
lower limb vascular pathology in simulated work condi-
tions. %2840 However, the findings from laboratory studies
remain mixed.'**! We did not observe significant adverse
SFA arterial function during prolonged sitting visits or
favourable SFA arterial outcomes with movement breaks
of varied intensity during prolonged sitting. Although our
findings were not statistically significant, prolonged sitting
decreased the SFA diameter and flow. In contrast,
moderate-intensity stair climbing breaks increased the SFA
diameter and the blood flow in the lower limb arteries, in
agreement with previous laboratory ﬁndings.m

Similarly, we did not find any significant differences in SFA
velocity or shear stress during prolonged sitting or interruption
with movement breaks of varied intensity, in agreement with
several studies.'”*> We measured carotid and SFA arterial
function before every movement break in the seated position
to avoid transient vascular effects of physical activity,
although heterogeneity in measurement has been observed
across experimental studies, thus potentially explaining the
non-significant findings in our study, as compared with other
studies.”** Future studies should explore the long-term effects
of these interruptions of varied intensity during prolonged
sedentary periods in natural work conditions.

We found a statistically significant improvement in reac-
tion time during the first 2 h of SIT compared with LIT and
MIT interventions. The above finding contrasts with existing
evidence indicating adverse effects on reaction time with
prolonged sitting.x’M’45 Nonetheless, confounding factors
such as race, heterogeneity in cognitive tests, social
interaction and standardisation of diet and sleep should be
considered.**™* We observed a significant decrease in
accuracy, particularly during the second 2 h of SIT,
compared with LIT and MIT interventions. This finding
has clinical relevance and public health importance,
because existing evidence associates executive function with
improved work productivity.

We did not find a significant relationship between the
carotid artery and cognitive function. Although epidemio-
logical studies have revealed a significant association be-
tween carotid artery function and cognitive function, our
randomised cross-over study did not indicate any significant
association.*”>’

Limitations

(1) Our study explored only the acute effects of breaking
periods of sitting with physical activity of varying intensity on
vascular and cognitive function. The vascular and cognitive
effects may vary according to real-world workplace condi-
tions. Future studies should explore central and peripheral
haemodynamics in real work-life scenarios in the long term.
(2) The ultrasound laboratory where the study occurred could
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host three participants at a time. Although every attempt was
made to minimise social interaction, the presence of peers or
social support might have influenced the study results.”! (3)
We used diary logs to assess baseline sleep, which may not
be valid and might have influenced the results.*’ Future
trials should consider objective sleep measurement and the
influence of physical activity on cognition.

Implications for practice

On the basis of the present study findings, periodic
physical activity breaks might potentially improve executive
function without compromising central or vascular function
in workplaces. Because the modern workforce is at risk of
high sedentary time and chronic disease risk, including
cognitive dysfunction, the results of this study may be of
value in formulating strong organisational policies advo-
cating for movement breaks to support workers’ health and
promoting workforce sustainability.

Recommendations

Future studies should be undertaken by considering the
following.

e Long term effects of sedentary time interruptions on
cognitive and vascular function in real life situations
should be determined.

e Diet, sleep and psychological wellbeing were not quantified
but might have influenced the findings.

Conclusion

Physical activity breaks during prolonged sitting
improved executive function but did not show any favour-
able effects on vascular function. Furthermore, our study did
not demonstrate adverse vascular effects associated with
prolonged sitting. During prolonged sitting, physical activity
breaks may improve cognitive function without altering
central or peripheral regional vascular dynamics.

Data availability

The dataset will be made available upon reasonable
request to the corresponding author.
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