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Abstract
Introduction It is unknown whether predetermined (un)interrupted sitting within a laboratory setting will induce compen-
satory changes in human behaviours (energy intake and physical activity) once people return to a free-living environment. 
The effects of breaking up prolonged sitting on cognition are also unclear.
Methods Twenty-four (male = 13) healthy participants [age 31 ± 8 y, BMI 22.7 ± 2.3 kg/m2 (mean ± SD)] completed 320 min 
mixed-feeding trials under prolonged sitting (SIT) or with 2 min walking at 6.4 km/h every 20 min (ACTIVE), in a ran-
domised crossover design. Human behaviours were recorded post-trial under free-living conditions until midnight. Cognitive 
performance was evaluated before and immediately after SIT and ACTIVE trials. Self-perceived sensations (appetite, energy 
and mood) and finger prick blood glucose levels were collected at regular intervals throughout the trials.
Results There were no differences between trials in eating behaviour and spontaneous physical activity (both, p > 0.05) in 
free-living conditions, resulting in greater overall total step counts [11,680 (10740,12620) versus 6049 (4845,7253) steps] 
and physical activity energy expenditure (PAEE) over 24-h period in ACTIVE compared to SIT (all, p < 0.05). Greater self-
perceived levels of energy and lower blood glucose iAUC were found in ACTIVE trial compared to SIT trial (both, p < 0.05). 
No differences were found in cognitive performance between trials (all, p > 0.05).
Conclusion Breaking up sitting does not elicit subsequent behavioural compensation, resulting in greater 24-h step counts 
and PAEE in healthy adults. Breaking up sitting reduces postprandial glucose concentrations and elicits greater self-perceived 
energy levels, but these positive effects do not acutely translate into improved cognitive function.

Keywords Breaking up sitting · Eating behaviour · Spontaneous physical activity · Executive function · Energy balance

Introduction

Prolonged sitting and physical inactivity are two predomi-
nant risk factors that contribute to obesity, cardiovascular 
diseases (CVD) (e.g. high blood pressure), type 2 diabe-
tes and impaired cognitive function (Hamilton et al. 2007; 

Bankoski et al. 2011; Magnon et al. 2018). Due to com-
puter-based work and high reliance of technology, office-
based workers spend approximately 65–80% of working 
hours sitting (Clemes et  al. 2014; Waters et  al. 2016). 
Although standing and fidgeting seem to provide applicable 
approaches to elevate physical activity, the efficacy of using 
these kinds of low-energy demanding activity are likely to 
be rather modest (Betts et al. 2019; Koepp et al. 2016). Thus, 
alternatives and/or more effective strategies to reduce pro-
longed sitting behaviour and increase physical activity for 
office workers whilst working are urgently needed.

Replacing sitting time with regular short bouts of walk-
ing has been shown as a promising approach to ameliorate 
detrimental impact of prolonged sitting (e.g. to reduce post-
prandial glucose and insulin concentrations) and increase 
physical activity levels in the laboratory (Chen et al. 2018; 
Loh et al. 2020). However, human behaviours are usually 

Communicated by Klaas R Westerterp.

 * Yung-Chih Chen 
 yc.chen@ntnu.edu.tw

1 Division of Endocrinology and Metabolism, Department 
of Internal Medicine, Tri-Service General Hospital, National 
Defense Medical Center, Taipei, Taiwan

2 Department of Physical Education and Sport Sciences, 
National Taiwan Normal University, 162, Section 1, Heping 
E. Rd, Taipei, Taiwan

http://crossmark.crossref.org/dialog/?doi=10.1007/s00421-023-05278-1&domain=pdf
http://orcid.org/0000-0002-0133-717X


446 European Journal of Applied Physiology (2024) 124:445–455

1 3

well-controlled within the laboratory setting (i.e. prede-
termined energy consumption and physical activity) that 
may impede the application of exercise intervention in the 
real-world scenario if individuals subsequently show com-
pensatory changes in behaviour (e.g. reduced spontaneous 
physical activity and/or increases in energy intake) in the 
(free-living) hours following the trial. In prescribed exercise 
interventions, the energy deficit elicited can in some cases 
be less-than-expected, which may be due to the compensa-
tory decreases in physical activity and/or increases in energy 
intake (Silva et al. 2018; Turner et al. 2010; Melanson et al. 
2013; Flack et al. 2018). To date, only two studies have 
examined breaking prolonged sitting and its influence on 
human behaviour and only eating behaviour was assessed 
(Mete et al. 2018; Bailey et al. 2016). These studies found 
that energy intake was not affected by breaking up sitting 
(Mete et al. 2018; Bailey et al. 2016), but limited food 
choices and pre-selected meals in the controlled laboratory 
period might weaken the ecological relevance to the public. 
Indeed, studies have demonstrated that built environmental 
in the free-living condition (public transportation, alterna-
tions of work-related activity, high energy density food and 
more palatable food choices) might lead to the changes in 
eating and physical activity (Lam et al. 2021). At present, it 
is still unknown whether predetermined (un)interrupted sit-
ting will induce compensational changes in nutritional intake 
and physical activity levels once people are in the free-living 
environment. This has important implications for energy bal-
ance and general health.

In addition to the negative effects on the energy bal-
ance and metabolic health, prolonged uninterrupted sit-
ting can also impair cognitive function through several 
mechanisms, including reduced cerebral blood flow (Carter 
et al. 2018), elevated mental fatigue and lower energy sta-
tus (Bergouignan et al. 2016; Wennberg et al. 2016), and 
postprandial hyperglycaemia (Wheeler et al. 2017). Cog-
nitive performance covers several important mental skills, 
such as working memory, cognitive flexibility and inhibi-
tion (i.e. avoiding distractions) that have each been shown 
to greatly influence work productivity. A recent systematic 
review has indicated that frequent sitting breaks seems to 
be able to reverse the negative effects on cognition during 
prolonged sitting, but the favourable impacts disappeared 
when relative slow walking speed (e.g. 3.2 km/h) and less 
frequent sitting breaks (e.g. hourly breaks) were involved 
(Chueh et al. 2022). Exercise/physical activity intensity 
plays a moderating role in the regulation cognitive perfor-
mance (Chang et al. 2012). Therefore, in the present study, 
walking speed and frequency were both increased, compared 
to lower intensity and less frequent sitting breaks that have 
been used previously (Chueh et al. 2022), to examine the 
effects of breaking up sitting on cognition in the context of 
an office environment.

Taken together, this study aimed to investigate effects of 
breaking up prolonged sitting with intermittent brisk walk-
ing in healthy individuals on (1) post-trial human behaviours 
including energy intake and physical activity under free-
living conditions and (2) cognitive performance in a simu-
lated workplace environment. We hypothesised that breaking 
up sitting would reduce post-trial physical activity levels 
due to prescribed intermittent walking in the laboratory and 
that better cognitive performance would be observed in the 
breaking up sitting condition.

Methods

Study participants

Studies have shown that office-based workers, with the aver-
age age of 37 years, spend 65% of working hours sitting 
(Clemes et al. 2014). Accordingly, twenty-four young and 
middle-aged healthy participants (male = 13) age between 
20 and 45 years were recruited in the Taipei city via local 
advertisements in the current study. Participants were con-
firmed to be without current and any history of brain injury, 
neurological disorder, cardiometabolic related diseases, dia-
betes or cancers and were weight stable (not self-reported 
weight change ± 3 kg at least 3 months) with a body mass 
index (BMI) ranging between 18.5 and 27 kg/m2. Once 
consented to take part, a Physical Activity Readiness Ques-
tionnaire (PAR-Q) was completed to ensure the participants 
were able to walk on a treadmill without any safety concerns. 
Smokers, post-menopausal female, and volunteers who used 
any medications that could influence metabolic and inflam-
matory responses, were excluded. The participants’ charac-
teristics are shown in Table 1.

Experimental design

Participants completed two separate main trials (SIT, unin-
terrupted prolonged sitting; ACTIVE, interrupted prolonged 
sitting every 20 min with 2 min intermittent walking) at 
least a 24-h apart within 7 days in a randomised, crossover 
design (randomisation was performed by YC-Chen using 
an online programme, randomizer.org). A pedometer (3D 
TriSport, China) (Walhin et al. 2018) was worn at least 24 h 
prior to the first main trial for a continuous period of 7 days. 
Participants were restricted to any vigorous-intensity exer-
cise, alcohol and caffeine consumption 24 h prior to both 
SIT and ACTIVE trials. Dinner intake was recorded on the 
day before the first trial and participants were asked to rep-
licate it the day prior to the second trial. Female partici-
pants completed two main trials between 3 and 11 days in 
their menstrual cycle. The study protocol was approved by 
Tri-Service General Hospital Institute Review Board (IRB 



447European Journal of Applied Physiology (2024) 124:445–455 

1 3

reference number: 2-108-05-151) and is registered at Clini-
calTrials.gov (ID: NCT05911490). All participants provided 
written informed consent before taking part.

Studies have shown that prescribed exercise might reduce 
non-prescribed physical activity (Ridgers et al. 2014; Goran 
and Poehlman 1992). Therefore, we determined sample size 
based on the effect of breaking up sitting on energy expendi-
ture in the laboratory. Our previous study demonstrated that 
breaking up sitting with intermittent walking, compared with 
prolonged sitting, significantly increased energy expenditure 
by 216 kcal over a 5.5-h period in 11 participants (Chen 
et al. 2018). We chose to double the sample size in the pre-
sent study to increase confidence in observing potential 
changes in post-trial spontaneous physical activity, along 
with generating a more representative sample that also ena-
bles consideration of the variation of physical activity in dif-
ferent individuals. Twenty-four participants were recruited 
to allow for expected dropout.

SIT and ACTIVE trials

Participants were required to fast for at least 12-h and mini-
mised their physical activity level before arriving at the exer-
cise physiology laboratory in the National Taiwan Normal 
University between 0800 and 0900 a.m. on the main trial 
days. Once anthropometric measurements [including height 
(Stadiometer JENIX DS-102, Jen An Technology Co., Ltd), 
weight (InBody 720, Biospace Co. Ltd, Seoul Korea), waist 
and hip circumference and blood pressure (OMRON HEM-
7320, OMRON Co., Ltd., Japan)] completed, participants 
rested on the chair for 10 min, followed by 10 min expired 
air sample collections using an automatic gas analysis sys-
tem (Vmax29, Sensor Medics the Corp., Yorba Linda, CA) 
to determine resting metabolic rate (RMR) and substrate oxi-
dation (Betts et al. 2011; Compher et al. 2006). The amount 

of oxygen utilisation (V ̇O2) and carbon dioxide production 
(VĊO2) were used to calculate carbohydrate and lipid oxida-
tion rates to estimate resting and intermittent walking energy 
expenditure (Jeukendrup and Wallis 2005; Frayn 1983).

In both SIT and ACTIVE trials, breakfast was consumed 
after RMR collection, while lunch was provided 3 h after-
wards. The test meal was prescribed according to partici-
pants’ total body mass (contained 8.8 kcal energy per kil-
ogramme body mass) and the percentage of energy from 
macronutrients was 77% carbohydrate, 16% fat and 7% pro-
tein. The composition of the meal was selected to reflect 
typical breakfasts in the morning (O'Neil et al. 2014). To 
avoid the possible interactive effects of energy intake on the 
major outcomes in this study, the same meal was consumed 
for lunch. The test meal consisted of oatmeal (Quaker; 
Taiwan) and fructose (Fong Leng, Taiwan), guava, mango 
and orange mixed fruit juice (Kung Chuan, Taiwan) and 
digestive biscuits (McVitie’s, Great Britain). The oatmeal 
with water and fructose were provided firstly, while juice 
and biscuits were provided thereafter. Both breakfast and 
lunch (identical) were consumed within a 10-min period and 
equal amount of energy was consumed during the SIT and 
the ACTIVE trials (breakfast and lunch energy intake were 
1142 ± 67 kcal, 95% CI [1075, 1209]).

Trial days: laboratory data collection

The experimental protocol was based on our previous pub-
lication (Chen et al. 2018) and is illustrated in Fig. 1. In 
the SIT trial, participants were required to remain seated 
throughout the whole period. In the ACTIVE trial, after 
breakfast consumption, participants walked 2  min at 
6.4 km/h speed every 20 min on a treadmill (h/p/cosmos 
mercury® med, Germany) for the following 3 h. After fin-
ishing lunch, participants continued to walk in the same 

Table 1  Participant 
characteristics (Mean ± SD)

RER Respiratory Exchange Ratio

Characteristics Male (n = 13) Female (n = 11) All (n = 24)

Age (years) 27 ± 7 35 ± 8 31 ± 8
Body mass (kg) 68 ± 9 58 ± 7 64 ± 9
Height (m) 1.73 ± 0.06 1.59 ± 0.06 1.67 ± 0.09
Body mass index (kg/m2) 22.7 ± 2.4 22.8 ± 2.5 22.7 ± 2.3
Waist circumference (cm) 78 ± 7 71 ± 6 74 ± 8
Hip circumference (cm) 93 ± 5 91 ± 7 92 ± 6
Waist-to-hip ratio 0.78 ± 0.05 0.83 ± 0.04 0.80 ± 0.05
Total fat mass (%) 15.9 ± 5.3 28.3 ± 4.7 22 ± 8
Total fat mass (kg) 11.3 ± 4.5 16.6 ± 4.2 14.0 ± 5.0
Systolic blood pressure (mm/Hg) 103 ± 11 94 ± 9 99 ± 11
Diastolic blood pressure (mm/Hg) 67 ± 9 66 ± 5 67 ± 7
Resting metabolic rate (kcal/day) 1627 ± 281 1321 ± 203 1511 ± 292
Resting RER (V̇CO2/ V̇O2) 0.83 ± 0.05 0.83 ± 0.04 0.83 ± 0.05
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pattern for the following 2 h. Apart from walking, partici-
pants sat on a chair for the remaining period. In total, par-
ticipants performed 15 two-min bouts of walking (i.e. totally 
30 min over 320 min). Heart rate (Polar M430, Polar Electro 
Oy, Kempele, Finland) and RPE (Borg 6–20) were collected 
in the last 30 s of each 2-min bout of walking during the 
ACTIVE trial. Moreover, two 2-min of expired air samples 
were collected to estimate walking energy expenditure and 
substrate utilisation in the ACTIVE trial. In both SIT and 
ACTIVE trials, cognitive performance was assessed using 
computerised cognitive tests at the beginning and the end 
of the trials. Visual analogue scales (VAS) were recorded 
hourly and blood pressure was measured 3 times at baseline, 
before lunch and at the end of the trials. Finger pricking 
whole blood glucose concentrations (Bayer Contour Plus, 
Germany) were measured in a regular pattern (7 times) dur-
ing the trials.

Participants were only allowed to read, use a laptop, or 
watch television but were otherwise asked to keep as still as 
possible (e.g. instructions to avoid fidgeting) while sitting 
in both SIT and ACTIVE trials. Temperature and humidity 
were recorded at 0-, 190- and 320-min during trials and there 
were no differences between different times and trials (both, 
p > 0.05, data not shown).

Trial days—free‑living environment data collection

After data collection was completed in the laboratory, in 
both trials participants were asked to keep wearing the 
same pedometer and to record any food and liquid con-
sumption using a weighed food diary for the rest of the 
day (until midnight, approximately 8.5 h duration) under 
free-living conditions. No restrictions were placed on 
free-living energy intake and physical activity outside the 
laboratory, and participants did not know this was the one 

of main research outcomes. Participants were required to 
weigh all the amount of food and liquid consumed with 
a given digital weight scale up to 0.1 g (I-2000, China).

Cognitive tests

Cognitive performance was determined using Task Switch-
ing and Flanker tasks employing Unity software (SF, USA) 
and familiarisation tests were provided prior to the main 
trials. Both tasks took approximately 5 min, for the total 
duration was about 10 min. Task switching test was based 
on the design of Hung et al. (Hung et al. 2016). In the 
Task Switching task, a white numeric digit (digits 1–9, 
excluding 5) was presented in the centre of a computer 
screen on a black background. Participants had to identify 
whether the number surrounded by a solid-line rectangle, 
was smaller (1, 2, 3, 4) or bigger (6, 7, 8, 9) than 5 (i.e. all 
tasks were categorised as “A” type) and the number sur-
rounded by a dashed square was odd (1, 3, 7, 9) or even (2, 
4, 6, 8) (i.e. all tasks were categorised as “B” type) to press 
the left (number is smaller 5 or odd) or the right (number 
is larger than 5 or even) button using the index fingers of 
their left or right hand as fast and as accurately as possi-
ble. While the task was combined with an alternative run 
switching paradigm (i.e. ABBBA…) and repeated twice. 
The following task was the modified Eriksen Flanker task 
(Eriksen and Eriksen 1974). Participants were instructed 
to identify the direction of the middle arrow in either con-
gruent (> >  >  > >) or incongruent (> >  <  > >) stimuli by 
pressing the left (left-pointing arrow) or the right (right-
pointing arrow) button using the index fingers of their left 
or right hand as fast and as accurately as possible, and 
repeated the same paradigm for the second round.

-20 0 10 70 130 190 200 320260-10

Time (min)

RMR 

SIT: prolonged si�ng

ACTIVE: 2 min walking at 6.4 km/h every 20 min throughout the trial

:  Rest                                                   : Cogni�ve test

RMR : Res�ng metabolic rate                    : Blood pressure 

: Meal intake                                       : Finger-prick blood glucose

: Visual analogue scales

40 230

• Energy intake
• Physical ac�vity 
in free-living environment

12 am

Fig. 1  Experimental protocol
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Self‑perceived sensations assessment

Subjective sensations were measured hourly (6 times in 
total) using 100-mm VAS for 6 variables including appetite 
(hunger and satiety), fatigue (fatigue and energy) or mood 
(tension and relaxation) paired with the opposing sensation 
(e.g. ‘extremely hungry’ and ‘not hungry at all’). Partici-
pants were asked to draw a vertical dash on each line that 
best matched their feeling at that time. Each score was deter-
mined by measuring the distance from the left side of the 
line (0-mm) to the right (100-mm).

Human behaviours (energy intake and spontaneous 
physical activity)

Total calorie and macronutrient consumption (carbohy-
drate, fat and protein) in the free-living environment were 
carefully analysed and calculated through MyFitnessPal 
(Teixeira et al. 2018). The number of steps were recorded 
(from home to laboratory, in the laboratory and in free-living 
environment) over 24-h period and physical activity energy 
expenditure (PAEE) was assumed as step counts with stride 
length of 0.825 m for male and 0.745 m for female (Auvinet 
et al. 2002) based on an oxygen cost of 0.125 ml/kg/min 
(Dill 1965).

Statistical analysis

Participant characteristics were presented as means ± stand-
ard deviation (SD). Outcomes of variables and variance bars 
on figures were presented as means with 95% confidence 
interval (CI). Time series data were analysed using a two-
way repeated measures analysis of variance ANOVA (trial 
[SIT versus ACTIVE] × time) irrespective of minor devia-
tions from a normality of distribution (Maxwell and Dela-
ney 1990) but with Greenhouse–Geisser corrections uti-
lised for intra-individual contrasts where ε < 0.75, and the 

Huynh–Feldt correction for less severe asphericity (Atkinson 
2002) using SPSS version 23 (IBM, Armonk, NY). Where 
a trial × time interaction was found, post-hoc Holm–Bon-
ferroni corrections were used to characterise differences 
between trials (Atkinson 2002). Incremental area under the 
curve (iAUC) for glucose was calculated using the trapezoid 
method (Narang et al. 2020) and analysed using a paired 
t-test. Cognitive tests both in accuracy and reaction time 
were calculated using rate of change ([post-trial—baseline/ 
baseline] × 100%) and analysed using paired t-test. Statistical 
significance was set at p ≤ 0.05.

Results

Physiological responses during the ACTIVE trials 
in the laboratory

In the ACTIVE trial, during the accumulated 30 min of 
walking, average heart rate reached 112 (95% CI 107, 118) 
bpm with an RPE (Borg 6–20 scale) of 10 (95% CI 9.7, 
10.7). Estimated 30 min walking energy expenditure was 
149 (95% CI 138, 160) kcal and averaged RER was 0.87 
(95% CI 0.85, 0.9) via expired air collection.

Steps counts and estimated physical activity energy 
expenditure on trial days

No differences between trials were shown in step counts and 
estimated PAEE from home to laboratory (p = 0.892 and 
p = 0.914, respectively) and in the free-living environment 
between the end of the trial and midnight (p = 0.416 and 
p = 0.393, respectively) (Table 2). The step counts and esti-
mated PAEE in the laboratory were higher in ACTIVE com-
pared with SIT (both, p < 0.001), resulting in greater total 
steps [11,680 (95% CI 10740, 12620) versus 6049 (95% CI 
4845, 7253) steps] and estimated PAEE [364 (95% CI 326, 

Table 2  24-h step counts and 
estimated PAEE between SIT 
and ACTIVE trials

* Indicates difference between the SIT and the ACTIVE trials  (p < 0.05). Values are presented as means 
with 95% CI. N = 23 due to lack of record from male participant in the free-living condition in one trial

SIT ACTIVE

Step counts (steps)
 Home to laboratory 1631 (1341, 1921) 1620 (1308, 1931)
 In the laboratory 246 (176, 315) * 5494 (5317, 5671)
 In free-living environment 4172 (3028, 5315) 4566 (3692, 5440)
 Total steps on trial days 6049 (4845, 7253) * 11,680 (10,740, 12,620)

Estimated PAEE via steps (kcal)
 Home to laboratory 52 (40, 64) 52 (40, 64)
 In the laboratory 8 (5, 10) * 171 (158, 184)
 In free-living environment 127 (91, 163) 141 (113, 169)

Total PAEE on trial days 186 (148, 225) * 364 (326, 402)
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402) versus 186 (95% CI 148, 225) kcal] in the ACTIVE 
trial compared to the SIT trial (both, p < 0.001) (Table 2).

Post‑trial eating behaviour in the SIT and ACTIVE 
trials

No differences between trials were found in the total energy 
intake (SIT: 1021, 95% CI [860, 1182] kcal versus ACTIVE: 
1132, 95% CI [953, 1311] kcal) and macronutrient con-
sumption (45% versus 46% in carbohydrate, 20% versus 
19% in protein and 35% versus 35% in fat between SIT and 
ACTIVE, respectively) in the post-trial free-living environ-
ment (all, p > 0.05) (n = 21, due to 3 participants not com-
pleting records).

Blood glucose concentrations

Blood glucose concentrations did not differ at baseline 
between trials (p = 0.561). There was an interaction effect 
(time x trial) in blood glucose concentrations between 
trials (p = 0.038, Fig. 2A). The glucose iAUC value was 
lower in the ACTIVE trial compared to the SIT trial [7389 
(95% CI 5801, 8978) mg/320 min/dL versus 9703 (95% CI 
7790,11616) mg/320 min/dL, p = 0.007, Fig. 2B].

Visual analogue scale (VAS) for appetite and mood 
status

All VAS values did not differ at baseline between trials (all, 
p > 0.063). There was no interaction effect (trial x time) in 
any of VAS values (all, p > 0.05, Fig. 3A–F). Time effects 
were showed in both hunger and satiety (both, p < 0.001, 
Fig. 3A, B). Trial effects were observed indicating greater 
energy and lower fatigue in the ACTIVE trial compared to 

the SIT trial (p < 0.001 & p = 0.039, respectively, Fig. 3C, 
D).

Cognitive function

Neither Task Switching, nor Flanker Task differed at base-
line between trials (all, p > 0.308). The rate of percentage 
changes (%) in accuracy for Task Switching [1.9 (95% CI 
−2.4, 6.2) versus 1.7 (95% CI −0.8, 4.1)] and Flanker [2.5 
(95% CI −1.4, 6.5) versus 1.3 (95% CI −0.3, 2.9)] did not 
differ between SIT and ACTIVE (all, p > 0.05, Fig. 4A). The 
rate of percentage changes (%) in reaction time between SIT 
and ACTIVE trials showed no difference for Task Switching 
[−7.3 [95% CI −14, −1.1) versus −12 (95% CI −18, −6.5)] 
and Flanker Task [−1.1 (95% CI −3.7, 1.5) versus 0.6 (95 
CI −1.5, 2.7)] (all, p > 0.05, Fig. 4B).

Blood pressure

There were no differences observed in systolic and diastolic 
pressure between the SIT and the ACTIVE trials at base-
line, 190 min [99 (95% CI 94, 104) versus 99 (95% CI 93, 
104) mmHg; 65 (95% CI 62, 68) versus 68 (95% CI 65, 72) 
mmHg] and 320 min [101 (95% CI 95, 106) versus 101 (95% 
CI 96, 106) mmHg; 64 (95% CI 61, 67) versus 66 (95% CI 
63, 69) mmHg] (all, p > 0.05).

Discussions

In the present study, we investigated the effects of breaking 
up sitting on human behaviours (energy intake and sponta-
neous physical activity) and cognitive performance. In the 
post-trial free-living environment, we found that there were 
no differences in eating and physical activity behaviours 

Fig. 2  Finger-prick blood glucose concentrations (A) and glucose iAUC (B) in the SIT and the ACTIVE trials. Values are presented as means 
with 95% CI. The shaded box denotes meal time
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between the SIT and the ACTIVE trials. Therefore, the pre-
determined breaking up of prolonged sitting with intermit-
tent walking in the ACTIVE trial, elicited greater physical 
activity levels and created negative energy balance over 

the 24-h monitoring period, compared to the SIT trial. In 
the context of office-based conditions, breaking up sit-
ting attenuated postprandial glycaemic iAUC and induced 
greater self-perceived level of energy, but there were no 

Fig. 3  Self-perceived hunger (A), satiety (B), energy (C), fatigue (D), tension (E) and relaxation (F). Values are presented as means with 95% 
CI. The shaded box denotes meal time
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differences in cognitive performance (accuracy or reaction 
time) between trials.

In prescribed exercise interventions, the energy deficit 
(i.e. weight management) elicited in some occasions can 
be less-than-expected, which may be due to the compensa-
tory behaviours, such as a decrease in physical activity or 
an increase in energy intake, or the combination of both 
(Silva et al. 2018; Turner et al. 2010; Melanson et al. 2013; 
Flack et al. 2018). In the present study, a total of 30 min 
short bouts of brisk walking did not lead to obvious post-
trial behavioural compensation in either energy intake or in 
physical activity, suggesting that breaking sitting can be an 
applicable and practical approach to enhance physical activ-
ity levels and create negative energy balance for office-based 
workers over a 24-h period.

The volumes and/or the intensity of previous bouts of 
exercise and/or physical activity plays a vital role in regula-
tion of the subsequent volitional physical activity (Rowland 
1998; Garland et al. 2011). Indeed, studies have shown that 
prescribed exercise and/or physical activity might spon-
taneously reduce non-prescribed physical activity (Ridg-
ers et al. 2014; Goran and Poehlman 1992). In the cur-
rent study, approximately 150 kcal energy was expended 
accompanied by relatively low self-rated walking intensity 
(RPE rated at 10 in Borg 6–20 scale) in the ACTIVE trial. 
Therefore, the volumes and/or the intensity of our break-
ing sitting protocol may not reach the threshold of inducing 
behavioural compensation (i.e. decrease in physical activ-
ity). In addition, office-based workers do not appear to be 
more physically active outside the office to compensate for 
high durations of sedentary behaviour at work (Clemes et al. 
2014; Waters et al. 2016). Importantly, our research design 
(2 min walking every 20 min over 5.5 h) increased step 
counts by approximately 5,000 steps, resulting in greater 

physical activity over the 24-h period in the ACTIVE trial. 
There is a dose–response effect of daily walking steps for 
health (Jayedi et al. 2022; Saint-Maurice et al. 2020) and 
each 1000 daily step count increase from baseline has been 
shown to reduce the risk all-cause mortality (6–36%) and 
CVD (5–21%) (Hall et al. 2020). Therefore, breaking up 
prolonged sitting with intermittent walking might have the 
potential to reduce the risks of CVD related diseases if indi-
viduals apply this strategy repeatedly. One limitation that is 
important to mention is that we do not know the intensity 
of physical activity and non-exercise activity thermogen-
esis such as fidgeting, standing and posture changes in all 
activities of daily living can substantially influence energy 
expenditure. More sophisticated tools such as accelerom-
eters to precisely capture the intensity of physical activity 
as well as non-exercise activity thermogenesis are warranted 
in future investigations. On the other hand, physical activity 
assessed via pedometer is an easy metric of measurement 
that help generally quantifying daily activity and which has 
been well-recognised to be strongly associated with the risk 
of obesity, CVD and type 2 diabetes in the clinical research 
(Jayedi et al. 2022; Saint-Maurice et al. 2020).

In terms of eating behaviour, interestingly, similar to 
ad libitum energy intake assessed in the laboratory (Bailey 
et al. 2016; Mete et al. 2018), we did not find a significant 
difference in the eating behaviour in the post-trial free-living 
environment between the SIT and the ACTIVE trials. Exer-
cise and/or physical activity may also substantially affect 
subsequent energy intake, in part due to exercise induced 
energy deficit and/or glycogen depletion and/or changes in 
appetite (Gonzalez et al. 2019). Given that our participants 
had breakfast prior to the first bout of walking (i.e. walking 
in the fed state), alongside the very low energy cost dur-
ing each bout of walking, insufficient energy storage and 

Fig. 4  Cognitive function in accuracy rate of change (A) and reaction time rate of change (B). Values are presented as means with 95% CI. 
N = 23 due to technical issue in one female participant
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glycogen depletion are unlikely to happen. Moreover, in line 
with previous results (Mete et al. 2018; Bailey et al. 2016), 
there were no differences in subjective feelings of hunger 
and satiety between SIT and ACTIVE trials in our study. 
Taken together, those might be the most likely potential 
reasons why we did not observe differences of total energy 
intake in the current study in free-living conditions. One 
of the strengths in our study was the use of weighed food 
diaries which allowed participants to choose their food 
intake without limitations compared with a controlled eat-
ing behaviour assessment in the laboratory.

Previous studies have shown that sitting breaks did not 
acutely improve cognition, which may in part be due to the 
low intensity and/or infrequent physical activity (Chueh 
et al. 2022). In this study, we had increased both walking 
speed and frequency compared to previous studies, but we 
still did not find an acute effect of breaking sitting on cog-
nition. The underlying properties of study population may 
influence the effects of breaking up prolonged sitting on 
cognitive function. One study revealed that cognitive per-
formance could be improved via 3 min walking every 30 min 
at speed of ~ 6 km/h (ranged between 5.0 and 8.3 km/h) 
with a total of 27 min physical activity in young sedentary 
females over 5-h trial (Chrismas et al. 2019). However, 
another investigation which applied 5 min cycling every 
30 min (30 min cycling in total) in young overweight and 
obese people suggested there was no significant benefit on 
the cognitive performance (Wanders et al. 2021). Our study 
design was very similar (2 min walking every 20 min at 
6.4 km/h with 30 min walking over 5.5 h period) and we did 
not find positive effects on cognition in the healthy active 
young adults. Considering active individuals generally have 
better cognitive function than inactive people (Falck et al. 
2017; Erickson et al. 2019), it is maybe not surprising that 
breaking sitting with walking had limited ability to further 
enhance their cognitive function as observed in our data. 
Moreover, a wide range of walking speed between 5.0 and 
8.3 km/h was used (Chrismas et al. 2019), which could be 
a confounding factor impacting the results. Different cogni-
tive tests used between studies might also lead to conflict-
ing findings despite the overall similar experimental design 
between studies.

Mood status (Boksem et al. 2005) and glycaemic con-
trol have been suggested to influence cognitive function 
(Wheeler et al. 2017). Consistent with previous studies 
(Wennberg et al. 2016; Bergouignan et al. 2016; Wanders 
et al. 2021), we also found that greater self-perceived level 
of energy and lower postprandial glucose concentrations 
were present in the ACTIVE trial, but these beneficial effects 
did not acutely translate into better cognitive performance. 
It is also possible that this approach (regular breaking sit-
ting) would have to be continuously adhered to over several 
weeks or months for any positive effects to be observed and 

this requires further long-term investigation. Notably, inter-
ventions with exercise programmes sometimes might be 
detrimental for the cognition. Breaking up sitting via inter-
mittent fidgeting (Stoner et al. 2019) and acute bouts of high-
intensity exercise (Chang et al. 2012) has been observed to 
impair cognitive functions. Although we did not observe 
any favourable effects on cognition via intermittent brisk 
walking, it is important to note that cognitive performance 
during demanding the tasks were not compromised either.

Finally, postprandial hyperglycaemia is associated with 
increased potential of developing CVD even for the normo-
glycaemic individuals (Levitan et al. 2004), and replacing 
sitting with physical activity may reduce all-cause and CVD 
mortality risk (Stamatakis et al. 2019). In accordance with 
previous findings (Chen et al. 2018), we also showed that 
regular short bouts of intermittent walking reduced post-
prandial glucose iAUC by approximately 31%. Therefore, 
our results suggest that breaking prolonged sitting with 
walking can be a useful strategy to reduce the likelihood for 
developing to CVD for the office-based workers.

There are potential limitations in the current study. The 
frequent short bouts of intermittent walking is one of the 
strengths in our study; however, oxygen uptake might not 
reach a steady state during a 2-min walking bout. Neverthe-
less, this would not impact our conclusions on cognition or 
post-laboratory free-living energy intake and spontaneous 
physical activity. Moreover, due to safety considerations 
for the participants, speed of the treadmill was accelerated 
slowly from 0 to 6.4 km/h (followed by a full 2-min walking 
at 6.4 km/h); this inevitably means that participants accu-
mulated a small number of additional steps in the laboratory.

Conclusions

Predetermined sitting breaks did not lead to post-trial com-
pensatory changes of human behaviours (i.e. decrease in 
physical activity and/or increase in energy intake) in the 
free-living environment. This suggests that breaking up 
prolonged sitting with short bouts of intermittent walking 
can be an applicable and effective strategy to enhance 24-h 
physical activity levels for office-based workers. Moreover, 
breaking prolonged sitting reduced postprandial glycae-
mic concentrations and enhanced self-rated energy status 
but these positive effects did not acutely translate into the 
improvements in cognitive function in young and middle-
aged healthy individuals.
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