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Abstract 

Breaking up sedentary time has increasingly become an important target area for 

interventions aimed at improving markers of health. Many studies use various frequencies, 

intensities, times and types of activity to break up sitting with physical activity. However, the 

optimal configurations of physical activity breaks to improve markers of health across the 

lifespan is unclear. Many studies have assessed the effects of intermittent breaks in apparently 

healthy children, adults, and older adults, but fewer have assessed the response to 

interventions where a single bout of continuous physical activity is used to break up a sitting 

day. Therefore, the overall aim of this thesis is to determine the effects of continuous physical 

activity breaks used to break up sedentary time - in different aged populations - on markers 

of health. 

Chapter 2 examines the responses to the Daily Mile intervention which was anecdotally 

reported to have several physiological benefits including increased physical activity, reduced 

sedentary behaviour, increased fitness and improved body composition. It determined that 

the Daily Mile intervention is effective at increasing levels of moderate-to-vigorous intensity 

physical activity (MVPA), reducing sedentary time, increasing physical fitness and improving 

body composition in primary school children. 

Chapter 3 moves onto the adult population. Using an RCT design, it primarily examined the 

cardiometabolic responses to two energy matched bouts of physical activity (consisting of 

light-intensity physical activity (LPA) and moderate-intensity physical activity (MPA)) and a 

control in a sedentary inactive adult population. It primarily determined that interstitial 

glucose was higher during the MPA condition than during the sitting (SIT) condition, whereas 

an energy-matched LPA bout was not different to SIT. Chapter 4 builds on Chapter 3, utilising 

an RCT to explore the same LPA intensity, but focusses on determining whether a dose-

response exists when comparing different lengths of LPA intensity in health inactive adults. It 

also secondarily explores whether responses differ depending on whether participants are in 

older or younger age groups. It determined that 60 minutes of LPA walking is sufficient to 

lower interstitial glucose in sedentary and inactive adults compared to sitting, with longer 

duration LPA lowering glucose to a greater extent than shorter duration LPA. It also 

determined that older adults did not respond to an LPA intervention in the same way as their 

younger counterparts. 
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Overall, this thesis contributes novel data to the field of breaking up sedentary behaviour by 

examining physical activity strategies to improve markers of health across the lifespan. It 

identifies that continuous physical activity breaks have the potential to influence markers of 

health in children and adults and that older adults may not respond in the same way as their 

younger counterparts.   
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1.1. Introduction 

1.1.1. Why take an across the lifespan approach? 

The three experimental chapters of this thesis include participants from three distinct life 

stages: children (Chapter Two), young to middle-aged adults (Chapter Three) and younger 

adults compared to older adults (Chapter Four). The World Health Organization states that 

sedentary behaviour is any period of low-energy expenditure while awake such as lying, 

reclining or sitting (2025). They also state that physical activity is any bodily movement 

produced by skeletal muscles that requires energy expenditure (World Health Organization 

2025). Sedentary behaviours are highly prevalent across the lifespan and evidence suggests 

that physiological responses to replacing sedentary time with physical activity are not uniform 

across the lifespan. Therefore, this thesis has adopted an across the lifespan approach to 

examine how replacing sedentary time with physical activity may influence key physiological 

and health markers within these different age groups. 

Additionally, these different age groups often face different physical activity barriers as they 

generally spend their time in different environments (e.g. school, workplace and retirement). 

Consequently, it is important to explore these age groups separately to better determine age-

specific and environment-appropriate interventions. Moreover, the existing evidence 

regarding the optimal frequency, intensity, time and type (FITT) of physical activity breaks for 

interrupting sedentary behaviours is relatively sparse and often inconsistent across the 

lifespan, especially for lighter intensity physical activities, and the evidence base is even more 

limited in older adults. By including all three age groups, this thesis aims to contribute to age-

specific recommendations, providing more nuanced and potentially more effective guidance 

for replacing sedentary time with physical activity. 

1.1.2. Definitions: Metabolic equivalent of task, physical activity and sedentary 

behaviour  

There are currently well recognised classifications of the intensity of physical activity, which 

are based on utilisation of energy in each category. The resting metabolic rate (RMR) is the 

amount of oxygen consumed by the body at rest (Jetté et al. 1990). Specifically, RMR is 

equivalent to utilising approximately 3.5 millilitres of oxygen per kilogram of body weight per 

minute (3.5 ml 02/kg/min), whilst sitting quietly. The measurement term describing the 
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relative intensity of bodily activity, compared to rest, is metabolic equivalents (Jetté et al. 

1990). A metabolic equivalent of task (MET) is the unit used to describe physical activity 

energy expenditure (Haskell et al. 1985). Therefore, one MET is equivalent to RMR i.e., one 

MET equals the oxygen consumption or energy expenditure of sitting at rest. 

Light-intensity physical activity (LPA) includes activities of ≥ 1.5 METs and < 3.0 METs (World 

Health Organization 2020b). Moderate-intensity physical activity (MPA) includes activities ≥ 

3.0 METs and < 6.0 METS that cause increased body temperature and increased breathing rate 

and heart rate. Whereas vigorous-intensity physical activities (VPA) are ≥ 6.0 METs and will 

cause a greater level of each of these responses. Moderate-to-vigorous physical activities 

(MVPA) include numerous activities from brisk walking to sprinting. In comparison, sedentary 

behaviour is described as waking behaviour characterized by an energy expenditure ≤1.5 METs 

while in a sitting or reclining posture (Viir and Veraksitš 2012). Sedentary behaviours include 

activities such as prolonged desk-based sitting and television viewing. 

1.1.3. High sedentary time, low physical activity and the associated health risks 

Conceptually, sedentary behaviour and physical activity are often viewed along the same 

movement-intensity continuum. However, they both exert independent and interactive 

influences on health. Independently, higher sedentary time increases the risk of morbidity and 

mortality, with higher sedentary durations associated with higher risk, especially above ~9.5 

hours per day (Ekelund, Tarp et al. 2019). On the other hand, higher levels of total physical 

activity, regardless of intensity level, are associated with substantially lower premature 

mortality risk. The greatest risk reduction appears to occur when moving from low to 

moderate levels of physical activity, demonstrating a non-linear dose-response relationship 

(Ekelund, Tarp et al. 2019). However, although high levels of physical activity can offset much 

of the excess mortality risk associated with high sedentary time, evidence suggests this 

protection is not absolute when sedentary time is very high (Ekelund et al. 2020). For example, 

research has illustrated that high total physical activity is enough to attenuate most, but not 

all, of the cancer mortality risk associated with high sedentary time. Supporting this, one 

wearable device-based study observed that a median of ~49 minutes per day of MPA, ~4 

minutes of VPA, or ~100 minutes of LPA was sufficient to attenuate most, but not all, of the 

cancer mortality risk associated with high sedentary time (Rezende et al. 2025). Together, 
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these findings indicate that both sedentary behaviour and physical activity contribute 

independently, but their interaction modifies overall health risk. 

High sedentary time, low physical activity and the associated health risks are a widespread 

globally across the lifespan. According to the World Health Organization (2025) adolescents 

are any child aged of 10-19 and therefore children are below the age of 10. However, different 

cut offs are described according to different organisations. For example, the National Health 

Service UK (2024) states that a child is aged 4-12 years. Furthermore, research from around 

the world cite different cut-off for children and adolescents. This makes a consistent definition 

of child age difficult.  In this thesis, only children of Scottish primary school age were included 

in the first experimental chapter and were therefore aged 12 or below, with the youngest 

being four years of age. Therefore, the research included in this thesis can clearly be defined 

as including a non-adult population in the first experimental chapter (Chapter Two). 

Regardless of child-to-adolescent age cut offs, high sedentary time and low MVPA is prevalent 

in many children and adolescents in the UK and globally.  

Recent objective figures suggest that in children across the UK, ~38% of their day is spent in 

sedentary pursuits (~ 5.4 hours per day) (Hesketh et al. 2022). These figures are even greater 

in another UK study where at least half of children are estimated to be sedentary for 6.4 hours 

or more each day (Griffiths et al. 2013). A further study estimated children to be sedentary for 

> 9 hours per day (77.8%) (King et al. 2011). Time spent in MVPA is also considered to be low 

in the UK with one study finding less than half of children in the UK achieved the 60 minutes 

MVPA per day recommended for children and young people (those aged 5-18) by the UK Chief 

Medical Officer (UK Chief Medical Officers 2019). One UK study specified that children 

undertook an average of just 20-30 minutes per day of MVPA (King et al. 2011). Findings from 

the International children’s accelerometry database utilising accelerometer data from 20 

studies in 10 countries (Cooper et al. 2015), analysed the results from a cohort of individuals 

aged 2.8-18.4, and found that sedentary time increased with each year after five years of age, 

and that physical activity (especially light-intensity physical activity) also gradually lowered by 

4.2% annually. Together, these studies illustrate the highly sedentary and low physical activity 

behaviours of many children and adolescents in the UK and globally.  A high proportion of 

adults are also highly sedentary and physically inactive. 
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Adults in the UK are around 20% less active now than in the 1960s (Public Health England 

2016). Over time, technological advancements and societal processes have modernised the 

societal environment, altered daily routines, increased leisure time and reduced the physical 

demands on individuals (Bailey 2021), leading to a reduction in time spent in MVPA and 

increasing time spent in sedentary behaviours. For example, the demands of activities of daily 

living such as travel and cleaning and the demands of jobs such as farming and manufacturing 

are now often significantly reduced. As a result, generally, a higher proportion of the world’s 

population is more sedentary and less physically active in the modern era (Bailey 2021).  

Measured objectively (using activity monitors), on average, adults in Western society spend a 

significant portion of their day in sedentary activities: ~ 55% of waking hours (Matthews et al. 

2008). Additionally, in 2021, only 64% of adults in England aged 16 and over met the UK adult 

physical activity guidelines for aerobic activity with levels declining with age (Health Survey 

for England 2023). Therefore, only 36% of adults were achieving the physical activity 

guidelines set out by the UK Chief Medical Officers (2019): 150 minutes per week aerobic MPA 

(or 75 minutes per week of VPA), plus two sessions of resistance exercise. However, the figures 

from England are likely to overestimate MVPA levels as they relied on self-reported 

questionnaires, rather than objective measurements like accelerometers. Therefore, the 

evidence illustrates an adult population where the majority are highly sedentary and 

physically inactive. The evidence also shows that older adults are also highly sedentary and 

physically inactive. 

According to the World Health Organisation (2016) older adults are generally considered those 

aged 60 and over. The figures for older adults also show high sedentary time and low physical 

activity. A systematic review of older people showed that older adults spend 9.4 hours per day 

being sedentary measured via objective measures: equating to 65–80% of their waking day 

(Harvey et al. 2015). In a more recent study, older adults spent as much as 65% of their waking 

hours in sedentary activities and as little as 2% of their time in MVPA (van Ballegooijen et al. 

2019). This was supported by further recent multi-centre research across Europe illustrating 

older adults spent 78.8% of daily awake time in sedentary behaviours and only 2.6% of time 

in MVPA (Giné-Garriga et al. 2020). In the UK, older adults (which the UK Chief Medical Officers 

define as 65 years and older) are recommended to partake in the same volume of physical 

activity as adults (UK Chief Medical Officers 2019). However, the research above illustrates 
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that these figures are not being achieved by the majority of older adults. The impact of high 

sedentary time and/or low physical activity levels upon health and mortality rates is highly 

significant in children, adults and older adults. 

In children, high sedentary time is associated with several poorer health outcomes such as 

decreased fitness scores (Tremblay et al. 2011) and childhood obesity has been reported to 

increase in a dose response manner alongside increased time spent in sedentary behaviours 

(Tremblay et al. 2011). High levels of childhood obesity have many negative health effects 

including an increased risk of being overweight in adulthood (Singh et al. 2008), and a greater 

risk of metabolic disease (Freedman et al. 2007). 

Across the life course, regularly being in a low MET sedentary state for prolonged periods of 

time, just above RMR, has been highlighted as a significant cause of non-communicable 

disease deaths worldwide (Lee et al. 2012). Furthermore, a large study of 78,508 participants 

compared frail adults to adults to their robust and physically active counterparts and assessed 

all-cause mortality (Yang et al. 2025). The authors determined that individuals characterised 

by frailty - who also had the lowest levels of total physical activity, LPA, MVPA or the highest 

levels of sedentary time – were found to have the greatest risk of all-cause mortality. 

In addition to increased mortality, when individuals are sedentary over several years, a 

number of negative health associations become prevalent (Bailey et al. 2019; Ekelund, Tarp et 

al. 2019; Ekelund, Brown et al. 2019). For example, a systematic review by Wilmot et al. (2012) 

examined data from nearly 800,000 participants. They observed the relative risk of diabetes 

development and cardiovascular events were 122% and 147% greater in highly sedentary 

individuals. Jingjie et al. (2022) also provide further evidence for the increased risk of 

cardiovascular disease morbidity in individuals with the highest total sedentary time. Their 

review and meta-analysis included over 1.4 million participants from a diverse range of 

countries. Notably, those with screen time (just one type of sedentary behaviour) of over 5-6 

hours per day had similar cardiovascular disease risk to those with total sedentary time of 

over 10-11 hours per day. Sedentary time is also associated with an increased risk of diabetes 

(Wilmot et al. 2012) and persistent increased sedentary time is also associated with increased 

body fat mass (Macías et al. 2024), which in turn is associated with several chronic diseases.  

Additionally, negative health associations are also specifically reported in older adults, with 
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very high levels of sedentary time significantly increasing the risk of stroke in older adults 

(Qaisar et al. 2025). However, not all health outcomes are physical. 

The WHO definition of health is “a state of complete physical, mental and social well-being 

and not merely the absence of disease or infirmity” (World Health Organization 2020a). In 

addition to increased morbidity and mortality, high sedentary time can affect mental health. 

Worldwide, mental health conditions also contribute to the burden of non-communicable 

diseases and increase economic burden on societies (Trautmann et al. 2016). The odds of 

developing higher levels of anxiety and depression, as well as lower well-being, and are also 

increased in individuals that are more highly sedentary (Allen et al. 2019; Casanova et al. 

2023). Using the WHO definition of health, we can see that being highly sedentary has a 

detrimental effect on health when considering mortality, morbidity, and mental health. 

The exact cut-off in hours, if one exists, where sedentary time becomes associated with 

impaired health and an increased risk of mortality is unclear (Ku et al. 2018a). However, based 

on Ku’s 2018 paper, evidence suggests this cut-off may be four or more hours, but the evidence 

is inconsistent. Considering the evidence in children, adults and older adults presented above, 

a large volume of individuals in the UK are therefore classed as sedentary. Nevertheless, some 

of the health risks that occur with high sedentary time can be reduced by participation in 

physical activity (Ekelund, Brown et al. 2019; Ekelund et al. 2016). Specifically, undertaking 

physical activity of at least a moderate-intensity for 60 - 75 minutes per day is associated with 

significantly decreased mortality risk (Ekelund et al. 2016). The volume of 60 - 75 minutes per 

day is the equivalent to 420 to 525 minutes per week of MPA. More recently, research by Lee 

et al. (2022) found that, over the long term, a nearly maximum association with lower 

mortality was achieved by performing 300-599 minutes of MPA or 150-299 minutes of VPA 

per week (or an equivalent combination of both). Therefore, both papers support that 

completing more than double the current minimal physical activity guidelines, set out by the 

UK Chief Medical Officers, provides the most benefit for lowering mortality risk. Together, 

these papers provide compelling evidence of physical activity benchmarks that can be utilised 

to design research studies and inform physical activity guidelines in adults and older adults.  
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1.1.4. Identifying suitable locations to break sedentary time and increase physical 

activity 

There are also several barriers to physical activity in children. The primary barrier for this 

group is a lack of time to undertake physical activity (Zelenović et al. 2021). Additionally, many 

children report not engaging in physical activity due to a lack of support (Dias et al. 2015). 

Furthermore, research has identified a lack of motivation and a lack of energy as a significant 

obstruction to physical activity (Rosselli et al. 2020). Fear of injury has also been found to 

discourage some children from being active (Stanish et al. 2015). Furthermore, many children 

feel that exercise facilities are inaccessible (Butt et al. 2011). A significant barrier is also 

‘appearance’ during exercise (Fernández et al. 2017). Other life pressures such as school 

obligations also were cited as barriers in some research (Youssef et al. 2013). Lastly, many 

children simply found that other activities were more fun than engaging in physical activity 

(Youssef et al. 2013). Many of these barriers can be present within school time, but several of 

these barriers can be overcome in a school-setting if the school environment encourages and 

supports students. Sedentary time is highest during classroom time in a child’s school day and 

likely represents the largest period of sitting time throughout their entire day (Ronca et al. 

2024). This time therefore presents a significant opportunity to interrupt sedentary time with 

physical activity breaks, which could potentially have a large impact on health outcomes. 

Nevertheless, any physical activity break needs to be evidence-based that can be supported 

and facilitated by schoolteachers and the school environment as a whole. 

In adults and older adults, many of the reasons for not achieving sufficient physical activity 

are due to real and perceived barriers (Leese et al. 2023). Approximately sixteen hours is the 

typical waking time for adults. If eight of those are at work, and a further two hours are 

dedicated towards travel to and from work, around six hours remain. Those six hours will 

contain the usual activities of daily living such as washing and eating, as well as socialising and 

other leisure time. Evidence shows that in these non-work/travel hours, there are several 

barriers that prevent many individuals from participating in physical activity (Leese et al. 

2023). These include people that perceive the nature of their pre-existing medical condition(s) 

preclude them from physical activity. Others have a lack of knowledge and understanding of 

the impact of physical activity on their long-term health. Many individuals also state they 

simply do not have enough time to perform physical activity. Others perceive a lack of social 
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support is a barrier, where the competing demands of leisure activities and socialising are 

prohibitive. Furthermore, others highlight gender based cultural barriers to activity. 

Additionally, major environmental barriers are prevalent including a lack of facilities and 

distance from available facilities. In the UK, the unpredictable nature of the weather, 

especially in the winter, is also cited as a significant barrier (Leese et al. 2023). Many of these 

barriers will be present in work and non-work environments. However, some of the barriers 

above are predominantly non-work time barriers, such as competing leisure activities and 

social interests. Therefore, as personal time can be truly limited – or perceived to be limited - 

and workplaces are often highly sedentary (Clemes et al. 2014), the workplace is an ideal 

location for physical activity interventions that also break up sedentary time. The World Health 

Organisation has identified the workplace environment as a key setting for noncommunicable 

disease prevention interventions (World Health Organization 2020b) and the highly sedentary 

desk-based workforce are a crucial target population. A recent review has highlighted the 

effect of existing workplace interventions on physical activity showing that some effectively 

reduce sedentary behaviour and encouraged lighter forms of physical activity. They also stated 

that the available evidence for MVPA interventions remains sparse (Rouyard et al. 2025). 

1.1.5. Practicalities of physical activity breaks 

Different break patterns can be used to interrupt sitting time, including utilising a single 

continuous break or using several smaller breaks. Asides from the health benefits of breaking 

up sedentary time discussed later (1.1.6), further advantages and no detrimental effects of 

breaking up sitting in a work environment are also evident. For example, when active breaks 

involve a change in posture a positive effect on low back pain and discomfort can be found 

(Waongenngarm et al. 2017). Additionally, evidence suggests these breaks may have no 

detrimental effect on work productivity (Waongenngarm et al. 2017). Further evidence shows 

that light-intensity treadmill walking breaks reduced postprandial glucose – an important 

marker of health - without interrupting office work (Crespo et al. 2016). Furthermore, muscle 

discomfort and eye strains can be significantly reduced with supplementary breaks, without 

impairing productivity (Galinsky et al. 2007). 

Nevertheless, for certain jobs and tasks, frequently interrupting sedentary time has the 

potential to be disruptive to personal work and productivity, and potentially to colleagues. For 

example, frequently leaving the desk for walking breaks, or frequently starting and stopping a 
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treadmill desk workstation, or performing frequent short bouts of on-the-spot exercise, may 

be distracting to oneself and others. In addition, if each person in a workplace is encouraged 

to frequently perform short bouts of physical activity, it may prove difficult to appropriately 

schedule regular breaks, or to share equipment such as a treadmill desks, desk-cycles, or even 

corridor and room space. Furthermore, if the only option in a workplace is to exercise outside 

then, depending on the distance required to travel outside, regular intermittent breaks may 

be prohibitive due to time constraints. Additionally, if regular clothing and shoe changes are 

required this could further reduce time spent being productive. The same may be said for 

schools, particularly large schools, where the distance to suitable exercise areas may be far.  

In both workplace and school environments, where many of the problems with regular 

intermittent break may arise, a single continuous bout of physical activity (such as on a 

treadmill desk workstation, desk-cycle or walking/running outside) may be easier to schedule 

and potentially less disruptive. Compared to intermittent breaks, it is also potentially easier to 

ensure compliance of a single continuous bout, particularly in remote or unsupervised 

settings. Regular, away from the desk breaks may also cause interrupted communication, 

especially where digital communication and collaboration tools are part of the workplace. As 

a result, a single continuous bout may be more appropriate in certain workplaces and school 

settings.  

Regarding productivity, continuous breaks may be advantageous over intermittent breaks on 

some occasions, as should colleagues complete a single continuous bout as a couple or group, 

there may be a ‘watercooler effect’. Here, workers may share knowledge, socialise and 

improve cohesion of the workforce whilst achieving their physical activity goals. In a school 

environment, a similar effect may occur. Some additional evidence in adults has shown that 

close physical proximity can improve scientific impact (Lee et al. 2010). Therefore, if breaks 

are performed together in research facilities/environments, this may foster improved 

scientific impact, whilst achieving activity goals. Furthermore, evidence shows that fostering 

informal conversations can help build stronger relationships between coworkers (Zhu et al. 

2024). Again, performing activity breaks at the same time has the potential to fulfil a multiple 

benefit: improved collegiality and physical activity levels, and reducing sedentary time. 

Having an activity break for a longer length of time also opens the possibility of changing into 

appropriate shoes and clothes and travelling to a desired location to break sedentary time, 
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either by foot, wheelchair or car etc. This not only could provide more mental recovery time 

but is also an opportunity to potentially seek out green space. This is important as green 

spaces have been shown to promote positive mental health and creativity (Charisi et al. 2025). 

1.1.6. Breaking up school sedentary time with physical activity breaks in children: 

current evidence and gaps 

Some evidence suggests that school-based physical activity interventions can reduce obesity 

in overweight children regardless of socioeconomic status, pupil age or gender (Ronca et al. 

2024). Furthermore, other evidence suggests that school-based interventions can improve 

students’ cardiorespiratory fitness, but the effects may not be consistent between certain 

groups (Hartwig et al. 2021). For example, different responses to interventions may occur 

between genders and age groups (Hartwig et al. 2021). Additionally, school-based 

interventions can have a positive effect on physical activity levels, but the difference may be 

dependent on intensity (Hartwig et al. 2021). However, a separate review concluded that the 

effects of active breaks on physical fitness are unclear (Reyes-Amigo et al. 2025). Evidence also 

suggests that active breaks can reduce sedentary behaviours and increase physical activity 

without negatively influencing academic achievement in school children (Larose et al. 2024). 

A further review concluded that school-based programs interrupting prolonged sitting can 

significantly increase physical activity levels (Amor-Barbosa et al. 2022). Therefore, as the 

evidence is not yet clear and the optimal FITT of physical activity break(s) for interrupting 

sedentary behaviours in children is yet unknown, more research is required to determine the 

impacts of different interventions on markers of health in children. 

1.1.7. Breaking up workplace sedentary time with physical activity breaks in adults: 

current evidence and gaps 

Long term interventions in adults that target a reduction on sedentary time, or that reduce 

sedentary time whilst increasing physical activity, have been shown to improve several 

cardiometabolic risk markers such as body mass, systolic blood pressure, glucose metabolism 

and high-density lipoproteins (Hadgraft et al. 2021). However, high quality studies lasting 

more than 12 months are lacking. Evidence assessing acute responses to physical activity 

breaks shows that breaking up sitting regularly acutely affects several markers of health in 

adults including glucose, insulin and blood pressure, with less consistent evidence for 

triglycerides (Adams et al. 2024; Loh et al. 2020; Quan et al. 2021; Saunders et al. 2018; Yin et 
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al. 2024). However, to improve cardiometabolic health markers and reap positive health 

outcomes, the optimal frequency, intensity, time and type (FITT) of physical activity break(s) 

for interrupting sedentary behaviours in adults is yet unknown (Benatti and Ried-Larsen 2015; 

Yin et al. 2024). Thus far, experimental lab trials interrupting sedentary time, with the aim of 

improving cardiometabolic markers of health, have consisted of various physical activity 

frequencies (e.g. a single continuous or frequent shorter breaks), intensities (light, moderate 

or vigorous), times (length of break e.g. two minutes or one hour), and types of activities (e.g. 

walking or cycling) (Gouldrup and Ma 2021; Hadgraft et al. 2021; Loh et al. 2020; Quan et al. 

2021; Saunders et al. 2018; Yin et al. 2024).  

Early research in adults showed positive glucose responses to LPA and MPA breaks (Healy et 

al. 2007) while later research showed further strong evidence for the benefits of intermittent 

breaks (Dunstan et al. 2012). Combined, evidence such as this set the scene for further 

research into intermittent breaks. However, to date, very few studies have been carried out 

assessing the same-day metabolic responses of breaking up a sedentary working day, by 

replacing a section with a single continuous bout of LPA or MPA in healthy inactive adults 

(Gouldrup and Ma 2021; Loh et al. 2020). Nevertheless, the limited available evidence 

tentatively shows that replacing sedentary time with a single continuous break can 

significantly influence glucose, insulin and triglycerides (Gouldrup and Ma 2021; Loh et al. 

2020), but the evidence is not clear. For example, only two randomised controlled trials (RCTs) 

have compared a continuous bout of MPA to LPA whilst breaking up a full workday in healthy 

inactive adults (Katsanos et al. 2004; Newsom et al. 2013) with the studies showing different 

responses to the bouts. This leaves an available gap in the literature comparing MPA to LPA. 

Furthermore, only four RCTs have explored the effects of a continuous bout of LPA whilst 

breaking up a full workday in healthy inactive adults (Gao et al. 2024; Hoffmann, Schierbauer, 

Zimmermann, Voit, Grothoff, Wachsmuth, Rössler, Niedrist et al. 2024; Hoffmann, 

Schierbauer, Zimmermann, Voit, Grothoff, Wachsmuth, Rössler, Lackner et al. 2024; Katsanos 

et al. 2004), with only half exploring lipids (Hoffmann, Schierbauer, Zimmermann, Voit, 

Grothoff, Wachsmuth, Rössler, Niedrist et al. 2024; Katsanos et al. 2004), one exploring insulin 

(Katsanos et al. 2004) and the responses to glucose were not consistent (Gao et al. 2024; 

Hoffmann, Schierbauer, Zimmermann, Voit, Grothoff, Wachsmuth, Rössler, Niedrist et al. 

2024; Katsanos et al. 2004). Therefore, the responses to LPA are not clear and required further 
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investigation. Lastly, no RCTs assess the responses to a single continuous bout of LPA breaking 

up a workday in healthy inactive older adults. Thus, no studies have explored different lengths 

of LPA in older adults compared to younger adults to determine whether a dose response 

exists. Therefore, an LPA dose response trial comparing older to younger healthy inactive 

adults is warranted. As metabolic responses can significantly differ in older compared to 

younger adults (Chia et al. 2018), such a trial would help to determine whether physical 

activity guidance for breaking sitting time should be altered according to age group. Overall, 

much more research is required to ascertain the optimal FITT of a single continuous physical 

activity break to acutely improve markers of health in different adult populations. 

1.1.8. Conclusions and aims: 

Globally there is evidence at the population level of increasingly sedentary and inactive 

behaviours over the past century. Both highly sedentary and inactive behaviours have 

numerous negative health associations across the lifespan. The benefits of participating in 

physical activity of all intensities is well-established. However, high sedentary time represents 

a separate problem to health, irrespective of physical activity levels. For a high proportion of 

society, the workplace in adults and the school classroom in children represent areas of high 

sedentary time and often low physical activity. Therefore, the sedentary workplace or school 

day represents a crucial period for targeting physical activity interventions to break up 

sedentary time and potentially improve markers of health in children, adults and older adults. 

However, the data gathered regarding the responses to such interventions is so far 

inconsistent in adults and children. 

Evidence in children reports that when breaking up sedentary time, key markers of health 

including MVPA levels, sedentary levels, fitness and body composition are not consistently 

improved between trials. Furthermore, the optimal types of interventions to break up sitting 

time and improve these markers is not clear. Therefore, more research is required to increase 

the available evidence for what constitutes effective interventions in children. It was argued 

above that continuous breaks are one type of intervention that may be effective in a school 

environment because, in some situations, they may be easier to schedule and potentially less 

disruptive than intermittent breaks. This thesis will explore a long-term physical activity 

intervention in children - consisting of a daily continuous activity break within class time - that 

aimed to improve markers of health including fitness and skinfolds change. Research will 
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assess whether changes occurred in fitness, body composition, sedentary time and MVPA 

time (Chapter 2). 

Additionally, data gathered by RCTs in healthy inactive adults - following acute interventions 

aimed at breaking up workday sitting time - have also not determined the optimum frequency, 

intensity time and type of activity to acutely improve markers of health. The research into the 

acute effects of intermittent physical activity breaks is more common and is becoming clearer, 

but the research into single continuous physical activity breaks is less common and the 

responses are even less clear. There are distinct practical advantages to performing a single 

continuous break over regular intermittent breaks, in the adult workplace, as previously 

discussed. Additionally, the acute health marker responses observed after breaking sitting 

with a continuous MPA break in healthy inactive adults is not well established. However, even 

less is known in healthy inactive adults about the acute health effects following continuous 

bout LPA interventions that break up a sitting day. Increasing the knowledge base regarding 

health markers following LPA interventions will help to inform the worthiness of such 

interventions, compared to the slightly more established effects of MPA continuous breaks. 

Furthermore, no RCTs exploring the effects of LPA have been carried out in healthy inactive 

adults when breaking up a sitting day and responses are therefore unclear. This thesis will 

explore an intervention that directly compares energy matched bouts MPA and LPA that 

breaks up a sitting day in adults (Chapter 3). Additionally, this thesis will explore the effects of 

two different lengths of LPA continuous breaks and determine whether the main study 

outcomes are influenced according to whether adults are younger or older (Chapter 4). 

Researchers must recognise that not all individuals have the same workplace or school 

environments, which illustrates that one size will not fit all for interrupting sedentary time 

with physical activity. This thesis will explore breaking up sitting time - in children, adults and 

older adults – and will add to the toolkit of available evidence that will help to inform future 

activity recommendations across the lifespan and increase healthcare professionals’ 

educational toolkits. 

This thesis therefore has three overall aims, which align to the three experimental chapters: 
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1. Determine whether a physical activity intervention in children, aimed at replacing a 

section of sedentary time with activity, is sufficient to improve markers of health 

(Chapter 2). 

2. Investigate whether a single bout of LPA versus an energy matched bout of MPA, used 

to replace a section of sedentary time with physical activity, can alter key markers of 

health in adults including glucose, insulin, lipids and blood pressure (Chapter 3).  

3. To determine whether a dose response exists (shorter versus longer durations) when 

adults and older adults undertake a single continuous bout of LPA used to replace a 

section of sedentary time with physical activity, and whether the responses differ 

according to age: specifically examining the effects on glucose, lipids, blood pressure 

and aspects of mood (Chapter 4). 

 

The overall hypothesis of this thesis is threefold. Firstly, participation in a school-based 

physical activity intervention will decrease sedentary time, increase physical activity, improve 

fitness and reduce levels of skinfolds in children. Secondly, both LPA and MPA will influence 

key markers of health, such as glucose levels, in adults. Lastly, the effects of different doses 

(durations) of LPA on key biomarkers will influence all adults, but younger and older adults will 

respond differently.  
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2. Chapter Two: The Daily Mile makes primary school children more active, less sedentary 

and improves their fitness and body composition: a quasi-experimental pilot study 

Contributions 

JNB, GCR, TG, NEB and CNM were involved in the design of the study and in seeking funding 

for it. RAC, JNB, ES, NEB and CNM were responsible for conducting the study. RAC and CNM 

wrote the first draft of the paper, and CNM coordinated contributions from other co-authors. 

CNM wrote the analysis plan used for this paper, but RAC and CNM completed all analyses. 

RAC, JNB, NEB and CNM managed the data collection with input from other members of the 

study team. All authors made critical comments on drafts of the paper. CNM was the senior 

author and the corresponding author. 

RAC was integral to the completion of the research from day one of data collection 

particularly in the following areas:  

• RAC, alongside CNM, led on liaising with the primary schools for organisation of 

equipment provision, data collection and education sessions, with RAC increasing 

responsibility over time.  

• RAC was responsible for providing hard copy participant information, consent sheets 

and data collection sheets during each research phase.  

• RAC was also responsible for data processing of psychology data entry 

(Multidimensional Students Life Satisfaction Scale), collected from participants, but 

that data is not discussed in this thesis. 

• RAC was the individual most responsible for carrying out the logistics of accelerometer 

charging, setup, provision and collection, as well as all data upload and data processing 

throughout the research periods. RAC and CNM completed all accelerometer analyses. 

• After the first days of shuttle test data collection, performed alongside CNM, RAC 

subsequently led the team carrying out the shuttle run testing in round one and round 

two of the research. RAC and CNM completed all shuttle test analyses.  

• As an ISAK qualified anthropometrist, on occasions where shuttle testing was 

completed before anthropometry, RAC supported the primary team carrying out 

anthropometry. RAC and CNM completed all anthropometry analyses. 
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2.1. Introduction 

The Daily Mile is a physical activity intervention developed at Primary School in Stirling, 

Scotland, in 2012 (Stirling Council 2015). The initial aim was to improve the fitness of children; 

although, there have since been many additional benefits anecdotally reported by children, 

teachers and parents (Stirling Council 2015). These include improved physical activity, 

sedentary time, physical fitness, body composition, sleep, diet, concentration, wellbeing and 

obesity levels. However, no objectively measured scientific evidence has yet been gathered 

on the validity of these reports. 

The successful implementation at many schools, maintenance and increasing popularity of 

the Daily Mile seem to be a result of the simplicity of the activity, the autonomy given to 

classroom teachers over when they do it during the school day and the pupil determined 

pace. Since its development, the Daily Mile has been rolled out across the country by the 

Scottish Government (Scottish Government 2015) It is estimated by Education Scotland that, 

from local authorities who responded to their query, ~50% of primary schools in Scotland, are 

already doing the Daily Mile with a further 18% planning to do the Daily Mile soon (personal 

communication). It has also become popular in the rest of the UK with interest from the UK 

Government (UK Parliament 2016a; UK Parliament 2016b). Additionally, it has been 

introduced in The Netherlands, Belgium and parts of the USA with interest from many other 

countries (The Daily Mile 2016) despite the lack of rigorous evidence on the efficacy of taking 

part. 

Globally, physical activity levels are low (Kohl et al. 2012). Furthermore, low physical activity 

levels in childhood are predictive of low physical activity levels in adulthood (Telama et al. 

2005). The World Health Organisation (WHO) considers policies and interventions to increase 

physical activity levels to be important in all age groups and that any potential harm of 

increasing physical activity is outweighed by the associated benefits (Mendis 2014; World 

Health Organisation 2017). In a recent accelerometer study on children (2-11 years old) from 

eight European countries, the proportion of children achieving 60+ minutes per day 

(recommended for 5-18 year olds (Department of Health and Social Care 2011)) of moderate 

to vigorous intensity physical activity (MVPA) ranged from 9.5-34.1 % in boys and 2.0-14.7% 

girls (Konstabel et al. 2014). MVPA levels generally decline with age in both genders as 

sedentary time increases (Esliger and Hall 2008) and are also believed to be influenced by 
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socioeconomic status; however, systematic reviews are unclear on the consistency of this 

relationship and more evidence needs to be gathered (Biddle, Atkin et al. 2011). School based 

physical activity interventions like the Daily Mile are appealing because they include whole 

classes, therefore reaching many children regardless of socioeconomic status, physical 

activity level or fitness level. They also break up sedentary time as they occur during lessons 

and have the potential to reach much larger proportions of the population than opt-in groups 

like sports clubs. Therefore, understanding the impact of the Daily Mile on physical activity 

and sedentary behaviour levels is of key importance. 

Overweight and obesity rates are of pandemic proportions and considered to be a key target 

for the WHO (Mendis 2014). In Scotland, 30% of children (29% for boys and 32% for girls) aged 

7-11 years were overweight or obese in 2015 (Brown et al. 2016), a figure similar to that in 

England (Conolly 2015). At the same time, there is evidence of a decline in the performance 

of children in the 20-metre shuttle run (an indicator of physical endurance fitness) (Tomkinson 

et al. 2003). Low fitness and / or levels of physical activity in adults and children are associated 

with a number of risk factors for non-communicable disease and adverse health outcomes 

including obesity, cardiovascular disease, diabetes, some cancers, low mood and poor 

cognitive function (Biddle et al. 2004; Lee et al. 2012; Must and Tybor 2005; Vos and Welsh 

2010; Weiss et al. 2004). Additionally, both overweight and low-fitness are also known to be 

related to lower socioeconomic status (Jiménez-Pavón et al. 2010; Wang and Lim 2015). 

Studies into the impact of the Daily Mile on fitness and body composition are important for 

understanding its potential to improve public health, including health inequalities, and for 

developing future public health policies. 

The Daily Mile has the potential to impact on key areas of global public health. Whilst 

published evidence shows a positive health relationship between physical activity, particularly 

MVPA, and these outcomes (Poitras et al. 2016), it is unknown whether 15 minutes of self-

paced exercise, particularly with no expectation of intensity, will provide such benefits. Given 

the associated loss of academic classroom time (up to 75 minutes per week), it is paramount 

that evidence investigating the impact of the Daily Mile on each anecdotally reported benefit 

is gathered to ensure that government policies are appropriate. Furthermore, any associated 

benefits in physiological health are likely to be small (Foulds et al. 2014) thus it is essential to 

use gold standard measurement techniques. Therefore, the aims of this study are to assess 
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the anecdotally reported physiological benefits of participation in the Daily Mile. Specifically, 

using a repeated measures design and gold standard measurement techniques, we will assess 

whether the introduction of the Daily Mile into a primary school setting leads to increased 

MVPA, reduced sedentary time, improved fitness and improved body composition. 
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2.2. Methods 

2.2.1. Study design and ethics 

Using the Daily Mile to turn the WHEEL (Wellbeing, Health, Exercise, Enjoyment and Learning) 

is a school based, quasi-experimental study designed to assess the anecdotally reported 

benefits of taking part in the Daily Mile. Ethical approval was obtained from the University of 

Stirling, School of Sport Research Ethics Committee (reference number 760). Approval was 

also obtained from the Director of Children, Young People and Education at Stirling Council. 

2.2.2. Eligibility and recruitment 

State primary schools in the Stirling Council areas were eligible for inclusion. Recruiting from 

only one council area reduced any potential variance in the delivery of education that may 

have impacted on outcome measurements. Two local primary schools were identified and 

approached: one that was not doing the Daily Mile but was intending to introduce it; and one 

that was not doing the Daily Mile and did not intend to introduce it. Both schools had 

expressed a desire to introduce the Daily Mile although the control school felt that it would 

not be possible due to the layout of their playground. Both schools had a range of levels of 

deprivation, although the majority of pupils were from higher socioeconomic quintiles (Figure 

1). Participants were children in all years (age 4-12 years) at the time of recruitment. 

Once schools had agreed to participate in the study, parents / guardians of children were sent 

a letter and information sheet about the study with an opt-in consent form. For children in 

primary 4-7 (age 7-12 years) an additional child consent form was included. Information 

sessions were held in both schools to allow parents to ask questions and see the study 

equipment. They were also given the opportunity to contact the research team by email or 

phone to discuss the study. Information about being able to withdraw from the study at any 

stage was given in the information sheet, consent form and verbally. All of the children were 

also asked to confirm verbally that they were happy to take part on each day of testing. 

2.2.3. Intervention 

The Daily Mile is a school based physical activity intervention made popular by a primary 

school in the Stirling Council area, Scotland (Stirling Council 2015). It involves children going 

outside, at a time of the classroom teacher’s choosing, for ~15 minutes of exercise at a pace 

self-selected by each individual child. This is done during normal classroom time and is in 
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addition to time spent in Physical Education (P.E.) or scheduled breaks. Typically, it involves 

laps of a football pitch or playground area. Children often talk as they go and perform a 

mixture of walking and running. Those who run the whole time will complete ~1 mile in 15 

minutes. Children wear their normal school clothes; most wear their normal school shoes and 

jackets are only worn in cold / wet weather. It is completed on most days regardless of 

weather conditions. A leaflet produced by the originator school, was given to the school 

implementing the Daily Mile. No additional instructions for initiation of the Daily Mile were 

given by the research team. 

2.2.4. Participant Involvement 

The outcome measures selected for study were chosen based on anecdotal reports of the 

influence of taking part in the Daily Mile. This information had been gathered from the 

children, their parents and their teachers by the originator school. The research question, 

study design and specific outcome measures were developed in part during meetings with 

the head teacher at the originator school who was familiar with this information. After 

publication, the results from this study will be disseminated to the schools involved as copies 

of the manuscript, infographics and during question and answer sessions in the schools. 

2.2.5. Outcome measures 

The primary physiology-related outcome measurements for the WHEEL project were:  

accelerometer assessed MVPA and sedentary time; fitness assessed using a 20 m shuttle run; 

and, body composition assessed using skinfolds. Additional measures of waist and hip 

circumference and handgrip strength, were collected for descriptive and normative 

comparison purposes only. 

2.2.6. Participant assessments 

Baseline assessments (before the intervention) were carried out in October 2015 for the 

intervention school and March 2016 for the control school. Outcome assessments were 

completed in May 2016 for the intervention school and June 2016 for the control school. 

Identical protocols and procedures were used at both assessments. They were undertaken by 

trained fieldworkers. The fieldworkers worked in groups where at least one member of each 

group was Disclosure checked for Protecting Vulnerable Groups (PVG) Scheme (Disclosure 

Scotland 2016). Children completed tasks in a random order and were given stickers for 
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completing each measurement type. Testing sessions lasted between 1-2 hours and were 

carried out over the course of two weeks depending on class size and school timetable. 

ActiGraph accelerometers were used to assess physical activity and sedentary time. Five 

models of accelerometer were used: ActiGraph wGT3X-BT, wGT3X+, GT3X+, GT3X and GT1M. 

GT1M and GT3X monitors are comparable when classifying total time spent in specific 

intensity categories (Hänggi et al. 2013). There is also strong agreement between GT1M, GT3X 

and GT3X+ accelerometers making it acceptable to use them in the same study (Robusto and 

Trost 2012). The primary difference between wGT3X-BT and GT3X+ accelerometers is the 

ability of the wGT3X-BT to communicate wirelessly and all measurements should function 

identically (personal communication from ActiGraph). Accelerometers were worn around the 

waist on the left side with the same orientation to standardise position. Children were asked 

to wear the belt for eight consecutive days during waking hours (except when bathing or 

swimming). A poster and instruction sheet with visual and written prompts were provided to 

each child to remind them of how and when to wear the accelerometer. Upon collection by 

the research team, data was downloaded with the ActiLife 6 software (ActiGraph LLC, USA). 

Valid measurement required at least 10 hours wear for three days (Penpraze et al. 2006). A 

60 second epoch was used and non-wear time was defined as strings of consecutive zeros 

lasting 60 minutes or more (Cooper et al. 2015). Accelerometer output is in counts per minute 

(cpm). Evenson cut points (Evenson et al. 2008) were used to define time spent being 

sedentary (≤100 cpm) and time spent in MVPA (≥2296 cpm). Accelerometer data was 

corrected for wear time in addition to gender and age in days on day of testing in the main 

analysis.  

The maximal multistage 20 metre shuttle run test (Léger et al. 1988) was assessed using the 

Multistage Fitness Test CD (Sports Coach UK, UK) using standard procedure. Cones marked 

shuttle boundaries and lanes. Between four (younger) and eight (older) children completed 

the test at the same time depending on age group. Instructions and demonstration of the test 

was provided prior to each group participating and additional verbal instructions were 

provided during the test as necessary. The test began at 8.5 km/h and after each minute 

increased by 0.5 km/h. When children were unable to reach the 20-metre line prior to the 

bleep twice in a row, they were asked to stop and their level and shuttle score was recorded. 

Shuttle run tests were performed outside on tarmac. Age corrected VO2max scores were 
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created according to Léger et al. (1988) for comparison with other studies (Supplementary 

Material Chapter 2). However, this corrects for age in years and therefore were not used for 

the main analysis. Instead, shuttle distance corrected for gender and age in days on day of 

testing was used to give improved resolution to the correction in the main analysis. 

All skinfold measurements were completed with children behind a privacy screen with at least 

two Disclosure checked, fieldworkers present. Fieldworkers taking skinfolds measurements 

were trained by an International Society for the Advancement of Kinanthropometry (ISAK) 

Level 3 instructor prior to involvement in the study and all measurements were taken 

according to standard ISAK procedures (Norton et al. 2011). Triceps, biceps, iliac crest and 

subscapular skinfolds were measured using Harpenden skinfold callipers (Baty International, 

UK). All measurements were taken from the right-hand side with children standing. Where 

appropriate they stood on an anthropometric box. Skinfolds measurements were summed 

prior to analysis to give sum of skinfolds (mm). Skinfolds data were corrected for gender and 

age in days on day of testing in the main analysis. Hip and waist circumference (cm) were 

measured using Lufkin Executive Thinline Tape (Lufkin Industries, USA) as per ISAK procedures. 

Height was measured, to the nearest 1 mm, without shoes using the Leicester Height Measure 

(Seca, UK) according to standard ISAK procedures (Norton et al. 2011). Body weight was 

measured without shoes in light clothing to the nearest 0.1 kg using electronic Sensa 804 

scales (Seca, UK). Height (m) and weight (kg) were used to calculate BMI (weight/height2). 

BMI z-scores relative for age were calculated using UK 1990 reference data in the LMS Growth 

add-in for Microsoft Excel (Pan and Cole 2011).  Healthy weight was defined as BMI z-score < 

1.04; overweight as BMI z-score 1.04-1.63; obesity as BMI z-score >= 1.64. Handgrip strength 

in kilograms (kg) was measured using a handheld dynamometer (Takei Scientific Instruments 

Co, Ltd,. Takei Digital Grip Strength Dynamometer Model T.K.K. 5001, Niigata, Japan) as per 

manufacturer instructions.  

All anthropometric measurements were taken twice and the average taken for analyses. 

Where there was a substantial difference between the two measurements, a third 

measurement was taken and the median value was used for analyses.  
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2.2.7. Additional Information 

Schools provided date of birth and postcodes for all consented pupils. Date of birth allowed 

analyses to be corrected for age on day of testing. Postcode allowed assignment of the 

Scottish Index of Multiple Deprivation (SIMD) (Scottish Government 2016). SIMD combines 

data from seven different domains of deprivation into a single score: Income, Employment, 

Health, Education, Access, Crime and Housing. However, it should be noted that this gives a 

postcode specific deprivation score which may not reflect that of an individual household. 

2.2.8. Statistical analyses 

Descriptive statistics, Pearson χ2 and odds ratios were calculated in Excel 2013. Baseline group 

frequency comparisons were performed using a Pearson χ2 test. Baseline group mean 

comparisons were performed using Student’s t-test (uncorrected) or General Linear Model 

ANOVA (corrected for age at time of testing, gender and age*gender). The main analyses 

were performed in SPSS Statistics (version 21.0.0.1). General linear model regression analyses 

with repeated measures were used to investigate the effect of doing the Daily Mile. Analyses 

of all outcome measures included an adjustment for the common confounders: age at time 

of testing, gender and age*gender. This controls for the effects of age and gender and any 

different effects of age in the two genders as well as any differences in length of time in the 

study. Analyses for MVPA and sedentary time were additionally corrected for accelerometer 

wear time as a covariate. Analyses were conducted first without and then with a correction 

for SIMD. Standardised Mean Differences (SMD), or effect sizes, are calculated as change in 

intervention school relative to the control school as a proportion of the pooled standard 

deviation of the change. SMD of 0.2-0.5 was considered small; SMD of 0.5-0.8 was considered 

medium; and SMD of 0.8 or above was considered large (Cohen 1988). No correction for 

multiple testing was made since all four primary outcome measures were anecdotally 

reported to be influenced by the Daily Mile. 
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2.3. Results 

Figure 1 shows the study profile. Overall, 77.6% of eligible pupils consented to the study 

(77.3% in the intervention school and 78.1% in the control school). A total of 371 (247 and 

124 at the intervention and control schools respectively) provided at least one measurement 

in both rounds of testing. All consented children, irrespective of whether they had all 

measurements or not, are included in Figure 1. For each outcome measurement, the 

information in Table 1 and Table 2 is based only on children who had measurements at both 

time points. 
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Figure 1 Trial profile. N = number of school pupil participants. The percentage of female 

participants with each measurement is shown in parentheses. Individual boxes show the totals 

for each school at baseline, or at follow-up, or the totals for participants with valid 

measurements in both rounds. Not all pupils had been measured at the baseline (or vice versa), 

since different pupils were absent at the main and follow-up assessments, some refused to 

complete certain measurements at each time point and some pupils left or moved between 

schools. BMI body mass index, SIMD Scottish Index of Multiple Deprivation. 
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Consent for a complete set of measurements was given in the majority of cases; although, on 

the day of testing, some pupils did not wish to give verbal consent for skinfolds 

measurements, had worn inappropriate clothing for some skinfolds measurements or were 

unable to complete individual tests due to pre-existing minor injuries or ailments. In total, at 

both baseline and follow-up between 84% and 94% of originally consented participants had 

data on fitness and body composition outcomes and the proportions were similar at both 

baseline and follow-up, in intervention and control schools and in males and females (Figure 

1). 

Three pupils also refused to wear accelerometers. The proportion of pupils with valid 

accelerometer data was lower than other measurements although the proportion of males 

and females was similar. Only 32% of participants in the intervention school and 67% in the 

control school had valid accelerometer data at baseline whilst at follow-up 65% and 64% 

respectively had valid accelerometer data (Figure 1). This was partially because of the 

requirement that wearers had at least ten hours of valid wear time on at least three days 

(Evenson et al. 2008). However, due to a desire to start doing the Daily Mile as soon as 

possible in the intervention school and a limited number of accelerometers (117) it was only 

possible to collect true baseline data (i.e. prior to beginning the Daily Mile) from a portion of 

the intervention school participants. These participants had been selected at random based 

on the availability of pupils for the other physiological tests. 
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Table 1 Baseline characteristics of participants by study group and gender. Values in columns 

2–4 are means ± SD (n value) or percentage (n value). Comparisons are by t test or χ2 and odds 

ratio. Corrected values are from ANOVA including correction for age, gender and age*gender. 

Shuttle distance is given to the nearest metre. Accelerometer minutes are given to the nearest 

minute. It was not possible to correct percentage values for age and gender. MVPA and 

sedentary time were also corrected for wear time. This table includes only participants with 

valid measurements both before and after the intervention. MVPA moderate to vigorous 

intensity physical activity, OR odds ratio, SD standard deviation, SMD standardised mean 

difference. 

 

Baseline characteristics of the participants are given in Table 1. Age was significantly higher 

in the control school at baseline due to the difference in the time of baseline measurements 

meaning that the pupils were slightly further through the academic year at the control school 

(Table 1). Handgrip (kg), waist and hip circumference (cm) were similar between schools at 

baseline (Table 1). Percentage meeting the physical activity guidelines of 60+ mins MVPA per 

day and sum of skinfolds were both higher in the control school. However, after correction 

for age, gender and age*gender, only sedentary time differed significantly between schools 

at baseline suggesting that the correct confounders were accounted for in the analysis. 



42 
 

Additionally, the intra-school differences between genders and year groups were similar 

(Supplementary Material Chapter 2: Table S1).  

Table 2 Baseline characteristics of participants by study group and SIMD. Values in columns 

2–4 are means ± SD (n value) or percentage (n value). Comparisons are by t test or χ2 and odds 

ratio. Shuttle distance is given to the nearest metre. Accelerometer minutes are given to the 

nearest minute. This table includes only participants with valid measurements both before and 

after the intervention. MVPA moderate to vigorous intensity physical activity, OR odds ratio, 

SD standard deviation, SIMD Scottish Index of Multiple Deprivation, SMD standardised mean 

difference 

 

SIMD scores were similar across schools (χ2 = 1.299, p = 0.254): for quintiles 4-5 (least 

deprived), 71% versus 65% respectively for the intervention school and control school; and 

for quintiles 1-3 (most deprived), 29% versus 35%. These reflect lower deprivation than 

average across Scotland (Scottish Government 2016) where ~20% would be expected in each 

quintile. However, this excess of children from less deprived areas reduces the likelihood of 

observing an impact of the Daily Mile, rather than creating any potential artefacts, as the 

children are more likely to be fitter and less likely to be overweight or obese at baseline 

(Jiménez-Pavón et al. 2010; Wang and Lim 2015). Nonetheless, children from areas with lower 

socioeconomic scores (quintiles 1-3) had similar minutes of MVPA and sedentary time 

compared to those with higher socioeconomic scores (quintiles 4-5). They were also equally 
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likely to meet the physical activity guidelines. However, they had lower shuttle distance, 

higher sum of skinfolds and rates of overweight and obesity (Table 2). A full breakdown of 

baseline characteristics by socioeconomic group, school and gender is given in Supplementary 

Material Chapter 2: Table S2. 

Table 3 Effect of introducing the Daily Mile on outcomes assessed immediately after the end 

of the intervention period. SMD is calculated as the change in the intervention school relative 

to the control school as a proportion of the standard deviation of the change. Analyses were 

conducted using GLM-ANOVA corrected for age, gender, age*gender ± SIMD with repeated 

measures for the outcome. Sedentary time and MVPA were also corrected for accelerometer 

wear time. 95% CI 95% confidence interval, MVPA moderate to vigorous intensity physical 

activity, SIMD Scottish Index of Multiple Deprivation, SMD standardised mean difference. 

 

In the main analysis, with adjustment for the common confounders of age, gender and 

age*gender significant improvements were observed in the intervention school relative to 

the control school for MVPA (+9.1 mins), sedentary time (-18.2 mins), fitness (+39.1 m) and 

body composition (-1.4 mm; Table 3). These relationships persisted after including a 

correction for SIMD (Table 3). Baseline values and change in BMI z-score and age corrected 

𝑉̇𝑂2𝑚𝑎𝑥 scores are given in Supplementary Material Chapter 2: Tables S1-S3 only for 

comparison with other studies. 

Change in MVPA predicted change in sedentary behaviour (r = -0.559, n = 118, p < 0.001; 

Figure 2a) but did not predict changes in other primary outcome variables. Change in shuttle 

distance predicted change in sum of skinfolds (r = -0.203, n = 317, p < 0.001; Figure 2b) but 

did not predict changes in other primary outcome variables. These correlations were not 

significantly altered by the inclusion of SIMD (r = -0.564 and -0.212 respectively) although 

change in MVPA additionally predicted change in shuttle distance (r = 0.187, n = 115, p = 

0.046). However, the relationship between change in sum of skinfolds and change in shuttle 

distance differed by school (interaction p = 0.043). The relationship was stronger at the 
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intervention school than the control school (r = -0.245 and -0.046 respectively). The 

relationship between change in MVPA and change in sedentary behaviour was not different 

by school (interaction p = 0.896). However, it should be noted that the calculations for MVPA 

and sedentary time are linked by the finite number of minutes in a day and a change in one is 

likely to result in a change in the other. 
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Figure 2 Relationship between change in (a) MVPA and sedentary behaviour and (b) shuttle 

distance and sum of skinfolds. Both graphs are drawn after correction for gender, age in days 

and gender*age in days. MVPA moderate to vigorous intensity physical activity. 
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2.4. Discussion 

In this primary school based quasi-experimental pilot study which investigated the effects of 

taking part in the Daily Mile, we found evidence of a positive effect on our four primary 

outcomes – accelerometer assessed time spent in MVPA, accelerometer assessed time spent 

in sedentary behaviour, physical fitness and body composition – after correcting for the 

common confounders of age and gender with or without socioeconomic grouping. 

Comparisons with other studies 

Whilst no other studies have investigated the effect of taking part in the Daily Mile, some 

have investigated the effect of increasing physical activity throughout the school day or 

introducing short physical activity breaks into the school day itself (Barr-Anderson et al. 2011; 

Norris et al. 2015). On the whole they have had mixed results with some finding alterations 

in MVPA, others not. This is likely in part due to the different methods used to assess these 

behaviours, in part due to the different interventions involved and in part due to the different 

accelerometer cut-points that can be found in the literature. Additionally, some studies use 

self-reported physical activity measures which although easier to administer on a large scale 

can lead to differing estimates in comparison to accelerometry (Reilly et al. 2008). 

Undoubtedly, the age and demographic of the children also has an influence and an 

intervention that works in one setting may not work in another. 

Similarly, some studies have found changes in body composition and / or fitness whilst others 

have not (Dobbins et al. 2021; Harris et al. 2009; Mei et al. 2016). The observed effect of the 

Daily Mile on fitness in the current study may be a result of the type of intervention activity 

involved (i.e. running) being similar to the fitness test. However, few studies have taken 

detailed physiological measurements and often only assess BMI. Changes in BMI are observed 

with some physical activity interventions but mostly in high-BMI groups. The decrease in the 

sum of skinfolds observed in this study without a concomitant change in BMI z-score is likely 

due to the higher resolution of skinfolds and its utility in assessing body fatness without the 

confounding effect of muscle mass. 

The similarity in handgrip strength, waist circumference, and hip circumference between 

schools at baseline suggests that participants’ values were comparable with regard to these 

functional and anthropometric characteristics, thereby supporting the internal validity of the 
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study. Additionally, these characteristics were consistent with normative reference data from 

other European research in children (McCarthy et al. 2001; McCarthy et al. 2010; Tomkinson 

et al. 2018). 

Meaning of study findings 

Scottish Government figures suggest that 73% of children in Scotland (77% of boys, 69% of 

girls) meet the physical activity guidelines (Brown et al. 2016). However, this figure is based 

on self-reported questionnaire results rather than accelerometer assessment and is likely to 

contain bias (Basterfield et al. 2008; Ekelund et al. 2011). Estimates of physical activity by 

accelerometer vary across Europe, from as low as 2% to as high as 63% of children meeting 

the physical activity guidelines (Griffiths et al. 2013; Konstabel et al. 2014). The children in this 

study fall within this range and are likely typical of Scottish and European primary school 

children (Inchley et al. 2007; Inchley et al. 2016). Regardless of how many meet the minimum 

recommended guidelines (at least 60 mins per day), higher levels of MVPA are generally 

considered to be better. This study shows that introducing the Daily Mile into a primary school 

setting does increase the MVPA of children by 9.1 minutes (SMD = 0.407). Although the Daily 

Mile is a 15-minute physical activity intervention, an increase of ~9 minutes is consistent with 

the pattern of running interspersed with periods of walking and chatting that is observed in 

children taking part (personal observations). Although the SMD would be considered to be 

small according to Cohen (Cohen 1988), small effects on a prevalent behaviour, such as 

physical inactivity, may have a high impact at the level of population health (Biddle, O'Connell 

et al. 2011). In addition, a change of this magnitude is close to the 10-minute increase in MVPA 

previously associated with meaningful reductions in cardiometabolic risk in children and 

adolescents (Ekelund et al. 2012). 

Sedentary time is less well studied than physical activity. Nonetheless, the available evidence 

suggests that the children in this study are typical of European children (Griffiths et al. 2013; 

Konstabel et al. 2014). In some studies, sedentary time appears to be a predictor of chronic 

disease independent of physical activity levels (Young et al. 2016). Two aspects of sedentary 

behaviour appear to be key to this: total sedentary time and prolonged blocks of sedentary 

time. The Daily Mile is potentially able to address both these issues although the present 

analysis only investigates total sedentary time. Although children at the intervention school 

were less sedentary (after correction for the common confounders) at baseline, this would 



48 
 

make is harder to observe a reduction in sedentary behaviour rather than easier. Despite this, 

this study shows an ~18 minute reduction (SMD = 0.437) in average daily sedentary time with 

the introduction of the Daily Mile. Again, this is consistent with a target of 15 minutes of 

physical activity where children will at least be up from their chairs for a slightly longer period. 

However, if done correctly, the Daily Mile also breaks up sedentary time as it should happen 

in the middle of lessons when children are likely to be sitting before and after their Daily Mile. 

Similar to MVPA, the SMD would be considered to be small but may well have significant 

impacts on population health due to mass participation. Additionally, the data also show a 

strong correlation between increasing MVPA and reducing sedentary time. This suggests that 

children are not compensating for the increase in MVPA during the Daily Mile by sitting more 

at other times of day: they are replacing sedentary time with MVPA. However, it should be 

noted that the calculations for MVPA and sedentary time are linked by the finite number of 

minutes in a day and may be more appropriately analysed in future studies using a 

compositional data analysis. 

The IDEFICS study (De Miguel-Etayo et al. 2014) children have median values of age corrected 

VO2max scores between 46.7-48.1 ml/kg-1/min-1 for boys and 45.4-47.4 ml/kg-1/min-1 for girls 

between the ages of 6-9 years. Relatively, the children in the current study could be 

considered to have high aerobic fitness (see Supplementary Material Chapter 2: Tables S1-S2 

for age corrected VO2max scores). This high baseline fitness would make it less likely that a 

change in fitness could be observed after a small increase in physical activity. Nonetheless, an 

improvement in fitness, as measured by shuttle distance (39.1 m, SMD = 0.236), was observed 

with the introduction of the Daily Mile. VO2max is linked with cardiovascular health and all-

cause mortality (Harber et al. 2017). Although the SMD would be considered to be small it 

may have a significant impact on a population scale. The CARDIA study in young adults 

suggests that having a VO2max 3.5 ml/kg-1/min-1 (~1 metabolic equivalent) higher gives a 

reduction in all-cause mortality of ~15% (Shah et al. 2016). Whilst we only see a relative 

increase of ~0.35 ml/kg-1/min-1 (Supplementary Material Chapter 2: Table S3) with the Daily 

Mile, this is still predictive of an ~1.5% reduction in all-cause mortality risk. Although it should 

be noted that the conversion from shuttle distance to VO2max includes age in years and is 

therefore relatively lower resolution. It has also been suggested that having a higher 

cardiorespiratory fitness at younger ages confers the greatest survival benefit (Harber et al. 
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2017). Furthermore, those with lower starting values appear likely to benefit to a greater 

extent (Kokkinos et al. 2010). This suggests that there are potentially useful health benefits 

associated with taking part in the Daily Mile. 

The children at both schools in this study had lower rates of overweight and obesity than are 

typical of Scottish children. The Scottish Health Survey reports overweight and obesity rates 

in 7-11 year olds as 30% (29% for boys, 32% for girls) (Brown et al. 2016). Again, this makes it 

less likely that a change in adiposity could be observed after a small increase in physical 

activity. Still, a reduction in adiposity as measured by skinfold (1.4 mm, SMD = 0.246) was 

observed with the introduction of the Daily Mile. Again, although the SMD would be 

considered to be small, at the population level it may have significant impacts on levels of 

adiposity. It is also possible that the impact of the Daily Mile on body composition may be 

larger still in children with higher rates of overweight and obesity. This intervention may be a 

useful component within measures designed to help tackle the obesity pandemic (Mendis 

2014). The strong correlation between those who reduced their skinfolds the most and those 

who gained the most fitness may indicate a common cause. Given that the pace each child 

completes the Daily Mile at is self-determined, it is possible that the children who gained the 

most benefits took a particular approach to the Daily Mile. 

Evidence linking socioeconomic status to MVPA and sedentary behaviour is unclear (Biddle, 

O'Connell et al. 2011). This is in part due to the use of different methods of capturing these 

outcome measures but also due to different ways of assessing socioeconomic status in 

different countries. Nonetheless, these outcome measures do appear to associate with 

specific aspects of socioeconomic status in some studies. However, clear differences between 

higher and lower socioeconomic groupings could be seen in the current study for fitness and 

body composition: children from postcodes with higher deprivation had lower levels of 

fitness, higher sums of skinfolds and higher rates of overweight and obesity. This is consistent 

with the widely recognised health inequality gap (Truesdale and Jencks 2016). However, no 

differences were seen between the socioeconomic groupings in response to the introduction 

of the Daily Mile, suggesting that it may be beneficial to all groups regardless of background. 

Although it should be noted that this study was not intended to investigate this and larger 

more powerful studies are needed to investigate this aspect of the Daily Mile. 
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2.4.1. Strengths and limitations of study 

This study is the first to investigate the widely publicised and adopted Daily Mile physical 

activity intervention. The intervention appears to be increasingly popular and has now been 

maintained in the originator school for more than five years. Thus, it is undoubtedly feasible 

to deliver and has been adopted locally in many areas. What was unknown was the efficacy 

for the anecdotally reported physiological benefits of taking part in the Daily Mile. Consent 

rates were high (>77% in both schools) as were the number of children successfully assessed 

at both time points for most outcome measures. We assessed MVPA and sedentary time using 

the gold standard accelerometer technique Sixty second epochs were utilised to allow 

comparison to other major UK/European studies such as the IDEFICS study (De Miguel-Etayo 

et al. 2014), and matches the epoch used when Evenson cut-points were validated by Evenson 

et al. (2008). However, the authors recognises that this cut point would not take into account 

very short bursts of MVPA < 60 seconds. However, considering that minutes/day of MVPA, 

minutes/day of sedentary time and shuttle run performance were the outcomes of interest 

for the accelerometers, 60 seconds is justified. 

We also assessed fitness using the 20-m shuttle run test (bleep test) which has been validated 

in this age group. However, several limitations must be acknowledged. Firstly, performance 

in the 20-m shuttle run test performance can be influenced by factors such as experience. 

Therefore, anyone performing the test between baseline and follow up, whether at a sports 

club or at school, may have improved their score irrespective any true change in aerobic 

fitness. Nevertheless, this limitation applies to children in both schools. Secondly, self-

motivation can play a substantial role in 20-m shuttle run test performance. That is, the 

knowledge of being in the intervention school may have increased some children’s 

engagement or effort beyond the ‘normal’ influence of partaking in a 20-m shuttle run test. 

This could have caused them to push to gain higher scores harder. However, considering that 

children were un-blinded from the start of the study, any influence is likely to have occurred 

at both baseline and follow-up both, reducing systemic bias. Thirdly, non-physiological reasons 

may alter a person’s willingness to perform maximal effort in most fitness tests. As the 20-m 

shuttle run test relies on maximal effort to attain accurate estimates, it is possible that slight 

differences in weather, mood or peer influence could introduce variability in individual scores. 

Nevertheless, a large sample size likely reduced the influence of individual variation on the 
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overall findings. Lastly, the 20-m shuttle run test provides an estimate and not a direct 

measure of cardiorespiratory fitness. However, its criterion validity is moderate-to-high in 

children, when compared to direct VO2max testing (Mayorga-Vega et al. 2015). This indicates 

it is an acceptable field-based measure of aerobic fitness in children and can be used where 

other more precise laboratory tests are not feasible. 

We also assessed body composition using labour intensive skinfolds assessments rather than 

the more straightforward but lower resolution BMI. The technical error of measurement is a 

standard index of anthropometric reliability, which is calculated from repeated 

measurements. It is used to quantify the degree of measurement error i.e. lower TEM 

indicates greater precision (Ryan-Stewart et al. 2022). According to Ryan-Stewart et al.  (2022) 

those trained to become ISAK Level 1 demonstrate a TEM of <7.5% for skinfolds and <1.5% 

for all other measures. Therefore, although study-specific technical error of measurement 

cannot be calculated retrospectively, the use of ISAK trained assessors provides confidence in 

the reliability of measurements collected in this study. Other research comparing skinfold 

thickness with DEXA in children aged 7-11 has shown that skinfolds may underestimate true 

body fat when compared with the gold-standard DEXA method (Noradilah et al. 2016). 

However, the shortcomings of skinfolds measurements were deemed acceptable as the 

alternative DEXA assessment was neither viable nor ethical due to the associated minimal 

radiation exposure and practical constraints in a large school-based field study. 

We acknowledge that there was a difference in sedentary time between the schools at 

baseline and the socioeconomic groupings were not reflective of the whole of Scotland which 

are limitations of our study. However, these differences would be predicted to make any 

effects of the Daily Mile harder to observe, not easier. Thus, changes were observed despite 

these differences. It would have been preferable to assess both the intervention and control 

schools at the same time of year to avoid any seasonal impact on physical activity. However, 

we believe that October and March should be similar enough to allow comparison (Atkin et 

al. 2016). Additionally, it would have been better to have both schools involved in the study 

for the same length of time. Although, correcting for age and gender should account for this 

difference. It is also possible that differences in the health and wellbeing policies within the 

schools contributed to differences in the results. However, the schools were selected to be 

from the same local authority and to be of similar socioeconomic make up to minimise 
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potential differences. As predicted, changes in outcome variables had effect sizes at the 

smaller end of the distribution (0.2-0.5). However, given the involvement of whole classes, 

small effects could have an important impact on population health. To gain further confidence 

in the results, this study should be replicated in a larger number of schools. Furthermore, no 

monitoring of adherence, or level of adherence, to the intervention was carried out although 

the results suggest this was sufficient. Several aspects of this piece of research were 

commented upon by the authors Daly-Smith et al (2019) and a response was published by 

Chesham et al. (2019) addressing their comments and is attached as an appendix (Appendix 

8). 

2.4.2. Unanswered questions and future research 

Additional anecdotally reported benefits to the Daily Mile (cognition, behaviour and 

wellbeing) are currently being investigated (Booth et al. 2016; Brooks et al. 2016). It is 

essential that the current studies are replicated in a larger number of schools and countries 

to ensure that the findings are both robust and repeatable in different educational contexts. 

Future studies should include diet and sleep quality which we are not yet investigating to 

explore the potential mechanisms of impact. More attention should be given to when the 

Daily Mile is being done during the school day and whether it is breaking up sedentary time. 

Additionally, future studies should investigate whether MVPA and sedentary behaviour are 

changing on weekdays and / or weekend days. 

In 2015, the Scottish Government launched the Scottish Attainment Challenge with the aim 

of achieving equity in educational outcomes for all Scottish children (Scottish Government 

2017). Whilst the current study found no difference in the response to the Daily Mile by 

socioeconomic grouping, both schools were heavily weighted towards less deprived 

catchment areas. Furthermore, the current study was not powered to detect such a complex 

interaction. The Daily Mile is a free, simple intervention that can be rolled out to schools 

regardless of socioeconomic status. It is necessary to conduct carefully designed studies to 

understand the impact of the Daily Mile in different socioeconomic settings and to 

understand whether it can have any impact on the attainment gap. 

The sample of children participating in this study included a number with challenging 

behaviours including autism spectrum disorders. Nonetheless, they took part in the Daily Mile 
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and our investigations. Understanding the impact of the Daily Mile in children with differing 

learning needs should also be a future priority. 

This study shows the value of introducing the Daily Mile into schools. Whilst the Daily Mile 

has been introduced as policy across Scotland, many schools do not have appropriate outdoor 

facilities to allow their children to take part. One of the challenges for policy makers and other 

stakeholders is to consider how to introduce the Daily Mile or alternative interventions shown 

to increase MVPA and fitness into such schools; or, how to adapt those schools to allow the 

introduction of appropriate interventions. 

2.5. Conclusions 

In conclusion, introducing the Daily Mile to the primary school day appears to be an effective 

intervention for increasing MVPA and reducing sedentary time and having measurable 

impacts on key aspects of metabolic health: body composition and physical fitness. This study 

provides the first assessment of the Daily Mile that will allow the development of evidence-

based policy around introducing the Daily Mile to more schools.  
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3. Chapter Three: Examining the cardiometabolic effects of breaking up prolonged sitting 

with light versus moderate physical activity in sedentary, inactive adults. 
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3.1. Introduction 

3.1.1. Why explore MPA and LPA breaks? 

Numerous negative health effects are reported in individuals who are highly sedentary 

(Ekelund et al. 2016). These effects are discussed in Chapter 1. Briefly however, the risk of 

developing diseases such as diabetes and the risk of cardiovascular events are greatly elevated 

in highly sedentary individuals (Jingjie et al. 2022; Wilmot et al. 2012) and there is a 

significantly increased risk of mortality (Ku et al. 2018b). Based on the compelling 

observational study by Ekelund et al. (2016), 60 - 75 minutes of moderate-intensity physical 

activity (MPA) per day is a useful benchmark for the volume, intensity and frequency of 

physical activity required for sedentary individuals to offset several negative effects of 

prolonged sitting. Therefore, exploring realistic and effective strategies for breaking up sitting 

in an acute setting is warranted. 

Despite the well-documented benefits of MPA, light-intensity physical activity (LPA) has 

received comparatively less examination in the context of breaking up prolonged sitting. This 

may be surprising given that LPA has several important practical advantages over MPA or 

vigorous-intensity physical activity (VPA) in sedentary, inactive, desk-based workers: who may 

be less able or willing to perform MVPA during work hours. For example, prescribing LPA can 

be particularly beneficial for deconditioned individuals. Although moderate-to-vigorous 

intensity physical activity (MVPA) is recommended for adults, the American College of Sports 

Medicine recommends lighter-intensity over higher-intensity physical activity for 

deconditioned persons (Garber et al. 2011). This is because, at the same absolute intensity, 

deconditioned individuals will be exercising relatively harder than fitter individuals. In 

addition, LPA can also help maintain workplace productivity. 

In a desk-based workplace, a balance must be achieved between obtaining optimal health 

benefits whilst maintaining productivity (MacEwen et al. 2015). In this regard, a significant 

benefit of lighter-intensity over higher-intensity physical activity during work is that it may 

promote better productivity: a key employer outcome. Light-intensity physical activity (LPA) 

may be more conducive to productivity for reasons such as 1) higher-intensity physical activity 

is more likely to induce sweating and so clothes changing may be required and, in this 

situation, many individuals may simply not wish the interruption/hassle of changing their 
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clothes, 2) sweating may cause difficulties with keyboard and mouse work, and 3) others may 

be self-conscious about body odour and/or sweat patches – all leading to reduced productivity 

and/or reluctance to take part. Therefore, for sedentary inactive individuals, recommending 

lighter-intensity activity may be practical. Yet, the acute metabolic effects of LPA when 

delivered as a single continuous bout matched for energy expenditure with MPA, to replace 

sedentary time, remain scantly researched and poorly understood. Therefore, this chapter will 

focus on a direct comparison of LPA versus MPA to address the evidence gap and to determine 

if acute metabolic benefits can be achieved. To test this, appropriate modes of testing must 

be used. 

In workplaces where staying at the desk is preferable to leaving the work environment 

altogether, treadmill desk workstations can be utilised  (MacEwen et al. 2015). When using 

treadmill workstations, a self-selected walking pace between 1mph and 2mph may be ideal 

for enabling sufficient typing and mouse performance (MacEwen et al. 2015), therefore 

helping to maintain productivity. For most individuals, walking at this pace would be 

considered LPA. The trial by MacEwen et al. (2015) demonstrated MPA paced walking may not 

be useful for those attempting to remain productive whilst also utilising a mouse and 

keyboard. Nevertheless, both LPA and MVPA breaks have been shown to improve markers of 

health such as reductions in postprandial glucose and insulin (Chastin et al. 2015; Dong et al. 

2024). However, the evidence base is still growing and the most effective optimal frequency, 

intensity, time and type (FITT) of physical activity breaks is still unknown (Benatti and Ried-

Larsen 2015; Dong et al. 2024). Regardless of the most effective strategy to improve these 

markers, MVPA cannot always be used to break sitting in a workplace. Therefore, this opens 

the question of which variations of LPA breaks are acutely effective in eliciting observable 

health benefits when breaking sitting. 

3.1.2. Effects of continuous bouts of physical activity on glucose and insulin 

In general, the effects of breaking sitting with several physical activity breaks appears to be 

more effective in acutely lowering glucose and insulin than a single prolonged bout (Chastin 

et al. 2015; Dong et al. 2024). However, as regular breaks are not always feasible in a 

workplace, and MVPA is not always conducive to productivity, exploring the most effective 

composition of a single continuous bout of LPA is warranted. However, the availability of trials 

using a single continuous bout of LPA to break up a simulated working day are limited, and 
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their responses are also inconsistent. After a continuous LPA bout, some trials reported lower 

glucose levels (Gao et al. 2024; Hoffmann, Schierbauer, Zimmermann, Voit, Grothoff, 

Wachsmuth, Rössler, Lackner et al. 2024) whereas another reported higher glucose levels 

(Katsanos et al. 2004).  

Additionally, even the effects of a single continuous bout of MPA to break up a simulated 

working day are inconsistent. Several trials report no difference in glucose levels (Benatti et 

al. 2017; Farah and Gill 2013; Homer et al. 2017; Katsanos et al. 2004; Maylor et al. 2018; 

Miyashita 2008; Miyashita et al. 2013; Miyashita et al. 2008; Miyashita et al. 2016; Newsom 

et al. 2013; Peddie et al. 2013) whereas others reported lower glucose levels (Bhammar et al. 

2017; Kim et al. 2014; Marion-Latard et al. 2003; Miyashita et al. 2013) and others reported 

higher levels (Holmstrup et al. 2014; Kashiwabara et al. 2018; Wheeler et al. 2020). Typically, 

where same day effects on glucose and insulin were observed, no differences in insulin and 

glucose were observed the next day pre-prandially. 

Previous dose response trials also exist that assessed a continuous bout of LPA versus MPA. 

However, they either only broke up a small part of the day (Tsetsonis and Hardman 1996), or 

measured physically active participants (Katsanos et al. 2004; Tsetsonis and Hardman 1996). 

The only trial to break up a full sitting day with a bout of lighter physical activity versus an MPA 

bout, in sedentary participants, was by Newsom et al. (2013). However, their lighter bout was 

50% VO2peak and should be considered somewhere between MPA and LPA i.e. LMPA, and 

they completed a mixture of walking, jogging and cycling in the lighter intensity trial arm. 

Therefore, it is not known if a single continuous bout of LPA walking, which simulates breaking 

up a full working day (≥ seven hours) of sitting, can alter glucose handling to the same degree 

as an energy matched continuous bout of MPA in sedentary inactive adults.  

3.1.3. Effects of continuous bouts of physical activity on lipids 

Understanding how breaking up sedentary time with LPA or MPA acutely affects lipid profiles 

can help to inform physical activity guidelines aimed at mitigating the negative consequences 

of prolonged sitting. It has been shown that exercise training causes a significant but modest 

improvement in total cholesterol (TC), high-density lipoprotein (HDL) cholesterol, low-density 

lipoprotein (LDL) cholesterol, and very low-density lipoproteins (Smart et al. 2025). 
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Accordingly, TC, LDL, very low-density lipoproteins and triglycerides decrease and HDL 

increases.  

Evidence is available that shows changes in LDL can occur after two hours and last as long as 

six hours after a meal (Jadallah and Hammad 2024). However, TC and LDL are less responsive 

acutely to exercise (Antunes et al. 2020). However, the pool of evidence assessing acute 

responses of TC and LDL following a continuous physical activity break is very limited (Loh et 

al. 2020), with most trials showing no changes in either marker. 

Triglycerides are also influenced acutely by meals (Tiihonen et al. 2015) with peaks likely to 

occur between one to four hours after meals (Mikkelsen et al. 2023). Recent evidence from 

the trial by Antunes et al. (2020), suggests that differences in triglycerides are acutely 

influenced after exercise. Their trial - in a healthy male population - showed an acute bout (≤ 

60 mins) of low, moderate or high intensity exercise, can lower levels of triglycerides 

immediately after exercise and at 60 minutes after exercise compared to a resting condition. 

However, a recent meta-analysis concluded that following physical activity breaks, 

improvements in triglycerides are not currently supported by the literature (Dong et al. 2024). 

Yet, the authors noted the available studies contained a wide range of prolonged sitting 

settings, methods of outcome measurement, and degrees of outcome focus. Therefore, the 

pool of evidence is still unclear regarding triglyceride responses and needs to be expanded.  

Of note, a reduction in triglycerides has previously been observed soon after breaking up 

sitting with a continuous bout of MPA (Farah and Gill 2013; Kashiwabara et al. 2018; Katsanos 

et al. 2004). However, the evidence for changes after an acute bout of LPA breaking up a 

simulated workday is limited to one recent trial (Hoffmann, Schierbauer, Zimmermann, Voit, 

Grothoff, Wachsmuth, Rössler, Lackner et al. 2024), which also observed lower triglyceride 

values. Evidence also shows that continuous MPA and LPA breaks are impactful enough to 

alter triglyceride levels the following morning pre-prandially, as changes the next day have 

been shown elsewhere (Kim et al. 2014; Tsetsonis and Hardman 1996). However, a greater 

number of studies are available reporting no differences (Homer et al. 2017; Katsanos et al. 

2004; Miyashita 2008; Miyashita et al. 2013; Miyashita et al. 2008). Evidence from the trial by 

Antunes et al. (2020), also suggests that differences in HDL are possible acutely after exercise. 

However, very little evidence is available for the influence of a continuous MPA or LPA break 

on HDL cholesterol with only one study observing same day differences in HDL after LPA 
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exercise (Hoffmann, Schierbauer, Zimmermann, Voit, Grothoff, Wachsmuth, Rössler, Lackner 

et al. 2024). Overall, the evidence of the acute effects of breaking sitting with physical activity 

on TC, HDL, LDL, and triglyceride levels in sedentary inactive adults is currently equivocal.  

3.1.4. Effects of continuous bouts of physical activity on blood pressure 

Physical activity can also acutely influence blood pressure. However, the effect of LPA and MPA 

walking on post exercise hypotension - for both systolic blood pressure (SBP) and diastolic 

blood pressure (DBP) - is milder compared to higher intensity aerobic exercise (Elizabeth 

Carpio-Rivera et al. 2016). To our knowledge, only two trials breaking a simulated workday 

have assessed blood pressure responses (Bhammar et al. 2017; Miyashita et al. 2008). Both 

trials saw lower SBP following a bout of MPA exercise. No trials breaking a full day of simulated 

workplace sitting have explored the effects of a continuous LPA bout on blood pressure 

responses.  

3.1.5. How to compare MPA and LPA effectively? 

To compare the effect of different LPA and MPA intensities, matching the energy expenditure 

of LPA and MPA bouts is necessary. To do this it is necessary to find the intensity of the physical 

activities per minute: their ‘MET minute value’. Basing physical activity conditions on MET 

minute values is useful as they allow us to approximately match activities for energy 

expenditure. Using 300 MET minutes of MPA per day as a benchmark - based on previous 

research (Ekelund et al. 2016; Lee et al. 2022) - we can compare an energy matched bout of 

MPA to a bout of LPA. This can be done as follows: walking at 1.6 mph (approximately two 

METs) for 150 minutes would achieve 300 MET minutes (two METs * 150 minutes). Walking 

at 3.5 mph (approximately 4.3 METs) for 70 minutes, would also achieve ~300 MET minutes 

(4.3 METs * 70 minutes) (Ainsworth et al. 2011). At both speeds and times above, individuals 

would achieve ~4 miles walking. The researcher recognises that there are several means of 

completing physical activity breaks, including cycling, and bodyweight resistance. However, 

walking has been chosen for this trial as it provides the best balance of accessibility in real 

world environments and is also easily controlled in a lab environment. Additionally, walking 

breaks are the most common type of activity break in the literature and therefore utilising 

walking can be subsequently compared to available evidence. 
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Overall, both durations and intensities would allow researchers to compare MPA to LPA 

walking whilst matching energy expenditure. To our knowledge, this was the first lab trial to 

compare cardiometabolic responses to energy matched bouts of continuous LPA and MPA 

walking, versus a control, whilst breaking up a simulated workday, in apparently healthy 

sedentary and inactive adults. 

3.1.6. Aims 

In a sedentary and inactive adult population sample, this trial primarily examined the 

metabolic responses of interstitial glucose, venous glucose and insulin to two energy matched 

bouts of physical activity and a control. This randomised, controlled, three-arm crossover trial 

(RCT) included: 1) a continuous bout of LPA walking at 1.6 mph for 150 minutes, 2) a 

continuous bout of MPA walking at 3.5 mph for 70 minutes, and 3) a no-physical activity 

(sitting only) ‘control’ condition. The physical activity regimens were approximately matched 

for MET minutes (~ 300 METs) and distance (~ 4 miles).  

Additionally, the study assessed secondary outcomes. These included ascertaining whether 

any changes occurred following the physical activity conditions compared to the control for 1) 

lipid profiles and 2) blood pressure. 

3.1.7. Hypotheses 

Primary hypotheses 

1. Interstitial glucose will be lower, compared to a control, for both exercise conditions 

over 24-hours, over the lab-day, during exercise, after lunch, after snack, after dinner, 

and during sleep. 

2. Venous glucose and insulin will be lower, compared to a control, for both exercise 

conditions after lunch. No difference will remain the following morning. 

3. The effects of MPA will be greater than those of LPA for all biomarkers. 

Secondary hypothesis 

1. Triglycerides will be lower, compared to a control, for both exercise conditions after 

lunch and the following morning. 
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2. Total cholesterol (TC), low density lipoprotein cholesterol (LDL) and high-density 

lipoprotein cholesterol (HDL) will not differ between the three conditions at any time 

point. 

3. Blood pressure will not differ between the three conditions at any time point. 
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3.2. Methods 

3.2.1. Study design 

This randomised, controlled, crossover trial took place at the University of Stirling, Scotland, 

and was approved by the University of Stirling NICR non-NHS projects committee paper no. 

68. 

3.2.2. Participants 

Participants were recruited via posters, social media, University of Stirling online ‘portal’ and 

by word of mouth throughout the university and local community. Inclusion criteria: Normal, 

overweight and obese body mass index (BMI) (≥ 18.5 to < 40 BMI kg▪m-2) men and women, 

aged 18 to 59, were invited to participate in the trial. Participants were required to have 

normal blood pressure (Systolic < 140 mm Hg or diastolic < 90 mm Hg), normal blood glucose 

(< 6.0 mmol▪L-1 after 10 hours overnight fasting) and to sit regularly for ≥ five hours a day. 

Individuals must have done weight training < two times per week and be doing < 150 minutes 

of moderate-to-vigorous exercise per week for a period ≥ three months. Only those who fully 

understood written and spoken English could begin. Exclusion criteria: having risk-factors, 

illnesses or injuries stopping safe light- or moderate exercise; having known cardiovascular or 

metabolic disorders that would affect the main study outcome (blood glucose); tobacco 

smoking; being pregnant or taking medication that lowered glucose or blood pressure. 

Volunteers could access these criteria and initially assess their eligibility through participant 

information sheets, linked via QR codes and hyperlinks to the study research page (Appendix 

1: Participant Information Sheet). After initial examination of the participant information 

sheets, volunteers could then organise to attend an initial research meeting. This initial 

appointment allowed volunteers the opportunity to ask further questions, before agreeing to 

attend a subsequent familiarisation session. 

3.2.3. Screening and familiarisation 

Following initial contact and a period of ≥ three days, volunteers attended a screening and 

familiarisation session. The session began by reiterating the study details and ensuring 

individuals fully understood the potential risks and benefits of taking part. An opportunity for 

questions was then provided before participants signed an informed consent form. Copies 

were available to participants.  
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3.2.4. Screening 

Subsequently, individuals filled in a Pre-Participation Health Screening Questionnaire (PPHSQ) 

Researchers used this to determine suitability of participants based on medical history, 

including any medication individuals were taking that might interfere with the main study 

outcome (interstitial glucose). The International Physical Activity Questionnaire–Short Form 

(Appendix 2: IPAQ-SF) was then used to determine physical activity (PA) and sedentary status. 

A PA history questionnaire was also completed by participants, to assess their PA levels in the 

past year and past five years. This was used to help describe the recruited sample population. 

After 15 minutes of seated rest, blood pressure was then measured twice using a manual 

sphygmomanometer (Greenlight 300, Accoson, UK) and the lowest value was used. A third 

measurement was taken if there had been a change > 2.0 mm Hg between the first two 

measurements. In this situation, the median value was taken as baseline. If blood pressure 

was high (> 140/90 mm Hg) then repeat measurements were taken on the same morning. If 

these remained high, then further measures would have been taken under the same 

conditions on a subsequent day before eligibility could be confirmed: no participants required 

this. Fasted blood glucose (≥ 10 hours) was then assessed using the finger prick capillary 

method via single use lancets (Unistik 3, Owen Mumford, UK). If values were ≥ 6.0 mmol▪L-1 

then a second sample would have been taken to confirm this value: none of the study 

participants had fasted glucose values of ≥6.0 mmol▪L-1 at familiarisation.  

3.2.5. Anthropometry 

Participant height (cm) was measured using a Leicester Height Measure (Marsden Weighing 

Machine Group Ltd, UK). Body mass (kg) was measured using Seca 869 scales (Seca GmbH & 

Co. KB., Germany). Hip and waist girths (cm) were measured using Lufkin Executive Thinline 

Tape (Lufkin Industries, USA). Anthropometry was performed by the main researcher, who 

was also qualified to International Society for the Advancement of Kinanthropometry (ISAK) 

level 1, and carried this out according to protocol (ISAK, www.isak.global). All measurements 

were taken within two weeks of starting the first experimental period. 

3.2.6. Familiarisation 

To ensure participants were safe whilst exercising during the trial, they were familiarised with 

the two chosen treadmill speeds (1.6 mph and 3.5 mph) for a period of five minutes (HP 
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Cosmos Pulsar Treadmill, HP Cosmos, Germany). The use of Polar heart rate monitors (H7, 

Polar Electro, Finland) and the BORG 6-20 rating of perceived exertion (RPE) scale was 

explained at this time. The process of obtaining blood samples via venepuncture, use of 

FreeStyle Libre flash glucose monitoring system (Abbott Laboratories LTD, UK), application of 

a protective hypoallergenic translucent film (Tegaderm, 3M Company, USA) and the use of 

ActivPAL 4 (PAL Technologies Ltd, UK) and Actigraph (ActiGraph LLC, USA) was described to 

participants. Individuals then received information sheets regarding the use of this 

equipment. A research diary was also provided so individuals could record PA, food intake and 

protocol adherence. 

3.2.7. Randomisation 

A randomised design was utilised. The eight participants were assigned to one of six possible 

treatment orders, undertaking one of three exercise conditions on each occasion: 150 minutes 

of sitting, 150 minutes of light-intensity walking (LPA), or 80 minutes of sitting followed by 70 

minutes of moderate-intensity walking (MPA). The sequence of randomisation was generated 

prior to participant recruitment. Once a participant had completed familiarisation, the next 

sequential randomisation sequence available was assigned to them. 

3.2.8. Study design: restrictions 

Participants were required to attend three research periods, each lasting five days (Figure 3). 

Individuals were given a set of instructions to follow over the five days of each research period 

and additional instructions were given on the lab-day. On day one, participants were asked to 

begin avoiding MVPA and asked to take minimally active transport options such as the train, 

bus or car. On day two, participants were asked to begin avoiding alcohol and to wear the 

monitors provided. On day three, no lab time was required, but participants were additionally 

asked to start avoiding caffeine consumption. They were also asked to avoid eating or drinking 

(except water) after 20:00 and told to get a full night’s sleep. On day four, during lab time, 

participants were asked to remain seated/reclined and to minimise shuffling during prolonged 

sitting periods. They could undertake sedentary workplace activities such as computer work 

and television viewing during non-physical activity periods, but no standing was permitted. To 

minimise PA, participants were transported between laboratories and to the toilet via 

wheelchair. At the end of the lab-day, participants were asked to get a full night’s sleep that 

evening/night. Restrictions were lifted at 08:15 on day five. These instructions were designed 
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to reduce the respective influences of these activities on the main study outcome (Bird and 

Hawley 2017; Elizabeth Carpio-Rivera et al. 2016; Kido et al. 2016; Reis et al. 2019; Zhu et al. 

2019). Five-day research periods allowed researchers to assess the potential influence of the 

exercise conditions over 24-hours on IFGM data from 08:00 on day four to 08:00 on day five, 

which was inclusive of the highly controlled lab period. Attending the lab on day five also 

allowed a final blood draw and blood pressure to be taken at ~08:15 to 08:20.  

 

Figure 3 Flowchart of the experimental design (randomised controlled crossover trial), 

detailing study phases (A, B and C) and providing an overview of research periods and their 

associated lab-day exercise conditions. 

3.2.9. Interstitial glucose monitoring 

On day two, a subcutaneous IFGM sensor was applied to the participant’s posterior upper 

arm, on their non-dominant side. Once initialised, the sensor was covered with hypoallergenic 

film. This reduced the chance of accidental damage to the skin, or removal of the device. The 

monitor was removed after 08:15 on day five. The memory capacity of the model had a 

maximum of eight hours. Therefore, the glucose sensor must be read with its monitor within 

that time to ensure no data loss. Alarms were set to remind participants to record readings. 

Less than 1% of all IFGM data was lost due to participant data loss, which was due to the 

participants failing to scan their monitor when the pre-set alarms sounded. 
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3.2.10. Activity monitoring 

An ActiGraph GT3x (ActiGraph, FL, USA) was attached via a belt at the right anterior-superior 

iliac spine on day two. This activity monitor allowed researchers to validate two details: 1) 

adherence to PA restrictions out with lab time and 2) intensity of PA and sedentary time during 

lab time. Once applied, an instruction sheet was provided to encourage proper treatment of 

equipment. The monitor was subsequently removed after 08:15 on day five. Physical activity 

booklets and ActiGraph activity monitors confirmed that individuals were adhering to study 

protocols. This ruled out that individuals were compensating for their sedentary lab-day by 

performing MVPA after the lab-day. 

3.2.11. Experimental (lab-day) protocol 

Day four contained the main laboratory-controlled research segment, which ran for nine hours 

from 08:00 to 17:00 (Figure 4). When participants arrived at 08:00, they began by sitting 

quietly in the lab. They were asked if they had adhered to trial instructions, and their research 

diary was examined. Any deviation from the study protocol resulted in trial delay.  

After 15 minutes (08:15), blood pressure was taken from the contralateral arm to the IFGM 

sensor. Immediately after, a venous blood sample was obtained from the antecubital fossa of 

the ipsilateral side. Participants were then transported to the nutrition lab where they were 

provided with breakfast at 08:30. They were asked to eat breakfast within 15 minutes. 

Participants were required to complete the following three conditions in random order: 1) 

sitting (SIT); 2) light-intensity PA walking (LPA) and 3) moderate-intensity PA walking (MPA) 

during the nine-hour simulated workday (lab-day). 

In the SIT condition, individuals sat from the end of breakfast until 13:00. In the MPA 

condition, individuals sat until 11:50 when they began walking at 3.5mph for 70 minutes. In 

the LPA condition, individuals sat until 10:30 when they began walking at 1.6mph for 150 

minutes. All walking was carried out on the same treadmill, with room temperature set at 

20⁰C. To describe intensity, heart rate monitors were applied at 10:30 in each condition and 

BORG scores were recorded every 15 minutes during PA. At 13:00 heart rate monitors were 

removed, and individuals were transported to the nutrition lab.  

Lunch started at 13:15. At 13:30 lunch ended, and participants were returned to the sitting 

lab where they sat until 17:00. At 17:00 participants walked a short distance to the nutrition 
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lab (< 10 meters) where they ate the snack provided and ended their controlled lab time. 

Snacks were eaten by 17:15. They were then free to return home to eat their evening meal 

between 19:00 and 20:00. This was followed by an overnight fast until 08:15. Participants were 

asked if they had complied with the protocol and their research diary was checked. At 08:15 

a final set of blood pressure and blood samples were taken. By 08:30 the ActiGraph and 

glucose sensor were removed by the researcher, ensuring electrode removal and that sites 

were free from irritation or infection. Participants were then free to leave the lab, or eat a 

meal provided if they chose to do so. 

Each of the three research period arms were separated by at least seven days, with a 

maximum of two weeks separating consecutive periods. The sitting condition was considered 

the control condition with no increase in energy expenditure or change in posture. The LPA 

and MPA conditions elicited a change in posture and energy expenditure, with LPA being 

upright for longer. However, these PA conditions differed in time spent upright as well as 

intensity, although total energy expenditure was estimated to be similar (~300 MET minutes) 

and distance the same (~4 miles). 
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Figure 4 Timeline of the 9-hour lab visit protocol: including two venous blood draws (droplet 

icons) and two blood pressure measurements (cuff icons) at 08:15 and at 14:00. Participants 

consumed two standardized meals at 08:30 and 13:15 (cup and fork icons). Participants were 

assigned to one of six possible treatment orders, undertaking one of three exercise conditions 

on each occasion: 150 minutes of sitting, 150 minutes of light-intensity walking (LPA), or 80 

minutes of sitting followed by 70 minutes of moderate-intensity walking (MPA). This protocol 

was designed to evaluate the modulating effect of different exercise conditions on the primary 

study outcomes. 

3.2.12. Venous blood samples and blood pressure timing 

Three venous blood samples were taken over a 24-hour period. The first sample was taken at 

08:15 on day four, the second at 14:00 and the third was taken the next day at 08:15 (+ 24-

hours). The post-lunch sample corresponded to 45 minutes after food intake. The timing was 

chosen as previous data from our lab showed IFGM values commonly peaked between 45 and 

60 minutes postprandially in a similar population (data not shown). Additionally, a 2007 study 

in healthy subjects, using continuous glucose monitors, saw interstitial glucose peaks between 

46 and 50 minutes postprandially after different meals (Freckmann et al. 2007). In addition, 

although plasma glucose concentrations typically peak at 60 minutes after meals (American 

Diabetes Association 2001), the 45-minute timing may have been able to capture possible 

early peaks as a result of the exercise conditions. Blood pressure sampling corresponded to 

the venous blood sample timing and was carried out on the contralateral arm to the IFGM. 
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3.2.13. Blood samples treatment 

Venous blood was extracted into 10ml serum sample tubes (BD Vacutainer, Becton Dickson 

USA) by a trained phlebotomist. Before tube inversion, 100µl of blood was aliquoted into 1ml 

0.4 M perchloric acid (PCA), vigorously shaken and placed in ice water. Subsequently, the 

serum tubes were gently inverted 10 times and placed on ice for 1 hour. Serum blood samples 

were then centrifuged (Heraeus Multifuge 3SR+, Thermo Fisher Scientific Inc, UK) at 3500rpm 

and 4⁰C for 15 minutes before serum extraction and freezing at -80⁰C. PCA samples were 

centrifuged (Heraeus Fresco 21, Thermo Scientific, UK) at 12.5G at 4⁰C for 5 minutes then 

frozen at -80⁰C. When ready for analysis, serum and PCA samples were defrosted and analysed 

using the Altair 240 Stanbio Chemistry Analyser (Aspect Scientific Ltd, UK). The Altair is 

advantageous as multiple blood markers can be analysed simultaneously. Glucose, TC, HDL, 

LDL and triglycerides were analysed. Lastly, insulin was analysed from serum samples using 

Insulin ELISA Kits (Biosupply UK Ltd, UK), prepared in the Thermo-Mixer HC (Star Lab Group, 

UK) and read on the BioTek Synergy LX Multi Mode Reader (Agilent, USA) as per equipment 

manufacturing protocols. 

3.2.14. Diet 

To control for diet induced outcome variability, food consumption was partially controlled 

during the research periods, and five standardised meals were provided. On day three, 

participants were required to eat as normal, except they were provided with their first 

individualised meal, which was to be eaten between 19:00 and 20:00. This was followed by a 

period of fasting until breakfast the next day.  

The second, third and fourth meals were provided on day four and eaten in the lab at 08:30 

(breakfast), 13:15 (lunch) and 17:00 (snack). All meals were prepared and cooked for 

participants allowing them to remain seated. Water intake was consumed ad libitum 

throughout the first lab-day and was replicated in subsequent trials. The fifth, and last meal 

provided, was an evening meal that was identical to the first and eaten between 19:00 and 

20:00 on day four. Participants then fasted until 08:15 the next day (day five) when the 

research period arm ended.  

Meal composition closely reflected the average UK adult’s dietary composition: 17% protein, 

36% fat and 47% carbohydrate (Whitton et al. 2011). A PA factor of 1.4 (reflecting a sedentary 
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lifestyle) was used to determine individualised energy requirements using Nutritics (Nutritics 

LTD, Ireland). The Mifflin St Jeor equation was chosen to calculate resting metabolic rate, as it 

is relatively accurate in healthy obese and non-obese populations compared to other 

commonly used equations (Frankenfield 2013). Each of the five meals contained 25% of 

estimated daily calorific needs. On days three to five, participants were required to record 

everything they ate in their research diary. They could then replicate their energy intake in 

each subsequent research period. At home, participants were asked to cook their evening 

meals in the same manner each time. Electronic food scales were provided to ensure accurate 

measurement of food (CS-2000B Digital Kitchen Scale, Ohaus Corporation, USA). 

3.2.15. Power calculation 

This pilot study was the first trial of its type: comparing cardiometabolic responses to energy 

matched bouts of continuous physical activity (LPA or MPA) versus a control, in sedentary and 

inactive adults over a full simulated workday. As an exploratory trial, it aimed to generate 

preliminary data to inform future research. To estimate sample size, interstitial glucose data 

from the trial by Crespo et al. (2016) was utilised to calculate effect size. Sample size 

calculation was performed in G*Power. The following parameters were entered: effect size (f) 

= 0.35, alpha error probability = 0.05, power (1-beta error prob) = 0.80, number of groups = 

1.0, number of measurements = 3.0, correlation among measures = 0.50, and nonsphericity 

correction = 0.75. Therefore, this pilot trial aimed to recruit a sample size of 18. However, 

recruitment was challenging, and the trial was ended after 14 months, with eight participants 

completing the study.  

3.2.16. Statistical analysis 

The main outcome of interest was interstitial glucose total area under the curve (tAUC). For 

IFGM, several different segments were analysed over the lab-day’s 24-hours: 1) tAUC over 24-

hours (08:00 to 08:00); 2) tAUC during the lab-day (08:00 to 17:00); 3) tAUC within-exercise 

(10:30 to 13:00); 4) tAUC 3-hours post-lunch start (13:15 to 16:15); 5) tAUC 2-hours post-snack 

start (17:00 to 19:00); 6) tAUC 3-hours post-evening meal start (19:00 to 22:00) and 7) tAUC 

during sleep (23:00 to 06:30). 

As the first bout of walking began at different times in each condition, data were analysed for 

the full 150 minutes from 10:30, which is referred to as the ‘within-exercise’ period. For the 
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snack period analysis, not enough time was available to do a full three-hour analysis between 

17:00 and 20:00, as the subsequent evening meal was eaten between 19:00 and 20:00. 

Therefore, the analysis was curtailed to stop at 19:00. Additionally, although wake and sleep 

times varied somewhat per participant, alarms were set at 23:00 and 6:30am for the IFGM 

and so between this time was categorised as sleep. This was therefore used for the analysis 

sleep time window, as done in previous trials (Crespo et al. 2016)  

The trapezoidal method was used to calculate tAUC (Wolever and Jenkins 1986) using 15-

minute measurement windows. The FreeStyle Libre measures glucose levels every minute and 

automatically stores them as an average over 15 minutes (epochs), so sub-15-minute analysis 

segments were not possible. Although commonly used in other research, incremental area 

under the curve was not utilised to assess post-mealtime periods in this study. By only 

including the area above baseline values, iAUC may overlook important information regarding 

the overall response of the post-exercise period, such as significant drops below baseline. 

Ignoring these fluctuations may have led to only a partial representation of the physiological 

changes. The primary aim of this study was not to isolate the effects of lunch alone (or other 

meals), but to explore the modulating effect of exercise on specific periods, such as the post-

lunch period. Therefore, only tAUC was included in analysis.  

The main secondary outcomes of interest included venous measures of glucose, TC, HDL 

cholesterol, LDL cholesterol, triglycerides and insulin. Additionally, measurements of blood 

pressure were also performed as secondary outcome measures. These secondary outcomes 

were analysed as three separate times blood draws. Total AUC (rather than incremental area 

under the curve) was utilised during their analysis for the same reasons as the primary 

outcome of interest. 

Linear mixed-effects models were used to analyse data as this type of model can account for 

each subject as a random coefficient in a cross-over trial and has been recommended 

elsewhere (Bhammar et al. 2017). The primary outcome of interest was interstitial glucose 

(iGlucose). For the analysis, the baseline value at the beginning of each lab-day was a covariate 

in the 24-hour iGlucose model analysis and lab-day model analysis. For the within-exercise 

model analysis, the immediately pre-exercise iGlucose values were used as baseline covariate. 

Baseline values were not utilised for lunch, snack, dinner or sleep, as this would have masked 

any potential changes that occurred through the effect of exercise on the main study 
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outcomes. Exercise condition (SIT, LPA or MPA) were fixed factors in all models. Evidence exists 

for potential differences in males and females after fasting and after glucose challenges as 

discussed in the article by (Mauvais-Jarvis 2018). Therefore, gender was always initially 

included in the models. However, to ensure the simplest model and to avoid over fitting, 

gender was removed if the fit (assessed via AIC or BIC) or the explanation of variance (via r-

squared conditional) was not improved. In addition, the potential impact of treatment order 

and BMI were also examined. These factors and covariates were removed if they did not 

improve, or worsened, model fit or explanation of variance. Factors coding was set to 

‘dummy’. Participants were included as a cluster variable and selected as random coefficient.  

The secondary outcomes of interest were venous glucose (vGlucose), TC, HDL cholesterol, LDL 

cholesterol, triglycerides, insulin and systolic blood pressure (SBP) and diastolic blood 

pressure (DBP). For the same reasons outlined in the primary outcome of interest, linear 

mixed-effects models were utilised. The baseline value at the beginning of each experimental 

lab-day was used as a covariate in their analyses. The choices of which fixed factors and 

covariates to utilise, as well as coding and clustering, was the same protocol as employed for 

iGlucose analysis. 

In line with best practice guidelines for reporting linear mixed-effects models, effect sizes in 

this chapter are communicated through the reporting of fixed-effect parameter estimates (β 

coefficients) and their associated uncertainty, rather than a single standardised metric, as no 

universally accepted protocol exists for linear mixed-effects models. Meteyard and Davies 

(2020) argue that there is no single correct way to implement a linear mixed-effects model; 

instead, the decisions made by researchers during analysis represent one option among many 

possible alternatives. In this chapter, Cohen’s d was not used to estimate effect sizes because 

standardised mean differences (such as those used in Chapter 2) do not account for clustering 

of repeated measurements within individuals or covariate adjustment and so are not 

appropriate for effect size estimation in linear mixed-effects model analysis (Lorah 2018).  

Instead, fixed effect estimates are reported for individual independent variables. These fixed-

effect estimates represent differences relative to the reference category for each independent 

variable, as they quantify the magnitude and direction of the association between each 

independent variable and the dependent variable. Standard errors (SE) and confidence 

intervals (CI) are also reported to quantify the precision and uncertainty of fixed effect 
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estimates and reporting these are endorsed as good practice for linear mixed-effects models 

(Meteyard and Davies 2020). Also recommended by Meteyard and Davies (2020), random 

effect variances from the final model were reported in full, including participant-level random 

intercept variance and residual variance. 

Additionally, marginal R² is reported as a standardised measure of variance explained by the 

fixed effects in the linear mixed-effects models, representing the proportion of variance 

explained by the fixed effects taken together (Nakagawa et al. 2013). Conditional R² is also 

reported, as it represents the total variance explained by both fixed and random effects, 

including between-participant variability. Both measures are recommended and illustrated in 

the reporting framework proposed by Meteyard and Davies (2020). 

Jamovi (Version 2.4.11.0) was utilised for all statistical analyses. Statistical significance was 

assumed at the level of p < 0.05. All p values were reported in fixed effects omnibus tests. 

However, p values of < 0.10 were reported in parameter estimates and post hoc tests to 

indicate trends and borderline significance in this explorative analysis. Additionally, if it was 

reported that a covariate (e.g., baseline or BMI values) was a statistically significant predictor 

of the dependent variable in fixed effects omnibus tests, the covariate results from the 

corresponding fixed effects parameter estimates were not reported: as they always followed 

the same pattern of significance. Post hoc testing was conducted using the Holm method to 

control for family-wise error rate, offering a balance between preserving statistical power and 

minimising Type 1 errors (Holm 1979). Assumptions of normality and linearity were assessed 

using tests of normality of residuals, Q-Q plots, histograms and scatterplots of residuals. No 

transformation of data was required. 

3.3. Results 

Participant characteristics are described in Table 4. Between genders, statistical differences 

were observed for height only (t (6) = - 5.25, p = 0.002). All eight participants completed all 

three trial conditions. 
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Table 4 Participant characteristics split by males and females. IPAQ sedentary hours = 

International Physical Activity Questionnaire (number of daily self-reported sedentary hours).  

 

3.3.1. Glucose and insulin  

3.3.1.1. 24-hour iGlucose 

Time of day had a significant effect on iGlucose (F (95, 2186) = 18, p < 0.001, Figure 3). Fixed 

effects parameter estimates indicated that baseline iGlucose values were significantly 

different (all p < 0.05) to the periods of 09:00 to 10:45, 13:30 to 16:00 and 17:15 to 23:45. 

Post hoc tests were not performed. 

Gender N Mean Median SD Minimum Maximum
Age (years) Female 5 39 38 13.4 23 59

Male 3 22 21 3.2 20 26

Body mass (kg) Female 5 60.6 58 7.9 53.0 70.0

Male 3 80.0 77 21.7 60.0 103.0

Height (m)* Female 5 1.62 1.59 0.1 1.58 1.72

Male 3 1.83 1.82 0.0 1.80 1.86

Body Mass Index Female 5 23.0 23 3.7 18.0 27.0

Male 3 24.0 24 6.0 18.0 30.0

Waist (cm) Female 5 76.2 75 9.6 67.0 90.0

Male 3 84.0 85 13.5 70.0 97.0

Hip (cm) Female 5 100.4 99 3.9 96.0 105.0

Male 3 105.3 99 11.0 99.0 118.0

Waist to hip ratio Female 5 0.78 0.8 0.1 0.70 0.90

Male 3 0.80 0.8 0.1 0.70 0.90

Blood pressure systolic (mm Hg) Female 5 112.6 111 9.3 100.0 124.0

Male 3 122.0 120 14.1 109.0 137.0

Blood pressure diastolic (mm Hg) Female 5 75.4 73 6.3 69.0 84.0

Male 3 74.0 72 8.2 67.0 83.0

IPAQ 7 sedentary (hours) Female 5 10.2 10 1.1 9.0 12.0

Male 3 11.3 12 2.1 9.0 13.0

Fasted glucose (mmol/L) Female 5 5.3 5.7 0.7 4.3 5.9

Male 3 4.7 4.7 0.15 4.6 4.9
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Figure 5 15-minute epoch interstitial flash glucose values (mmol/L) throughout the 24-hours 

(08:00-08:00) for the three exercise conditions: no walking (SIT) in blue, light-intensity walking 

(LPA) in grey, and moderate-intensity walking (MPA) in gold. Breakfast began at 08:30. The 

exercise condition period began at 10:30 and ended at 13:00. Subsequently, meals were lunch 

at 13:15, afternoon snack at 17:00, dinner between 19:00 and 20:00. Meals are represented 

by cup and fork icons: Meal 1 (breakfast), Meal 2 (lunch), Meal 3, (snack), Meal 4 (dinner). The 

exercise condition period is represented by the walking person icon. Error bars represent 95% 

confidence intervals. * Starred areas represent statistically significantly different values from 

baseline values at 08:00. 

3.3.1.2. 24-hour interstitial flash glucose monitor total area under the curve 

Fixed effects omnibus tests indicated that fasted baseline iGlucose values at the start of the 

24-hour period were a significant predictor of iGlucose tAUC throughout the 24-hours (F (1, 

18.6) = 28.49, p < 0.001). Additionally, exercise condition was also a significant predictor of 

iGlucose (F (2, 12.6) = 5.09, p = 0.024). The marginal R² was 0.58, and the conditional R² was 

0.87. 

Fixed effects parameter estimates also indicated that the MPA versus SIT exercise conditions 

were significantly different for iGlucose tAUC (Estimate = 30.7, SE = 9.89, 95% CI [11.29, 50.1], 

p = 0.009). Furthermore, no significant differences were observed for LPA versus SIT (Estimate 
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= 20.5, SE = 9.44, 95% CI [2.00, 39.00], p = 0.050) although this was on the borderline of the 

threshold of significance. Random-effect variance components indicated a participant-level 

random intercept standard deviation of 27.3 (variance = 745) and a residual standard 

deviation of 18.7 (variance = 348). Post hoc comparisons indicated that SIT versus MPA was 

significantly different (Difference = -30.7, SE = 9.94, p = 0.027) with MPA being significantly 

higher than SIT. Figure 6 represents this relationship. 

 

Figure 6 Box and whisker plot showing the relationship between exercise condition and 

interstitial glucose (iGlucose) total area under the curve (tAUC) throughout the 24-hour period 

for the three exercise conditions: no walking (SIT), light-intensity walking (LPA), and moderate-

intensity walking (MPA). The black horizontal line inside each blue box represents the median, 

inner filled black boxes represent the mean, the outer boxes represent the interquartile range, 

and the whiskers extend to the minimum and maximum values not considered outliers. 

Individual dots represent each subject’s iGlucose tAUC during the respective exercise 

conditions.  The black star * represents significantly higher values than SIT. 

3.3.1.3. Venous glucose 

Three venous samples were obtained at 08:15 A, 14:00 and 08:15B (24-hours after the first 

sample). Fixed effects omnibus tests indicated that fasted baseline vGlucose values were a 

significant predictor of vGlucose during the three blood draws (F (1, 27) = 8.671, p = 0.007). 
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Additionally, time of day was a significant predictor of vGlucose (F (2, 53.8) = 21.064, p < 

0.001). In contrast, exercise condition was not a significant predictor (F (2, 54.9) = 0.927, p = 

0.402), nor was the interaction between time of day and exercise condition (F (4, 53.8) = 0.297, 

p = 0.879). The marginal R² was 0.43, and the conditional R² was 0.53. 

Fixed effects parameter estimates indicated that time of day was a significantly different 

between 14:00 and 08:15 A (Estimate = 0.74, SE = 0.30, 95% CI [0.16, 1.33], p = 0.016). No 

other parameters were significantly different (all p > 0.05). Random-effect variance 

components indicated a participant-level random intercept standard deviation of 0.29 

(variance = 0.08) and a residual standard deviation of 0.596 (variance = 0.36). Figure 7 

represents the relationship between time of day, blood marker and exercise condition. Post 

hoc tests further indicated that 08:15 A was significantly different than 14:00 (Difference = -

0.95, SE = 0.17, p < 0.001), and 14:00 was significantly different than 08:15 B (Difference = 

1.02, SE = 0.18, p < 0.001), both indicating that the 14:00 time point had higher vGlucose.  
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Figure 7 Average values (mmol/L) during the three blood draws for venous glucose (vGlucose). 

The three exercise conditions are represented: no walking (SIT) in blue, light-intensity walking 

(LPA) in grey, and moderate-intensity walking (MPA) in gold. The lab-day began at 08:00 and 

breakfast began at 08:30. The exercise condition period began at 10:30 and ended at 13:00. 

Subsequently, meals were lunch at 13:15, afternoon snack at 17:00, and dinner between 19:00 

and 20:00. Meals are represented by cup and fork icons. Blood draws and blood pressures 

were first taken at 08:15 (8:15 A), then 14:00 and again at 08:15 the next day (08:15 B). The 

exercise condition period is represented by the walking person icon. Error bars represent 95% 

confidence intervals. Individual dots represent each subject’s vGlucose during the three blood 

draws within the respective exercise conditions. * Starred areas represent statistically 

significantly different values from 14:00 (post hoc). 

3.3.1.4. Venous insulin 

Fixed effects omnibus tests indicated that fasted baseline venous insulin values were a 

significant predictor of insulin during the three blood draws (F (1, 31.2) = 4.356, p = 0.045). 

Additionally, time of day was a significant predictor of insulin (F (2, 53.5) = 116.533, p < 0.001). 

In contrast, exercise condition was not a significant predictor (F (2, 54.3) = 0.143, p = 0.867), 

nor was the interaction between time of day and exercise condition (F (4, 53.3) = 0.100, p = 

0.982). The marginal R² was 0.75, and the conditional R² was 0.78. 
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Fixed effects parameter estimates indicated that time of day was significantly different 

between 14:00 and 08:15 A (Estimate = 30.685, SE = 4.05, 95% CI [22.74, 38.63], p < 0.001). 

No other parameters were significantly different (all p > 0.05). Random-effect variance 

components indicated a participant-level random intercept standard deviation of 2.99 

(variance = 8.93) and a residual standard deviation of 8.10 (variance = 65.68). Post hoc tests 

further indicated that 08:15 A was significantly different than 14:00 (Difference = -31.746, SE 

= 2.37, p < 0.001), and 14:00 was significantly different than 08:15 B (Difference = 31.419, SE 

= 2.40, p < 0.001), both indicating that the 14:00 time point had higher insulin. Figure 8 

represents this relationship. 
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Figure 8 Average values (uU/mL) during the three blood draws for venous insulin. The three 

exercise conditions are represented: no walking (SIT) in blue, light-intensity walking (LPA) in 

grey, and moderate-intensity walking (MPA) in gold. The lab-day began at 08:00 and breakfast 

began at 08:30. The exercise condition period began at 10:30 and ended at 13:00. 

Subsequently, meals were lunch at 13:15, afternoon snack at 17:00, and dinner between 19:00 

and 20:00. Meals are represented by cup and fork icons. Blood draws and blood pressures 

were first taken at 08:15 (8:15 A), then 14:00 and again at 08:15 the next day (08:15 B). The 

exercise condition period is represented by the walking person icon. Error bars represent 95% 

confidence intervals. Individual dots represent each subject’s insulin during the three blood 

draws within the respective exercise conditions. * Starred areas represent statistically 

significantly different values from 14:00 (post hoc). 

3.3.1.5. Summary: Glucose and insulin 

In Table 5, a summary is provided of the significant results for the primary glucose variables 

of interest which are exercise dose, and the potential interaction of exercise dose by age 

group. The main time of interest was the full 24-hour period. The a priori sub-analysis time 

periods are also presented to illustrate where other differences occurred. A detailed 

breakdown of the sub-period analysis can be found in ‘Supplementary Material Chapter 3”. 



81 
 

Table 5 Significant results for interstitial flash glucose monitor (iFGM) total area under the 

curve (tAUC) over the seven time periods analysed and venous insulin (vInsulin), and venous 

glucose (vGlucose) significant average values over the 24-hour period analysed. The three 

exercise conditions are represented: no walking (SIT), light-intensity walking (LPA), and 

moderate-intensity walking (MPA). Only the primary variable of interest is included in the table 

(exercise condition) to improve clarity of the summary results table. 

Period/ 

measure 

Main effects Fixed effects parameter 

estimates 

Post Hoc Tests 

24-hours 

iFGM 

• Exercise condition • MPA - SIT: higher 

tAUC for MPA 

• MPA - SIT: higher 

tAUC for MPA 

vGlucose • None • None • None 

vInsulin • None • None • None 

Lab-Day 

iFGM  

• None • MPA - SIT: higher 

tAUC for MPA 

• None 

Exercise 

iFGM 

• None • None • None 

Lunch 

iFGM 

• None • None • None 

Snack 

iFGM 

• Exercise condition • MPA - SIT: higher 

tAUC for MPA 

• LPA – SIT: higher tAUC 

for LPA 

• MPA - SIT: higher 

tAUC for MPA 

Dinner 

iFGM 

• None • MPA - SIT: higher 

tAUC for MPA 

• None 

Sleep 

iFGM 

• None • None • None 
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3.3.2. Lipid panel venous blood  

3.3.2.1. Venous total cholesterol 

Fixed effects omnibus tests indicated that fasted baseline venous TC values were a significant 

predictor of venous TC during the three blood draws (F (1, 8.37) = 780.566, p < 0.01). In 

contrast, time of day was not significant (F (2, 53.87) = 0.599, p = 0.553), nor was exercise 

condition (F (2, 55.04) = 0.227, p = 0.798), nor the interaction between time of day and 

exercise condition (F (4, 53.86) = 0.425, p = 0.790). The marginal R² was 0.96, and the 

conditional R² was 0.96. Fixed effects parameter estimates indicated no significant differences 

for the parameters (all p > 0.05). Random-effect variance components indicated a participant-

level random intercept standard deviation of 0.08 (variance = 0.01) and a residual standard 

deviation of 0.19 (variance = 0.04). Figure 9 represents the relationship between time of day, 

blood marker and exercise condition. No post hoc tests were performed. 
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Figure 9 Average values (mmol/L) during the three blood draws for venous total cholesterol. 

The three exercise conditions are represented: no walking (SIT), light-intensity walking (LPA), 

and moderate-intensity walking (MPA). The lab-day began at 08:00 and breakfast began at 

08:30. The exercise condition period began at 10:30 and ended at 13:00. Subsequently, meals 

were lunch at 13:15, afternoon snack at 17:00, and dinner between 19:00 and 20:00. Meals 

are represented by cup and fork icons. Blood draws and blood pressures were first taken at 

08:15 (8:15 A), then 14:00 and again at 08:15 the next day (08:15 B). The exercise condition 

period is represented by the walking person icon. Error bars represent 95% confidence 

intervals. Individual dots represent each subject’s total cholesterol during the three blood 

draws within the respective exercise conditions. 

3.3.2.2. Venous LDL cholesterol 

Fixed effects omnibus tests indicated that fasted baseline LDL values were a significant 

predictor of LDL during the three blood draws (F (1, 11.30) = 459.792, p < 0.001). Additionally, 

time of day was a significant predictor of LDL (F (2, 53.60) = 4.666, p = 0.014). In contrast, 

exercise condition was not a significant predictor (F (2, 55.40) = 0.190, p = 0.408), nor was the 

interaction between time of day and exercise condition (F (4, 53.60) = 0.617, p = 0.652). The 

marginal R² was 0.94, and the conditional R² was 0.95. Fixed effects parameter estimates 
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indicated no significant differences between any parameters (all p > 0.05), although 14:00 

versus 08:15 A approached but did not achieve significance (Estimate = 0.13, SE = 0.07, 95% 

CI [-0.27, 0.01], p = 0.074). Figure 10 represents the relationship between time of day, blood 

marker and exercise condition. Random-effect variance components indicated a participant-

level random intercept standard deviation of 0.07 (variance = 0.01) and a residual standard 

deviation of 0.14 (variance = 0.02). Post hoc tests further indicated that 08:15 A was 

significantly different than 14:00 (Difference = -0.100, SE = 0.04, p = 0.040), and 14:00 was 

significantly different than 08:15 B (Difference = -0.120, SE = 0.04, p = 0.019), both indicating 

that the 14:00 time point had lower LDL.  
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Figure 10 Average values (mmol/L) during the three blood draws for venous LDL cholesterol. 

The three exercise conditions are represented: no walking (SIT) in blue, light-intensity walking 

(LPA) in grey, and moderate-intensity walking (MPA) in gold. The lab-day began at 08:00 and 

breakfast began at 08:30. The exercise condition period began at 10:30 and ended at 13:00. 

Subsequently, meals were lunch at 13:15, afternoon snack at 17:00, and dinner between 19:00 

and 20:00. Meals are represented by cup and fork icons. Blood draws and blood pressures 

were first taken at 08:15 (8:15 A), then 14:00 and again at 08:15 the next day (08:15 B). The 

exercise condition period is represented by the walking person icon. Error bars represent 95% 

confidence intervals. Individual dots represent each subject’s LDL during the three blood draws 

within the respective exercise conditions. * Starred areas represent statistically significantly 

different values from 14:00 (post hoc). 

3.3.2.3. Venous HDL cholesterol 

Fixed effects omnibus tests indicated that fasted baseline venous HDL values were a significant 

predictor of venous HDL during the three blood draws (F (1, 7.21) = 510.204, p < 0.001). In 

contrast, time of day was not significant (F (2, 54.00) = 0.412, p = 0.664), nor was exercise 

condition (F (2, 55.81) = 1.002, p = 0.373), nor the interaction between time of day and 

exercise condition (F (4, 54.00) = 0.401, p = 0.807). The marginal R² was 0.92, and the 

conditional R² was 0.93. Fixed effects parameter estimates indicated no significant differences 
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for the parameters (all p > 0.05). Random-effect variance components indicated a participant-

level random intercept standard deviation of 0.02 (variance = 0.0006) and a residual standard 

deviation of 0.09 (variance = 0.01). Figure 11 represents the relationship between time of day, 

blood marker and exercise condition. No post hoc tests were performed. 

 

Figure 11 Average values (mmol/L) during the three blood draws for venous HDL cholesterol. 

The three exercise conditions are represented: no walking (SIT), light-intensity walking (LPA), 

and moderate-intensity walking (MPA). The lab-day began at 08:00 and breakfast began at 

08:30. The exercise condition period began at 10:30 and ended at 13:00. Subsequently, meals 

were lunch at 13:15, afternoon snack at 17:00, and dinner between 19:00 and 20:00. Meals 

are represented by cup and fork icons. Blood draws and blood pressures were first taken at 

08:15 (8:15 A), then 14:00 and again at 08:15 the next day (08:15 B). The exercise condition 

period is represented by the walking person icon. Error bars represent 95% confidence 

intervals. Individual dots represent each subject’s HDL during the three blood draws within the 

respective exercise conditions. 

3.3.2.4. Venous triglycerides 

Fixed effects omnibus tests indicated that fasted baseline venous triglycerides values were a 

significant predictor of triglycerides during the three blood draws (F (1, 89.0) = 94.347, p < 

0.001). Additionally, body mass index was a significant predictor of triglycerides (F (1, 59.0) = 
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8.138, p = 0.006) and time of day was a significant predictor of triglycerides (F (2, 59.0) = 

30.825, p < 0.001). In contrast, exercise condition was not a significant predictor (F (2, 59) = 

0.688, p = 0.506), nor was the interaction between time of day and exercise condition (F (4, 

59) = 1.155, p = 0.340). The marginal R² was 0.77, and the conditional R² was 0.77. 

Fixed effects parameter estimates indicated that time of day was a significantly different 

between 14:00 and 08:15 A (Estimate = 0.48, SE = 0.10, 95% CI [0.29, 0.67], p < 0.001). No 

other parameters were significantly different (all p > 0.05). Random-effect variance 

components indicated a participant-level random intercept standard deviation of 0.00 

(variance = 0.00) and a residual standard deviation of 0.19 (variance = 0.04). Post hoc tests 

further indicated that 08:15 A was significantly different than 14:00 (Difference = -0.400, SE = 

0.06, p < 0.001), and 14:00 was significantly different than 08:15 B (Difference = 0.372, SE = 

0.06, p < 0.001), both indicating that the 14:00 time point had higher triglycerides. Figure 12 

represents the relationship between time of day, blood marker and exercise condition. 
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Figure 12 Average values (mmol/L) during the three blood draws for venous triglycerides. The 

three exercise conditions are represented: no walking (SIT), light-intensity walking (LPA), and 

moderate-intensity walking (MPA). The lab-day began at 08:00 and breakfast began at 08:30. 

The exercise condition period began at 10:30 and ended at 13:00. Subsequently, meals were 

lunch at 13:15, afternoon snack at 17:00, and dinner between 19:00 and 20:00. Meals are 

represented by cup and fork icons. Blood draws and blood pressures were first taken at 08:15 

(8:15 A), then 14:00 and again at 08:15 the next day (08:15 B). The exercise condition period 

is represented by the walking person icon. Error bars represent 95% confidence intervals. 

Individual dots represent each subject’s triglycerides during the three blood draws within the 

respective exercise conditions. * Starred areas represent statistically significantly different 

values from 14:00 (post hoc). 
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3.3.2.5. Lipid panel venous blood summary 

Table 6 illustrates the results for the lipid panel variables of interest and whether any of the 

primary predictors of interest were significant. The main predictors were exercise dose, and 

the potential interaction of exercise dose by age group. 

Table 6 Significant results for venous total cholesterol (TC), low density lipoprotein cholesterol 

(LDL), high density lipoprotein cholesterol (HDL), triglycerides (TRIG) and insulin during the 

three blood draws analysed. The three exercise conditions are represented: no walking (SIT), 

light-intensity walking (LPA), and moderate-intensity walking (MPA). Only the primary variable 

of interest is included in the table (exercise condition) to improve clarity of the summary results 

table. 

Period/ 

measure 

Main effects Fixed effects parameter 

estimates 

Post Hoc Tests 

TC • None • None • None 

LDL • None • None • None 

HDL • None • None • None 

TRIG • None • None • None 

3.3.3. Blood pressure results 

3.3.3.1. Systolic and diastolic blood pressure after exercise and lunch 

In Figure 13A the DBP average values during the three samples obtained are compared 

between the three exercise conditions. Fixed effects omnibus tests indicated that baseline 

diastolic blood pressure was a significant predictor of systolic blood pressure during the three 

samples (F (1, 12.2) = 55.193, p < 0.001). Additionally, time of day was a significant predictor 

of diastolic blood pressure (F (2, 53.19) = 20.627, p < 0.001). Exercise condition was not a 

significant predictor of diastolic blood pressure (F (2, 54.5) = 2.527, p = 0.089) although it did 

approach the threshold of significance. The interaction of time of day and exercise dose was 

also not significant (F (4, 53.9) = 0.750, p = 0.562). The marginal R² was 0.70, and the 
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conditional R² was 0.71. Fixed effects parameter estimates indicated that the time point 14:00 

was significantly different than 08:15 A for DBP (Estimate = -8.625, SE = 2.18, 95% CI [-12.89, 

-4.36], p < 0.001), indicating 14:00 having significantly lower DBP values. No other parameters 

were significant (all p > 0.05). Random-effect variance components indicated a participant-

level random intercept standard deviation of 2.77 (variance = 7.69) and a residual standard 

deviation of 4.35 (variance = 18.94). Post hoc tests were performed for time of day and 

indicated that 08:15 A was significantly different from 14:00 (Difference = 7.77, SE = 1.26, p < 

0.001). Additionally, 14:00 was significantly different from 08:15 B (Difference = -5.77, SE = 

1.26, p < 0.001). Both differences indicated that the 14:00 DBP values were lower. 

In Figure 13B the SBP average values during the three samples obtained are compared 

between the three exercise conditions. Fixed effects omnibus tests indicated that baseline 

systolic blood pressure was a significant predictor of systolic blood pressure during the three 

samples obtained (F (1, 8.35) = 172.996, p < 0.001). However, time of day was not a significant 

predictor of systolic blood pressure (F (2, 55.83) = 2.797, p = 0.070) although it approached 

the threshold of significance. Additionally, exercise condition was not a significant predictor 

of systolic blood pressure (F (2, 56.24) = 1.055, p = 0.355). The interaction of time of day and 

exercise dose was also not significant (F (4, 55.83) = 0.730, p = 0.575). The marginal R² was 

0.81, and the conditional R² was 0.83. Fixed effects parameter estimates also indicated no 

significant differences for the other parameters (all p > 0.05). Random-effect variance 

components indicated a participant-level random intercept standard deviation of 1.54 

(variance = 2.37) and a residual standard deviation of 4.68 (variance = 21.88). No post hoc 

tests were performed. 
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Figure 13 A-B Average values (mm Hg) during the three samples obtained for diastolic blood 

pressure (A) and systolic blood pressure (B). The three exercise conditions are represented: no 

walking (SIT) in blue, light-intensity walking (LPA) in grey, and moderate-intensity walking 

(MPA) in gold. The lab-day began at 08:00 and breakfast began at 08:30. The exercise 

condition period began at 10:30 and ended at 13:00. Subsequently, meals were lunch at 13:15, 

afternoon snack at 17:00, and dinner between 19:00 and 20:00. Meals are represented by cup 

and fork icons. Blood draws and blood pressures were first taken at 08:15 (8:15 A), then 14:00 

and again at 08:15 the next day (08:15 B). The exercise condition period is represented by the 

walking person icon. Error bars represent 95% confidence intervals. * Starred areas represent 

statistically significantly different values from 14:00. 
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3.4. Discussion 

This study explored cardiometabolic responses to breaking up a workday in apparently healthy 

sedentary and inactive adults. The primary finding was that over 24-hours - during the snack 

period - the tAUC for iGlucose was higher during the MPA condition than during the SIT 

condition, whereas an energy-matched LPA bout was not different. No other sub-analysis 

periods were significantly different for iGlucose. Additionally, no differences between groups 

were observed for venous insulin or vGlucose after exercise plus lunch. These results 

contrasted our hypothesis that iGlucose, vGlucose and insulin would be lower compared to 

SIT during both the MPA and LPA conditions, with MPA being the lowest. For the venous 

samples, we also hypothesised that no difference would remain the following morning pre-

prandially, which we confirmed was the case. 

In our secondary analysis, we also found that there was no difference for triglycerides 

between groups after exercise plus lunch or the following pre-prandially, which contrasted 

with our hypothesis. However, we did confirm that there were no differences for TC, HDL or 

LDL between groups at any time point. Additionally, no differences for SBP or DBP between 

groups at any time point, which aligned with our hypothesis. 

3.4.1. Glucose responses 

Physiological mechanisms underlying differences in glucose responses to LPA and MPA 

There are physiological reasons that may explain our glucose results. Due to the intensity and 

length of the MPA condition, the body will have needed to perform glycogen synthesis during 

exercise via glycogenolysis. It has been shown that both men and women rely greatly on 

carbohydrate stores to sustain moderate aerobic exercise, although the ratio of fat to 

carbohydrate utilisation may differ between males and females (Cano et al. 2022; Sanchez et 

al. 2024). Therefore, it is likely that the MPA condition will have triggered a significant 

utilisation of blood glucose, as well as a significant depletion of the skeletal muscles’ glycogen 

stores, whereas LPA may not have depleted to the same extent. It is also possible that, as the 

MPA condition progressed, liver stores of glycogen may have been exploited to a greater 

extent than in the LPA condition. Therefore, to maintain homeostasis and metabolic reserves, 

the body will have attempted to replenish glucose via gluconeogenesis (Trefts et al. 2015). 

Furthermore, during the recovery phase after exercise, gluconeogenesis is likely to have 
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continued to replenish reserves and elicit post-exercise responses. This may help to explain 

why over 24-hours the levels of iGlucose were higher on the MPA condition compared to SIT, 

but not in the LPA condition. That is, there is a greater flux of glucose to replenish energy 

stores in the MPA condition. In contrast, the LPA condition may have relied on alternative 

energy sources more heavily. 

Although MPA and LPA were approximately isoenergetic (~ 300 MET minutes), less intense 

exercise is known to rely more of fat oxidation (Mittendorfer and Klein 2003). So, in the LPA 

trial, carbohydrate oxidation may have occurred to a lesser extent due to a preference for fat 

oxidation, especially in the early to mid-phase of exercise. This could have proportionally 

reduced glucose utilisation in the LPA condition, as glycogen stores would not have been 

depleted to the same degree as MPA, and the need for glycogen replenishment would be less. 

Therefore, the potential mechanism of glucose stacking after snack time would have been 

reduced in LPA compared to MPA. This may explain the LPA condition was not statistically 

higher than SIT. However, without hepatic measures and tissue biopsies these theories are 

hard to corroborate. 

Importantly, venous blood showed no differences in vGlucose or insulin between exercise 

conditions at 45 minutes after lunch in either MPA or LPA conditions. This supports the IFGM 

iGlucose results, which also showed no differences in iGlucose during the period after lunch 

in either MPA or LPA conditions. Although these methods measure different aspects of glucose 

dynamics, the direction and magnitude of change is expected to be relatively similar as IFGM 

measurements typically lag venous glucose by several minutes (Schmelzeisen-Redeker et al. 

2015). The timing of the post-meal blood draw was timed to encompass a glucose peak that 

may have occurred at 45 minutes after food ingestion began (and 60 minutes after exercise 

ended). However, although glucose can peak as early as 45 minutes after food ingestion, this 

timing varies and often occurs around 60 minutes (American Diabetes Association 2001). 

Therefore, the true peaks for each individual and condition may have occurred at different 

times that were not identified with a single sample. This, therefore, highlights the importance 

of the regularity of the IFGM to encompass these responses. 

Regardless of utilising IFGM or venous samples, it is possible the impact of exercise conditions 

may not have been powerful enough to override the normal physiological responses to 

standardised meals, at 45 minutes after lunch in either MPA or LPA conditions i.e. the acute 
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initial influx of glucose into the bloodstream from lunch was too high to be significantly 

impacted by prior exercise. Previous trials have observed the insulin lowering effect of 

morning exercise to be lost after lunch (Farah and Gill 2013). Other research has also shown 

that providing food after exercise can attenuate the insulin-sensitising effect (Gillen et al. 

2021; Holtz et al. 2008). This response may be modulated by the macronutrient make-up, with 

an increased carbohydrate ratio potentially attenuating the insulin-sensitising effect (Gillen et 

al. 2021). Therefore, should the blood draws have been taken prior to lunch, or if our 

carbohydrate ratio had been lower, our results may have differed in MPA and/or LPA 

conditions. 

MPA specific responses 

In alignment with our results, several studies observed increases in glucose following MPA. 

The trial by Kashiwabara et al. (2018) assessed the response to 30 minutes of MPA walking in 

older females with hypertriglyceridemia and observed increased tAUC of glucose compared 

to sitting during the lab-day. Similarly, Wheeler et al. (2020) examined older adults following 

30 minutes of MPA walking compared to a control and observed an increase in tAUC over the 

lab period. In a trial by Miyashita et al. (2016), researchers explored the effects of 30 minutes 

MPA walking in older females. They did not observe differences in glucose between MPA and 

sitting. However, in the same trial, glucose tAUC and iAUC values were higher following 

continuous walking compared to the intermittent walking arm. This suggests some evidence 

for a post-exercise increase in glucose following continuous MPA walking, whereas 

intermittent bouts were statistically lower than sitting. In the trial by Holmstrup et al. (2014) 

researchers studied young adults at risk of diabetes and observed an increase in glucose levels 

following 60 minutes of post-breakfast MPA. Analysis revealed higher glucose levels began to 

occur relatively soon after morning exercise and continued throughout a significant 

proportion (~20%) of the subsequent 12-hour measurement period. Nevertheless, several 

studies saw no differences between MPA and control groups. 

Where our research saw an increase in glucose following a continuous bout of MPA compared 

to sitting, several studies did not show a difference. For example, two studies found no 

differences between a 30-minute continuous bout of MPA and a control during the lab-day 

(Maylor et al. 2018; Peddie et al. 2013). Similarly, Benatti et al. (2017) reported no difference 

in glucose response between sitting and 30 minutes MPA walking during the lab-day or the 
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next day postprandially. In a further study, researchers measured ~70 minutes of light-to-

moderate-intensity physical activity (LMPA), versus ~50 minutes MPA compared to a control 

(Newsom et al. 2013). They saw no difference in glucose between the conditions after 

exercise. Additionally, Farah and Gill (2013) studied the effects of 60 minutes of MPA walking 

compared to a control. No differences between groups were observed. In a previous trial by 

Katsanos et al. (2004), researchers studied the effects of around 91 minutes of MPA walking 

on glucose and observed no difference in glucose compared to sitting. Furthermore, several 

studies examined the next-day responses to MPA. 

In three studies, researchers saw no difference in glucose between 30 minutes MPA walking 

and sitting the next morning pre- or postprandially (Homer et al. 2017; Miyashita 2008; 

Miyashita et al. 2008). Further evidence from Miyashita et al. (2013) also saw no difference in 

glucose after 30 minutes MPA walking following morning pre-prandially. Lastly, another study 

examined the effects of 90 minutes of MPA walking on glucose, compared to a control, and 

observed no differences between groups the following day pre- or postprandially (Tsetsonis 

and Hardman 1996). Much like our research, these studies repeatedly show a lack of 

difference between activity conditions and a control in the pre-prandial period the following 

day after exercise. 

Considering the results of studies that observed no difference between MPA and sitting, 

alongside those that saw higher glucose after MPA, it may be that exercise duration, age and 

health status of the participants are key determinants of acute glucose responses following a 

continuous bout. Additionally, while several studies observed no differences during the lab-

day of the MPA interventions, many did not assess glucose levels during the evening period 

following exercise. Therefore, they could not rule out differences between trials that may have 

occurred in the evening that may have been ‘washed out’ by the next morning. Our 

observations suggest that the period between the end of the lab-day and the following 

morning is important to measure as it may contain delayed glucose responses. However, that 

period was not explored in several previous studies. Our study was novel as we utilised an 

IFGM to observe an increase in iGlucose during the post-lab to pre-breakfast period (during 

the snack period in our case), which would otherwise have been missed. In contrast to higher 

glucose levels however, a limited number of studies do report lower glucose values after a 

continuous MPA break, but their conclusions are nuanced. 
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Four trials reported lower glucose levels after a continuous MPA bout (Bhammar et al. 2017; 

Kim et al. 2014; Marion-Latard et al. 2003; Miyashita et al. 2013), but only two observed 

differences during the same day as the physical activity and did not assess the next-day 

postprandial period (Bhammar et al. 2017; Marion-Latard et al. 2003). The trial by Marion-

Latard et al. (2003) assessed the response to 60 minutes of MPA compared to sitting. Although 

they reported lower glucose levels at a single time point during the MPA bout, this effect was 

not present in the three hours afterwards, so evidence for an overall glucose lowering effect 

was not robust/long lasting. They also did not assess evening responses or assess next day 

responses, which may have enriched their conclusions, as was shown in several other studies 

discussed previously. Similarly, in the trial by Bhammar et al. (2017), researchers explored the 

glucose responses to 30 minutes of MPA compared to a control. They found that in the 18.7 

hours following the end of exercise, there was a decrease in mean glucose, but not glucose 

AUC, in the MPA group. Sub analysis within the 18.7 hours showed mean glucose to be lower 

during the lab, evening and sleep periods, but not for incremental or net incremental AUC. Of 

note, in the morning period before the 18.7 hours post exercise measurement period began, 

both the MPA group and the sitting control group were still sitting (MPA did not start until 

12:00). Therefore, it is hard to interpret why the glucose excursion was so much higher in the 

sitting group than the walking group according to their figure: Both groups’ immediately pre-

exercise baseline should have been near identical up to that point as no MPA had yet occurred. 

In their analysis, linear mixed-effects models were utilised, but it appears they only corrected 

for age and sex, not immediately pre-exercise baseline glucose levels. Therefore, it is harder 

to be confident with the MPA results they present.  

LPA specific responses 

Although several MPA studies exist, research into continuous LPA bouts is scarcer. In our 

research, we saw no difference in glucose following a continuous bout of LPA compared to 

sitting over 24-hours, although an increase in glucose for LPA approached the threshold of 

significance during the snack period (p = 0.050). Currently, there is limited comparable 

evidence available assessing the responses of a continuous bout of LPA exercise versus a 

control. Furthermore, within these studies, the results do not report a consistent direction of 

change.  
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In the study by Tsetsonis and Hardman (1996), researchers assessed the responses of 180 

minutes of LPA compared to a sitting control (Tsetsonis and Hardman 1996). The LPA activity 

was no different than sitting the next day pre- or postprandially. However, they did not break 

a full day of sitting which makes comparisons to our research less clear. Additionally, they did 

not measure intervention-day evening responses. In contrast, other trials reported higher 

glucose values after LPA. In the LPA walking arm of the trial by Katsanos et al. (2004), 

participants walked for around 240 minutes before their post-activity meal. They observed 

higher mean glucose levels two hours after their first post-activity meal, but not at any other 

time in the subsequent six hours in the lab, or the following morning, and evening responses 

were not assessed. This may suggest where LPA is utilised, it may need to be longer than our 

150 minutes to elicit an increased glucose response soon after exercise. This idea may align 

with our theory, presented in the first paragraph of this section, regarding the possible 

importance of intensity and duration on post-exercise increases in glucose levels following 

MPA or LPA. In contrast, another trial showed lower glucose levels after continuous LPA. Gao 

et al. (2024) studied the effects of 30 minutes LPA walking in adult males. They reported 

glucose values were lower than sitting controls during the lab-day. Considering the evidence 

by Gao et al. (2024) and Katsanos et al. (2004), alongside our own results, this may suggest 

that a shorter bout of LPA may elicit an acute glucose lowering response, and that a longer 

bout may elicit an overall rise in glucose. Thus, the effect of LPA exercise on glucose levels may 

be predominantly dependent on length and timing of measurement.  

However, in a recent trial by Hoffmann et al. (2024), researchers explored the effects of 

continuous LPA walking compared to sitting in adults. Participants appeared to walk for the 

full 8-hour lab period. They reported lower glucose values for LPA when compared to sitting. 

This somewhat contradicts the theory presented above, as their walking was considerably 

longer than any of the previous trials. However, their participants walked at one mph, which 

was the slowest speed seen in trials, and this may have influenced the substrate utilised over 

such a long period. That is, lipids may have been the primary energy source, with glucose in a 

lower proportion. This may have led to glucose being reduced somewhat over time, but 

without the need for significant glucose recovery from the liver to increase glucose levels 

observed in other long duration LPA research.  
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3.4.2. Insulin responses 

MPA specific responses 

Changes in insulin were used as biomarkers of change in several studies assessing responses 

to a continuous bout of MPA compared to sitting. Several trials reported no differences 

between groups for insulin concentrations during the intervention day (Kashiwabara et al. 

2018; Maylor et al. 2018; Miyashita et al. 2016; Peddie et al. 2013). Newsom et al. (2013) also 

observed no differences in insulin for separate MPA and LMPA conditions compared to sitting 

during the intervention day. Additionally, three other trials observed no differences the next 

day pre-prandially (Miyashita 2008; Miyashita et al. 2013; Miyashita et al. 2008). The studies 

above align with our results observing no differences in insulin during the intervention day or 

the following morning pre-prandially. In contrast, however, some studies observed differences 

in insulin during the intervention day or the next day after MPA. 

Newsom et al. (2013) observed that insulin sensitivity was significantly elevated (~35%) 

compared to the control in the LMPA activity the following morning after exercise. MPA was 

also 20% higher, but not statistically significant. Why the effects of a lower intensity activity 

appeared to show a greater beneficial effect than a higher intensity activity were not clear. 

However, the authors posited that it may have been due to the longer duration of LMPA versus 

MPA, even though energy expenditure was matched. We observed no such difference in our 

results. However, Newsom et al. (2013) use a euglycemic clamp procedure, whereas we used 

venous blood draws: outcome measures variations that may explain our differing results.  

Both Farah and Gill (2013) and Wheeler et al. (2020) investigated insulin responses to MPA 

versus sitting. They observed lower insulin in the period before lunch (which included the 

exercise period) and over the whole lab-day, but not in the post-lunch period alone. We also 

did not observe lower insulin levels after lunch. The results from the two trials above highlight 

an important point regarding insulin responses and meal timing: The timing of our venous 

blood draws may not have been aligned to observe differences in insulin that may have arisen 

during the pre-lunch period. So, rather than no differences in insulin occurring, measurement 

timing may have been insufficient to observe possible underlying differences between trials. 

Furthermore, several other trials also saw a reduction in insulin levels during or soon after 

MPA exercise (Benatti et al. 2017; Holmstrup et al. 2014; Katsanos et al. 2004; Marion-Latard 
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et al. 2003), and when lunch was provided, no differences were seen is the postprandial lunch 

period alone. Of note, we found no RCTs that reported higher insulin levels after a continuous 

MPA bout compared to sitting.  

LPA specific responses 

The availability of studies breaking up a full working day of sitting with a continuous bout of 

LPA is very limited, and even fewer have assessed insulin responses. These trials have shown 

no difference in insulin levels compared to sitting after a continuous bout of LPA during the 

intervention day (Katsanos et al. 2004) or the next day (Katsanos et al. 2004; Tsetsonis and 

Hardman 1996). Therefore, studies align with our results showing no differences between LPA 

and sitting for insulin during the lab-day or fasted the next morning. Importantly, no trials 

showed an increase in insulin compared to sitting after LPA.  

Overall, these studies provide evidence that continuous bouts of MPA have the potential to 

lower insulin soon after exercise, or the following day, although our research did not observe 

such a difference. Furthermore, we saw no differences between a continuous bout of LPA and 

sitting for insulin. Considering the scarce availability of literature regarding LPA insulin 

responses, it is hard to draw robust conclusions regarding LPA’s effects. 

3.4.3. Lipid panel responses 

This trial was novel as it helped to clarify the exercise and postprandial responses to breaking 

up a simulated workday with energy-matched bouts of LPA and MPA, by specifically examining 

their impact on TC, HDL, LDL, and triglyceride levels in sedentary inactive adults. The trial 

revealed that one hour after exercise (which was 45 minutes after lunch), no differences were 

observed between LPA, MPA and the control group. It was also novel, as it helped to clarify 

whether a differing response would occur in the next day pre-prandially following the exercise 

conditions: no differences were observed. 

The lack of differences between exercise groups and sitting may have been for several reasons. 

Firstly, this trial included both males and females which may have masked potential exercise 

response differences (Cano et al. 2022). However, this seems unlikely as gender was not 

significant when utilised as a covariate. Secondly, the current trial fed participants soon after 

exercise (15 mins), and obtained samples after a further 45 minutes, potentially influencing 

acute responses through meal ingestion. Thirdly, no next-day postprandial measures were 
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taken. These latter two points suggest that the timing of the post-exercise venous blood 

samples may have limited the scope of our conclusions. The available literature is nevertheless 

not fully aligned regarding the response of lipids following continuous MPA or LPA bouts. 

MPA specific responses 

The trial by Farah and Gill (2013) took five blood samples after lunch (taken at 30, 60, 120, 180 

and 210 minutes) and saw a significant decrease in triglycerides after the exercise 

interventions (30 minutes MPA) compared to sitting. The results from their figures indicate 

the most apparent differences in triglycerides occurring between 60 and 120 minutes after 

lunch. This has implications to our trial, as if responses grew with time, it may be that the 

window of opportunity to observe differences in triglycerides was missed as bloods were 

taken solely 45 minutes after lunch on the lab-day. Additionally, the trial by Kashiwabara et al. 

(2018) observed a decrease in triglycerides after continuous exercise (30 minutes MPA) 

compared to sitting. Again, changes were observed after lunch following blood draws at 60, 

180 and 300 minutes after lunch began. In a separate trial, undertaking ~91 minutes of MPA, 

triglyceride levels were lower four hours after the exercise condition compared to sitting, but 

not in hours one to three or five to eight (Katsanos et al. 2004). Similarly, tAUC for triglycerides 

was also significantly lower for MPA compared to the other LPA arm of the trial. These results 

suggested that the impact of the higher intensity, which was considerably shorter than LPA, 

had a strong effect on the lipid profile compared to sitting. We on the other hand saw no 

differences, but as mentioned previously, this lack of difference following the MPA trial is 

possible due to sample timing. Other trials have showed a delayed effect of MPA on lipid 

markers. 

In the study by Kim et al. (2014), the triglyceride response to 60 minutes of MPA was assessed 

the following day pre-prandially. Triglycerides were significantly lower compared to the sitting 

trial. This contrasts with our results and may be due to the timing of exercise which as late in 

the day comparatively to our study. Additionally, the triglyceride values continued to be 

significantly lower into the seven-hour period after a high fat tolerance test. In contrast to Kim 

et al. (2014), but in alignment with our results, three 30-minute MPA trials (Miyashita 2008; 

Miyashita et al. 2013; Miyashita et al. 2008) observed no differences in triglycerides the 

following morning in the pre-prandial state. However, after the breakfast meal, triglyceride 
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values were lower in the subsequent postprandial period compared to sitting in each of the 

three trials. 

In several studies exploring the same-day effects of MPA on lipids (Maylor et al. 2018; 

Miyashita et al. 2016; Peddie et al. 2013; Wheeler et al. 2020), no differences in triglycerides 

were observed during the same day as their 30-minute MPA conditions, which aligns with our 

findings. HDL cholesterol was also not different than sitting in the trial by Maylor et al. (2018), 

further supporting our results. Additionally, the trial by Homer et al. (2017) saw no difference 

compared to sitting for triglycerides in the fasted state the next day after 30 minutes MPA 

exercise.  However, their results somewhat contrast to other literature utilising 30-minute a 

MPA bout, as triglycerides were not different between groups in the postprandial state the 

next day. This difference may have been due to the considerably different meal timing and 

compositions between those trials.  

LPA specific responses 

As with the evidence for glucose and insulin responses after continuous bouts of physical 

activity, the evidence base is very limited for lipid responses following a bout of LPA. One study 

compared ~four hours of LPA walking against sitting, and did not observe differences during 

the intervention day, or the next day pre-prandially, for triglycerides or HDL (Katsanos et al. 

2004). In contrast, the recent study by Hoffmann et al. (2024) observed that triglycerides, HDL, 

LDL and TC were all lower after the lunch period. Additionally, HDL remained lower at the end 

of the lab-day. In the trial by Tsetsonis and Hardman (1996), same-day measures were not 

measured, but LPA triglyceride levels were lower both pre- and postprandially after the next 

day breakfast meal.  

Of note, no trials reported higher lipid levels after LPA or MPA exercise. Our trial did not assess 

postprandial lipids the next day, so potential delayed responses to 70 minutes MPA or 150 

minutes LPA could not be determined. Nevertheless, our results add to the body of evidence 

that differences in lipids are not present 45 minutes after a meal following a continuous bout 

of MPA or LPA. 

3.4.4. Blood pressure responses 

This trial was novel as it compared the effects of breaking up a full working day, with a single 

continuous bout of LPA walking on blood pressure versus an energy matched continuous bout 
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of MPA, in sedentary inactive adults and a control group. As per our hypothesis, blood 

pressure did not differ between the three conditions during either time point after physical 

activity. 

The majority of trials breaking up sitting with a continuous bout of LPA or MPA did not 

measure blood pressure responses. However, two studies showed a decrease in SBP after a 

continuous bout of MPA (Bhammar et al. 2017; Miyashita et al. 2008). Unlike their trials, we 

only took one sample 60 minutes after exercise ended (45 minutes postprandially) and so our 

sampling may have missed potential differences before or after that time. Nevertheless, the 

lack of differences between SIT, LPA and MPA conditions at 08:15 A and 08:15 B shows the 

rigour of the blood pressure protocol, and reinforces that participants were at complete rest 

when undertaking these measures. In addition, the results show that any effects of exercise 

on blood pressure that may have appeared after 14:00, were not present by the following 

morning. However, our trial contained a relatively small number of participants (n = 8) and 

may be underpowered to detect changes between groups. Future trials could 1) stratify 

participants by age, fitness and other characteristics, and 2) take more regular blood pressure 

measures – potentially using an automated cuff – during and after exercise, to ensure possible 

deviations between conditions are not missed. 

3.4.5. Strengths, limitations and future research 

This study benefitted from a robust design including tight participant inclusion and exclusion 

characteristics such as inactivity and sedentary status. Additionally, the trial included well 

evidence participant restrictions detailed in the methods section. These include well-

controlled restrictions during the within-lab and out-of-lab periods. The utilisation of the IFGM 

also greatly enhanced the range of observations across a long time period and enhanced the 

clarity of post-exercise responses. Furthermore, solid meals were utilised which replicate real 

life food intake in contrast with previous trials utilising liquid meals.  

We chose not to obtain evening venous blood samples. Therefore, our trial could not 

determine if differences in any of the lipid markers occurred according to exercise condition 

after the main lab-day ended, and before 08:15 B. Additionally, differences in lipid results may 

have become more apparent the next day in the postprandial state. So, latent differences in 

lipid markers cannot be ruled out following the exercise conditions but also cannot be 
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corroborated. Additionally, for glucose and insulin, the evidence suggests that obtaining next-

day postprandial measures would have enhanced our conclusions. Therefore, future research 

should consider regular blood markers in the evening period and the next day postprandially.  

Also, while this trial did not recruit the number of participants initially intended to ensure full 

sample power, statistically significant differences were still observed. This suggests that the 

observed effects were strong enough to be detected despite the smaller sample size. However, 

future studies with larger sample sizes are recommended to corroborate the robustness of 

these findings and to ensure greater generalisability. 

This study employed what could be described as a ‘sledgehammer’ approach to exercise 

dosing. That is, it utilised exercise doses that are not necessarily realistic for real-world 

conditions for replacing sedentary time with physical activity (70 minutes MPA and 150 

minutes LPA). Nevertheless, this approach helped to ascertain a baseline for future trials 

breaking up sitting using either MPA or LPA. Future trials may choose to utilise shorter bouts 

of physical activity to replace sedentary time, to align with lengths that may be deemed more 

achievable for sedentary workers.  

Additionally, an increase in glucose for 150 minutes of LPA approached the threshold of 

significance during the snack period, and as previously mentioned, the length of LPA bout may 

modulate the post-exercise response. Therefore, future exploration of the post-meal 

responses to shorter bouts of LPA that may respond differently than a longer bout, using dose-

response methods, is warranted. 

Finally, this study exclusively examined younger adults and did not include older adults. 

However, research comparing adults to older adults is warranted as evidence suggests 

individuals progressively lose the ability to regulate glucose levels compared to when they 

were younger, and this may peak in the seventh decade (Chia et al. 2018). Importantly, this 

has not been explored in sedentary, inactive populations by replacing sedentary time with a 

continuous bout of LPA. 

These considerations regarding LPA duration, the approach to significance in the snack period, 

and age-specific responses directly informed the research design of Chapter Four, which 

adopted more pragmatic physical activity bout lengths (0, 30 and 60 minutes of LPA), ensured 

the snack period remained included, and explicitly compared adults to older adults. 
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3.5. Conclusions 

This trial provides important insights into the acute cardiometabolic responses to breaking up 

sedentary time with a single continuous bout of MPA or an energy-matched bout of LPA versus 

a control. Firstly, in sedentary inactive adults, only a 70-minute bout of MPA significantly 

increased iGlucose compared to a control - with responses most clearly indicated in the 

postprandial period. In contrast, a 150-minute energy-matched bout of LPA was not 

statistically different than sitting. Although our results contrasted our hypothesis regarding 

the direction of change in glucose (with glucose increasing after MPA rather than decreasing), 

they are consistent with a growing body of evidence in the field. Our research was useful as it 

highlights that changes in glucose can occur during the same day as the exercise condition for 

a continuous bout of MPA. However, in the context of the broader literature, our findings 

underscore the importance of measurement frequency (e.g. one blood sample vs. several) 

and the timing of measurements (such as including evening and next day samples) as these 

factors are crucial for capturing comprehensive metabolic responses and ensuring more 

robust conclusions. Additionally, future research should explore the influence of different 

participant characteristics such as age. Our trial focused on younger adults, but considering 

the metabolic changes that occur in older adults, exploration of the effects of LPA and MPA 

across different age groups is warranted to better understand age-related differences in 

glucose regulation. 

Secondly, we did not detect changes in lipid markers after either a continuous bout of MPA or 

LPA, which aligns with several studies. However, evidence also suggests that same-day lipid 

responses are possible. Overall, analysis of the different study designs and results available 

highlights the importance of measuring multiple time points over a wide period (>24 hours) 

to ensure robustness of conclusions. Additionally, the available literature illustrating the lipid 

responses to a continuous bout of LPA is limited and presents opportunity for future research.  



105 
 

4. Chapter Four: Breaking up prolonged sitting: how much light physical activity is required 

to improve health markers in young and older adults 
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4.1. Introduction 

Sedentary behaviour is described as waking behaviour characterized by an energy expenditure 

≤1.5 METs while in a sitting, lying or reclining posture (Viir and Veraksitš 2012). Over time, a 

multitude of technologies and processes have modernised the societal environment and 

decreased the physical burden of humans (Bailey 2021). As a result, generally, a higher 

proportion of the world’s population is now sedentary (Bailey 2021). On average, adults in 

Western society spend a significant portion of their day in sedentary activities: ~ 55-65% of 

waking hours (Matthews et al. 2008; van Ballegooijen et al. 2019), with older adults spending 

around 60% of their waking time in sedentary pursuits (Matthews et al. 2008). Regularly being 

in this low MET sedentary state for prolonged periods of time has been highlighted as a 

significant cause of non-communicable disease deaths worldwide (Lee et al. 2012). 

Prolonged sitting is associated with negative effects on glucose and lipid metabolism (Loh et 

al. 2020) as well as vascular function (Thosar et al. 2014). Therefore, intervention strategies 

are required to interrupt sitting and combat these negative health effects. Observational 

studies have demonstrated that interrupting sitting with physical activity can improve glucose 

metabolism (Healy et al. 2008). In a recent meta-analysis by Dong et al. (2024), the authors 

determined that intermittent moderate-intensity physical activity (MPA) or light-intensity 

physical activity (LPA) breaks every 20-60 minutes can lower glucose levels acutely in 

individuals without type II diabetes. Despite these findings, there is still limited research 

available to guide informed decisions regarding the effectiveness of a single continuous bout 

of MPA to break up a typical sedentary working day. Even less evidence is available on the 

effects of a single bout of LPA in this context. Therefore, more research is needed, particularly 

on the impact of a single continuous bout of LPA during a sedentary workday. 

A typical working day for adults lasts at least seven hours or more (Giattino et al. 2020). Several 

studies have explored the effects of a single continuous bout of LPA (< 50% VO2max) without 

breaking up a full working day i.e. their research lasted less than seven hours. Some of these 

studies reported decreased glucose levels within the first day following a continuous LPA break 

(Aadland and Høstmark 2008; Hashimoto et al. 2013; Høstmark et al. 2006; Lunde et al. 2012; 

Nygaard et al. 2009). Others reported no difference in glucose levels after a continuous LPA 

break (Hardman and Aldred 1995; Hashimoto et al. 2011; Takaishi et al. 2012; Tsetsonis and 

Hardman 1996) and no trials reported higher glucose after an LPA break. The study design 
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characteristics varied widely between these trials. For example, most contained only males or 

females, while others included both sexes (Aadland and Høstmark 2008; Hardman and Aldred 

1995; Tsetsonis and Hardman 1996). In addition, the length of LPA bout ranged from 7.25 

minutes (Takaishi et al. 2012) to 90 minutes (Hardman and Aldred 1995; Tsetsonis and 

Hardman 1996) and some studies were not randomised (Aadland and Høstmark 2008; 

Høstmark et al. 2006; Lunde et al. 2012; Takaishi et al. 2012). Furthermore, the details 

regarding the specific pre-and within-trial restrictions were limited for several studies 

(including a lack of detail on controlling prior MVPA, alcohol or caffeine ingestion). Therefore, 

to effectively study breaking up sitting time with a continuous physical activity bout, more 

randomised controlled trials (RCTs) with thorough study restrictions, lasting at least a full 

working day, are needed. Additionally, activity breaks should be a plausible duration to elicit 

physiological change.  

Three RCTs with continuous LPA bouts ≥ 30 minutes have assessed same-day glucose 

responses when breaking up a full working day, with two observing lower values after LPA 

(Gao et al. 2024; Hoffmann, Schierbauer, Zimmermann, Voit, Grothoff, Wachsmuth, Rössler, 

Lackner et al. 2024) and one reporting transiently higher values after LPA (Katsanos et al. 

2004). Two of these trials measured lipid responses during the LPA day with one observing 

lower triglyceride levels (Hoffmann, Schierbauer, Zimmermann, Voit, Grothoff, Wachsmuth, 

Rössler, Lackner et al. 2024) and the other seeing no differences compared to the control 

(Katsanos et al. 2004). However, none of these trials were in older adults.  

All previous adult RCTs breaking a sedentary workday with a continuous bout of LPA included 

younger adults (age <60) and none contained only older adults (age >60). This represents a 

significant age-related gap in the literature. As older adults spend around 60% of their waking 

time in sedentary activities (Matthews et al. 2008), and the incidence rate of diseases such as 

type II diabetes typically increase with age (Nguyen et al. 2012), this population warrants 

further investigation. Even in non-diabetic individuals, evidence suggests some individuals 

progressively lose the ability to regulate glucose levels compared to when they were younger, 

and this may peak in the seventh decade (Chia et al. 2018). This age-related decline in insulin 

sensitivity is believed to be driven by multiple factors, such as reduced skeletal muscle mass, 

increased fat mass and altered fat distribution (Chia et al. 2018). Therefore, as insulin 

sensitivity is the key mediator of glucose responses to physical activity, it is possible that older 
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adults may not respond metabolically in the same manner to LPA compared to younger adults. 

Therefore, investigating differences between younger and older adults is warranted and will 

be investigated here. Additionally, it is not known whether glucose and lipid responses to a 

single LPA break differs between older and younger adults.  

Furthermore, blood pressure is also a useful marker of health that is known to change with 

age (Singh, Nguyen et al. 2023). Younger adults often exhibit faster recovery rates post-

exercise compared to older adults (Dimkpa and Ugwu 2008). However, the intensity of LPA 

activity may not be intense enough to elicit a change in blood pressure after a continuous LPA 

break. However, no RCTs have examined possible differing responses between older and 

younger adults. Therefore, an RCT assessing whether age moderates the effect of breaking up 

a workday with a single continuous bout of LPA is warranted. 

Aside from affecting cardiometabolic markers of health, there is evidence that physical activity 

is effective for improving depression and anxiety across a very wide range of populations, 

although higher intensities of physical activity are associated with greater benefits (Singh, Olds 

et al. 2023). Other research in sedentary adults, shows that breaking up sitting with a 30-

minute continuous MPA break can improve feelings of vigour, but not mood (Bergouignan et 

al. 2016). Furthermore, research shows that breaking up sitting with LPA breaks is associated 

with improvements in some aspects of cognitive performance but not on mood (Wu et al. 

2023). Although, anecdotally, adults report improved mood after a continuous LPA break, it is 

not known if a single continuous bout of LPA, aimed at breaking up a workday, can alter mood 

compared to a sitting control.  

Neither of the previous trials breaking a full workday with a continuous bout of LPA assessed 

whether a dose response existed for cardiometabolic markers or mood (Gao et al. 2024; 

Hoffmann, Schierbauer, Zimmermann, Voit, Grothoff, Wachsmuth, Rössler, Niedrist et al. 

2024; Hoffmann, Schierbauer, Zimmermann, Voit, Grothoff, Wachsmuth, Rössler, Lackner et 

al. 2024). Based on the available evidence discussed, it seems plausible that a longer duration 

of LPA will cause a greater effect on glucose, triglycerides and potentially mood, but a dose 

response relationship has not been previously assessed.  

In summary, no previous study has assessed the potential glucose dose response relationship 

to breaking a sedentary workday with a continuous bout of LPA in older versus younger adults. 
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Additionally, none have concurrently assessed lipid panel responses, blood pressure and 

mood. Such an investigation would be useful for designing future trials and developing 

physical activity recommendations. 

4.1.1. Methodological considerations and justifications for study design change 

Several methodological nuances were highlighted in the previous study chapter that have 

been altered in this chapter’s study to improve the overall efficacy of the research. Firstly, in 

the previous chapter, the three venous blood samples did not appear to capture the dynamic 

nature of glycaemic responses, especially in the post-exercise and postprandial period, 

whereas the IFGM revealed more nuanced patterns that venous samples appeared to miss. 

Therefore, this chapter utilised regular capillary sampling in the lab-day to enable broader 

resolution of glycaemic responses, whilst additionally allowing more lipid markers to be 

assessed. Additionally, capillary sampling is less burdensome than venous sampling as it is less 

invasive and generally more acceptable to participants and so this method was adopted. 

Secondly, the long lab-day in Chapter 3 (Nine hours) was arguably longer than a standard 

workday which typically lasts at least seven hours or more in adults (Giattino et al. 2020). 

Therefore, a shorter seven-hour lab-day was adopted. Thirdly, the effect of 150 minutes of LPA 

on glucose responses approached significance during the snack period, which suggests that 

LPA has the potential to modulate glucose responses. However, although 150-minutes of LPA 

was a well justified physical activity length (see Chapter 3 introduction), 150 minutes is a very 

long period to apply in real-world situations and therefore, more pragmatic physical activity 

lengths were chosen (30 and 60 minutes of LPA). It is also possible that a shorter period of LPA 

would modulate glucose responses differently than 150 minutes. Investigating these shorter 

bouts would also help to identify if there were a minimum effective dose of LPA to elicit 

changes. Furthermore, as described in the introduction, as older adults’ glucose responses 

may not react in the same manner as younger adults, this provided strong reasoning why 

investigating both populations are warranted. 

Additionally, as body composition has been identified as a key modulator of glycaemic 

responses (see introduction), dual energy x-ray absorptiometry (DEXA) was implemented for 

this trial to ascertain whether differences in composition drove any potential changes in the 

metabolic markers that were to be measured. Next, handgrip strength was added to baseline 
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measures as it provides a validated proxy for overall strength, without the need for onerous 

strength testing. Furthermore, the addition of walking speed measures helped to characterise 

the study sample for comparison to current and future research. Also, the Short Warwick-

Edinburgh Mental Wellbeing Scale (SWEMWBS) was added to provide baseline mental 

wellbeing. This allowed the researchers to control for baseline differences in general mental 

wellbeing when analysing positive or negative affect mood scores during the exercise 

conditions. Lastly, to ensure a treadmill speed that was acceptable/feasible to both younger 

and older adults and ensure physical activity remained at light-intensity, MPA was removed 

from the study design. Together these changes represent methodological improvements and 

alterations that help to investigate the aims of the subsequent research. 

4.1.2. Aims 

In a sedentary, inactive adult population, this study primarily examined the response of 

interstitial glucose to two different continuous bouts of LPA walking in younger (18-40) and 

older adults (60+). This three-armed crossover RCT included: 1) a continuous bout of LPA 

walking at 1.6 mph for 30 minutes, 2) a continuous bout of LPA walking at 1.6 mph for 60 

minutes, and 3) a no-physical activity (sitting only) ‘control’ condition. 

Additionally, the study assessed secondary outcomes. These included ascertaining whether 

any changes occurred following the physical activity conditions compared to the control for 1) 

lipid profiles, 2) blood pressure, and 3) positive and negative affect (aspects of mood). 

4.1.3. Hypotheses 

Primary hypotheses 

1. Interstitial glucose (iGlucose) and capillary glucose (cGlucose) will be lower, compared 

to control, for both physical activity conditions. 

2. The effects of 60 minutes of LPA will be more pronounced than those of 30 minutes of 

LPA for glucose measures. 

3. There will be an interaction effect for age group and exercise conditions for glucose. 

Secondary hypothesis 

1. Triglycerides will be lower, compared to control, for both exercise conditions. 
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2. Total cholesterol (TC), high-density lipoprotein (HDL) cholesterol and low-density 

lipoprotein (LDL) cholesterol will not differ between conditions. 

3. Blood pressure will not differ between the three conditions. 

4. Positive and negative affect will improve after both 30 and 60 minutes of walking 

compared to control. 
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4.2. Methods 

4.2.1. Study design 

This randomised, controlled, crossover trial took place at the University of Stirling, Scotland, 

and was approved by the NHS East of Scotland Ethics Service, reference: 19/ES/0004, and was 

registered with IRAS, project ID: 258371. 

4.2.2. Participants 

Participant recruitment criteria were similar to those discussed in Chapter 3. However, there 

were three differences. Firstly, two age categories were evenly recruited: 18 to 40 and ≥ 60 

years of age. Secondly, male and female participants were recruited evenly between age 

groups. Thirdly, participants could not have self-reported memory impairment that would 

affect study outcomes. Volunteers could access these criteria and initially assess their 

eligibility through participant information sheets, linked via QR codes and hyperlinks to the 

study research page (Appendix 3: Participant Information Sheet). After initial examination of 

the participant information sheets, volunteers could then organise to attend an initial first 

contact research meeting (Figure 14 A). This initial appointment allowed volunteers the 

opportunity to ask further questions, before agreeing to attend a subsequent familiarisation 

session. Participants understood they would receive £100 reimbursement for participation in 

the trial. 
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Figure 14 Flowchart of the experimental design (randomised controlled crossover trial), 

detailing study phases (A, B and C) and providing an overview of research periods and their 

associated lab-day exercise conditions. 

4.2.3. Screening and familiarisation 

Following initial contact and a period of ≥ three days, volunteers attended a screening and 

familiarisation session. The session began by reiterating the study details and ensuring 

individuals fully understood the potential risks and benefits of taking part. An opportunity for 

questions was then provided before participants signed an informed consent. Copies were 

available to participants.  

4.2.4. Screening 

Most participant screening processes were the same as those recruited in Chapter 3. However, 

there two notable differences. Firstly, the SWEMWBS was also completed to assess mental 

wellbeing (Appendix 4: SWEMWBS). Secondly, fasted (≥ 10 hours) blood glucose was assessed 

once using the finger prick capillary method via single use lancets (Unistik 3, Owen Mumford, 

United Kingdom). If blood glucose was high (≥ 6.0 mmol▪L-1) then repeat measurements were 

taken on the same morning. If these values remained high, then further measures were taken 

under the same conditions on a subsequent day before eligibility could be confirmed.  
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4.2.5. Anthropometry 

Anthropometry was performed as detailed in the methods for Chapter 3. 

4.2.6. Dual energy x-ray absorptiometry 

After anthropometry, participants then filled in an additional DEXA consent form. Prior to 

scanning, volunteers drank 500ml of water two hours prior to attending. This was to improve 

accuracy of the scan (Rodriguez-Sanchez and Galloway 2015). Participants then emptied their 

bowel and bladder as well as possible. Females also undertook a pregnancy test. Scans were 

carried out on an iDXA (GE Healthcare, USA). Scans were obtained to assess the potential 

impact of appendicular lean mass (ALM) on primary outcomes and to help describe the 

recruited sample population.  

4.2.7. Functional tests 

Several functional tests were performed. Firstly, handgrip strength in kilograms of force (kg) 

was assessed using a handheld dynamometer (Takei Scientific Instruments Co, Ltd,. Takei 

Digital Grip Strength Dynamometer Model T.K.K. 5001, Niigata, Japan). Three measures were 

taken, and the maximum handgrip strength was used. Additionally, volunteer walking speed 

was also assessed: Individuals walked for 50 meters outside, under cover, between two cones. 

Individuals were first asked to walk at their “usual, comfortable walking speed”. Subsequently, 

they were asked to walk “as briskly as possible, without running”. Time (s) was recorded on a 

stopwatch.  

4.2.8. Safety, education and adherence 

To ensure participants were safe whilst exercising during the trial, they were familiarised with 

the treadmill speed used in the trial conditions (1.6 mph) (HP Cosmos Pulsar Treadmill, HP 

Cosmos, Germany). The use of Polar heart rate monitors (H7, Polar Electro, Finland) and the 

BORG 6-20 rating of perceived exertion (RPE) scale was explained at this time. The process of 

obtaining capillary blood samples via finger prick, use of FreeStyle Libre interstitial flash 

glucose monitoring system (IFGM) (Abbott Laboratories LTD, UK), application of a protective 

hypoallergenic translucent film (Tegaderm, 3M Company, USA) and Actigraph use (ActiGraph 

LLC, USA) was described to participants. Individuals then received information sheets 

regarding the use of this equipment. A research diary was also provided so individuals could 

record PA, food intake and protocol adherence. All measurements were taken/provided within 
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two weeks of starting the first experimental period. In one case, DEXA was performed at the 

end of the trial, due to unforeseen weather-related circumstances preventing equipment 

access at familiarisation. 

4.2.9. Randomisation 

A randomised cross-over design was utilised. The 18 potential participants were assigned to 

one of six possible treatment orders, undertaking one of three conditions on each separate 

occasion: 60 minutes of sitting (control), 60 minutes of LPA walking, or 30 minutes of sitting 

followed by 30 minutes of LPA walking. The sequence of randomisation was generated prior 

to participant recruitment. Once a participant had completed familiarisation, the next 

sequential randomisation sequence available was assigned to them. 

4.2.10. Study design: restrictions 

Participants were required to attend three ‘research periods’, each lasting five days (Figure 

14). A series of restrictions were imposed on participants during those times. Individuals were 

given a set of instructions to follow over the five days of each research period and additional 

instructions were given on the lab-day. On day one, participants were asked to begin avoiding 

alcohol and MVPA and asked to utilise minimally active transport options such as the train or 

bus. No new restrictions were imposed on day two. On day three, participants were asked to 

avoid caffeine consumption from 08:30, and to get a full night’s sleep. On day four, during lab 

time, participants were asked to remain seated/reclined and to minimise shuffling during 

prolonged sitting periods. They could undertake sedentary workplace activities such as 

computer work and television viewing during non-physical activity periods, but no standing 

was permitted. To minimise PA, participants were transported between laboratories and to 

the toilet via wheelchair. At the end of the lab-day, participants were asked to get a full night’s 

sleep that evening/night. Restrictions were lifted at 08:30 on day five. These instructions were 

designed to reduce the respective influences of these activities on the main study outcome 

(Bird and Hawley 2017; Elizabeth Carpio-Rivera et al. 2016; Kido et al. 2016; Reis et al. 2019; 

Zhu et al. 2019). Five-day research periods allowed researchers to assess 24-hours of data 

from 08:30 on day four to 08:30 on day five, which was inclusive of the highly controlled lab 

period. 
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4.2.11. Interstitial glucose and activity monitoring 

The IFGM sensors and ActiGraph monitors were applied as per the methods in Chapter 3. 

However, in this trial, the sensors and monitors were removed after 08:30 on day five, rather 

than 08:15. Only 1.2% of all IFGM data was lost due to participant data loss, which was due to 

the participants failing to scan their monitor when the pre-set alarms sounded. 

4.2.12. Experimental (lab-day) Protocol 

Day four contained the main laboratory-controlled research segment, which ran for seven 

hours from 08:30 to 15:30 (Figure 2). When participants arrived at 08:30, they began by sitting 

quietly in the lab for 15 minutes. They were asked if they had adhered to trial instructions, 

and their research diary was examined. At this time, they filled in a sleep diary that contained 

the Karolinska sleepiness scale (Appendix 5: Sleep diary) and the International Positive and 

Negative Affect Schedule-Short Form (I-PANAS-SF) to assess mood (Appendix 6: I-PANAS-SF). 

Accounting for sleep isolates the effect of the intervention on mood and improves the validity 

of the measure. 

At 08:45, blood pressure was taken from the contralateral arm to the IFGM. Immediately after, 

a finger capillary blood sample was obtained from the opposite side. Participants were then 

transported to the nutrition lab where they were provided with breakfast at 09:00. All lab 

meals were eaten within 15 minutes.  Later that morning, individuals were required to 

complete one of the following three conditions in random order: 1) sitting (SIT); 2) 30 minutes 

light-intensity PA walking (30WALK @1.6mph) and 3) 60 minutes light-intensity PA walking 

(60WALK @1.6mph) during the workday (lab-day).  

In the SIT condition, individuals sat from the end of breakfast at 09:15 until 11:45 (Figure 2). 

In the 30WALK condition, individuals sat until 11:15 when they began walking for 30 minutes. 

In the 60WALK condition, individuals sat until 10:45 when they began walking for 60 minutes. 

All walking was performed on the same treadmill, with room temperature set at 20⁰C. To 

describe intensity, heart rate monitors were applied before 10:45 in each condition and BORG 

scores were recorded every 15 minutes during PA. At 11:45 heart rate monitors were 

removed, and individuals filled in the I-PANAS-SF for the second time. They were then 

transported to the nutrition lab.  
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Lunch started at 12:00. At 12:15 lunch ended, and participants were returned to the sitting 

lab where they sat until 15:30. At this time participants walked a short distance to the nutrition 

lab (< 10 meters) where they ate a snack provided and ended their controlled lab time. Snacks 

were eaten by 15:45. Participants were then free to return home to eat their evening meal 

between 19:30 and 20:30. This was followed by an overnight fast until 08:30. Participants were 

subsequently asked if they had continued to comply with the final hours of the protocol and 

their research diary was checked. The ActiGraph and glucose sensor were then removed by 

the researcher, ensuring electrode removal and that skin sites were free from irritation or 

infection. Participants also filled in a second sleep diary (overnight day four until day five), and 

this ended the respective research period arm. 

Each of the three research period arms were separated by at least seven days, with a 

maximum of two weeks separating consecutive periods. The sitting condition was considered 

the control condition with no increase in energy expenditure or change in posture. The 

30WALK and 60WALK conditions elicited a change in posture and energy expenditure, with 

60WALK being upright for longer, walking further and expending more energy than 30WALK. 

 

Figure 15 Timeline of the 7-hour lab visit protocol: including eight capillary blood draws 

(droplet icons) and eight blood pressure measurements (cuff icons) starting at 08:45 and 

ending at 15:30. Participants consumed two standardised meals at 09:00 and 12:00 (cup and 

fork icons). Participants were assigned to one of six possible treatment orders, undertaking 

one of three exercise conditions on each occasion: 60 minutes of sitting, 30 minutes of sitting 

followed by 30 minutes of walking, and 60 minutes of walking. This protocol was designed to 

evaluate the modulating effect of different exercise conditions on the primary study outcomes. 
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4.2.13. Capillary blood samples and blood pressure 

Eight capillary blood samples were taken during the lab-day (Figure 15). The first sample was 

taken at 08:45 and were then taken hourly until 14:45. A final eighth sample was taken at 

15:30. The post-lunch sample corresponded to 45 minutes after food intake and timing was 

chosen according to previous data (see Chapter 3). Immediately after each blood sample was 

obtained, samples were inserted into a Cholestech LDX cassette (Cholestech Corporation. 

Cholestech LDX System. Hayward, CA). This cassette was then placed in the Cholestech LDX. 

The machine uses enzymatic reactions and reflectance photometry to obtain values for total 

TC, HDL cholesterol, triglycerides and glucose. LDL cholesterol was estimated by the machine 

using the TC/HDL ratio. This machine has been shown to correlate highly significantly to 

hospital lab results when performed appropriately (Carey et al. 2006). The Cholestech LDX 

was not utilised out with the lab environment. Blood pressure sampling corresponded to the 

capillary blood sample timing and was carried out on the contralateral arm to the IFGM. 

4.2.14. Diet 

Diet control was similar to the trial in Chapter 3, but subtle differences occurred. Namely, on 

day three, participants were required to eat as normal, except they were provided with their 

first individualised meal, which was to be eaten between 19:30 and 20:30. This was followed 

by a period of fasting until breakfast the next day. The second, third and fourth meals were 

provided on day four and eaten in the lab at 09:00 (breakfast), 12:00 (lunch) and 15:30 (snack). 

The fifth, and last meal provided, was an evening meal that was identical to the first and eaten 

between 19:30 and 20:30 on day four. Participants then fasted until 08:30 the next day when 

the research period arm ended. Meal composition closely reflected the average UK adult’s 

dietary composition: 17% protein, 36% fat and 47% carbohydrate (Whitton et al. 2011). A 

physical activity factor of 1.4 (reflecting a sedentary lifestyle) was used to determine 

individualised energy requirements using Nutritics (Nutritics LTD, Ireland). The Mifflin St Jeor 

equation was chosen to calculate resting metabolic rate, as it is relatively accurate in healthy 

obese and non-obese populations compared to other commonly used equations (Frankenfield 

2013). Each of the five meals contained 25% of estimated daily calorific needs. On days three 

to five, participants were required to record everything they ate in their research diary. They 

could then replicate their energy intake in each subsequent research period. At home, 

participants were asked to cook their evening meals in the same manner each time. Electronic 
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food scales were provided to ensure accurate measurement of food (CS-2000B Digital Kitchen 

Scale, Ohaus Corporation, USA).  

4.2.15. Power calculation 

The power calculation was performed in the same manner as in Chapter 3. Therefore, 

researchers aimed to recruit n=18 participants. However, due to UK-wide coronavirus 

lockdown in March 2020 lab activities ceased and recruitment was finalised at n=17. 

4.2.16. Data processing and statistical analysis 

The main outcome of interest was interstitial glucose total area under the curve (tAUC). For 

IFGM, several different segments were analysed over the 24-hours: 1) tAUC over 24-hours; 2) 

tAUC during the lab-day; 3) tAUC within-exercise (10:45-11:45); 4) tAUC 3-hours post-lunch 

start; 5) tAUC 3-hours post-snack start; 6) tAUC 3-hours post-evening meal start and 7) tAUC 

during sleep. As the first bout of walking began at different times in each condition, data were 

analysed for the full hour from 10:45, which is referred to as the ‘within-exercise’ period. 

Although wake and sleep times varied somewhat per participant, average reported sleep 

times were between 22:30 and 06:30. This was therefore used for the analysis sleep time 

window. Interstitial glucose tAUC was calculated according to methods in Chapter 3. 

The main secondary outcomes of interest (measured by the Cholestech LDX) included capillary 

measures of glucose, total cholesterol, HDL cholesterol, LDL cholesterol (estimated) and 

triglycerides. Additionally, measurements of blood pressure were also performed as 

secondary outcome measures. These secondary outcomes were analysed over the lab-day, 

during the within-exercise period and after lunch. Total AUC was calculated according to 

methods in Chapter 3. 

Linear mixed-effects model analyses were conducted following the same approach as 

described in Chapter 3. Specifically, baseline values, covariates, factors coding, cluster 

variables, gender, treatment order and BMI were incorporated in the same way. Exercise dose 

(SIT, 30WALK or 60WALK) and age group (‘Older’ or ‘Younger’) were fixed factors in all models. 

Additionally, however, appendicular lean mass to height ratio and appendicular lean mass to 

BMI ratio were individually entered as covariates, but removed if fit, and explanation of 

variance was not improved. In addition to physiological measures of health, an additional 

psychological outcome measure was completed by participants: the I-PANAS-SF. The delta 
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change was used to assess changes in positive and negative affect scores following the three 

‘intervention’ types. For the reasons outlined in the physiological measurements, mixed-

effects models were utilised to analyse the I-PANAS-SF scores. Exercise dose and age group 

were fixed factors in all models. The potential influence of gender, BMI, and treatment order 

were also explored as fixed factors but were removed if fit and explanation of variance was 

not improved. The Karolinska sleepiness scale scores and SWEMWBS were covariates in the 

analysis. Jamovi (Version 2.4.11.0) was utilised for all statistical analyses and performed 

according to the methods in Chapter 3.  
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4.3. Results 

Body composition and physical performance measures are illustrated in Table 7. Using Welch’s 

t-test, statistical differences were observed for age (p < 0.001) and between age groups for 

50-meter comfortable walk speed (p = 0.010).  

Cardiometabolic and health risk indicators are illustrated in Table 8. Using Welch’s t-test, 

statistical differences using were observed between age groups, for systolic blood pressure (p 

= 0.004), fasted glucose (p = 0.008) and the SWEMWBS metric (p = 0.038). Although different 

at baseline between age groups, when used as a covariate, the SWEMWBS metric did not alter 

the significance of mood results. 

Although DEXA was used to determine the potential effect of ALM ratios on primary 

outcomes, and to describe the sample population, inclusion did not affect any glucose or lipid 

panel results. It was therefore removed from the statistical models. All 17 participants 

completed all three trial conditions. 
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Table 7 Gender, age, body composition and physical performance measures split by age group 

(Younger or older adults). BMI = Body Mass Index. * Stars indicate significant differences 

between age groups.  

 

  

Age Group N Mean SD

Gender Older 8

Younger 9

Age (years)* Older 8 63 5

Younger 9 30 7

Body Mass (kg) Older 8 83.6 11.5

Younger 9 76.6 18.0

Height (m) Older 8 1.69 0.08

Younger 9 1.69 0.10

Body Mass Index Older 8 29.3 3.3

Younger 9 27.1 6.9

Waist (cm) Older 8 98.2 9.1

Younger 9 86.9 16.6

Hip (cm) Older 8 102.0 21.1

Younger 9 105.2 12.3

Waist to hip ratio Older 8 1.01 0.25

Younger 9 0.82 0.12

Total Bone Mass (g) Older 8 2629.9 495.2

Younger 9 2541.6 271.7

Total Fat Mass (g) Older 8 29925.0 7258.4

Younger 9 27463.3 15432.0

Total Lean Mass (g) Older 8 49446.8 10191.7

Younger 9 45930.1 6878.4

Appendicular Lean Mass to Height Ratio Older 8 7.8 1.4

Younger 9 7.4 1.0

Appendicular Lean Mass to BMI Ratio Older 8 0.8 0.2

Younger 9 0.8 0.3

Maximum handgrip (kg) Older 8 35.1 9.7

Younger 9 35.0 8.7

50-meter comfortable walk (seconds) Older 8 30.7 2.7

Younger 9 36.5 5.0

50-meter brisk walk (seconds) Older 8 23.6 1.6

Younger 9 23.5 3.8
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Table 8 Cardiometabolic and health risk indicators split by age group (Younger or older adults). 

Stars indicate significant differences between age groups. IPAQ 7 sedentary hours = 

International Physical Activity Questionnaire #7 (number of daily self-reported sedentary 

hours). SWEMWBS = Short Warwick-Edinburgh Mental Wellbeing Scale.  

 

4.3.1. Glucose 

4.3.1.1. 24-hour iGlucose 

In Figure 16 the 15-minute iGlucose epoch values throughout the 24-hours are compared 

between the three exercise dose groups versus baseline. Fixed effects omnibus tests 

indicated that time of day had a significant effect on iGlucose (F (95, 4357.1) = 27.50, p < 

0.001). Fixed effects parameter estimates indicated that baseline iGlucose values were 

significantly different (all p < 0.05) from the periods of 09:15 to 11:00, 12:15 to 13:45, 15:45 

to 18:45 and 20:15 to 00:45 (excluding 23:30 to 00:00 which approached the significance 

threshold but did not achieve it i.e. p > 0.05 but < 0.10). SIT is largely obscured by 30WALK as 

can be identified from Figure 17. 

Age Group N Mean SD

Blood pressure systolic (mm Hg)* Older 8 131.0 9.2

Younger 9 113.8 11.3

Blood pressure diastolic (mm Hg) Older 8 83.4 6.4

Younger 9 76.2 11.0

Fasted glucose (mmol/L)* Older 8 5.4 0.6

Younger 9 4.6 0.3

IPAQ 7 sedentary (hours) Older 8 11 3

Younger 9 10 2

SWEMWBS Metric* Older 8 26.7 3.8

Younger 9 22.9 2.8
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Figure 16 15-minute epoch interstitial flash glucose values (mmol/L) throughout the 24-hours 

(08:30-08:30) for the three exercise conditions: 0 minutes (SIT) in blue, 30 minutes walking 

(30WALK) in grey, and 60 minutes walking (60WALK) in gold. Breakfast began at 09:00. The 

exercise condition period began at 10:45 and ended at 11:45. Subsequently, meals were lunch 

at 12:00, afternoon snack at 15:30, dinner between 19:30 and 20:30. Meals are represented 

by cup and fork icons: Meal 1 (breakfast), Meal 2 (lunch), Meal 3, (snack), Meal 4 (dinner). The 

exercise condition period is represented by the walking person icon. Starred areas represent 

statistically significantly different values from baseline values at 08:30. Error bars represent 

95% confidence intervals. 

4.3.1.2. 24-hour interstitial flash glucose monitor total area under the curve 

Fixed effects omnibus tests indicated that fasted baseline iGlucose values at the start of the 

24-hour period were a significant predictor of iGlucose tAUC throughout the 24-hours (F (1, 

14.9) = 60.391, p < 0.001). Additionally, exercise dose was also a significant predictor of 

iGlucose (F (2, 21) = 4.660, p = 0.021). However, age group was not a significant predictor of 

iGlucose (F (1, 11) = 0.044, p = 0.837). No significant interaction effect was observed between 

exercise dose and age groups (F (2, 21.8) = 1.479, p = 0.250). The marginal R² was 0.78, and 

the conditional R² was 0.87. 
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Fixed effects parameter estimates also indicated that the exercise dose comparison of 60WALK 

versus SIT was significantly different for iGlucose tAUC (Estimate = -28.02, SE = 9.14, 95% CI [-

45.94, -10.1], p = 0.005). Furthermore, no significant differences were observed for the 

interaction effect of 60WALK versus SIT and age group (Estimate = 22.21, SE = 12.92, 95% CI [-

3.11, 47.50], p = 0.099) although it approached the threshold of significance. Random-effect 

variance components indicated a participant-level random intercept standard deviation of 

14.1 (variance = 198) and a residual standard deviation of 16.7 (variance = 279). 

Post hoc comparisons indicated that 30WALK versus 60WALK were significantly different 

(Difference = 16.998, SE = 6.66, p = 0.041) with 30WALK having a higher tAUC than 60WALK. 

Furthermore, SIT versus 60WALK were significantly different (Difference = 16.920, SE = 6.36, 

p = 0.041) indicating a higher tAUC for SIT than 60WALK. Figure 17 represents these 

differences. 
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Figure 17 Box and whisker plot showing the relationship between exercise dose and interstitial 

glucose (iGlucose) total area under the curve (tAUC) throughout the 24-hour period for the 

three exercise conditions: 0 minutes (SIT), 30 minutes walking (30WALK) and 60 minutes 

walking (60WALK). The black horizontal line inside each blue box represents the median, inner 

filled black boxes represent the mean, the outer boxes represent the interquartile range, and 

the whiskers extend to the minimum and maximum values not considered outliers. The black 

star represents significantly lower values than SIT. The empty star represents significantly 

lower values than 30WALK. Individual dots represent each subject’s iGlucose tAUC during the 

respective exercise conditions.  

4.3.1.3. Summary: Glucose 

In Table 9, a summary is provided of the significant results for the primary glucose variables 

of interest which are exercise dose, and the potential interaction of exercise dose by age 

group. The main time of interest was the full 24-hour period. The a priori sub-analysis time 

periods are also presented to illustrate where other differences occurred. A detailed 

breakdown of the sub-period analysis can be found in ‘Supplementary Material Chapter 4”. 
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Table 9. Significant results for interstitial flash glucose monitor (iFGM) total area under the 

curve (tAUC) over the seven time periods analysed and significant capillary glucose (cGlucose) 

tAUC over the three time periods analysed. Three exercise conditions are represented: 0 

minutes walking (SIT), 30 minutes walking (30WALK) and 60 minutes walking (60WALK). Only 

primary variables of interest are included (exercise dose and exercise dose * age group) to 

improve table readability. Interaction effect comparisons are denoted by the * symbol.  

Time 

period 

Main effects Fixed effects parameter 

estimates 

Post Hoc Tests 

24-hours 

iFGM 

• Exercise dose • 60WALK - SIT: higher 

tAUC for SIT 

• 30WALK - 60WALK: 

higher tAUC for 

30WALK 

• SIT - 60WALK: higher 

tAUC for SIT 

Lab-Day 

iFGM  

• None • 60WALK - SIT: higher 

tAUC for SIT 

• 30WALK - SIT * Older 

– Younger: higher for 

older 

• None 

Lab-Day 

cGlucose 

• None • None • None 

Exercise 

iFGM 

• Exercise dose • None • SIT - 60WALK: higher 

tAUC for SIT 

Exercise 

cGlucose 

• Exercise dose • 60WALK - SIT: higher 

tAUC for 60WALK 

• 30WALK - 60WALK: 

higher tAUC for 

60WALK 

Lunch 

iFGM 

• Exercise dose * age 

group 

• 60WALK - SIT: higher 

tAUC for SIT 

• 30WALK - SIT * Older 

– Younger: higher for 

older 

• None 
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• 60WALK - SIT * Older 

– Younger: higher for 

older 

Lunch 

cGlucose 

• None • None • None 

Snack 

iFGM 

• Exercise dose 

• Exercise dose * age 

group 

• 60WALK - SIT: higher 

tAUC for SIT 

• 60WALK - SIT * Older 

– Younger: higher 

tAUC for older 

• 30WALK - 60WALK: 

higher tAUC for 

30WALK 

• SIT - 60WALK: higher 

tAUC for SIT 

• 30WALK - 60WALK * 

Younger - Younger: 

higher tAUC for 

30WALK 

• 60WALK - 30WALK * 

Older - Younger: 

higher tAUC for 

30WALK & older 

• SIT - 60WALK * 

Younger - Younger: 

higher tAUC for SIT 

Dinner 

iFGM 

• None • 60WALK - SIT: higher 

tAUC for SIT 

• None 

Sleep 

iFGM 

• None • 60WALK - SIT: higher 

tAUC for SIT 

• None 

 

4.3.2. Lipid panel capillary bloods 

4.3.2.1. Lab-day lipid panel  

In Figure 18 A the 1-hour total cholesterol (TC) epoch values throughout the lab-day are 

compared between the three exercise dose groups versus baseline. Fixed effects omnibus 

tests indicated that TC values were not significantly different between time points in the lab-
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day (F (7, 368) = 1.395, p = 0.206). Fixed effects parameter estimates also indicated that 

baseline value TC values were not significantly different from any other time point in the lab-

day (all p > 0.05).  

In Figure 18 B the 1-hour HDL cholesterol epoch values throughout the lab-day are compared 

between the three exercise dose groups versus baseline. Fixed effects omnibus tests 

indicated that time of day was significantly different between periods (F (7, 368) = 2.225, p = 

0.032). However, fixed effects parameter estimates, and post hoc tests indicated that none 

of the differences were significantly different than baseline (all p > 0.05).  

In Figure 18 C the 1-hour LDL cholesterol epoch values throughout the lab-day are compared 

between the three exercise dose groups versus baseline. Fixed effects omnibus tests indicated 

that LDL values were not significantly different between time points in the lab-day (F (7, 368) 

= 1.671, p = 0.115). Fixed effects parameter estimates also indicated that baseline value LDL 

values were not significantly different from any other time point in the lab-day (all p > 0.05).  

In Figure 18 D the 1-hour triglyceride epoch values throughout the lab-day are compared 

between the three exercise dose groups versus baseline. Fixed effects omnibus tests 

indicated that time of day was significantly different between periods (F (7, 368) = 11.576, p 

< 0.001). Fixed effects parameter estimates indicated that the differences lay between 

baseline (08:45) and 12:45, 13:45, 14:45 and 15:30 (all p < 0.05) whereby triglycerides 

increased over time. Post hoc tests also indicated significant differences between baseline and 

12:45, 13:45, 14:45 and 15:30 (all p < 0.05). 
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Figure 18 A-D Average epochs values (mmol/L) during the lab-day for total cholesterol (A), HDL 

cholesterol (B), LDL cholesterol (C) and triglycerides (D). The three exercise conditions are 

represented: 0 minutes (SIT) in blue, 30 minutes walking (30WALK) in grey, and 60 minutes 

walking (60WALK) in gold. The lab-day began at 08:30 and breakfast began at 09:00. The 

exercise condition period began at 10:45 and ended at 11:45. Subsequently, the lunch meal 

began at 12:00. Participants ended the lab-day at 15:30. Each time point (08:45-15:30) 

represents a capillary blood sample time. Stars represent statistically significantly different 

values from baseline (08:45). Meals are represented by cup and fork icons. The exercise 

condition period is represented by the walking person icon. Error bars represent 95% 

confidence intervals. 

4.3.2.2. Lab-day capillary total cholesterol tAUC 

Fixed effects omnibus tests indicated that fasted capillary total cholesterol baseline values at 

the start of the lab-day was a predictor of total cholesterol throughout the lab-day (F (1, 17.5) 

= 521.766, p < 0.001). In addition, BMI was a predictor of total cholesterol throughout the lab-

day (F (1, 11.8) = 7.353, p = 0.019). Significance was not observed for exercise dose (F (2, 27.5) 

= 0.219, p = 0.805), nor age group (F (1, 10.9) = 1.691, p = 0.220) nor the interaction between 
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exercise dose and age group (F (2, 27.3) = 0.845, p = 0.441). The marginal R² was 0.96, and the 

conditional R² was 0.97.  Other than baseline total cholesterol and BMI, fixed effects 

parameter estimates showed no significant differences between parameters (all p > 0.05). 

Random-effect variance components indicated a participant-level random intercept standard 

deviation of 0.91 (variance = 0.83) and a residual standard deviation of 1.29 (variance = 1.67). 

No post hoc tests were carried out.  

4.3.2.3. Lab-day capillary HDL cholesterol tAUC 

Fixed effects omnibus tests indicated that fasted HDL baseline values at the start of the lab-

day were a predictor of HDL throughout the lab-day (F (1, 41.50) = 101.611, p < 0.001). The 

interaction of exercise dose by age group also showed significance (F (2, 24.17) = 3.654, p = 

0.41). No significant difference was observed for exercise dose (F (2, 23.51) = 2.477, p = 0.106) 

or for age group (F (1, 9.37) = 0.083, p = 0.780). The marginal R² was 0.72, and the conditional 

R² was 0.94. 

Parameter estimates indicated that the exercise dose comparison of 60WALK versus SIT was 

significantly different for HDL (Estimate = 0.309, SE = 0.114, 95% CI [0.03, 0.59], p = 0.043). 

Parameter estimates also indicated the interaction of exercise dose by age group for 30WALK 

versus SIT was significant (Estimate = 0.732, SE = 0.29, 95% CI [0.16, 1.30], p = 0.019) with 

older adults having higher values at 30WALK versus younger adults in SIT. This suggests that 

the 30WALK versus SIT may be moderated by age. Random-effect variance components 

indicated a participant-level random intercept standard deviation of 0.79 (variance = 0.62) and 

a residual standard deviation of 0.42 (variance = 0.18).  However, post hoc tests did not show 

significance for the interaction of exercise dose by age group (all p > 0.05). Post hoc tests for 

exercise dose were not performed. 

4.3.2.4. Lab-day capillary LDL cholesterol tAUC 

Fixed effects omnibus tests indicated that fasted LDL baseline values at the start of the lab-

day were a predictor of LDL throughout the lab-day (F (1, 21.04) = 346.495, p < 0.001). Age 

group approached the threshold but did not reach statistical significance (F (1, 9.46), = 4.364, 

p = 0.065). Similarly, the interaction of exercise dose by age group approached the threshold 

but did not reach statistical significance (F (2, 24.41) = 3.045, p = 0.066). Significant differences 
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were not observed between exercise doses (F (2, 23.88) = 0.226, p = 0.799). The marginal R² 

was 0.92, and the conditional R² was 0.95. 

Fixed effects parameter estimates indicated statistically significant differences between the 

interaction of age group and 60WALK versus SIT (Estimate = 2.015, SE = 0.92, 95% CI [0.20, 

3.82], p = 0.039). This suggests that the effects of 60 minutes of walking versus sitting may be 

moderated by age, with older adults seeing a higher level of LDL compared to younger adults. 

Results show 60WALK versus SIT approached the threshold but did not reach statistical 

significance (Estimate = -1.139, SE = 0.62, 95% CI [-2.36, 0.08], p = 0.081). Random-effect 

variance components indicated a participant-level random intercept standard deviation of 

1.12 (variance = 1.25) and a residual standard deviation of 1.32 (variance = 1.74). No post hoc 

tests were performed. 

4.3.2.5. Lab-day capillary triglycerides tAUC 

Fixed effects omnibus tests indicated that fasted triglyceride baseline values at the start of the 

lab-day were a predictor of triglyceride throughout the lab-day (F (1, 36.4) = 257.686, p < 

0.001). Subjects’ BMI was also a predictor of triglyceride (F (1, 12.8) = 6.611, p = 0.023). 

Additionally, significant interaction effects were observed between exercise dose and age 

group (F (2, 27.6) = 3.680, p = 0.038). No significant differences were observed for exercise 

dose alone (F (2, 27.2) = 2.004, p = 0.154) or for age group (F (1, 12.1) = 0.008, p = 0.928). The 

marginal R² was 0.82, and the conditional R² was 0.96. 

Parameter estimates indicated 30WALK was significantly different than SIT (Estimate = -1.620, 

SE = 0.55, 95% CI [-2.71, -0.53], p = 0.007). Furthermore, parameter estimates identified 

statistically significant differences between the interaction of age group and 30WALK versus 

SIT (Estimate = 1.666, SE = 0.806, 95% CI [0.09, 3.25], p = 0.048). This suggests that the effects 

of 30WALK versus SIT may be moderated by age, with older adults seeing a higher level of 

triglyceride compared to younger adults. Random-effect variance components indicated a 

participant-level random intercept standard deviation of 2.12 (variance = 4.49) and a residual 

standard deviation of 1.16 (variance = 1.35). Post hoc tests indicated revealed no statistically 

significant differences between parameters (all p > 0.05).  
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4.3.2.6. Summary: Non-glucose capillary bloods results 

In Table 10, a summary is provided of the significant results for the primary capillary variables 

of interest which were exercise dose, and the potential interaction of exercise dose by age 

group. The main time of interest was the full lab period. The a priori sub-analysis time periods 

are also presented to illustrate where other differences occurred. 

Table 10 Significant results for capillary bloods total area under the curve (tAUC) over the three 

time periods analysed. The three exercise conditions are represented: 0 minutes walking (SIT), 

30 minutes walking (30WALK) and 60 minutes walking (60WALK). Only primary variables of 

interest are included (exercise dose and exercise dose * age group) to improve table 

readability. TC = total cholesterol. HDL = HDL cholesterol. LDL = LDL cholesterol. TRIG = 

triglycerides. Interaction effect comparisons are denoted by a * symbol. 

Time 

period 

Main effects Fixed effects parameter 

estimates 

Post Hoc Tests 

Lab-day 

TC 

• None • None • None 

Lab-day 

HDL 

• Exercise dose * age 

group 

• 60WALK – SIT: higher 

tAUC for 60WALK 

• 30WALK – SIT * Older 

- Younger: higher 

tAUC for older 

• None 

Lab-day 

LDL 

• None • 60WALK – SIT * Older 

– Younger: higher 

tAUC for older 

• None 

Lab-day 

TRIG 

• Exercise dose * age 

group 

• 30WALK - SIT: higher 

tAUC for SIT 

• 30WALK – SIT * Older 

- Younger: higher 

tAUC for older 

• None 

Exercise 

TC 

• None • None • None 
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Exercise 

HDL 

• None • None • None 

Exercise 

LDL  

• None • None • None 

Exercise 

TRIG 

• None • None • None 

Post- 

exercise 

TC 

• None • None • None 

Post- 

exercise 

HDL 

• Exercise dose • None • 30WALK – SIT: higher 

tAUC for 30WALK 

Post- 

exercise 

LDL 

• None • None • None 

Post- 

exercise 

TRIG 

• None • None • None 

 

4.3.3. Blood pressure 

4.3.3.1. Systolic and diastolic blood pressure during the lab-day 

In Figure 19 A the 1-hour SBP epoch values throughout the lab-day are compared between 

the three exercise dose groups versus baseline. Fixed effects omnibus tests indicated that 

time of day was significantly different between periods (F (7, 368) = 6.32, p < 0.001). Gender 

was also significant (F (1, 15) = 8.35, p = 0.011). Post hoc tests indicated significant differences 

lay between baseline (08:45) and 11:45 (p = 0.13).  

In Figure 19 B the 1-hour DBP epoch values throughout the lab-day are compared between 

the three exercise dose groups versus baseline. Fixed effects omnibus tests indicated that 

time of day was significantly different between periods (F (7, 368) = 12.816, p < 0.001). Post 
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hoc tests indicated significant differences lay between baseline (08:45) and 09:45, 10:45, 

11:45, 12:45, 13:45 and 14:45 (p < 0.05). 

 

 

 

Figure 19 A-B Average epochs values (mm Hg) during the lab-day for systolic blood pressure 

(A) and diastolic blood pressure (B). The three exercise conditions are represented: 0 minutes 

(SIT) in blue, 30 minutes walking (30WALK) in grey, and 60 minutes walking (60WALK) in gold. 

The lab-day began at 08:30 and breakfast began at 09:00. The exercise condition period began 

at 10:45 and ended at 11:45. Subsequently, the lunch meal began at 12:00. Participants ended 

the lab-day at 15:30. Each time point (08:45-15:30) represents a blood pressure sample time. 

Stars represent statistically significantly different values from baseline (08:45). Meals are 

represented by cup and fork icons. The exercise condition period is represented by the walking 

person icon. Error bars represent 95% confidence intervals. 

4.3.3.2. Lab-day systolic blood pressure tAUC 

Fixed effects omnibus tests indicated that baseline SBP values at the start of the lab-day was 

a predictor of SBP throughout the lab-day (F (1, 39.23) = 15.463, p < 0.001). Gender was also 

a predictor of SBP (F (1, 9.32) = 7.685, p = 0.021). However, significant differences were not 

observed for exercise dose (F (2, 20.94) = 0.584, p = 0.567) or for age group (F (1, 8.56) = 2.053, 

p = 0.187). There was no significant interaction effect for exercise dose by age group (F (2, 

20.72) = 1.763, p = 0.196). The marginal R² was 0.64, and the conditional R² was 0.93. Other 

than baseline SBP and gender, fixed effects parameter estimates showed no significant 

differences between parameters (all p > 0.05). Random-effect variance components indicated 
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a participant-level random intercept standard deviation of 46.5 (variance = 2159) and a 

residual standard deviation of 22.2 (variance = 495). Post hoc tests indicated that gender 

(females versus males) was a predictor of lab-day SBP tAUC (Difference = -69.5, SE = 25.2, p = 

0.014) with males having higher values compared to females. 

4.3.3.3. Lab-day diastolic blood pressure tAUC 

Fixed effects omnibus tests indicated that baseline DBP values at the start of the lab-day was 

a predictor of DBP throughout the lab-day (F (1, 13.77) = 143.685, p < 0.001). Results also 

indicated BMI was a predictor of DBP (F (1, 10.05) = 6.906, p = 0.025). In addition, age group 

was also a predictor of DBP (F (1, 9.82) = 5.177, p = 0.047). However, exercise dose was not a 

significant predictor (F (2, 26.03) = 0.905, p = 0.417), nor was the interaction between exercise 

dose and age group (F (2, 25.64) = 0.689, p = 0.511). The marginal R² was 0.89, and the 

conditional R² was 0.92. 

Other than baseline DBP and BMI, fixed effects parameter estimates indicated age group was 

also a predictor of DBP (Estimate = 25.938, SE = 11.25, 95% CI [3.90, 47.98], p = 0.028). 

However, no differences were observed between the remaining parameters (all p > 0.05). 

Random-effect variance components indicated a participant-level random intercept standard 

deviation of 10.7 (variance = 114) and a residual standard deviation of 19.3 (variance = 374). 

Post hoc tests illustrated that age group was a significant predictor of DBP (Difference = -18.4, 

SE = 8.13, p = 0.040) with the older group having higher values than younger group. 

4.3.3.4. Summary: Systolic and diastolic blood pressure results 

In Table 11 a summary is provided of the significant results for the primary blood pressure 

variables of interest which are exercise dose, and the potential interaction of exercise dose by 

age group. The main time of interest was the full lab period. The a priori sub-analysis time 

periods are also presented to illustrate where other differences occurred. 
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Table 11 Significant results for blood pressure total area under the curve (tAUC). The three 

exercise conditions are represented: 0 minutes walking (SIT), 30 minutes walking (30WALK) 

and 60 minutes walking (60WALK). Only primary variables of interest are included (exercise 

dose and exercise dose * age group) to improve table readability. SBP = systolic blood pressure. 

DBP = diastolic blood pressure. Interaction effect comparisons are denoted by a * symbol. 

Time 

period 

Main effects Fixed effects parameter 

estimates 

Post Hoc Tests 

Lab-day 

SBP 

• None • None • None 

Lab-day 

DBP 

• None • None • None 

Exercise 

SBP 

• None • None • None 

Exercise 

DBP 

• None • None • None 

Post- 

exercise 

SBP 

• Exercise Dose • None • 30WALK – 60WALK: 

higher tAUC for 

30WALK 

Post- 

exercise 

DBP 

• None • 60WALK – SIT * Older 

– Younger: higher 

tAUC for older 

• None 

 

4.3.4. I-PANAS-SF results 

4.3.4.1. I-PANAS-SF mood results 

In Figure 20 A the average positive affect scores from the I-PANAS-SF between baseline 

(08:45) and after exercise condition (11:45) are compared between the three exercise dose 

groups. Fixed effects omnibus tests indicated that time of day was not significantly different 

between periods (F (1, 80) = 2.768, p = 0.100). Post hoc tests were not performed. 

In Figure 20 B the average negative affect scores from the I-PANAS-SF between baseline 

(08:45) and after exercise condition (11:45) are compared between the three exercise dose 
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groups. Fixed effects omnibus tests indicated that time of day was not significantly different 

between periods (F (1, 80) = 1.702, p = 0.196). Post hoc tests were not performed. 

 

Figure 20 A-B Average positive affect scores (A) and negative affect scores (B) from the I-

PANAS-SF between baseline (08:45) and after the exercise condition (11:45). The three exercise 

conditions are represented: 0 minutes (SIT) in blue, 30 minutes walking (30WALK) in grey, and 

60 minutes walking (60WALK) in gold. The lab-day began at 08:30 and breakfast began at 

09:00. The exercise condition period began at 10:45 and ended at 11:45. Meals are 

represented by cup and fork icons. The exercise condition period is represented by the walking 

person icon. Error bars represent 95% confidence intervals. 

4.3.4.2. Change scores for I-PANAS SF positive affect scale before and after 

exercise. 

Fixed effects omnibus tests indicated that the interaction of exercise dose and age group 

approached the threshold of significance but did not achieve it (F (2, 28.6) = 3.271, p = 0.053). 

Furthermore, the SWEMWBS was not a predictor of positive affect (F (1, 14) = 0.003, p = 0.957) 

nor was sleepiness score (F (1, 14) = 0.151, p = 0.699). In addition, no significant main effects 

were observed for exercise dose (F (2, 28.2) = 0.106, p = 0.900) or age group (F (1, 13.4) = 

2.629, p = 0.128). The marginal R² was 0.16, and the conditional R² was 0.36. 

Parameter estimates showed that the interaction between 60WALK versus SIT and age group 

was significant (Estimate = -2.594, SE = 1.02, 95% CI [-4.59, - 0.60], p = 0.017), indicating some 

evidence that the effect of exercise dose on positive affect was moderated by age. 

Additionally, the effect of 60WALK versus SIT approached the threshold of significance but did 

not achieve significance (Estimate = 1.318, SE = 0.70, 95% CI [-0.05, 2.69], p = 0.070). Random-
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effect variance components indicated a participant-level random intercept standard deviation 

of 0.81 (variance = 0.66) and a residual standard deviation of 1.48 (variance = 2.19). No post 

hoc tests were performed.  

4.3.4.3. Change scores for I-PANAS SF negative affect scale before and after 

exercise. 

Fixed effects omnibus tests indicated that age group approached the threshold of significance 

but did not achieve it (F (1, 14.8) = 4.470, p = 0.052). No significant main effects were observed 

for exercise dose (F (2, 29.6) = 0.570, p = 0.572), sleepiness score (F (1, 38.7) = 0.391, p = 

0.535), or SWEMWBS (F (1, 15.5) = 0.506, p = 0.488). No significant interaction was observed 

between exercise dose and age (F (2, 30) = 0.800, p = 0.459). The marginal R² was 0.14, and 

the conditional R² was 0.31. Fixed effects parameter estimates did not reveal any significant 

differences in the parameters (all p > 0.05). Random-effect variance components indicated a 

participant-level random intercept standard deviation of 0.87 (variance = 0.76) and a residual 

standard deviation of 1.77 (variance = 3.12). No post hoc tests were performed. 
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4.4. Discussion 

The primary aim of this study was to investigate the acute effects of breaking up a workday 

sitting with 30 and 60 minutes of LPA walking on iGlucose levels in apparently healthy, 

sedentary and inactive adults. The primary findings were twofold. Firstly, over 24-hours, 

breaking up a sedentary day with 60WALK decreased tAUC iGlucose compared to a control. 

Within the 24-hour period, specific differences in iGlucose occurred between 60WALK and SIT 

during both the exercise period and the snack period. Secondly, over 24-hours, 60WALK 

decreased tAUC iGlucose more than 30WALK. Within the 24-hour period, specific differences 

occurred between 60WALK and 30WALK during the snack period but not exercise period. 

These results have revealed a clear dose response relationship to LPA walking, with longer 

walking causing the greatest decrease in iGlucose tAUC. This reinforces the role of non-

strenuous physical activity in glycaemic regulation and supports that the total duration of 

continuous physical activity plays a role in metabolic responses. 

The secondary aim of this study was to investigate if age influenced the acute effects of 

breaking sitting with 60 and 30 minutes of LPA walking on iGlucose levels. The findings 

revealed that the influence of exercise dose was moderated by age group. During the snack 

period, younger adults exhibited significantly lower tAUC iGlucose levels following 60WALK 

compared to both 30WALK and SIT conditions, whereas this effect was not observed in older 

adults. Furthermore, tAUC iGlucose was lower for 60WALK compared to 30WALK in younger 

adults compared to older adults. These results indicate that while 60 minutes of LPA walking 

was effective in lowering iGlucose for sedentary and inactive younger adults, this response 

was not present in sedentary and inactive older adults during snack. This suggests longer 

duration LPA walking is required in a young sedentary inactive group to elicit decreases in 

iGlucose. Whereas in older adults, other physical activity variables may need to be altered to 

elicit an iGlucose lowering effect.  

Both primary and secondary study findings indicate that LPA walking is sufficient to acutely 

lower iGlucose levels in adults, with longer periods of walking eliciting a greater glucose 

lowering effect. However, the responses are age dependent with older adult iGlucose levels 

not lowering in the manner of younger adults. As far as this author is aware, this is the first 

trial to observe a dose response when comparing the effects of breaking up a simulated 

workday with differing lengths of continuous LPA walking in sedentary and inactive adults. It 
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is also the first to compare older and younger adult groups within the same trial and report 

differing age-related responses.  

4.4.1. Glucose responses 

Very few other lab studies have assessed the effects of breaking up a simulated workday with 

a continuous bout of LPA walking following a pre-trial period of controlled physical activity 

and dietary restrictions. One of those trials was carried out by Gao et al. (2024) who studied 

the effects of 30 minutes LPA walking on 18 males (age 21 ± 1.2, BMI 28.8 ± 2.2). They reported 

lower glucose values for LPA when compared to sitting. With a well-controlled pre-trial period, 

strict lab conditions, and similar inclusion criteria (except age) their research is relatively 

comparable to ours. However, their walking speed (4 km/h) was slightly higher than ours (2.57 

km/h), which may explain why they were able to see reduced glucose levels during the lab-

day for 30 minutes walking. This contrasts with our results compared to SIT where we did not 

observe difference over the full lab period. Instead, we observed differences after 60WALK 

over the 24-hours, and specifically during exercise and during the 15:30 three-hour snack 

period. Additionally, their trial only used young adults, whereas ours utilised both younger 

and older adults. Our results observed interaction effects during the three-hour snack period 

between exercise dose and age, whereby younger adults reduced glucose levels and older 

adults did not. Therefore, the evidence by Gao et al. (2024) may support our research showing 

that responses may be age dependent, with younger adults being more able to lower glucose 

acutely after LPA exercise. The increase in insulin resistance with ageing is well established 

(Chia et al. 2018), and the possible lack of metabolic flexibility in our older group may help to 

explain the lack of an acute decrease in their glucose levels following LPA. 

In a recent trial, Hoffmann, Schierbauer, Zimmermann, Voit, Grothoff, Wachsmuth, Rössler, 

Lackner et al. (2024) explored the effects of continuous walking on 17 young adults (Age 23.4 

± 3.3 years, 29.7 ± 3.8 kg/m2, 47% females). They walked for the full eight-hour lab period, 

excluding allocated times for the toilet, and presumably for meals. Mean glucose for LPA 

walking was shown to be lower over the eight hours of the trial compared to sitting and 

specifically lower during the first two hours after breakfast. This contrasts with our study as 

our lab period alone was not shown to be significantly lower for LPA walking than SIT. However, 

their results do align in other ways. We observed lower glucose for 60WALK vs 30WALK and 

SIT over 24 hours (inclusive of the lab-day) and during the snack period (which was 
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immediately after the lab-day). Like Hoffmann, Schierbauer, Zimmermann, Voit, Grothoff, 

Wachsmuth, Rössler, Lackner et al. (2024), we also observed lower glucose levels in the 

exercise period between breakfast and lunch. Of note, their results were in young male and 

female adults, and our trial indicated that the response of LPA interventions may be 

modulated by age. Therefore, their trial reinforces that younger adults respond to continuous 

LPA bouts of considerable length. 

Our research has shown that a same-day dose response relationship exists for a continuous 

bout of LPA breaking a sitting day, with longer walking causing the greatest decrease in 

iGlucose tAUC. Additionally, our research provides novel evidence that the effects of 

continuous bouts of LPA on glucose may be modulated by age. This has possible implications 

for exercise recommendations depending on age. 

4.4.2. Lipid panel responses 

A further secondary aim of this study was to assess responses of continuous LPA walking on 

capillary HDL cholesterol, LDL cholesterol, TC and triglycerides. We anticipated that both 

durations of LPA walking would not elicit a change in HDL cholesterol, LDL cholesterol or TC. 

As anticipated, we did not observe any significant main effects of exercise dose on LDL 

cholesterol or TC. HDL cholesterol was not different than SIT for 60WALK only, as expected. 

However, HDL cholesterol was higher than SIT for 30WALK. These results are novel as they 1) 

suggest that an increase in HDL cholesterol following continuous LPA may be dose dependent, 

and 2) provide limited evidence that triglyceride and HDL cholesterol responses may be 

modulated by age. Additionally, in contrast to our hypothesis, triglycerides were not different 

between exercise conditions. 

When only the post-exercise period is considered, our trial showed evidence for an increase 

in HDL cholesterol tAUC for 30WALK compared to SIT. It appears counterintuitive that 30WALK 

had higher HDL than SIT, but 60WALK did not, as longer durations were expected to have 

greater effect on lipid metabolism. However, it may be that the response of HDL was dose 

dependent to exercise. A shorter bout (30 minutes) may have led to an increase in HDL, 

whereas a longer bout (60 minutes) may not have. However, the underlying mechanisms for 

such a response are not clear. Of note, when adding baseline HDL as a covariate, exercise 

condition became non-significant for main effects and post hoc analysis. Therefore, although 
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a dose dependent lipid response might occur acutely after LPA exercise, this should be 

explored further in future trials. This could be achieved by including larger sample sizes, 

adding more dose-response arms such as 15 and > 60 minutes of LPA, and additionally 

measuring evening and next day and responses. 

In the trial by Katsanos et al. (2004), they assessed the response of ~ 240 minutes of LPA 

walking on 13 healthy active males (Age ~24, BMI ~24.3 kg/m2). They saw no difference 

between groups for HDL cholesterol. This contrasts with our results for 30WALK, but the LPA 

bouts between trial were considerably different in length. In a more recent study by 

Hoffmann, Schierbauer, Zimmermann, Voit, Grothoff, Wachsmuth, Rössler, Niedrist et al. 

(2024), researchers assessed breaking sitting with a continuous bout of LPA walking, lasting 

around eight hours, to a sitting control. They took a baseline blood sample at the beginning of 

the lab-day (at 08:00), one hour after the 12:00 lunch had started (at 13:00), and at the end 

of the lab-day (at 16:00). Their results contrasted to ours, as when compared to baseline, the 

postprandial lunch values were lower for HDL cholesterol. This effect also lasted until their 

final measure at the end of the lab-day. This recent evidence provides information suggesting 

that a dose response effect may indeed occur for HDL. Nevertheless, further studies are 

required to confirm or refute this hypothesis.  

Aside from HDL cholesterol, a limited number of other trials have assessed triglyceride 

responses to continuous LPA bouts during the lab-day. Katsanos et al. (2004), reported no 

differences between LPA and sitting for triglycerides during the lab-day, which aligns with our 

research. In contrast, Hoffmann, Schierbauer, Zimmermann, Voit, Grothoff, Wachsmuth, 

Rössler, Niedrist et al. (2024) found that triglycerides were lower after lunch during eight hours 

of continuous walking. A limited number of trials assessed next day responses to LPA for 

triglycerides. In the trial by Tsetsonis and Hardman (1996), researchers assessed the responses 

to 180 minutes of LPA walking in nine physically active adults, aged between 25 and 32, with 

BMI values between 22.5 and 27.7 kg/m2 (56% males). In the following day, they found that 

triglyceride levels were significantly lower than the sitting condition before breakfast and 

postprandially. However, Katsanos et al. (2004) also measured responses to LPA and did not 

observe differences between trials for triglycerides in the fasted state the following morning. 

These trials highlight that the effects of LPA exercise have the potential to occur during the 

lab-day and last into the following day, but the response is not consistent. Our research is 
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important it adds important time-specific information regarding triglyceride responses after 

LPA conditions. 

In summary, considering the continuous bout LPA trials assessing same-day HDL cholesterol 

responses (Hoffmann, Schierbauer, Zimmermann, Voit, Grothoff, Wachsmuth, Rössler, 

Niedrist et al. 2024; Katsanos et al. 2004), as well as the evidence from our own research, the 

response to LPA walking may be dose dependent, with shorter bouts acutely increasing HDL 

and longer bouts potentially having a reducing effect on HDL. Furthermore, in the trials 

assessing next day HDL cholesterol responses to continuous LPA bouts (Katsanos et al. 2004; 

Tsetsonis and Hardman 1996), the effects of LPA are inconsistent. Both same day and next day 

HDL responses require further research to enrich the evidence available. Additionally, 

triglyceride responses are not consistent following LPA and require further research during 

and after the main lab intervention day. 

4.4.3. Blood pressure responses 

We hypothesised that due to the low intensity of walking activity, there would be no 

differences in SBP between conditions. However, this study illustrated that post-exercise SBP 

had a lower tAUC for 60WALK than 30WALK. See ‘Supplementary Material Chapter 4” for 

detail. Initially it may seem counterintuitive that 60WALK was not also lower than SIT. 

However, both 30WALK and 60WALK had an elevated SBP immediately after exercise at 11:45 

(Figure 19A). Whereas without exercise input SIT remained in status quo. Subsequently, 

30WALK returned to pre-exercise SBP levels at 12:45 and remained there, closely shadowing 

the SIT condition’s SBP values, until 15:45. In contrast, when 60WALK peaked at 11:45 it 

subsequently dipped significantly lower throughout 12:45 to 15:45. The deeper nadir in 

60WALK SBP lowered the tAUC for 60WALK and resulted in the comparably higher tAUC values 

for 30WALK. The post-exercise 60WALK condition was not lower than SIT because sitting did 

not elevate SBP at 11:45 and so there was no exercise-induced peak to contribute to an 

increased tAUC.  

Overall, the results show that longer duration LPA elicits a stronger SBP lowering response 

than 30WALK, and this response lasted for several hours: indicating a dose response to LPA 

walking. It has previously been shown that relatively short durations of LPA (15 or 30 minutes) 

can reduce SBP in adults with elevated BP (Guidry et al. 2006). Our sample population was 
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normotensive, and we only observed a decrease in SBP after the longer duration 60-minute 

LPA. Therefore, our results support the notion that the SBP lowering effect of a continuous 

LPA break may be modulated by blood pressure status. This could have implications when 

designing exercise programmes designed to acutely lower SBP, where normotensive 

sedentary inactive adults may require a longer bout. 

4.4.4. Positive and negative affect responses 

A further secondary analysis of this trial was to determine whether different LPA intensities 

affected mood compared to sitting. We anticipated that LPA activity would improve both 

positive and negative affect after 30 and 60 minutes of activity. However, both emotional 

constructs were similar between groups. Therefore, both doses of LPA were acceptable to 

younger and older adults, without causing a significant increase or decrease in positive or 

negative affect scores. This indicates both lengths are tolerable in the current sedentary and 

inactive adult population, with no marked emotional changes in these dimensions. This 

finding has implications for the maintenance of physical activity interventions utilising these 

types of low-intensity breaks.  

The study by Tamura et al. (2022) examined whether engaging in LPA during a university class 

would influence vigour and fatigue - both aspects of mood - using the Profile of Mood States. 

Their results indicated that participants reported higher vigour and lower fatigue during the 

class when they exercised, compared to control activities. However, our trial focused on 

positive and negative affect, and showed no significant differences in mood between groups 

using the I-PANAS-SF. This may suggest that the specific outcome measure utilised to assess 

mood changes, and the aspect of mood targeted, may be crucial in observing acute changes 

in mood following LPA breaks. 

Future research should consider incorporating measures of other emotional constructs, such 

as vigour and fatigue, potentially using tools like the Profile of Mood States, to assess whether 

these constructs are influenced by a continuous bout of LPA. These emotional constructs 

could be more closely aligned with changes in motivational states, which are important in 

educational and task-oriented settings, such as office environments or universities. 
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4.4.5. Strengths, limitations and future research 

This study benefitted from a robust design and well evidence participant restrictions. These 

included a well-controlled design in the non-lab and within-lab period. Furthermore, solid 

meals were utilised which replicate real life food intake in contrast with previous trials utilising 

liquid meals, which may influence nutrient handling and metabolism. Additionally, this trial 

assessed the responses according to different adult age groups, which proved to be significant 

for iGlucose. 

Nevertheless, several limitations provide opportunity for future research. Firstly, this trial was 

initially powered to detect changes in glucose in a three-armed RCT. However, sub-group 

analysis of older versus younger adults was performed as an exploratory analysis, and full 

statistical power may not have occurred in this comparison. Future trials may incorporate a 

larger sample size into their design to further explore age-related differences. Longer term 

studies are needed to investigate the effects of LPA on these variables. 

Finally, although this trial focussed on two important cognitive measures, positive and 

negative affect, including additional measures such as vigour or fatigue would incorporate a 

more comprehensive understanding of the cognitive effects of a continuous bout of LPA. 

These measures may be acutely influenced by LPA and examination could help to better assess 

the nuanced emotional responses to different doses of LPA and would further enrich the 

conclusions. This could provide valuable insights for refining intervention strategies to reduce 

sedentary time. In addition, measures of affect were performed immediately after exercise 

and latent responses may have become apparent later in the lab-day. Future trials should 

consider further repeating these measures at the end of the lab-day, or in the evening, to 

determine potential delayed effects. 

4.5. Conclusions 

In summary, this thesis indicated that 60 minutes of LPA walking is sufficient to lower iGlucose 

in sedentary and inactive adults compared to sitting, with longer duration LPA (60WALK) 

lowering iGlucose to a greater extent than shorter LPA (30WALK). The results of this trial also 

have age-related implications for exercise prescription for sedentary inactive adults. Namely, 

30 and 60 minutes of continuous LPA walking is not sufficient in duration to acutely elicit a 

decrease in iGlucose for apparently healthy older adults several hours after exercise. This has 
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implications for exercise prescription according to age, indicating a one size fits all message 

may not be appropriate. Older adults may need to consider other ways to acutely alter 

iGlucose. This could include walking for a longer duration, or walking at a higher intensity. If 

the exercise programme aim is to acutely lower iGlucose, older adults may need to pursue 

MPA breaks to elicit changes in glucose levels (Kashiwabara et al. 2018; Miyashita et al. 2016) 

which have been shown to alter glucose levels in their sample populations. However, in 

healthy adults, a comparison of the long-term effects of intermittent versus continuous LPA 

breaks on iGlucose and other biomarkers is not yet established. 

Additionally, compared to sitting, this trial provided evidence for an increase in HDL 

cholesterol after 30 minutes of LPA only, implying a possible dose-response relationship, but 

further research is required. We also determined that 60WALK has a greater SBP lowering 

effect than 30WALK, illustrating a dose response that may have implications for future 

programmes designed to lower SBP. The trial also indicated that 30 or 60 minutes of LPA 

walking does not alter positive or negative affect immediately after exercise compared to 

prolonged sitting, indicating that both lengths are tolerable in a sedentary and inactive adult 

population. Overall, to enrich conclusions, future research should further explore various 

lengths of continuous LPA and consider measuring biomarkers and cognitive measures 

throughout the 24 to 48 hours after baseline. 
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5. Chapter Five: General Discussion 
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5.1. Overview, aims and synthesis of findings 

There is evidence globally at the population level that over the past century individuals are 

undertaking increasingly sedentary and inactive behaviours. Research over the past few 

decades has increasingly identified the combined negative health impacts of high sedentary 

time and low physical activity. Subsequently, researchers identified though observational 

studies that breaking up sitting time with physical activity can improve markers of health. As 

a result, researchers and healthcare professionals alike have increasingly explored ways to 

interrupt sitting time with physical activity to reduce sedentary time, ameliorate some of its 

effects, whilst gaining the additional benefits attained from physical activity.  

Many studies now exist exploring ways to break up sitting time with physical activity in 

populations across the lifespan. However, to date, the optimal frequency, intensity, time and 

type (FITT) of physical activity to break up sitting time in children and adults is not yet clear. 

Nevertheless, school time and the adult workplace have been identified as prime intervention 

locations as time spent there is often particularly sedentary and inactive. However, there is a 

lack of high-quality acute research (Yin et al. 2024) and long-term research in adults (Hadgraft 

et al. 2021), meaning that relatively few high-quality studies are available to make conclusions 

regarding the efficacy of specific physical activities used to break up sitting. Furthermore, the 

evidence available for the efficacy of a single continuous bout of light-intensity physical 

activity (LPA) or moderate-intensity physical activity (MPA) to break up a sitting day in healthy 

sedentary inactive adults is even less studied. Similarly, other evidence suggests that school-

based interventions can improve students’ cardiorespiratory fitness, but the effects may not 

be consistent between certain groups (Hartwig et al. 2021). Furthermore, evidence also 

suggests that active breaks can reduce sedentary behaviours and increase physical activity in 

school children (Larose et al. 2024). School-based physical activity interventions may also 

reduce obesity in overweight children (Ronca et al. 2024). However, the optimal FITT in 

children has not been identified and more research is required to enhance knowledge. 

As such, the overall aim of this thesis was to expand the knowledge and toolkit available for 

researchers, healthcare practitioners and policymakers alike, providing them with additional 

information to make informed decisions when implementing physical activity interventions to 

break up sedentary time across the lifespan. Building on the literature from Chapter 1, the 

following aims were established: 
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• Determine whether a physical activity intervention in children, aimed at breaking 

sedentary time, is sufficient to improve markers of health (Chapter 2). 

• Investigate whether a single bout of LPA versus an energy matched bout of MPA, used 

to break up sedentary time, can alter key markers of health in adults including glucose, 

insulin, lipids and blood pressure (Chapter 3).  

• To determine whether a dose response exists (shorter versus longer durations) when 

adults and older adults undertake a single continuous bout of LPA to break a sedentary 

day, and whether the responses differ according to age: specifically examining the 

effects on glucose, lipids, blood pressure and aspects of mood (Chapter 4). 

These aims were explored in detail in their respective chapters, and their primary results are  

summarised here: 

• A physical activity intervention in children - the Daily Mile intervention – reduced 

sedentary time, increased moderate-to-vigorous physical activity, increased physical 

fitness and improved body composition measured using skinfolds (Chapter 2). 

• In sedentary inactive adults, interstitial glucose was higher during the MPA condition 

than during the sedentary condition, whereas an energy-matched LPA bout was not 

different compared to the sedentary condition (Chapter 3). 

• Sixty minutes of LPA walking is sufficient to lower interstitial glucose in sedentary and 

inactive adults compared to sitting, with longer duration LPA lowering glucose to a 

greater extent than shorter duration LPA. Additionally, older adults did not respond to 

an LPA intervention in the same way as their younger counterparts (Chapter 4). 

5.2. The effects of the Daily Mile on markers of health in children 

Prior to the completion and publication of the original Daily Mile research (Chapter 2), only 

anecdotal evidence existed for the benefits of the Daily Mile. Upon publication of the research 

the knowledge gap was partially filled by showing that the Daily Mile intervention is effective 

at increasing levels of MVPA, reducing sedentary time, increasing physical fitness and 

improving body composition. Subsequently, several trials have been completed which have 

further explored the knowledge gap. This section analyses the available evidence and explores 

the novel and worthy contribution of Chapters 2 to the evidence base. 
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Recent evidence, published after Chapter 2’s article publication, has largely indicated that the 

Daily Mile leads to improvements in cardiorespiratory fitness, although the effects on 

adiposity appear more variable and may be dependent on measurement approach utilised. 

For example, the study by Brustio et al. (2019) examined the effects of three months of the 

Daily Mile on students versus a control group in Italy. In contrast to our measure, they used 6-

minute run test to assess change in fitness. Nevertheless, after correction for age and gender, 

they found increased fitness in the Daily Mile group (estimated difference = 25.15m, percent 

change = 3.1%) compared with the control group (estimated difference = 4.44 m, percent 

change = 0.5%). Similar to our results, they also did not see a difference between groups for 

BMI. They did not utilise skinfolds as an outcome measure, which would have enhanced their 

conclusions regarding changes in adiposity between groups. Additionally, their intervention 

was relatively short (3-months) which may have limited the opportunity for changes to occur. 

Furthermore, the intervention was performed on three days per week, which may limit the 

effects of the Daily mile on primary outcomes in the period examined. Nevertheless, they 

observed an improvement in fitness over the study period which aligns with our research from 

Chapter 2.  

The later research by Brustio et al. (2020), also carried out in Italy, showed a significant 

improvement for the Daily Mile groups compared to the control. Furthermore, they divided 

the intervention group into those who partook in the Daily Mile on average two days per week 

and those whose average was three days. The more regular Daily Mile group showed superior 

increase in fitness compared to the control than the less regular group. We did not measure 

adherence to the intervention in our trial (Chapter 2) and so it is not possible to ascertain 

whether this could have influenced out results. Future trials should attempt to measure this 

to improve comparability between studies. Nevertheless, their positive fitness results overall 

align with our results from Chapter 2.  

Research by Breheny et al. (2020) examined multiple Daily Mile intervention schools and 

controls over a 12-month period in England. The main outcome of interest was BMI z-score 

which was analysed over the full research period. Additionally, fitness was measured at four 

and 12 months using the British Athletics Linear Track Test (British Athletics 2018) and no 

differences were observed. Like our research (Chapter 2), Breheny et al. (2020) saw no 

difference in BMI z scores between groups. However, although BMI z scores were not different 
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between groups after 12 months overall, there was evidence of a modest intervention effect 

on BMI z score for girls that was consistent with their findings for body fat percentage. This 

suggests further evidence that gender may moderate the health benefits of physical activity. 

Conversely, boys are generally less sedentary during school than girls (Breheny et al. 2020), so 

their capacity for change may be less. Missing data for BMI was low, however, missing data for 

fitness change was high (>56% missing) leading to difficulty in fully interpreting their fitness 

results. Furthermore, the method of fitness test they utilised (British Athletics Linear Track 

Test) differed from our research (20 m shuttle test) and may be in part responsible for the lack 

of differences observed to our results in Chapter 2. It is also possible that anthropometric 

assessment differences between our trials are a result of differences in body fat calculation 

(skinfolds versus bioimpedance monitor). Therefore, although differences were present 

between our trial and theirs, results were likely influenced by disparity between the outcome 

measures utilised. 

The research by de Jonge et al. (2020) also assessed the effects of the Daily Mile on pupil’s 

fitness and observed a greater improvement in the intervention group than the control. Their 

study measured pupil’s responses from a range of schools across the Netherlands, improving 

generalisability. However, it was regrettable that they did not measure BMI or skinfolds which 

would have enhanced their conclusions. Nevertheless, their research shows some evidence 

that the Daily mile can be successful out with the Scottish school environment and supports 

our data from Chapter 2. 

In a large citizen science study carried out by our inter-university Daily Mile research group, 

Booth et al. (2022) examined the longer-term impact of the Daily Mile on fitness in 6908 

school pupils in the UK. They showed that longer-term participation (>3 months) in the Daily 

Mile resulted in higher fitness levels than the shorter participation group (<2 months) and the 

control group (no participation), whilst accounting for age, sex and socioeconomic status 

(SES). Fitness was measured according to multistage 20-m shuttle run test carried out by each 

school. As the research was carried out as a snapshot in the school year, pre- and post-fitness 

levels were not measured, and shuttle distance change scores are not available. However, this 

data aligns with our own research (Chapter 2) showing that shuttle distance (and associated 

fitness) is greater in the Daily Mile School than controls. Importantly, in the 2022 study, the 

fitness benefits of longer-term Daily Mile participation remained significant after adjusting for 
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SES, indicating that fitness was not explained by SES, supporting our previous research 

(Chapter 2). In a mixed methods non-RCT study by Marchant et al. (2020), researchers 

identified that SES led to equal increases in shuttle distances between baseline and follow-up. 

This further supports our research that the Daily Mile does not appear to be influenced by 

SES. 

Dring et al. (2022) carried out research in England and found that after just five weeks of 

participating in the Daily Mile that the intervention group ran 140 m further than the control 

group (Intervention: 880 m, [820–940 m]; Control: 740 m, [680–800 m], d= 0.39, p = 0.002). 

The difference in shuttle distance achieved between intervention and control groups was 

much greater than found in the original Daily Mile study observed in Chapter 2 where a 

difference of 39.1 m was seen after eight months. For Dring et al. (2022) this considerable 

difference might in part be explained as the intervention group was encouraged to attend 

every session (five days per week), with an average fidelity of 96 ± 13% being achieved (24 ± 

4 days of participation). Whereas in our original Daily Mile study (Chapter 2), the adherence 

to the Daily mile was not recorded, although anecdotally it was consistently applied. It is also 

possible that, as intervention and control students were recruited from the same schools, that 

intervention students may have treated the Daily mile as a ‘training programme’, This could 

have resulted in behaviour modification whereby intervention students ran with more 

intensity and consistency than ordinarily seen in a school where everyone participates in the 

Daily Mile. Additionally, they also utilised ANCOVA, with baseline shuttle distance as covariate 

and no mention of the utilisation of impact of BMI, total skinfolds, WHR, gender or SIMD was 

stated. Their age was also slightly older than the cohort reported in Chapter 2 (age 10.4 ± 0.8). 

Considering they completed a five-week intervention versus our eight-month intervention, 

the reasons above, may in part, explain the apparent differences between Chapter 2 and 

theirs. 

Unique research by Hatch et al. (2021) explored the difference achieved between less fit and 

more fit children when carrying out the Daily Mile. The highest fit children ran further than 

less fit children measured by the 20 m shuttle test. They also saw that on average ~ 1.5 miles 

distance was achieved and that the intensity was moderate-to-vigorous. The sample was older 

on average (10.4 ± 0.7 years) than our sample (8.4 ± 2.0 years), so direct comparisons cannot 

be made. However, their research demonstrates that given the opportunity, on average, older 
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primary aged children may choose to carry out moderate-to-vigorous intensity activity instead 

of lighter intensity activity. This provides an interesting opportunity for future research 

exploring the effects of the Daily Mile not performed in this thesis. 

Overall, our research showed that a school-based intervention such as the Daily Mile is 

sufficient in breaking up sedentary time, increasing MVPA, preventing a rise in skinfolds and 

increasing fitness in children (Chapter 2): all positive health markers. Taken together, the 

recent evidence on the Daily mile appears to largely support the findings that 

cardiorespiratory fitness is improved following the intervention. However, detecting changes 

in body composition is less consistently supported, and may require higher resolution 

measures than BMI to detect changes, such as skinfolds. Additionally, due to limited objective 

assessment in recent trials, changes in MVPA and sedentary time cannot yet be corroborated. 

5.3. The effects of LPA and MPA on markers of health in adults 

To improve cardiometabolic health markers and reap positive health outcomes, the optimal 

FITT of physical activity break(s) for interrupting sedentary behaviours in adults is yet 

unknown. However, the results of the experimental Chapters 3 and 4 have significantly 

expanded this knowledge and have added to the available evidence. Here, we describe the 

current evidence, how Chapters 3 and 4 fit within the wider literature, and how our research 

provides novel and valuable evidence to the evidence base. In alignment with our research in 

Chapter 3, several studies have observed higher levels of glucose after MPA activity.  

Of note, Kashiwabara et al. (2018) observed an increase in glucose after 30 minutes of MPA in 

older adults with hypertriglyceridemia. This suggests that in less healthy and/or older 

populations relatively short bouts may be sufficient to elicit a rise in glucose. Although they 

observed an increase during the laboratory period (whereas our effect was most prominent 

later during the post-lab snack window), together these findings emphasise the potential for 

population and timing-dependent responses. This supports the need for studies directly 

comparing apparently healthy versus metabolically compromised older adults, using 

measurement windows that extend into the evening. Wheeler et al. (2020) also examined 

older adults, albeit apparently healthy ones, and observed an increase in glucose during the 

lab period after 30 minutes of MPA, with the clearest elevations in glucose occurring around 

four hours after exercise and lunch. This aligns with our results, where glucose increases were 
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not immediate but became apparent later in the day. Notably, this is the same period that our 

LPA intervention also began to diverge from the control group. Further support comes from 

the trial by Holmstrup et al. (2014), who examined the responses to 60 minutes of post-

breakfast MPA and similarly observed sustained elevations in glucose following morning MPA 

in adults at risk of diabetes. Taken together, these findings suggest that post-meal 

measurement windows must be sufficiently expansive to encompass any latent effects, as the 

glycaemic response to replacing sedentary time with a bout of physical activity may be 

delayed.  

A potential physiological explanation for these delayed glucose responses may relate to the 

time-dependent dynamics of insulin following a bout of MPA. Wheeler et al. (2020) reported 

lower insulin levels following morning MPA exercise, whereas differences were not shown 

after lunch. The authors proposed that the post-breakfast exercise may have led to rapid and 

substantial declines in insulin, which may have facilitated hepatic glucose production during 

the post-lunch period, potentially via increased glucagon output. In Chapter 3, we did not 

characterise the insulin dynamics of the full post-lunch period, yet our iFGM data saw an 

increased glucose concentration, which was most apparent four hours after the bout of MPA 

ended. Taken together, these findings suggest that there may be a temporary lag between 

replacing sedentary time with physical activity and the glycaemic response, which highlights 

the importance of an extended measurement window after an intervention to capture 

delayed metabolic effects. Although the physiological mechanisms could not be directly 

corroborated in the present study, this observation highlights an important consideration for 

the design of future research. 

Other research also aligns with our findings in the next-day pre-prandial period (Chapter 3), 

consistently showing no differences in fasting glucose between MPA and control groups 

following 30-, 60-, 90- and 180-minute bouts of MPA (Homer et al. 2017; Kim et al. 2014; 

Miyashita 2008; Miyashita et al. 2013; Miyashita et al. 2008; Tsetsonis and Hardman 1996). 

Additionally, these studies reported no differences in glucose during the postprandial period 

after breakfast. Furthermore, the only trial measuring next day responses to LPA similarly 

observed no differences between groups (Tsetsonis and Hardman 1996). Collectively, this 

implies that the window of opportunity to observe exercise-induced differences in glycaemic 

response may have passed by the following morning and is unlikely to be evident after 
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breakfast. This reinforces that the optimal window to detect glycaemic changes following a 

bout of exercise is likely to occur before the following morning breakfast and should therefore 

be prioritised in future trials.  

However, the literature also presents data that does not align with our Chapter 3 results. Trials 

whose MPA durations were between 30 and ~90 minutes saw no differences between 

intervention and control conditions (Benatti et al. 2017; Farah and Gill 2013; Katsanos et al. 

2004; Maylor et al. 2018; Newsom et al. 2013; Peddie et al. 2013). However, these findings 

may be attributable to methodological and participant-related differences. For example, the 

duration of the bouts was often relatively short (e.g. 30 minutes MPA), some studies employed 

mixed modes of physical activity, and others differed substantially in outcome measurement 

timing, physical activity profiles and meal composition.  

In contrast to our Chapter 3 findings and much of the existing literature, some research has 

reported lower glucose following MPA. Bhammar et al. (2017) observed reductions in mean 

glucose after a 30-minute bout of MPA, although no differences were observed for glucose 

AUC. As discussed in Chapter 3, potential discrepancies in immediately pre-exercise baseline 

glucose between groups may partly explain these contrasting findings. Taken together, these 

divergent findings indicate that glycaemic responses to replacing sedentary time with a bout 

of physical activity are highly sensitive to activity duration, trial design, participant 

characteristics, timing of outcome measurements, and metabolic health status. 

Overall, our findings indicate that only a 70-minute bout of MPA significantly increased 

iGlucose compared to a control in healthy inactive adults in our research (Chapter 3). Given 

that the increased glucose levels after MPA in our trial appears to have been driven by the 

evening period responses, this highlights the importance of regular glucose monitoring, via 

iFGM, as we were able to observe differences in glucose following MPA. Whereas many 

studies did not measure evening responses so could not observe potential differences 

between groups within the measurement window. 

Regarding specific RCTs in adults replacing sedentary time with LPA, much less literature is 

available, and findings are not consistent. In the four-hour LPA arm of the RCT by Katsanos et 

al. (2004), no reductions in area under the curve glucose were observed during lab-time or 

the next morning. This broadly aligns with our results from Chapter 3, where our LPA trial arm 
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lasted for 150 minutes. However, the absence of evening measurements in Katsanos et al. 

(2004) limits conclusions regarding possible delayed responses. 

In contrast, Chapter 4 indicated that over 24-hours, 60 minutes of LPA walking is sufficient to 

lower iGlucose in sedentary and inactive adults compared to sitting, with this moderate-

duration LPA bout eliciting a greater reduction than shorter-duration 30-minute LPA. This may 

suggest that there is a dose-response for observing changes in glucose, whereby short-to-

moderate duration may cause a decrease in glucose, but longer duration may observe no clear 

changes in glucose. This theory is partly supported by Gao et al. (2024) who studied the 

response to 30 minutes of LPA, where they observed lower glucose levels in the LPA group 

during the lab-day. This provides further evidence to our overall results from Chapters 3-4, 

indicating a possible dose-response for LPA in adults. Further dose-response trials are required 

to confirm this hypothesis. 

In contrast to this simple dose-response hypothesis presented above, Hoffman et al.  (2024) 

studied the effects of approximately eight hours of continuous LPA compared with sitting in 

young adults and observed lower mean glucose levels. These findings suggest that glycaemic 

responses to LPA may not be governed solely by duration but instead may be influenced by 

the interaction between activity duration and small differences in intensity. It is possible that 

due to the very slow nature of their LPA arm (1 mph), substrate utilisation may have differed 

compared to Chapter 4 which employed faster walking (1.6mph), resulting in the differing 

glucose responses observed. However, Hoffman et al. (2024) did not explore the post-lab 

period and so the possible presence of any delayed counterregulatory response in the evening 

cannot be ruled out in their study.  

Nevertheless, we also observed in Chapter 4 that 30 and 60 minutes of continuous LPA 

walking is not sufficient in duration to acutely elicit a decrease in iGlucose for apparently 

healthy older adults several hours after exercise. This has implications for prescription of 

physical activity breaks according to age, indicating recommendations may have to be 

personalised according to age. These findings are novel as no previous research has examined 

LPA glucose dose-responses to breaking up sitting in sedentary inactive older versus younger 

adults.  
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After a review of the literature, it appears that only two previous RCTs, by Katsanos et al. 

(2004) and Hoffmann et al. (2024), broke up a workday with a continuous bout of LPA and 

measured lipid responses in apparently healthy adults. Of these, only Hoffmann et al. (2024) 

observed lower lipid levels for LPA compared to sitting during the lab-day. This suggests lipid 

metabolism was significantly affected after LPA, which was not observed in our research 

(Chapter 3 and Chapter 4). However, as previously stated, the physical activity was very long 

and very slow in the study by Hoffmann et al. (2024) which may have influenced substrate 

utilisation during their trial. Therefore, taking the results from the available literature, as well 

as our results from Chapter 3 and Chapter 4, changes in lipids may be associated with a 

combination of LPA duration and intensity, with lower intensity and longer duration potentially 

lowering lipid values. Much more research is required to examine this, as so few studies are 

available. Regarding MPA and lipid responses, approximately half of the available RCTs observe 

no differences in triglyceride responses between MPA and controls (most measured 

triglycerides), which aligns with our research in Chapter 3. However, the other half of the RCTs 

observe lower triglyceride values following MPA trials. Therefore, more trials are required to 

determine why such differences are observed. Of note, it does not appear that any RCTs have 

measured lipid responses between the lab-day and the following morning, representing an 

opportunity for future research. 

Very few RCTs have assessed the effects of a single continuous LPA or MPA break on blood 

pressure in healthy adults. To date, only two studies have previously examined blood pressure 

responses (Bhammar et al. 2017; Miyashita et al. 2008). In Chapter 3, we observed no 

differences between energy matched bouts of MPA and LPA, likely reflecting limited 

measurement timing. Building on this, Chapter 4 incorporated more frequent blood pressure 

assessments. Consequently, the results revealed that longer duration (60 minutes) LPA elicited 

a more pronounced SBP lowering response than 30 minutes of LPA and this response lasted 

for several hours. These observations highlight the importance of repeated blood pressure 

measurement, which enabled the researcher to capture the transient and dose-dependent 

blood pressure responses to physical activity. 

Very little research has also assessed the effects of continuous physical activity breaks on 

mood. However, the trial by Bergouignan et al. (2016) showed mood was improved for a 

sustained period after the intermittent bouts (30 mins total) of MPA, but not in a continuous 



159 
 

bout (30 mins). Our study (Chapter 4) also observed no differences for mood (measured by 

positive or negative affect) between either a continuous bout of 30 or 60 minutes of LPA. This 

might suggest that to observe acute changes in mood, bouts may need to be MPA intensity as 

well as intermittent. Nevertheless, our research and the available evidence suggests that a 

continuous bout is not detrimental to mood and is therefore likely acceptable for participants. 

More research is required to confirm this hypothesis. 

Overall, research from Chapters 3 and 4 shows that a single continuous bout of LPA or MPA, 

used to break up sitting, can influence markers of health in sedentary and inactive adults, 

while responses in older adults may be attenuated. 

5.4. Strengths 

The methodologies employed in the experimental chapters benefit from numerous strengths 

that have contributed to the overall quality of the studies and their data, some of which have 

already been discussed in Chapter 2 including the higher resolution of skinfolds compared to 

BMI. However, following the publication of the Chapter 2 study, additional strengths of our 

approach can be highlighted. For example, some schools tested fitness responses of the Daily 

Mile indoors. In our research, the same playground surfaces were used within each school 

during fitness testing, which simulated the common surface that students ran on during their 

normal Daily Mile (tarmac). This increased the consistency of conditions between testing 

measures and physical activity intervention, which would not occur if testing was performed 

inside using alternative fitness tests. A further major strength of the study was that we did not 

attempt to influence the regularity, intensity or adherence to the 15-minute Daily Mile 

intervention, which occurred in other subsequent research. This is a strength as it suggests 

that the overall effects observed from the Daily Mile in Chapter 2 were not further driven by 

researcher-led biases and were rather due to the intrinsic response to the Daily Mile 

intervention. 

In addition to Chapter 2, both Chapter 3 and Chapter 4 benefitted from several strengths. 

These included tight participant inclusion and exclusion characteristics, participation 

restrictions and the use of IFGMs, which have been discussed previously. However, a further 

strength of Chapter 4 was the inclusion of sleepiness as a covariate to analyse mood 

outcomes. As sleepiness is known to directly affect mood states, its inclusion in analysis of the 
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I-PANAS-SF improved confidence that positive and negative affect were not confounded by 

variations in sleep-related fatigue (Lo et al. 2016). Sleepiness score did not affect the results 

of this trial, potentially indicating individuals adhered closely to pre-trial instructions and 

ensured a full night’s sleep: further highlighting the rigour of the research design.  

5.5. Limitations 

Careful planning and consideration of the prior evidence base were used to reduce the 

number of limitations in experimental Chapters 2-4. However, some limitations were present 

in the research. In Chapter 2, we did not record whether students began new exercise or 

sports classes in their spare time after beginning (or not beginning) the Daily Mile. The 

influence of initiating such activities may have further increased the levels of fitness in those 

‘extra-active’ children and not in others whose activity remained constant out with the Daily 

Mile intervention. Similarly, we did not record if children ceased partaking in exercise in the 

same time frame. Our research also did not record – between rounds of testing - whether 

children increased their levels of non-organised physical activity (not just sports) in non-school 

time. This could have occurred due to an increased general fitness caused by their regular 

participation in the Daily Mile. If this did occur, the 15-minute Daily Mile would have been 

indirectly, rather than directly responsible for these additional physical activities. 

Furthermore, we did not ask whether parents were more inclined to encourage their children 

to participate in further physical activity because of the increased publicity of the Daily Mile 

initiative. In either instance, if these additional activities did occur - possibly as a result of 

taking part in the Daily Mile - then these can be seen as positive lifestyle changes. 

Due to the nature of the Daily Mile study in Chapter 2, participants could not be blinded to 

their intervention group. Therefore, participants may have been influenced to the Hawthorne 

effect (McCambridge et al. 2014). That is, simply being researched may have increased 

children’s engagement or motivation beyond the ‘normal’ influence of partaking in the Daily 

Mile. Therefore, it is possible – due to taking part in the Daily Mile - that some students may 

have felt an increased competitiveness with the comparison school, knowing that their results 

would be directly compared at the end of the study. This competitiveness may have pushed 

them to ‘do well’ in follow up tests, to ‘prove’ the anecdotal worth of taking part in the Daily 

Mile. Therefore, they may have pushed their general fitness harder between testing rounds. 

This ‘push’ may have occurred during any organised or non-organised physical activities and 
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not just in the Daily Mile. Even in those that did not push fitness harder between rounds of 

testing, competitiveness may have led to an increase in the motivation of some Daily Mile 

students to push harder during the second shuttle run test. The presence of highly motivated 

classmates may have caused a strong peer influence, encouraging those less motivated to do 

better in testing. Likewise, peer influence of highly motivated Daily Mile school students could 

have increased the intensity of general Daily Mile participation in other less-motivated 

students. Nevertheless, these theories cannot be proved or disproved with the available data 

in Chapter 2. 

Finally, while both Chapter 3 and Chapter 4 did not recruit the number of participants initially 

intended to ensure full sample power, statistically significant differences were still observed. 

This suggests that the observed effects were strong enough to be detected despite the smaller 

sample sizes available. Nevertheless, the relatively small sample sizes and lack of statistical 

power could also result in type 1 error (false positive outcomes). Therefore, larger scale 

studies are required to corroborate the findings. 

5.6. Summary, implications and future directions 

In summary, the findings of this thesis demonstrate that replacing sedentary time with 

physical activity can influence markers of health across the lifespan, while the thesis also 

identified important age-related differences in responses. Changes in health markers were 

clearer in children and adults, whereas comparable responses in older adults were not 

consistently observed, highlighting important gaps in the literature and directions for future 

research. The thesis further demonstrates that these interventions can be either less 

structured, such as during the Daily Mile (Chapter 2), or highly structured, such as under lab 

conditions in Chapters 3-4, and markers of health can still be influenced. 

Building on the findings from Chapters 2-4, and considering the broader evidence base, 

several areas for future research are warranted. For the Daily Mile, and other studies in 

children, future research should focus on high resolution assessment of body composition. 

This may include skinfolds and advanced anthropometrists or, where feasible, imaging-based 

techniques (such as DEXA) may be utilised for a sub-set of participants if whole-cohort imaging 

is not practical. Furthermore, assessing the responses to the Daily Mile in other countries 
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outside Europe is warranted to ascertain whether similar physiological and behavioural effects 

are observed in different cultural and educational contexts.  

Considering Chapters 3 and 4, there are several areas of research that could stem from our 

findings when viewed alongside the findings of other available literature. For example, several 

RCTs breaking up sitting time with physical activity in adults assessed the next-day 

postprandial period, which we did not, and many observed differences in cardiometabolic 

markers of health. Without measuring this period, Chapters 3 and 4 could not conclude 

whether cardiometabolic patterns would have persisted or emerged the next day 

postprandially. Therefore, future research should consider including the next day responses 

to breaking up sedentary time with LPA or MPA, especially if participants have IFGMs whereby 

continued monitoring would be relatively easy. Furthermore, Chapter 4 measured positive 

and negative affect and observed no differences between groups. However, future trials 

should consider utilising several measures of mood to determine whether different aspects of 

mood are affected. Lastly, considering the results of Chapters 3 and 4 together, although 

glucose monitoring was robust and lipid panels were utilised, some questions remain 

regarding the specific substrates utilised following the different lengths and intensities of LPA 

and MPA breaks. Therefore, future research should consider incorporating measures of fat 

oxidation that would enrich the evidence and provide more comprehensive conclusions on 

the metabolic effect of LPA and MPA interventions. Furthermore, trials should assess the next 

day pre- and postprandial responses to MPA and LPA breaks when comparing older to younger 

adults. This would help to inform future recommendations regarding age specific guidance on 

breaking up sitting time. 

Finally, the outcomes of the experimental chapters presented in this thesis are relevant to 

continuous physical activity periods that replace sedentary time. However, other research has 

shown in older adult non-exercisers, that any daily amount of incidental physical activity 

(which encompasses activities of daily living outside the leisure time domain), whether 

moderate or vigorous in intensity, is associated with lower cardiovascular risk in a dose-

response manner (Stamatakis et al. 2025). Whereas LPA had weak associations with 

cardiovascular risk outcomes (Stamatakis et al. 2025). Therefore, it is also necessary to more 

fully explore and understand the effects of frequent intermittent exercise interventions, or 

varying duration and intensities, that may also produce positive health outcomes.  
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8.1. Supplementary Material Chapter Two
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8.2. Supplementary Material Chapter Three 

Lab-day interstitial flash glucose monitor tAUC 

Fixed effects omnibus tests indicated that fasted baseline iGlucose values at the start of the 

24-hour period were a significant predictor of iGlucose tAUC throughout the lab period (F (1, 

18.3) = 65.13), p < 0.001). In contrast, the exercise conditions did not have a significant effect 

on iGlucose tAUC throughout the lab period (F (2, 13.3) = 3.51), p = 0.060) although the result 

approached the threshold of significance.  

Fixed effects parameter estimates indicated that the MPA condition versus the SIT condition 

was significantly different for iGlucose tAUC (Estimate = 9.17, SE = 3.81, 95% CI [1.69, 16.60], 

p = 0.032). However, no significant differences were observed for the LPA condition versus the 

SIT condition (Estimate = 8.32, SE = 3.85, 95% CI [0.772, 15.9], p = 0.050), although the result 

approached the threshold of significance. Post hoc tests indicated no significant differences 

between exercise conditions (all p > 0.05), although the comparison of SIT versus MPA 

approached the threshold of significance (Difference = -9.169, SE = 3.81, p = 0.095). Figure 21 

illustrates this relationship. 
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Figure 21 Box and whisker plot showing the relationship between exercise condition and 

interstitial glucose (iGlucose) total area under the curve (tAUC) throughout the lab-day period 

for the three exercise conditions: no walking (SIT), light-intensity walking (LPA), and moderate-

intensity walking (MPA). The black horizontal line inside each blue box represents the median, 

inner filled black boxes represent the mean, the outer boxes represent the interquartile range, 

and the whiskers extend to the minimum and maximum values not considered outliers. 

Individual dots represent each subject’s iGlucose tAUC during the respective exercise 

conditions. 

Exercise period interstitial flash glucose monitor tAUC 

Fixed effects omnibus tests indicated that pre-exercise baseline iGlucose values were a 

significant predictor of iGlucose tAUC during the exercise period (F (1, 19) = 7.902, p = 0.011). 

In contrast, the exercise conditions did not have a significant effect on iGlucose tAUC 

throughout the exercise period (F (2, 13.7) = 0.071, p = 0.932). Fixed effects parameter 

estimates indicated no significant differences for exercise conditions (all p > 0.05). No post hoc 

tests were performed. 

Lunch interstitial flash glucose monitor tAUC 

Fixed effects omnibus tests indicated that there were no significant differences between 

exercise conditions (F (2, 14) = 1.62, p = 0.234). Additionally, fixed effects parameter estimates 
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indicated no significant differences for exercise conditions (all p > 0.05). No post hoc tests 

were performed. 

Snack interstitial flash glucose monitor tAUC 

Fixed effects omnibus tests indicated that exercise condition was a significant predictor of 

iGlucose tAUC for the snack period (F (2, 14) = 5.84, p = 0.014). Additionally, fixed effects 

parameter estimates indicated that MPA was significantly different than SIT (Estimate = 5.36, 

SE = 1.60, 95% CI [2.23, 8.49], p = 0.005), with MPA values being higher. Furthermore, results 

indicated that LPA was also significantly different than SIT (Estimate = 3.59, SE = 1.60, 95% CI 

[0.46, 6.72], p = 0.041), with LPA values being higher. However, subsequent post hoc tests 

indicated that only the comparison of SIT versus MPA was significantly different (Difference = 

-5.36, SE = 1.60, p = 0.014), with MPA values being significantly higher. Figure 22 illustrates 

this relationship. The comparison of SIT versus LPA was not significantly different (Difference 

= -3.59, SE = 1.60, p = 0.083), although the comparison approached the threshold of statistical 

significance. 
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Figure 22 Box and whisker plot showing the relationship between exercise condition and 

interstitial glucose (iGlucose) total area under the curve (tAUC) throughout the snack period 

for the three exercise conditions: no walking (SIT), light-intensity walking (LPA), and moderate-

intensity walking (MPA). The black horizontal line inside each blue box represents the median, 

inner filled black boxes represent the mean, the outer boxes represent the interquartile range, 

and the whiskers extend to the minimum and maximum values not considered outliers. 

Individual dots represent each subject’s iGlucose tAUC during the respective exercise 

conditions. * black star represents significantly lower values than SIT. 

Dinner interstitial flash glucose monitor tAUC 

Fixed effects omnibus tests indicated that there were no significant differences between 

exercise conditions for iGlucose tAUC over the dinner period (F (2, 13.5) = 3.18, p = 0.074), 

although the result approached the threshold of significance. However, fixed effects 

parameter estimates indicated that MPA was significantly different than SIT (Estimate = 6.32, 

SE = 2.62, 95% CI [1.81 11.46], p = 0.031). Post hoc tests indicated no significant differences 

between exercise conditions (all p > 0.05), although the comparison of MPA versus SIT 

approached the threshold of statistical significance (Difference = -6.32, SE = 2.63, p = 0.095). 

Figure 23 represents this relationship. 
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Figure 23 Box and whisker plot showing the relationship between exercise condition and 

interstitial glucose (iGlucose) total area under the curve (tAUC) throughout the dinner period 

for the three exercise conditions: no walking (SIT), light-intensity walking (LPA), and moderate-

intensity walking (MPA). The black horizontal line inside each blue box represents the median, 

inner filled black boxes represent the mean, the outer boxes represent the interquartile range, 

and the whiskers extend to the minimum and maximum values not considered outliers. 

Individual dots represent each subject’s iGlucose tAUC during the respective exercise 

conditions.   

Sleep interstitial flash glucose monitor tAUC 

Fixed effects omnibus tests revealed that exercise condition was not a significant predictor of 

iGlucose tAUC during sleep (F (2, 14) = 0.403, p = 0.676). Additionally, fixed effects parameter 

estimates indicated no significant differences for exercise conditions (all p > 0.05). No post hoc 

tests were performed.  
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8.3. Supplementary Material Chapter Four 

Lab-day iGlucose and cGlucose 

Lab-day iGlucose epochs can be observed within Figure 3 of Chapter 4, where significantly 

different iGlucose values from baseline have already been indicated in the periods between 

09:15 to 11:00 and 12:15 to 13:45. In Figure 24 hourly average cGlucose tAUC values 

throughout the lab-day are compared between the three exercise dose groups. Fixed effects 

omnibus tests indicated that time of day had a significant effect on cGlucose (F (7, 368) = 

95.153, p < 0.001). Fixed effects parameter estimates, and post hoc tests indicated that 

cGlucose values were significantly different from 08:45 baseline cGlucose values at 09:45, 

10:45 and 12:45 (all p < 0.05). 
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Figure 24 Average capillary glucose (cGlucose) epochs values (mmol/L) during the lab-day. The 

three exercise conditions are represented: 0 minutes (SIT) in blue, 30 minutes walking 

(30WALK) in grey, and 60 minutes walking (60WALK) in gold. The lab-day began at 08:30 and 

breakfast began at 09:00. The exercise condition period began at 10:45 and ended at 11:45. 

Subsequently, the lunch meal began at 12:00. Participants ended the lab-day at 15:30. Each 

time point (08:45-15:30) represents a capillary blood sample time. Meals are represented by 

cup and fork icons. The exercise condition period is represented by the walking person icon. 

Error bars represent 95% confidence intervals. * Stars represent statistically significantly 

different cGlucose values from baseline (08:45). 

Lab-day interstitial flash glucose monitor tAUC 

Fixed effects omnibus tests indicate that fasted baseline iGlucose values at the start of the lab-

day were a significant predictor of iGlucose tAUC throughout the lab-day (F (1, 28.2) = 85.638, 

p < 0.001). No significant interaction effect was observed between exercise dose and age 

group (F (2, 26.8) = 2.624, p = 0.091), although it did approach the threshold of significance. 

Additionally, exercise dose did not reach significance (F (2, 26.1) = 1.612, p = 0.219) nor did 

age group (F (1, 11.9) = 0.078, p = 0.789).  
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Fixed effects parameter estimates indicated there was a significant difference between 

60WALK versus SIT (Estimate = -5.83, SE = 2.44, 95% CI [-10.62, -1.04], p = 0.024). In addition, 

there was a significant interaction effect between 30WALK versus SIT and age group (Estimate 

= 7.73, SE = 3.47, 95% CI [0.93, 14.54], p = 0.035), with the older group having higher iGlucose 

for 30WALK compared to the younger group. However, the difference between 30WALK and 

SIT alone was not significant (Estimate = -4.49, SE = 2.34, 95% CI [-9.08, 0.09], p = 0.066), 

although it did approach the threshold of significance. No post hoc tests were performed.  

Lab-day capillary glucose tAUC 

Fixed effects omnibus tests indicated that fasted cGlucose baseline values at the start of the 

lab-day was a predictor of cGlucose throughout the lab-day (F (1, 43.1) = 16.35, p < 0.001). 

Exercise dose approached but did not reach the threshold of significance (F (1, 27.7) = 3.12, p 

= 0.060). Significance was not observed for age group (F (1, 14.3) = 0.001, p = 0.974) or the 

interaction of exercise dose by age group (F (2, 26.3) = 0.25, p = 0.782). Parameter estimates 

did not show any significance for the main outcomes of interest (p > 0.05). Post hoc tests were 

not carried out. 

Exercise period interstitial flash glucose monitor tAUC 

Fixed effects omnibus tests indicate that pre-exercise baseline iGlucose values were a 

significant predictor of iGlucose tAUC during the exercise period (F (1, 41.5) = 46.033, p < 

0.001). Additionally, exercise dose was a significant predictor of tAUC (F (2, 30.3) = 4.170, p = 

0.025). However, age group was not a significant predictor (F (1, 14.8) = 0.513, p = 0.485). The 

interaction effect between exercise dose and age group was also not significant (F (2, 30.5) = 

0.101, p = 0.904). 

Fixed effects parameter estimates indicated no significant differences for 30WALK versus SIT 

(Estimate = -1.108, SE = 0.625, 95% CI [-2.33, 0.12], p = 0.086) or for 60WALK versus SIT 

(Estimate = -1.168, SE = 0.64, 95% CI [-2.43, 0.09], p = 0.079) although both comparisons 

approached the threshold of statistical significance. 

Post hoc tests indicated that SIT versus 60WALK were significantly different (Difference = 

1.242, SE = 0.485, p = 0.033) with SIT having a higher tAUC than 60WALK. Figure 25 represents 
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these results. There was no significant difference between SIT versus 30WALK (Difference = 

0.980, SE = 0.454, p = 0.078) although it approached the threshold of statistical significance. 

 

Figure 25 Box and whisker plot showing the relationship between exercise dose and interstitial 

glucose (iGlucose) total area under the curve (tAUC) throughout exercise period for the three 

exercise conditions: 0 minutes (SIT), 30 minutes walking (30WALK) and 60 minutes walking 

(60WALK). The black horizontal line inside each blue box represents the median, inner filled 

black boxes represent the mean, the outer boxes represent the interquartile range, and the 

whiskers extend to the minimum and maximum values not considered outliers. Individual dots 

represent each subject’s iGlucose tAUC during the respective exercise conditions. * black star 

represents significantly lower values for 60WALK than SIT. 

Exercise period capillary glucose tAUC 

Fixed effects omnibus tests indicated that cGlucose baseline values immediately before 

exercise was a predictor of cGlucose throughout the exercise period (F (1, 29.2) = 182.32, p < 

0.001). Exercise dose was also a predictor of cGlucose (F (2, 29.1) = 8.89, p < 0.001). 

Significance was not observed for age group (F (1, 13.5) = 2.11, p = 0.169), or for the 

interaction of exercise dose by age group (F (2, 28.8) = 1.09, p = 0.350). 
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Fixed effects parameter estimates significant differences for 60WALK versus SIT (Estimate = 

0.237, SE = 0.09, 95% CI [0.05, 0.42], p = 0.018), suggesting the 60-minute walking condition 

had higher cGlucose values compared to the sitting condition.  

Post hoc analysis for exercise dose showed significantly higher cGlucose values for 60WALK 

versus 30WALK (Difference = -0.290, SE = 0.07, p < 0.001). No differences were observed 

between SIT versus 30WALK (Difference = 0.154, SE = 0.07, p = 0.071) or for SIT versus 60WALK 

(Difference = -0.137, SE = 0.07, p = 0.071), although both approached the threshold of 

significance. This highlights that, while parameter estimates show an overall difference 

between 60WALK and SIT, post hoc tests show a significant pairwise difference between 

30WALK and 60WALK. Figure 26 shows the relationship between exercise dose and cGlucose 

tAUC throughout the exercise period. 
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Figure 26 Box and whisker plot showing the relationship between exercise dose and capillary 

glucose (iGlucose) total area under the curve (tAUC) throughout exercise period for the three 

exercise conditions: 0 minutes (SIT), 30 minutes walking (30WALK) and 60 minutes walking 

(60WALK). The black horizontal line inside each blue box represents the median, inner filled 

black boxes represent the mean, the outer boxes represent the interquartile range, and the 

whiskers extend to the minimum and maximum values not considered outliers. Individual dots 

represent each subject’s iGlucose tAUC during the respective exercise conditions. * black star 

represents significantly lower values for 60WALK than 30WALK. 

Lunch interstitial flash glucose monitor tAUC 

Fixed effects omnibus tests indicate there was an interaction effect for exercise dose by age 

group (F (2, 30) = 5.72, p = 0.008). However, there was no main effect of age group alone (F 

(1, 15) = 3.44, p = 0.084) although this did approach the threshold of significance. No 

significant main effect was observed for exercise dose alone (F (2, 30) = 1,29, p = 0.290). 

Fixed effects parameter estimates indicated that exercise dose for 60WALK versus SIT was 

significantly different (Estimate = -4.806, SE = 1.60, 95% CI [-7.94, - 1.67), p = 0.005). 
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Additionally, significance was observed for the interaction effect of 30WALK versus SIT by age 

group (Estimate = 6.721, SE = 2.33, 95% CI [2.15, 11.29], p = 0.007) and for 60WALK versus SIT 

by age group (Estimate = 6.949, SE = 2.33, 95% CI [2.38, 11.52], p = 0.006). Both interaction 

effects indicate that the older group had a higher tAUC than the younger group for the walk 

conditions compared to sitting. In contrast, 30WALK versus SIT alone was not significantly 

different (Estimate = -2.883, SE = 1.60, 95% CI [-6.02, 0.25], p = 0.082) although this did 

approach the threshold of significance. 

Post hoc comparisons indicated two interaction effects approached but did not achieve 

significance. These were 1) 60WALK versus 30WALK by age group (Difference = -8.633, SE = 

2.80, p = 0.072) where the younger group had a lower tAUC for 60WALK compared to 30WALK 

in the older group and 2) SIT versus 60WALK for age group (Difference = 4.806, SE = 1.61, p = 

0.080) where the younger group had a higher tAUC for SIT compared to 60WALK in the 

younger group. No post hoc tests for exercise dose alone were performed. 

Lunch capillary glucose tAUC 

To investigate the potential effects of exercise dose and age on cGlucose levels in the lunch 

period of the lab-day, a mixed-effects model was performed. Fixed effects omnibus tests did 

not indicate significant differences for exercise dose (F (2, 30) = 0.604, p = 0.553), or age group 

(F (1, 15) = 1.944, p = 0.184). The interaction between exercise dose and age group was also 

not significant (F (2, 30) = 0.429, p = 0.655). Parameter estimates showed no significant 

differences between any parameters. No post hoc tests were performed. 

Snack interstitial flash glucose monitor tAUC 

Fixed effects omnibus tests indicated that exercise dose was a significant predictor of iGlucose 

tAUC for the snack period (F (2, 29.3) = 5.09, p = 0.013). Additionally, the interaction effect of 

exercise dose by age group was significant (F (2, 29.3) = 6.65, p = 0.004). However, the main 

effect of age group alone was not statistically significant (F (1, 15.1) = 2.55, p = 0.131). 

Fixed effects parameter estimates indicated that 60WALK versus SIT was strongly significantly 

different (Estimate = -9.27, SE = 2.07, 95% CI [-13.32, 5.22], p < 0.001). In addition, the 

interaction effect of 60WALK versus SIT and age group was significantly different (Estimate = 

10.95, SE = 3.05, 95% CI [5.05, 16.85], p = 0.001). This indicates that the older group had a 
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higher tAUC for 60WALK when compared to the younger group. However, the effect of 

30WALK versus SIT and age group was not significantly different (Estimate = 6.10, SE = 3.07, 

95% CI [0.08, 12.12], p = 0.056) although it did approach the threshold of significance.  

Post hoc comparisons for exercise dose showed that the 30WALK versus 60WALK was 

significantly different (Difference = 4.516, SE = 1.54, p = 0.019). Additionally, SIT versus 

60WALK was also significantly different (Difference = 3.795, SE = 1.51, p = 0.035).  Figure 27 

illustrates this relationship.  

Post hoc comparisons for the interaction effect of exercise dose by age group showed several 

differences. Firstly, there was a significant interaction effect between SIT versus 60WALK 

within the younger group (Difference = 6.944, SE = 2.15, p = 0.040), as well as between 

30WALK versus 60WALK within the younger group (Difference = 9.272, SE = 3.35, p = 0.002). 

These results suggest that sitting resulted in a higher tAUC than 60 minutes of walking, and 

30 minutes of walking had a higher tAUC than 60 minutes of walking. This indicates a dose 

response within the younger group, with more walking was associated with lower iGlucose 

tAUC values. In addition, a significant interaction effect was observed for 60WALK versus 

30WALK between younger and older groups (Difference = -11.932, SE = 3.35, p = 0.020). This 

indicates that younger adults had a lower iGlucose tAUC for 60WALK than older adults 

compared to 30WALK. One other interaction effect, comparing 60WALK between younger and 

older adults, approached the threshold of significance but did not reach it (Difference = -9.844, 

SE = 3.35, p = 0.081). These relationships are illustrated by Figure 28. 
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Figure 27 Box and whisker plot showing the relationship between exercise dose and interstitial 

glucose (iGlucose) total area under the curve (tAUC) after snack for the three exercise 

conditions: 0 minutes (SIT), 30 minutes walking (30WALK) and 60 minutes walking (60WALK). 

The black horizontal line inside each blue box represents the median, inner filled black boxes 

represent the mean, the outer boxes represent the interquartile range, and the whiskers 

extend to the minimum and maximum values not considered outliers. Individual dots 

represent each subject’s iGlucose tAUC during the respective exercise conditions. * black star 

represents significantly lower values for 60WALK than SIT. The empty * star represents 

significantly lower values for 60WALK than 30WALK. 
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Figure 28 Box and whisker plot showing the relationship between exercise dose and age group 

for interstitial glucose (iGlucose) total area under the curve (tAUC) during snack for the three 

exercise conditions: 0 minutes (SIT), 30 minutes walking (30WALK) and 60 minutes walking 

(60WALK). The black triangle represents significantly lower 60WALK values for younger adults 

compared to older adults at 30WALK. The black horizontal line inside each blue box represents 

the median, inner filled black boxes represent the mean, the outer boxes represent the 

interquartile range, and the whiskers extend to the minimum and maximum values not 

considered outliers. Individual dots represent each subject’s iGlucose tAUC during the 

respective exercise conditions colour coded by age. * black star represents significantly lower 

60WALK values than SIT within the younger group. The empty * star represents significantly 

lower 60WALK values than 30WALK within the younger group. Δ Triangle represents 

significantly lower 60WALK versus 30WALK between younger and older groups. 

Dinner interstitial flash glucose monitor tAUC 

Fixed effects omnibus tests indicated that body mass index (BMI) is a significant predictor of 

iGlucose tAUC (F (1, 12.8) = 5.431, p = 0.037). Additionally, age group was also a significant 

predictor (F (1, 11.8) = 14.279, p = 0.003). However, results indicate that exercise dose was 

not a significant predictor of iGlucose (F (2, 22.9) = 2.766, p = 0.084), although this approached 
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the threshold of significance. The interaction effect of exercise dose by age group was not 

significant (F (2, 22.9) = 0.387, p = 0.684). 

Fixed effects parameter estimates indicated that BMI is a significant predictor of iGlucose tAUC 

(Estimate = -0.440, SE = 0.19, 95% CI [-0.81, -0.07], p = 0.037). Additionally, significant 

differences were observed for 60WALK versus SIT (Estimate = -4.524, SE = 2.12, 95% CI [-8.68, 

-0.36], p = 0.044). Furthermore, significant differences were observed for age group (Estimate 

= 6.620, SE = 2.71, 95% CI [1.31, 11.93], p = 0.021). 

Sleep interstitial flash glucose monitor tAUC 

Fixed effects omnibus tests revealed that age group was not a significant predictor of iGlucose 

tAUC for sleep (F (2, 24.1) = 3.77, p = 0.075), although it did approach the threshold of 

significance. The main effect of exercise dose was not significant (F (2, 24.1) = 1.99, p = 0.169). 

Additionally, the interaction effect between exercise dose and age group was not significant 

(F (2, 24.1) = 1.73, p = 0.198). 

Fixed effects parameter estimates indicated that the effect of 60WALK versus SIT was 

significantly different (Estimate = -14.63, SE = 5.85, 95% CI [ -26.10, -3.17], p = 0.020). No 

significant difference was observed for the interaction effect between 60WALK versus SIT and 

age group (Estimate = 15.42, SE = 8.56, 95% CI [-1.36, 32.21], p = 0.084) although this 

approached the threshold of significance. 

Exercise period capillary total cholesterol tAUC 

Fixed effects omnibus tests indicated that total cholesterol baseline values immediately before 

exercise were a predictor of total cholesterol throughout the exercise period (F (1, 17.7) = 

698.896, p < 0.001). Age group approached but did not reach the threshold for significance (F 

(1, 14.3) = 4.139, p = 0.061). Significance was not observed for exercise dose (F (2, 30.3) = 

0.925, p = 0.407) or for the interaction of exercise dose and age group (F (2, 29.8) = 0.700, p = 

0.505). Other than baseline total cholesterol, fixed effects parameter estimates showed no 

significant differences between parameters (all p > 0.05). No post hoc tests were performed. 

Exercise period capillary HDL cholesterol tAUC 

Fixed effects omnibus tests indicated that HDL cholesterol baseline values immediately before 

exercise were a predictor of HDL cholesterol throughout the exercise period (F (1, 44) = 
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895.298, p < 0.001). No significant differences were observed for exercise dose (F (2, 44) = 

0.468, p = 0.629), nor age group (F (1, 44) = 0.701, p = 0.407), nor the interaction of exercise 

dose and age group (F (2, 44) = 0.658, p = 0.523). Other than baseline HDL cholesterol, fixed 

effects parameter estimates showed no significant differences between parameters (all p > 

0.05). No post hoc tests were performed. 

Exercise period capillary LDL cholesterol tAUC 

Fixed effects omnibus tests indicated that LDL baseline values immediately before exercise 

were a predictor of LDL throughout the lab-day (F (1 , 44) = 2206.613, p < 0.001). Significant 

differences were not observed for age group exercise dose (F (2, 44) = 0.582, p = 0.563), or for 

age group (F (1, 44) = 2.737, p = 0.105) nor the interaction between exercise dose ad age group 

(F (2, 44) = 0.025, p = 0.975). Other than baseline LDL cholesterol, fixed effects parameter 

estimates showed no significant differences between parameters (all p > 0.05). No post hoc 

tests were performed. 

Exercise-period capillary triglycerides tAUC 

Fixed effects omnibus tests indicated that triglyceride baseline values immediately before 

exercise were a predictor of triglyceride throughout the exercise period (F (1, 28) = 3947.161, 

p < 0.001). Significance was not observed for exercise dose (F (2, 28.9) = 2.022, p = 0.151) or 

for age group (F (1, 13.6), = 0.831, p = 0.378). No significant interaction effect was observed 

between exercise dose and age group (F (2, 29) = 0.307, P = 0.738). Other than baseline 

triglyceride values, fixed effects parameter estimates showed no significant differences 

between parameters (all p > 0.05). No post hoc tests were performed. 

Post-exercise period capillary total cholesterol tAUC 

Fixed effects omnibus tests indicated that BMI was a predictor of total cholesterol throughout 

the post-exercise period (F (1, 14) = 5.911, p = 0.029). Significant differences were not 

observed for exercise dose (F (2, 32) = 1.949, p = 0.159) or for age group (F (1, 14) = 0.369, p 

= 0.553). Other than baseline total cholesterol, fixed effects parameter estimates showed no 

significant differences between parameters (all p > 0.05). No post hoc tests were carried out. 
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Post-exercise period capillary HDL cholesterol tAUC 

Fixed effects omnibus tests indicated that exercise dose was a predictor of HDL cholesterol 

throughout the post-exercise period (F (2, 30) = 3.666, p = 0.038). Significant differences were 

not observed between age groups (Estimate (1, 15) = 0.034, p = 0.856) or for the interaction 

of exercise dose and age group (Estimate (2, 30) = 0.870, p = 0.429). Figure 29 shows the 

relationship between exercise dose and HDL tAUC during the post-exercise period. Other than 

baseline HDL cholesterol, fixed effects parameter estimates showed no significant differences 

between parameters (all p > 0.05). Post hoc analysis for exercise dose showed significantly 

higher HDL values for 30WALK versus SIT (Difference = -0.323, SE = 0.12, p = 0.040).  

 

Figure 29 Box and whisker plot showing the relationship between exercise dose and HDL 

cholesterol tAUC total area under the curve (tAUC) throughout the post-exercise period for 

the three exercise conditions: 0 minutes (SIT), 30 minutes walking (30WALK) and 60 minutes 

walking (60WALK). The black horizontal line inside each blue box represents the median, inner 

filled black boxes represent the mean, the outer boxes represent the interquartile range, and 

the whiskers extend to the minimum and maximum values not considered outliers. Individual 

dots represent each subject’s HDL cholesterol tAUC during the exercise conditions. * black star 

represents significantly higher values for 30WALK than SIT. 
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Post exercise period capillary LDL cholesterol tAUC 

Fixed effects omnibus tests indicated no significant differences for exercise dose (F (2, 30) = 

1.511, p = 0.237), or for age group (F (1, 15) = 1.431, p = 0.250). Additionally, no significant 

interaction effects were observed between exercise dose and age group (F (2, 30) = 0.100, p = 

0.905). Fixed effects parameter estimates showed no significant differences between 

parameters (all p > 0.05). No post hoc tests were performed. 

Post-exercise period capillary triglycerides tAUC 

Fixed effects omnibus tests indicated that BMI was a predictor of triglycerides throughout the 

post exercise (F (1, 14) = 5.520, p = 0.034). No significant differences were observed for 

exercise dose (F (2, 30) = 0.064, p = 0.938), nor age group (F (1, 14) = 0.012, p = 0.914). 

Additionally, no significant difference was observed for the interaction effect of exercise dose 

and age group (F (2, 30) = 0.218, p = 0.805). Other than BMI, fixed effects parameter estimates 

showed no significant differences between parameters (all p > 0.05). No post hoc tests were 

performed. 

Exercise period systolic blood pressure tAUC 

Fixed effects omnibus tests indicated that pre-exercise SBP values were a predictor of SBP 

during the exercise period (F (1, 44) = 895.396, p < 0.001). However, no significant differences 

were observed for exercise dose (F (2, 44) = 2.358, p = 0.106) or for age group (F (1, 44) = 

0.169, p = 0.683). Similarly, there were no significant interaction effects for exercise dose 

compared to age group (F (2, 44) = 0.406, p = 0.669). Other than pre-exercise SBP, fixed effects 

parameter estimates showed no significant differences between parameters (all p > 0.05). The 

effect of 30WALK versus SIT approached the threshold of significance but did not achieve 

significance (Estimate 2.763, SE = 1.44, 95% CI [-0.07, 5.59], p = 0.062). Post hoc tests were 

not performed. 

Exercise period diastolic blood pressure tAUC 

Fixed effects omnibus tests indicated that pre-exercise DBP values were a predictor of DBP 

during the exercise period (F (1, 16.5) = 602.987, p <0.001). However, exercise dose was not a 

predictor of DBP (F (2, 26.4) = 1.459, p = 0.251), nor was age group (F (1, 11.7) = 2.024, p = 

0.181). The interaction effect of exercise dose and age group was also not significant (F (2, 
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26.8) = 0.984, p = 0.387). Other than baseline DBP, fixed effects parameter estimates indicated 

no differences between the remaining parameters (all p > 0.05). No post hoc tests were 

performed. 

Post-exercise period systolic blood pressure tAUC 

Fixed effects omnibus tests indicated that exercise dose was a significant predictor of SBP in 

the post-exercise period (F (2, 30) = 3.50, p = 0.043). Additionally, gender was also a predictor 

of SBP (F (1, 14) = 10.03, p = 0.007). However, age group approached the threshold of 

significance (F (1, 14) = 3.76, p = 0.073) but did not achieve it. There were no significant 

interaction effects between exercise dose and age group (F (2, 30) = 1.76, p = 0.189). 

Fixed effects parameter estimates indicated gender was a significant predictor of SBP during 

the post-exercise period (Estimate = 60.54, SE = 19.12, 95% CI [23.07, 98.01], p = 0.007).  None 

of the other parameters were significantly different (all p > 0.05). However, the effect of age 

group approached the threshold for significance but did not reach it (Estimate = 39.88, SE 

19.93, 95% CI [0.82, 78.94], p = 0.062). Post hoc tests indicated that 30WALK versus 60WALK 

was significantly different with 60WALK having a lower tAUC (Difference = 12.61, SE = 4.88, p 

= 0.045). Figure 30 illustrates the relationship between SBP and exercise dose. 
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Figure 30 Box and whisker plot showing the relationship between exercise dose and systolic 

blood pressure (SBP, mm Hg) tAUC total area under the curve (tAUC) during the post-exercise 

period for the three exercise conditions: 0 minutes (SIT), 30 minutes walking (30WALK) and 60 

minutes walking (60WALK). The black horizontal line inside each blue box represents the 

median, inner filled black boxes represent the mean, the outer boxes represent the 

interquartile range, and the whiskers extend to the minimum and maximum values not 

considered outliers. Individual dots represent each subject’s SBP tAUC during the post-exercise 

period. * black star represents significantly lower values for 60WALK than 30WALK. 

Post exercise period diastolic blood pressure tAUC 

Fixed effects omnibus tests indicated that BMI was a significant predictor of DBP in the post-

exercise period (F (1, 14) = 6.326, p = 0.025). The effect of age group approached the threshold 

but did not reach significance (F (1, 14) = 4.526, p = 0.052). The interaction effect of exercise 

dose and age group also approached the threshold but did not reach significance (F (2, 30) = 

3.113, p = 0.059). However, exercise dose alone was not a predictor of DBP (F (2, 30) = 0.857, 

p = 0.434).  
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Other than BMI, fixed effects parameter estimates indicated age group was also a significant 

predictor of DBP (Estimate = 38.88, SE = 15.03, 95% CI [9.42, 68.35], p = 0.020). The interaction 

effect of 60WALK versus SIT and age group was also a significant predictor of DBP (estimate = 

-15.19, SE = 6.10, 95% CI [-27.14, -3.25], p = 0.018). No post hoc tests were performed. 


