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Abstract

Physical activity (PA) 1is beneficial for arterial and autonomic health and,
subsequently, cardiovascular disease risk. However, fundamental questions remain
regarding the relationship between PA and health, the relative importance of the
volume, intensity or composition of PA, and whether this differs in chronic conditions.
Therefore, the aim of this thesis was to explore the influence of movement behaviours
on key cardiovascular risk factors in healthy populations and those with T1D using
novel methods and analysis techniques.

Chapter 4 revealed that, contrary to expectation, the composition of daily movement
and sleep behaviours was not associated with arterial stiffness in healthy children, with
the reallocation of time between any behaviours not predicting significant change in
arterial stiffness. It was hypothesised that this may be related to the measurement
duration being insufficient to reflect habitual PA and its health-associated fluctuations.
Therefore, a 28-day measurement period was used in Chapter 5, which revealed that,
whilst there was minimal fluctuation in movement behaviours, PA metrics derived
from 28 days were more strongly associated with cardiovascular health markers. Using
a similar measurement protocol, children with type I diabetes (T1D) were found to
engage in more light and less moderate-to-vigorous physical activity (MVPA) than
healthy peers and were characterised by poorer arterial stiffness and autonomic
function (Chapter 6). Importantly, Chapter 6 suggested that the intensity of PA was
more influential than the volume. Subsequently, Chapter 7 supported this contention,
revealing that the reallocation of time from any behaviour to MVPA was the most
potent stimulus to cardiovascular health in T1D.

Overall, this thesis demonstrates that the composition and the relative importance of
the volume and intensity of PA must be considered when investigating the relationship
with health. The findings highlight key targets for future interventions seeking to
enhance the cardiovascular function of youth, especially in T1D.
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Chapter 1: Introduction

Cardiovascular disease (CVD) is the most prevalent cause of mortality worldwide,
accounting for 17.8 million, or 31% of, deaths globally in 2017 (Virani et al., 2020).
CVD is an umbrella term for numerous myocardial and vascular conditions, including
hypertension, atherosclerosis, stroke and coronary heart disease (Virani, et al., 2020).
Pivotally, 80% of these CVD conditions are proposed to be preventable with
appropriate lifestyle modifications, particularly regarding physical activity, with the
key time for intervention suggested to be childhood given that the pathophysiological
processes underpinning these diseases are now well recognised to manifest during this
period (Berenson, 2002). Indeed, early intervention, and thus prevention, may be key

to reducing the incidence of CVD in later life (Parsons et al., 2016).

Arterial stiffening, a measure of artery wall rigidity (Shirwany &Zou, 2010), combined
with cardiac autonomic activity, an indication of cardiac control (Palatini &Julius,
2009), can provide a holistic insight to cardiovascular health and identify premature
risks of CVD (Adji, O'Rourke, & Namasivayam, 2011; Thayer, Yamamoto, &
Brosschot, 2010). Arterial stiffness is a fundamental structural function of arteries,
required to compensate for the significant pressure changes in large and peripheral
arteries caused by ejection pressure and systolic pulse waves (Greenwald, 2007). With
increasing age, arteries become stiffer, losing the ability to vasodilate and
vasoconstrict in response to the pressure variations associated with each pulse wave
(Greenwald, 2007). Thus, the ability to effectively compensate for changes in pressure
decreases, resulting in hypertension and atherosclerosis, and potentially causing
trauma to pressure-sensitive organs (Greenwald, 2007). Similarly, cardiac autonomic
activity naturally declines with age, potentially leading to neuropathy and
dysregulation of the parasympathetic-sympathetic balance, with subsequent diastolic
decline and increased risk of heart failure (Parashar, Amir, Pakhare, Rathi, &
Chaudhary, 2016). It is also important to note the interdependence of these responses
(Méki-Petdja et al., 2016); autonomic activity is a key factor in blood pressure and
vascular resistance responses as it influences smooth muscle tone, one of the major

determinants of arterial stiffness (Maki-Petdja, et al., 2016).



Children with chronic conditions, including those characterised by systemic
inflammation (Davis &Kaliner, 1983; Roman et al., 2005b) or metabolic dysfunction
(Chessa et al., 2002; Liatis et al., 2011; Shah et al., 2015), show significant premature
increases and decreases in stiffening and autonomic function, respectively.
Specifically, in children with type 1 diabetes (T1D), characterised by decline in ability
to produce endogenous insulin and possible extremes in blood glucose, premature
progression of these indices has been demonstrated as early as two years post diagnosis
and is associated with both short- and long-term complications (M. Jaiswal et al., 2013;
Shah, et al., 2015). Specifically, for children with T1D, chronic hyperglycaemia has
been hypothesised to result in decreases in nitric oxide (NO) bioavailability, thereby
promoting premature endothelial dysfunction (Urbina et al., 2019). Similarly,
prolonged periods of high blood glucose can cause premature declines in autonomic
function and, in the long-term, can be associated with a significantly increased risk of
diabetic autonomic neuropathy (DAN; Vinik, Maser, Mitchell, & Freeman, 2003).
Consequently, children with T1D are at a two-fold increased risk of developing CVD

later in life, compared to non-diabetic peers (de-Ferranti et al., 2014).

There are numerous factors that can influence vascular and autonomic health in those
with T1D, especially considering the early associated cardiovascular risk. Indeed, key
risk factors of CVD include age (Dhingra &Vasan, 2012), genetics (Knowles
&Ashley, 2018), inflammation (Willerson &Ridker, 2004), extremes in blood glucose
(Conget &Giménez, 2009), adiposity (Juonala et al., 2011), cardiorespiratory fitness
(CRF; Myers et al., 2015) and numerous lifestyle influences (Prasad &Das, 2009;
Rippe, 2019). Specifically, the lifestyle influences of inactivity and sedentary time
have been independently associated with deleterious effects on cardiovascular health
in children (Raitakari et al., 1994), adults (Ford &Caspersen, 2019; Prasad &Das,
2009) and those with conditions such as T1D (Aman et al., 2009; Czenczek-
Lewandowska, Leszczak, Weres, et al., 2019; de Lima et al., 2017; Michaliszyn
&Faulkner, 2010).

A major lifestyle factor for CVD is physical inactivity, defined as accruing less than
the recommended volumes of moderate-to-vigorous physical activity (MVPA) per day
for children and adults, respectively (Chief Medical Officers, 2019). In England, 53%
of children and 21% of adults (National Health Service Digital, 2020) are deemed
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physically inactive and are therefore likely to gain lesser health benefits associated
with physical activity. Physical inactivity is a modern pandemic, estimated to cost the
UK economy and national health service (NHS) £7.4 billion each year (Public Health
England, 2014). Long-term physical inactivity has been found to significantly increase
the risk of non-communicable diseases (NCD), including CVD, type 2 diabetes, and
cancer (Lee et al., 2012), in addition to promoting poor mental health (Harris, 2018)
and a reduction in life expectancy (Lee, et al., 2012). Indeed, physical inactivity is the
4™ leading risk factor for all-cause mortality, accounting for approximately 6% of

deaths globally annually (WHO, 2010a).

In addition to inactivity, sedentary time has been identified as a key lifestyle factor
that influences cardiovascular health, with sedentary time associated with negative
health impacts, independent of physical activity (Borodulin, Karki, Laatikainen,
Peltonen, & Luoto, 2015; Carson et al., 2014; G. N. Healy et al., 2008; Koster et al.,
2012). Specifically, total sedentary time has been linked to insulin resistance (Carson,
et al., 2014), an unfavourable lipid profile (G. N. Healy, et al., 2008), inflammation
(Warren et al., 2010; Wilmot et al., 2012), a poor mental health and a poor health-
related quality of life (Teychenne et al., 2019). Subsequently, these impaired outcomes
are associated with unfavourable changes in artery compliance (Ananey et al., 2015;
Haapala et al., 2016; Laurent et al., 2011) and sympathetic dominance in the long-term
(Thayer, et al., 2010; Veijalainen et al., 2019). Consequently, an increased time spent
sedentary results in significant increases in the risk of developing obesity (Heinonen
et al.,, 2013) and cardiometabolic diseases (Saunders, Chaput, & Tremblay, 2014).
Therefore, as there is an increasing amount of time spent being sedentary, irrespective
of population, a greater understanding of the variation in, and effects of, this time are

warranted to inform future interventions.

Whilst meeting the physical activity guidelines is associated with health-associated
benefits and a decreased risk of CVD, previous research may have underestimated
physical activity volumes and intensities (Canning et al., 2014; Shephard & Vuillemin,
2003; Watkinson et al., 2010). Specifically, self-report questionnaires, the most
commonly employed measure of physical activity for large-scale studies, have been
found to misrepresent actual behaviours (Hagstromer, Ainsworth, Oja, & Sjostrom,

2010; Shephard &Vuillemin, 2003; Silsbury, Goldsmith, & Rushton, 2015), with
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individuals found to both under and overestimate physical activity and sedentary time
(Besson, Brage, Jakes, Ekelund, & Wareham, 2010; Hagstromer, et al., 2010; Sallis
&Saelens, 2000). Moreover, these measures do not provide insight regarding
behavioural variation and its effect on health. In contrast, accelerometer-based
measures of physical activity provide more reliable and representative insight to
movement behaviours, allowing a more accurate exploration of the dose-response
relationships between physical activity and health (Cain, Sallis, Conway, Dyck, &
Calhoon, 2013; Lee &Shiroma, 2014). The use of such measures has therefore
substantially improved our understanding of the effect of physical activity on health
and how physical activity can be used in a preventative manner to reduce risk of NCDs,

especially CVD (Lachat et al., 2013).

Nonetheless, whilst accelerometer-based methods have improved our understanding
of how physical activity influences health, until recently, measurement periods have
been limited to relatively short durations, most commonly seven days (Barreira et al.,
2015; Cain, et al., 2013; Matthews, Hagstromer, Pober, & Bowles, 2012; Sasaki et al.,
2018; Trost, Pate, Freedson, Sallis, & Taylor, 2000), thereby limiting the
understanding of habitual physical activity and its fluctuations beyond this duration. It
is also pertinent to note that, whilst measurements are nominally seven days, in reality,
conclusions regarding the relationship between physical activity and health are being
drawn on as little as three days with eight hours of wear-time. However, advances in
accelerometry now support measurement durations of significantly longer than seven
days (Hills, Mokhtar, & Byrne, 2014). These advances may facilitate potential insights
to behavioural variation and provide a more accurate and reliable representation of

physical activity for health.

In addition to being derived from a relatively small window of time, our current
understanding of the influence of physical activity is also predominantly based on a
single movement behaviour in isolation. Specifically, the vast majority of research has
focused solely on MVPA, a behaviour that typically makes up only 4% of a 24-hour
day (Chastin, Palarea-Albaladejo, Dontje, & Skelton, 2015). This focus is further
compounded by a reliance on conventional statistics, which typically assume
independence of the remaining movement behaviours within a specified time period

(Pearson, 1896), potentially leading to spurious associations with health outcomes
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(Chastin, et al., 2015). In order to account for the co-dependency and constrained
nature of daily movement and sleep behaviours, it is essential to consider each
behaviour relative to the others. Furthermore, it is increasingly recognised that
reducing rich accelerometer data to simplistic metrics describing the time spent in
different intensities, derived from potentially flawed cut-points and acceleration
thresholds, is also likely to affect our interpretation of the relationship between
physical activity and health. Consequently, novel metrics to describe the entire
physical activity profile have recently been proposed in the form of the intensity
gradient and average acceleration, which provide greater insights into how physical
activity is accrued. These recent advances in the field of physical activity and health
highlight that fundamental questions remain to be addressed, not least of which is the
true importance of physical activity for health and whether it is the volume, intensity
or overall composition that is more important and should therefore be the target of

future interventions (Chastin, et al., 2015).

Therefore, the aim of this thesis was to explore the influence of physical activity and
time spent sedentary on key cardiovascular risk factors across the age spectrum and

according to disease status using novel methods and analysis techniques.



1.1 Experimental study aims

Study 1 (Chapter 4):
To explore the relative effects of daily physical activity, sedentary time and sleep on
markers of arterial stiffness and adiposity, in addition to the effects of reallocating time

between movement behaviours in children and adolescents.

Study 2 (Chapter 5):
To determine the influence of T1D on the accumulation of physical activity and
whether volume or intensity of physical activity has a greater influence on

cardiovascular health for children with T1D.

Study 3 (Chapter 6):

To determine the influence of measurement duration on physical activity metrics and
their relationship with cardiovascular measures across two distinct populations, and to
provide recommendations for optimal recording durations, for both children and

adults.

Study 4 (Chapter 7):

To employ compositional analyses to explore the associations of daily movement
behaviours with markers of cardiovascular health in children in T1D and a non-
diabetic control group, in addition to exploring if movement composition fluctuated

across 28 days.
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Chapter 2: Literature Review

Physical activity is well established to positively influence cardiovascular health to
some extent in all populations, which is worrying given that in healthy populations
only 47% of children and 67% adults in the UK meet the currently recommended
physical activity guidelines (National Health Service Digital, 2020). Furthermore, the
numbers of individuals meeting these guidelines in chronic conditions is typically
lower potentially exacerbating disease severity (Barker et al., 2019). In contrast,
sedentariness is increasing with the rise of sedentary travel, occupations and
multimedia use (Dunstan, Thorp, & Healy, 2011; Saunders, et al., 2014; Telford et al.,
2013). The negative effects of sedentary time on cardiovascular health is equivocal,
potentially as a result of the difference effects of behaviours that make up this time
(Dunstan, et al., 2011; Owen, Healy, Matthews, & Dunstan, 2010) and inappropriate
statistical models which fail to account for co-dependency (Chastin, et al., 2015;
Dumuid et al., 2018; Stefelova et al., 2018). Consequently, a more in-depth exploration
of habitual physical activity and movement behaviours is necessary to better

understand the influences of physical activity on cardiovascular health.

2.1 Physical Activity

Physical activity is defined as any movement produced by skeletal muscles requiring
expenditure of energy above the resting state (Caspersen, Powell, & Christenson,
1985). Whereas, exercise, a sub-component of physical activity, is ‘planned,
structured, and repetitive bodily movement to improve or maintain one, or more,
components of physical fitness’ (Caspersen, et al., 1985). Measures of physical activity
encompass all movement including strucutured exercise, sporadic physical activity
and time spent being sedentary, which encompasses any activity during which less
than 1.5 metabolic equivalents (METs) is expended, in either a seated or reclined
position (Sedentary Behaviour Research Network, 2012). Indeed, in adults, it is
generally accepted that 1 MET is equivalent to the amount of energy expended whilst
the body is resting, with <3 METs, > 3-< 6 METs and > 6 METs associated with light
physical activity (LPA), moderate physical activity (MPA), vigorous physical activity
(VPA), respectively (Trost, Loprinzi, Moore, & Pfeiffer, 2011). However, there

remains considerable contention regarding the appropriate MET-thresholds to



represent different intensities of physical activity in children (Mendes Mde et al., 2018;
Saint-Maurice, Kim, Welk, & Gaesser, 2016). Children and adolescent’s resting
energy expenditure (EE) has been found to range from 1.2 to 1.8 METs (Harrell et al.,
2005). Consequently, it has been suggested that the MET value to distinguish
sedentary time from LPA is increased from 1.5 to 2 METs in children (Butte et al.,
2018; Saint-Maurice, et al., 2016). Nonetheless, the Compendium of Physical Activity
suggests the thresholds of children’s LPA, MPA and VPA can be represented by 2, 4
and 7 METs, respectively (Butte, et al., 2018; Harrell, et al., 2005). Whilst METs
provide an estimation of EE associated with physical activity, the reliance of many
MET calculations on standardised resting metabolic rates (RMRs) is unlikely to be
suitable for all participants in each age group, especially for those with clinical
conditions (Byrne, Hills, Hunter, Weinsier, & Schutz, 2005; Mendes Mde, et al.,
2018). Specifically, Butte et al. (2018) demonstrated that for the same activity the
associated EE for specific activities, such as hiking or skipping can increase by 0.5
METs between the age of 6-18 yrs. Indeed, RMRs are demonstrated to differ further
between children, adolescents and adults (Harrell, et al., 2005), with the resting rate
for those with clinical conditions varying further due to the increased metabolic
demands of chronic conditions, such as cystic fibrosis (Vaisman, Pencharz, Corey,
Canny, & Hahn, 1987). The implications of differing RMRs between population and
the standardisation of METs associated with activities may therefore over or

underestimate the true EE associated with these activities.

2.1.1 Benefits of Physical Activity

Physical activity has been associated with numerous physiological and psychosocial
health benefits, irrespective of population. Specifically, adults are recommended to
accrue a minimum of 150 minutes of MPA or 75 minutes of VPA each week to achieve
the associated health benefits and reduce the risk of all cause mortality, cardiovascular
and metabolic diseases (Chief Medical Officers, 2019). In comparison, children and
adolescents in the UK, aged 5-18 years, are recommended to accrue a minimum 60
minutes of MVPA per day across the week to attain the equivalent health-associated

benefits (Chief Medical Officers, 2019).



The physiological benefits, regardless of population or health status, associated with
regular physical activity include improvements in bone mineral density, vascular
reactivity and endothelial function, decreases in fat:muscle ratio and low density
lipoprotein:high density liprotein ratio (LDL-c:HDL-s), possible improvements in
triglycerides and total cholesterol (total-c) and increases in insulin sensitivity, and
aerobic capacity (Eijsvogels, George, & Thompson, 2016; Janssen &Leblanc, 2010).
These benefits have been found to translate to improved cardiovascular health in both
the short- and long-term, with a decreased risk of cardiovascular disease (CVD) risk
factors, potentially explained, at least in part, by the prevention of age-related arterial
stiffness, endothelial dysfunction and autonomic decline (Laursen et al., 2015).
Conversely, numerous negative health consequences have been reported to be
associated with being insufficiently active, with over 5 million deaths a year
worldwide attributed to inactivity (Blair, 2009; Larouche, 2014). Concerningly, large
proportions of children and adults in the UK have been identified as inactive (British
Heart Foundation, 2017; Sport England, 2018) and are therefore at an increased risk
of metabolic syndrome, type 2 diabetes (T2D), CVD and all-cause mortality (Blair,
2009; British Heart Foundation, 2017).

2.2 Cardiovascular health

Cardiovascular diseases are the most significant single cause of mortality worldwide,
which may be exacerbated by lifestyle influences such as physical inactivity (Hamer,
O'Donovan, & Murphy, 2017; Raitakari, et al., 1994). The likelihood of developing
CVD is predicted using a range of different cardiovascular risk factors. Risk factors
employed in research and clinical environments to give an estimation of present and
future risk include measures of adiposity (Juonala, et al., 2011), serum lipids
(Arsenault, Boekholdt, & Kastelein, 2011), blood pressure (Magnussen &Smith, 2016)
and lifestyle and environmental influences (Brotman, Golden, & Wittstein, 2007;
Dimmeler, 2011). However, more structural and functional measures of cardiovascular
health can give a more in-depth understanding of the potential risk to CVD (Palatini
&Julius, 2009; Shirwany &Zou, 2010). Specifically, measures of arterial health and
cardiac autonomic control can provide the current functional state of the vascular and
autonomic systems gaining greater insight as to the mechanisms underlying

progression towards CVD.
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2.2.1 Arterial stiffness

2.2.1.1 Artery Function

An artery’s elastic properties are fundamental to the maintenance of, and response to
changes in, blood pressure (BP) and the ventricular ejection pressure from the heart.
Indeed, these properties allow for the regulation of blood flow in the peripheral and
micro- vasculature, protecting pressure sensitive organs, including the kidneys, eyes
and brain, from damage or barotrauma (Greenwald, 2007). The elasticity and structural
integrity of the arteries are a result of structural proteins, namely elastin and collagen,
and smooth muscle tone, with arteries reducing in contractibility the more peripheral
they are from the heart (Greenwald, 2007). Large arteries differ in structure, with
different ratios of elastin and collagen fibres depending on the demands for the
compensation of pressure. Specifically, large central arteries, including the aorta, have
a high proportion of elastin fibres to equalise the ventricular ejection, propelling and
regulating blood flow (Thijssen, Carter, & Green, 2016). Conversely, peripheral
arteries in musculature have a higher ratio of collagen fibres and, thus, a reduced
elasticity (Thijssen, et al., 2016). In healthy populations, arteries gradually lose
elasticity across the lifespan (Greenwald, 2007), however, lifestyle (Tanaka &Safar,
2019), genetics (Laurent, Boutouyrie, & Lacolley, 2005), autoimmune and
inflammatory conditions (Roman et al., 2005a) can lead to premature increases in

arterial stiffness and subsequent increases in risk of adverse cardiovascular events.

2.2.1.2 Arterial Stiffening

Arteriosclerosis reflects a reduction in arterial compliance ability which is the ability
of the arteries to expand and contract in response to the cardiac cycle (Zieman,
Melenovsky, & Kass, 2005). Multiple structural and functional factors are suggested
to regulate the stiffness of arteries, including degradation of elastin fibres, increased
collagen burden, calcification of vascular smooth muscle cells, reduced muscle tone,
the cross-linking of structural fibres, modified matrix interactions, and increased
inflammatory markers disrupting vascular structure and function (Greenwald, 2007;

Zieman, et al., 2005).
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Arterial compliance is related to the structure of arterial conduits which comprise of
three layers (the intima, media and adventia) that respond to short-term changes in
blood pressure (Zieman, Melenovsky, & Kass, 2005). Regulation of arterial
compliance is predominantly a function of the medial layer, which consists largely of
elastin layers, collagen fibres and vascular smooth muscle cells (Zieman et al., 2005).
Vascular smooth muscle cells are sensitive to numerous vasoactive mediators,
resulting in the regulation and modification of atrial compliance through changes in
the distribution of stress between collagen and elastin fibres within the vessel walls
(Lyle & Raaz, 2017; Zieman et al., 2005). Smooth muscle tone (SMT), the state of
partial constriction when no extrinsic nor intrinsic factors act on large artery
compliance, has been found to be influenced by a number of factors. Indeed, the
sympathetic innervation found in smooth muscle, and the catecholamine production
associated with the sympathetic system (Zieman et al., 2005), is activated by the
baroreflex response to changes in pressure in large arteries (Shahoud, Sanvictores, &
Aeddula, 2020). Therefore, consistently increased blood pressure would result in
prolonged sympathetic activation and increases SMT, thereby decreasing arterial
compliance. Additionally, endothelial-derived mediators, including nitric oxide,
endothelin-1, and c-type natriuretic peptides, can also alter SMT and therefore

regulation of arterial compliance (Zieman et al., 2005).

In the long-term, large arteries respond to differing pressure loads by undergoing
growth and the remodelling of lumen diameter and wall thickness, thereby altering and
reducing compliance of these arteries (Lyle & Raaz, 2017). Specifically, remodelling
occurs as a result of a range of mechanisms, with the most commonly proposed
processes including artery calcification, changes in intima-media thickness and
impaired flow mediated dilation (Lyle & Raaz, 2017). These mechanisms can be
influenced both mechanically and hormonally, in particular by haemodynamic forces
and hormone regulation including angiotensin II, salt and glucose (Lyle & Raaz, 2017;
Zieman et al., 2005). Furthermore, the mechanisms of compliance in large arteries can
be influenced by excess levels of glucose in the blood, prevalent in condition such as
diabetes mellitus, triggering adverse changes that can lead to premature arterial

stiffening and less favourable compensation to pressure.
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The overall consequence of this reduced contractibility is poor arterial compliance and
BP compensation, resulting in an increase in systolic pressure and a decrease in
diastolic pressure (Hamilton, Lockhart, Quinn, & McVeigh, 2007; Zieman, et al.,
2005). The long-term effects of large artery stiffening are possible reductions or
changes in the timing of arterial wave reflections, causing a reduction in coronary
perfusion during diastole, increases in ventricular afterload, and the loss of protection
from pressure changes in the microcirculation (Cheung, 2010; Hamilton, et al., 2007).
Subsequently, these effects can cause an increased sheering pressure and fatigue and
thus damage to artery walls, promoting atherosclerosis, and an increased pressure in
the microvasculature, with potential barotrauma to the pressure sensitive organs
(Hamilton, et al., 2007). The result of these detrimental haemodynamic and structural
changes in the circulatory system is an increase in hypertension, risk of atherosclerotic
rupture and progression towards CVD (Cecelja &Chowienczyk, 2012). Arterial
stiffness assessment is therefore suggested to be a powerful prognostic tool with

potential future clinical relevance (Adji, et al., 2011).

2.2.1.3 Assessing Arterial Stiffness

Arterial stiffness can be assessed through both invasive and non-invasive techniques.
The use of angiographic catheterisation provides a very accurate assessment of the
extent of stiffening (Adji, et al., 2011). However, due to the invasive nature and
extremely high level of training required for this technique, it is rarely utilised in
research. Consequently, the most common techniques used in research are non-
invasive and typically involve the use of echo, ultrasound, pressure sensitive probes or
pressure cuffs (Rhee, Lee, & Park, 2008). More specifically, these assessments include
brachial artery distensibility (BrachD), flow mediated dilation (FMD), pulse wave
velocity (PWYV) and analysis (PWA), and ultrasound (Adji, et al., 2011; Hamilton, et
al., 2007; Rhee, et al., 2008). While each of these non-invasive assessments are reliable
and validated in specific populations, they assess different structural and functional

attributes, limiting inter-study comparisons.
Perhaps one of the most commonly used non-invasive techniques is PWV, measured

with the use of pressure sensors or cuffs (Hamilton, et al., 2007). PWYV gives a reliable

estimate of stiffness in a specific artery by measuring the pulse wave at two points of
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an arterial section, giving the time interval, and therefore velocity, of the pulse wave
(Hamilton, et al., 2007). An elevated PWV, above the normal age-specific range, is
indicative of the presence of stiffening as the pulse wave would travel at a faster rate
due to the increased rigidity of the measured artery (Parikh, Hollingsworth, Kunadian,
Blamire, & MacGowan, 2016). Interpretation of this PWYV result should be made in
combination with the mean arterial pressure (MAP) during the assessment, as the
circumferential pressure can alter the extent of stiffening and possibly skew the PWV
results obtained (Reference Values for Arterial Stiffness Collaboration, 2010). This
technique requires limited training, provides an easily interpretable output and is a
relatively quick assessment, thereby reducing patient burden. The gold standard of
central PWV measurement is aortic pulse wave velocity (aPWV) due to the extensive
data available on the pathophysiology and outcomes of premature stiffening at this site
(Wilkinson et al., 2019). However, due to the lack of insight in variations in different
regions and the possible influence of other arterial properties, aPWV is not clinically

recognised (Wilkinson, et al., 2019).

Another method used to assess arterial function in research is PWA, a technique which
has the potential to be a valuable tool as an indirect measure of both central and
peripheral stiffening through the assessment of ventricular ejection wave reflections
(Stoner, Young, & Fryer, 2012). Specifically, augmentation index (Alx), calculated as
the difference between the initial ejection and the peripheral reflection peaks, or
augmentation pressure (AP), as a percentage of pulse pressure (PP), indicates
stiffening with the loss of pulse wave reflections (Lowe, Harrison, El-Aklouk,
Ruygrok, & Al-Jumaily, 2009; Stoner, et al., 2012). On visualisation of the waveform,
a healthy peripheral artery should show a peak for the initial ejection of blood from
the heart, with a secondary ‘half’ peak on the downward arm of the wave form (Figure
2.1). Peripheral arteries where significant stiffening is present will show the same
initial peak but there would be little to no reflection peak, with the downward arm

declining steeply (Figure 2.1; Lowe, et al., 2009; O'Rourke, Pauca, & Jiang, 2001).

2.2.1.4 Influences on Arterial Health and Premature Arterial Stiffening
Arterial stiffness in children, according to aPWV, typically increases with age, with

such increases suggested to be a result of the continued development of structural
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properties of the arterial walls (Glukhova, Frid, & Koteliansky, 1991; Greenwald,
2007). Specifically, these changes have been attributed to the thickening of intimal and

A. Brachial Artery B. Aortic Artery

Pressure |
(mmHg) | |

Healthy Stiffened Time  Healthy  Stiffened

Figure 2.1. Representative example of systolic pressure waveforms of healthy and
stiffened arteries assessed at the brachial artery and aortic artery, providing a
depiction of relatively normal compliance and the presence of stiffening (Oliver

&Webb, 2003).

medial arterial layers from birth (Glukhova, et al., 1991), in addition to an increasing
collagen to elastin fibre ratio (Cheung, 2010). Premature increases in arterial stiffening
are well recognised to result in an increased risk of cardiovascular disease, due to the
unfavourable haemodynamic changes and subsequent burden on the circulatory
system that they are associated with (Zieman, et al., 2005). The pathophysiology of
premature arteriosclerosis is suggested to result from multiple mechanisms, in
particular, a lack of nitric oxide (NO) bioavailability, a decrease of elastin and increase
of collagen production (Johnson, Baugh, Wilson, & Burns, 2001), promotion of elastin
breakdown via pro-inflammatory cytokines (Lakatta &Levy, 2003), and an increase in
mechanical sheering stress due to increases in BP (Zieman, et al., 2005). Commonly
suggested causative factors for these mechanisms are systemic inflammation (Park
&Lakatta, 2012), high levels of low density lipoproteins (LDL-c) and triglycerides
(Wilkinson &Cockceroft, 2007), hypertension (Tanaka &Safar, 2019), prolonged
hyperglycaemia (blood glucose generally greater than 7 mmol-1-1; Greenwald, 2007,
Schofield, Ho, & Soran, 2019), sex, and genetic traits associated with non-Caucasian

ethnicity (Zieman, et al., 2005).
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Systemic inflammation and prolonged hyperglycaemia result in increased levels of
pro-inflammatory cytokines, including, but not limited to, matrix metalloproteinases
(MMPs) and interlukin-6 (IL-6), and poor NO bioavailability, both of which are may
result in a lower ratio of elastin to collagen in the vascular wall (Zieman, et al., 2005).
Systemic inflammation can be attributed to chronic inflammatory conditions (Roman,
et al., 2005a), as well as a poor lifestyle, resulting in an undesirable lipid profile and
an increased risk of obesity (Safar, Czernichow, & Blacher, 2006). Hyperglycaemia
can also be attributed to poor lifestyle choices (Tanaka &Safar, 2019) and to conditions
such as diabetes mellitus, irrespective of type (Prenner &Chirinos, 2015). Finally,
hypertension can both be causative of, and consequential to, premature arterial
stiffening, with a consistently elevated BP increasing mechanical stress on walls of the
arteries (Safar et al., 2018). This process promotes the breakdown of elastin due to the
subsequent inflammatory response and can damage the endothelium, stimulating
atherosclerosis. Consequently, arterial stiffening occurs and the lumen of arteries can
narrow, further elevating circumferential pressure and advancing hypertension

(Zieman, et al., 2005).

Those with chronic conditions, such as T1D, show premature increases in arterial
stiffening, most often as a result of prolonged hyperglycaemia (Prenner &Chirinos,
2015). This is supported by evidence in both children and adults that indicates those
with prolonged hyperglycaemia, often indicated by an elevated glycated haemoglobin
(HbA1lc), demonstrate higher measures of central and peripheral stiffening (Noh, Kim,
Seo, & Kim, 2016; Obermannova, Petruzelkova, Sulakova, & Sumnik, 2017; Perchard
&Amin, 2015). Moreover, disease duration has been demonstrated to modulate the
relationship of HbAlc with arterial aging (Urbina, et al., 2019), with adults with a
disease duration of > 10 years presenting with a higher alPWV compared to those with
shorter disease durations (Vastagh et al., 2010). Similar results have also been reported
in children (Wadwa et al., 2010). Indeed, for children with T1D, premature arterial
stiffening has been demonstrated from as early as two years post diagnosis, when
compared to non-diabetic peers (Shah, et al., 2015). Arterial stiffening in this
population results in earlier wave reflections, represented by increases in Alx, in
addition to increases in aPWV (Haller et al., 2004). Consequently, these premature

changes in paediatric diabetes have been associated with an increased risk of disease-
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related complications (Theilade, Lajer, Persson, Joergensen, & Rossing, 2013), a
decline in autonomic function (Liatis, et al., 2011), and a significantly increased risk
of developing atherosclerosis and CVD in later life (Shah, et al., 2015; Snell-Bergeon
&Nadeau, 2012).

2.2.2 Physical Activity and Arterial Health

An inverse association between physical activity and arterial stiffness has been
demonstrated for all popualtions (Ananey, et al., 2015; Endes et al., 2016; Sakuragi et
al., 2009), suggested to result from the anti-inflammatory nature of physical activity
and the promotion of nitric oxide bioavailability (Lessiani et al., 2016). All intensities
of physical activity have been reported to slow the progression of arterial stiffness in
adults, with the strongest correlation demonstrated between MVPA and central
stiffness (Ahmadi-Abhari et al., 2017; Ananey, et al., 2015). Specifically, MVPA is
most likely to be most beneficial, as higher intensities of movement and exercise are
associated with reducing oxidative stress and enhancing autonomic regulation of
smooth muscle tone. Subsequently, such improvements may lead to the prevention of
age-related stiffening (Bruno et al., 2012; Seals, Walker, Pierce, & Lesniewski, 2009).
The beneficial relationship between MVPA and arterial health has been further
supported by the absence of age-related increases in central stiffness in active adults
compared to their less physically active peers (Jakovljevic, 2018; Park, Park, Lim, &
Park, 2017; Tanaka, DeSouza, & Seals, 1998). In constrast to MVPA, whilst light-
intensity physical activity (LPA) has been found to reduce arterial stiffening, a greater
volume of LPA than MVPA was required to achieve a significant improvement, with
a larger effect of increases in LPA evident in individuals classed as “unfit” (Gando et
al., 2010). The more significant effect in the unfit may due, at least in part, to a
potentially less favourable arterial stiffeness, thus there may have been a greater
capacity for change in this group despite the same intensity of physical activity.
Additionall, cardiorespiratory fitness (CRF) is proposed to have a concomitant but
independent effect on the mechanisms associated with a more favourable arterial
stiffening profile (Mundwiler et al., 2017). Specifically, a high CRF can improve the
functional and structural capabilities of large arteries (Peng, Haldar, Deshpande, Irani,
& Kass, 2003), an effect resulting in improvements in central stiffening and suggested

to be mostly indepdendent of MVPA (Williams, 2001). However, those who accrue
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high volumes of MVPA could be postualted to be more likely to have a higher CRF
(Mundwiler, et al., 2017).

In children and adolescents, MVPA has been negatively associated with measures of
arterial stiffness, with higher physical activity levels associated with more favourable
age-related central stiffening (Edwards et al., 2012; Sakuragi, et al., 2009). A lower
risk of premature peripheral and central stiffening has been found in children who
accrued higher volumes of MVPA (>60 minutes), compared to more inactive peers
(<60 minutes of MVPA; Nettlefold, McKay, Naylor, Bredin, & Warburton, 2019).
Furthermore, research has demonstrated that LPA has little influence on decreasing
periperal stiffening in either healthy or high risk paediatric groups, including those
classified as overweight or obese, however, increases in MVPA and meeting
recommeneded volumes of this behaviour have been shown to be effective (Hawkins
et al., 2014; Nettlefold, et al., 2019). The lack of association of LPA with age-related
stiffening in children contrasts the effects of LPA in adults, indicating that a higher
intensity of movement is necessary to achieve change for this population. Low
intensities of physical activity may be less strongly associated with arterial stiffening
in children due to the inadepquate shearing stress associated with this intensity of
movement (Veijalainen et al., 2016). Indeed, previous research has highlighted that a
certain threshold of sheering stress, achieved with higher intensity physical activity,
may be necessary to promote increases in arterial compliance through promotion of
nitric oxide bioavailability and in the longer term a reduction in oxidative stress
(Ashor, Lara, Siervo, Celis-Morales, & Mathers, 2014). Furthermore, the differing
effects of physical activity between children and adults may also be explained, at least
in part, by the development of the parasympathetic nervous system (Méki-Petd;a, et
al., 2016). Specifically, the development of this system acts on smooth muscle tone a
factor in arterial compliance, therefore possibly influencing the strength of the
association of physical activity and arterial stiffness between children and adults

(Lacolley, Regnault, Segers, & Laurent, 2017)
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2.2.3 Autonomic Function

2.2.3.1 Autonomic Nervous System

The autonomic nervous system (ANS) is a network of nerves responsible for the
regulation of muscles and glands, independent of conscious control, including in the
pulmonary, cardiovascular, gastrointestinal, urinal and reproductive systems (Vinik,
et al., 2003). The ANS is divided into two main arms, the sympathetic and the
parasympathetic systems (Bankenahally, ST6 Anaesthesia, Krovvidi, & Consultant
Neuroanaesthetist, 2019). The parasympathetic system is responsible for maintaining
homeostasis and the rest, digest and repair state of the body, while the sympathetic
system is responsible for the stress response and the fight or flight state (Vinik, et al.,
2003). The ANS plays a major role in regulating the cardiovascular system, controlling
heart rate (HR), BP, and regulating vagus nerve activity in response to stimuli (Vinik
&Ziegler, 2007). The vagus nerve is a vital component of the parasympathetic system
which exerts continuous parasympathetic activity on the sinoatrial node, the internal
pacemaker of the heart (Bankenahally &Krovvidi, 2019). Increased vagus nerve
activity, or increased vagal tone, results in a reduction in HR and vasodilation of blood
vessels in the heart, as well as the lungs and gastrointestinal system. Sympathetic
activity acts on the vagus nerve, reducing vagal tone and thereby allowing HR to
increase and blood vessels to constrict (Bankenahally &Krovvidi, 2019). Therefore,
the parasympathetic and sympathetic systems act in an antagonistic but
complementary nature to provide balance, regulate HR and BP at rest, and in response
to stimuli (Hagglund et al., 2012). Indeed, a healthy cardiovascular function and
reduced risk of CVD is reliant on the balance between these two arms of the ANS

(Héagglund, et al., 2012; Vinik &Ziegler, 2007).

2.2.3.2 Influences on Autonomic Function

Age and sex have been found to impact autonomic function in both children and adults
(Abhishekh et al., 2013; Jensen-Urstad et al., 1997; Moodithaya &Avadhany, 2012).
During early childhood, the indicators of parasympathetic function increase,
regardless of sex, indicating a progressive development of the autonomic system
during this time (Silvetti, Drago, & Ragonese, 2001). Moving into adolescence,
indices of parasympathetic nervous activity stabilise, irrespective of sex, however a

progressive decrease in resting HR can be observed in both sexes possibly due to an

19



increase in stroke volume (SV) mediated by increases in left ventricular mass
(Armstrong &Welsman, 2019; Obert et al., 2005). Specifically, pubertal and post-
pubertal boys have a greater progressive decrease in resting HR resulting in a
consistently lower resting HR compared to girls, despite girls maturing at an earlier
age (Gasior et al., 2015; Silvetti, et al., 2001). Therefore, studies not accounting for
maturity, and relying solely on decimal or biological age, should be interpreted with
caution. Moreover, the sex-related differences in progression of decline in resting HR
have been attributed to the differences in autonomic function, with boys found to have
higher indicators of cardiac autonomic control than girls (Gasior, et al., 2015).
Moreover, research has found an association between age and declines in cardiac
autonomic function in adults, with a progressive decline throughout adulthood and a
subsequent increased risk of postural hypertension (Mancia &Grassi, 2014),
arrhythmia (Coumel, 1993) and progression towards CVD (Thayer, et al., 2010).
Therefore, dysfunction in the cardiac ANS is associated with a decreased longevity

and survival for older adults (Zulfigar, Jurivich, Gao, & Singer, 2010).

Environmental and lifestyle factors (Brotman, et al., 2007; Hu, Lamers, de Geus, &
Penninx, 2017; Jarczok et al., 2013; Skrapari et al., 2007), in addition to age (Ingall,
McLeod, & O'Brien, 1990), genetics (Skrapari, et al., 2007) and medical conditions
(Mirakhur &Walshaw, 2003; Nolan et al., 1998; Vinik, et al., 2003), have been shown
to have long-term effects on cardiac function and balance. Specifically, higher levels
of physical activity and sports participation have been associated with a lower resting
HR, suggesting an increased parasympathetic activity, in addition to improved
indicators of cardiac activity (respiratory sinus arrhythmia and pre-ejection period; Hu,
et al., 2017). In contrast, medical conditions, such as hypertension (Mancia &Grassi,
2014), metabolic conditions (Vinik, et al., 2003), obesity (Skrapari, et al., 2007) and
CVD (Thayer, et al, 2010), can also cause negative changes and premature
dysregulation in the balance of the ANS, most commonly resulting from damage to
the autonomic neurons, known as autonomic neuropathy (Vinik, et al., 2003).
Neuropathy can be a result of chronic hyperglycaemia occurring as a symptom for
those with diabetes mellitus, which can then progress to diabetic autonomic

neuropathy (Vinik, et al., 2003).
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2.2.3.3 Heart Rate Variability

Autonomic activity is most typically assessed non-invasively by measuring the
autonomic response to a stimulus. A typical method of non-invasive assessment is an
electrocardiogram (ECG) recording to obtain indicators of cardiac activity, including
resting HR, respiratory sinus arrhythmia, the pre-ejection period (Hu, et al., 2017) and
the variability of RR intervals (Acharya, Joseph, Kannathal, Lim, & Suri, 2006). All
of these measures are well utilised to give an estimation of autonomic activity,
however, a well-employed measure in research, and suggested to be potentially
clinically valid in early diagnosis of neuropathy in many populations, is heart rate
variability (HRV; Acharya, et al., 2006; Chessa, et al., 2002). HRV is based on the
variation between consecutive RR intervals during sinus rhythm, giving an estimation
of how the parasympathetic/sympathetic balance impacts the sinoatrial nerve and its
control of the heart rhythm (Butler, Yamamoto, & Hughson, 1994; European Society
of cardiology, 1996; Vinik, et al., 2003). Subsequently, RR intervals can be analysed
with the application of time and frequency domain methods, in addition to non-linear

techniques (Tarvainen, Niskanen, Lipponen, Ranta-Aho, & Karjalainen, 2014).

Good ANS function has been suggested to result in higher time, frequency and non-
linear HRV indices, indicating that the ANS and sinoatrial nerve respond well to
environmental stimuli (European Society of cardiology, 1996). In contrast, reduced
HRYV measures suggest an impairment in the ability of the ANS and sinoatrial nerve
to respond to internal and external stimuli (Butler, et al., 1994). Indeed, a reduced HRV
has been hypothesised to independently predict mortality in both healthy (Zulfiqar, et
al., 2010) and clinical populations, such as CVD (Colhoun, Francis, Rubens,
Underwood, & Fuller, 2001; Stein &Reddy, 2005), and T1D (Astrup et al., 20006),
independent of modifiable cardiac risk factors (Astrup, et al., 2006; Mirakhur
&Walshaw, 2003; Stein &Reddy, 2005). In addition, a reduction in time domain HRV
indices has been closely attributed to an increased arterial stiffening, often indicated
by an elevated pulse pressure, and exacerbated by hyperglycaemia (M. Jaiswal, et al.,
2013; Routledge, Campbell, McFetridge-Durdle, & Bacon, 2010). Despite the
associations of decline in HRV, for children decreases must be interrpreted with
caution, as HRV indices has been found to naturally decrease during maturation,
indicating the development of this system as opposed to impairment (Gasior, et al.,

2015; Silvetti, et al., 2001). Specifically, maturation-related decreases in resting HR
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have been attributed to time domain measures and the HF band which are reported to
demonstrate the greatest decrease during the process of maturation (Ggsior, et al.,
2015). Furthermore, sex-related differences have been demonstrated in the decrease of
both time domain measures and HF band attributed to the difference in resting HR
between boys and girls (Gasior, et al., 2015). Specifically, the higher resting HR
typically found in girls results in lower standardised HRV indices compared to boys
(Silvetti, et al., 2001), highlighting the need to HR normalisation when assessing HRV
(Gasior, et al., 2015).

While a healthy population may show a natural decline in autonomic function, chronic
conditions such as T1D are associated with premature declines in the ANS (Vinik, et
al., 2003). Indeed, it is common for diabetic patients to be characterised by poor
autonomic function, represented by a reduced HRV. Impairment in this system has
been linked to a possible increased risk in cardiovascular morbidity and other adverse
outcomes at a later stage in life (Astrup, et al., 2006). Furthermore, prolonged periods
of hyperglycaemia are suggested to have a negative impact on the function of the ANS,
possibly leading to autonomic damage (Chen, Lee, Chiu, & Jeng, 2008). This negative
effect is thought to occur as a result of a reduction in NO availability, a decrease in
vascular function, hyperosmolarity, and an increase in oxidative stress during
hyperglycaemia. The resulting damage to ANS can manifest as an altered vascular
structure and subsequent increases in arterial stiffness, as well as possible progression
towards neuropathy (Chen, et al., 2008). Specifically, in a paediatric diabetic
population, progression toward neuropathy is suggested to be represented by a
decreased standard deviation of RR intervals (SDNN) and root mean square of
successive differences (RMSSD), associated with a prematurely increased central and

peripheral stiffening (M. Jaiswal, et al., 2013).

2.2.4 Physical Activity and Autonomic Function

The relationship between HRV and physical activity has been postulated to be similar
to that of physical activity and arterial stiffness, with both time and frequency domains
increased in active compared to sedentary adults (Gutin et al., 2005; Jarczok, et al.,
2013; Rennie et al., 2003). Indeed, CRF and MVPA have both been found to be
strongly and indepdendently correlated to an elevated HRV and subsequently a
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possible decrease in risk of CVD (Rennie, et al., 2003; Routledge, et al., 2010;
Yamamoto, Hughson, & Peterson, 1991). Thus indicating that both arterial stiffening
and autonomic function may share common pathways both improved by being
physically activity and maintaining or improving CRF in adults. Furthermore,
evidence in adults suggests that age is associated with HRV, independent of physical
activity levels, as indicated by comparable rates of decline in autonomic function for

both active and sedentary adults (Davy, DeSouza, Jones, & Seals, 1998).

In children, accruing greater volumes of MVPA has been associated with an elevated
HRV (Nagai, Hamada, Kimura, & Moritani, 2004), improved cardiac autonomic
modulation (Nagai, et al., 2004), vascular health (Nettlefold, et al., 2019) and a
decreased risk of CVD (Ekelund et al., 2019). Specifically, MVPA, but not VPA alone,
has been associated with HRV indices of vagal tone, possibly indicating that there may
be an intensity threshold where higher intensities may be associated with limited
additional benefits (Oliveira, Barker, Wilkinson, Abbott, & Williams, 2017).
However, caution is required whern interpreting these findings as the lack of
assocation between autonomic function and VPA could be a result of variation in
methodologies between studies, such as long epoch lengths and sampling frequencies
of physical activity, which may underestimate the VPA undertaken by children
(Sanders, Cliff, & Lonsdale, 2014). The lack of association of VPA and HRYV indices
could also be due to the sample investigated accruing less VPA in comparison to MPA,
however this differences is not able to be explored as MVPA is presented as a
combination of MPA and VPA. The benefits of MVPA for HRV are further supported
by increases in parasympathetic activity as indicated by an elevated RMSSD and HF
at rest in those meeting physical activity guidelines compared to those who do not
(Cayres et al., 2015). Research has also shown the relationship between autonomic
function and physical activity in children to be mediated by maturation (da Silva,
Pereira, Cardoso, Moore, & Nakamura, 2014). Specifically, no association has been
reported between physical activity of any intensity and HRV in pre-pubertal children,
while pubertal and post-pubertal adolescents demonstrate a strong postive assocation
(da Silva, et al., 2014). Possible reasons for the differing associations according to
maturity status are the continuing development of this system during pre-adolescence,
as demonstrated by progressive increases in indices indicative of parasympathetic

activity, independent of sex (Silvetti, et al., 2001). However, in circa- and post-
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pubertal adolescents the progressive increases in HRV typically stabilise and
difference in indices of parasympathetic activity become sexually dimorphic with
lower HRYV indices observed in girls compared to boys (Gasior, et al., 2015). Thus,
the differing effects of MVPA on HRV according to maturity status may be attributed
to the development of the parasympathetic nervous system. Indeed, parasympathetic
development in prepubertal children may act more significantly than MVPA or the

system could be too immature for MVPA to have an effect.

2.2.5 Physical Activity, Cardiovascular Health and Type 1 Diabetes

In clinical populations, and especially chronic conditions including T1D, physical
activity is often recommended as part of clinical management to maintain functional
capacity, quality of life and reduce the risk of long-term complications or
comorbidities, such as CVD (Philpott, Houghton, & Luke, 2018). T1D is an
autoimmune disorder characterised by chronic hyperinsulinemia and a reliance on
exogenous insulin to maintain blood glucose homeostasis due to minimal or non-
existent insulin production in-vivo. This limited insulin production results from
immuno-inflammatory T-cell-mediated destruction of beta islet cells in the pancreas
and subsequent inability of muscle and hepatic cells to efficiently uptake glucose
(American Diabetes Association, 2010; Robertson, Adolfsson, Scheiner, Hanas, &
Riddell, 2009). While T1D predominantly presents during childhood or adolescence,
it can present at any age depending on the extent of autoimmune degradation of beta
islet cells and the residual insulin production (American Diabetes Association, 2010;
Snell-Bergeon & Nadeau, 2012). Given that there is currently no cure for T1D,
effective management, which revolves around three key elements (insulin, diet and
physical activity), is vital and must be tailored to each patient (NICE, 2015). Metabolic
or glycaemic control is maintained through the application of exogenous insulin via

various methods.

Insulin therapy by exogenous insulin can be categorised based on whether the time
action profile is short- or long-acting. Short-acting insulin acts quickly with a short-
action duration mimicking the insulin response to glucose absorbed from ingested food
or drink, whereas longer-acting insulin has a slower onset and a longer duration of

action, replicating the endogenous basal insulin released throughout the day (NICE,
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2020). Application of exogenous insulin is most typically applied through either
multiple daily injections or insulin pump therapy, involving continuous insulin
absorption (NICE, 2020). While insulin therapy is essential for those with T1D,
adverse effects can be associated with the process, with the primary negative effect
being hypoglycaemia (NICE, 2020). Glycaemic control on a day-to-day basis is
monitored with the use of a blood glucose monitor, which is supplemented by the
measurement of the percentage of HbAlc and lipid profile to determine long-term
control (NICE, 2015). Strict glycaemic control via insulin therapy has been associated
with improvements in insulin sensitivity (Kaul, Apostolopoulou, & Roden, 2015);
poor insulin sensitivity, or insulin resistance, is suggested to occur as a consequence
of increases in adipose tissue, dehydration and hyperglycaemia, as well as in response
to the physiological changes associated with puberty (Odegaard & Chawla, 2021).
Furthermore, the insulin counter-regulatory hormones (glucagon, adrenaline, cortisol
and growth hormone) released in response to hypoglycaemia, have also been proposed

to promote insulin resistance in those with T1D (Nishimura et al., 2011).

The primary consequence of a reduced insulin production is hyperglycaemia due to a
reduced glucose uptake and an increased glucose output by the liver, through
glycogenolysis and glucogenesis, exacerbated by irregularly high glucagon
concentrations in plasma (Greenbaum, 2002). Specifically, glucagon is often
abnormally increased as a result of a reduced glucose permeability of alpha islet cells
in the pancreas due to insufficient insulin. Consequently, glucagon production is
upregulated, mimicking the effect of low blood glucose levels. Additionally, the
metabolic disruption caused by a decreased level of insulin and high glucagon is
further confounded by the excess promotion of lipolysis and a suppression of
triglyceride synthesis, resulting in disproportionate lipid levels in the blood (Stanfield,
2012). A consequence of the over utilisation of lipids in metabolism, in particular fatty
acids, can be an over-production of ketones and ketosis (Stanfield, 2012), in addition
to impairing adenosine triphosphate (ATP) synthesis in muscle cells (Kaul et al.,
2015). Furthermore, the lack of insulin can result in disproportionate protein
catabolism due to the inhibition of protein synthesis, thereby causing muscle
weakness, interfering with tissue repair and retardation of a child’s normal growth
(Herbert & Sreekumaran Nair, 2010). Subsequently, the metabolic disruption

associated with the condition can negatively influence exercise tolerance, thereby
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possibly discouraging those with the condition to engage in physical activity due to
the additional effort necessary to achieve the same activity levels as non-diabetic peers

(Colberg, Laan, Dassau, & Kerr, 2015).

Physical activity for those with TID has been found to aid in the maintenance of
glycaemic control by improving insulin receptor sensitivity in skeletal muscles and the
liver, thereby increasing insulin sensitivity and reducing the risk of glycaemic
extremes (Chimen et al., 2012). Indeed, minimising chronic hyperglycaemia is
evidenced to slow premature increases in arterial stiffness due to improvements in
nitric oxide bioavailability, thereby reducing long-term risk of hypertension,
atherosclerosis and CVD (Snell-Bergeon &Nadeau, 2012). In addition to its role in
regulating blood glucose, the anti-inflammatory nature of physical activity may also
slow the progression of beta cell degradation in newly diagnosed T1D adults (Lascar
et al., 2013), which could promote prolonged endogenous insulin production. This is
highly important as prolonging endogenous insulin production may decrease the
likelihood of extremes in blood glucose, thereby significantly reducing complications
such as neuropathy, retinopathy and damage to blood vessels (Lascar, et al., 2013).
However, the influence of physical activity on progression of beta cell degradation in

child-onset T1D has yet to be elucidated.

The current adult and child recommendations for physical activity in T1D are the same
as the general population (Chimen, et al., 2012). However, in general, adults, children
and adolescents with T1D have been found to accrue significantly less MVPA when
compared to non-diabetic peers, irrespective of glycaemic control (de Lima, et al.,
2017). Failure to meet the recommended volume of physical activity for this
population (Chief Medical Officers, 2019) is associated with an increased insulin
resistance, an increased necessity for exogenous insulin and significant risk of long-
term complications, including hypertension, DAN and all-cause mortality (Valerio et
al., 2007). Furthermore, these negative effects in chronic conditions, and general
populations, can be compounded by an increased time spent sedentary (Thivel et al.,
2018). Reasons for accruing less MVPA are complex and typically include anxiety
around hypoglycaemia, a lack of knowledge of how to compensate for different
activities, and a reported fear of losing control of their diabetes (Brazeau, Rabasa-

Lhoret, Strychar, & Mircescu, 2008). While de Lima et al (2017) found children with
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T1D engaged in significantly less MVPA, they did however, have significantly higher
levels of LPA, indicating that children with this condition are not necessarily inactive,
but engage in physical activity at a lower intensity. Although less is known regarding
the benefits of lower intensities of physical activity in T1D, the current understanding
indicates that all physical activity, irrespective of intensity, may enhance health

(Haapala, et al., 2016; Stone, Rowlands, Middlebrooke, Jawis, & Eston, 2009).

Whilst all intensities of physical activities have the potential to be beneficial for health,
not all intensities of physical activity, nor patterns of accrual, are equal for metabolic
control and risk of cardiovascular complications for children with T1D (Edmunds,
Roche, & Stratton, 2010). Specifically, Edmunds et al. (2010) found that despite
diabetic children accruing 60 minutes of MVPA per day, this did not result in a more
favourable glycaemic control, CRF or adiposity than those who accrued MVPA in
shorter bouts. The lack of favourable influence for children with T1D is proposed to
be a consequence of time in MVPA being accrued in short bouts as opposed to
sustained periods at a given intensity (Edmunds, et al., 2010). Subsequently, shorter
bouts of moderate-to-vigorous physical activity may be insufficient to influence
insulin sensitivity and glycaemic control (Colberg et al., 2016; Landt, Campaigne,
James, & Sperling, 1985). However, the lack of association between MVPA and
glycaemic control reported by Edmunds et al. (2010) could also be a consequence of
participants in this study being characterised by relatively good glycaemic control,
therefore the influence of physical activity may differ in those with poorer control but
further research is required to elucidate this (NICE, 2015). Research has however
proposed sporadic high-intensity bouts of exercise to have an acute stabilising effect
on blood glucose, thereby reducing the risk of extremes in glycaemic variability
(Yardley et al., 2013). Consequently, more habitual participation in VPA may exert a
greater influence on glycaemic control and cardiovascular health than MPA for
children with T1D, with shorter bouts of VPA alone possibly providing similar
benefits to sustained bouts of MVPA. However, the independent influence of VPA for
children with T1D remains to be elucidated, as research predominantly combines
moderate and vigorous physical activities and does not explore the whole intensity
spectrum (Rowlands et al., 2018), thereby precluding the elucidation of the effect of

individual intensities on health.
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2.2.6 Maturation, Growth and Cardiovascular Health

Puberty is a period during which a child progresses towards the attainment of
adulthood and involves substantial physiological, developmental and neurological
changes that affect linear growth, body composition and mental functioning (Coupal
et al., 2019). In addition to significant growth in height, noticeable changes in sexual
maturation occur, with development to the genitals and the breasts, as well as changes
in the bone, renal, immune and cardiovascular systems (Rogol & Roemmich, 2002).
The pubertal process is controlled by the hypothalamic pituitary gonadal (HPG) axis,
with the hypothalamus releasing gonadotropin releasing hormone (GnRH) to stimulate
the anterior pituitary gland to release follicle-stimulating hormone and luteinising
hormone (Loomba-Albrecht & Styne, 2012). Whilst the cause of the onset of HPG
axis maturation remains contentious, one suggestion is that puberty is initiated by an
increase in the production and release of FSH and LH, thereby stimulating the sex
organs to produce the sex hormones: oestrogen, progesterone and testosterone.
Commencement of the production and release of sex hormones initiates changes in
linear growth and body composition (Breehl & Caban, 2020; Loomba-Albrecht &
Styne, 2012).

Significant increases in growth during the pubertal period, known as the pubertal
growth spurt, are a result of a multifaceted interaction between sex hormones, growth
hormone and insulin-like growth factor 1 (IGF-1). Specifically, the increases in
testosterone, which is converted to oestradiol in girls, causes a rise in growth hormone
production and release from the pituitary gland, subsequently stimulating a rise in IGF-
1 (Breehl & Caban, 2020; Loomba-Albrecht & Styne, 2012). The pubertal process is
also associated with rapid weight gain through sex-specific muscle development and
deposition of fat, with approximately half of adult body weight being gained during
this time (Rogol, Clark, & Roemmich, 2020).

Female and male sex hormones have been suggested to modulate large artery stiffness
(Marlatt et al., 2013). Evidence indicates androgens, in particular testosterone, have a
protective effect on the cardiovascular system and influence cardiovascular
homeostasis (Coupal et al., 2019; Lyrio dos Santos, Braganga da Silva, Faustino
Ribeiro Jr, & Stefanon, 2014). Furthermore, sex hormones are thought to be involved

in the acute control of vascular function, specifically regarding the vascular smooth
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muscle (Nettleship, Jones, Channer, & Jones, 2009; Traish, Guay, Feeley, & Saad,
2009). Indeed, oestrogen, progesterone and testosterone promote endothelium-
dependent mechanisms of vascular dilation and prevent mechanisms of vascular
smooth muscle contraction (Maranon & Reckelhoff, 2013). Furthermore, increases in
oestrogen, thyroid, and growth hormones, as well as insulin and IGF-1, during puberty
promote vasodilation and decrease blood volume, possibly intensified by increases in
progesterone, found to suppress catecholamine release and sympathetic outflow
(Coupal et al.,, 2019). Interactions between pubertal hormones are important to
understand as whilst growth hormone is a vasodilator it has also been found to promote
insulin resistance (Palmeiro et al., 2012) while, in contrast, IGF-1 acts in a similar
manner but enhances insulin sensitivity (Kelsey & Zeitler, 2016). The action of growth
hormone has as such been intimated as a possible cause of the considerable decrease
in insulin sensitivity that occurs during puberty (Kelsey & Zeitler, 2016). In addition
to vascular health, puberty is also associated with significant changes in autonomic
function and regulation of the cardiovascular system, as demonstrated by decreases in
markers of vagal tone, increases in endothelial function and blood pressure post
puberty (Deda, Sochett, & Mahmud, 2015; Tanaka et al., 2000). Subsequently,
upregulation of pubertal hormones has been indicated to potentially increase

susceptibility to cardiovascular autonomic dysfunction (Coupal et al., 2019).

Finally, adolescence is a period of psycho-social and behavioural change that may be
consequential to the hormonal and neurological changes occurring during the
maturational process. In particular, the maturational process is associated with changes
in sleep and fatigue, mood swings, changes to social behaviour and increases in
cognitive development (Coupal et al., 2019). Furthermore, this behavioural change is
reflected in the volume of physical activity and sedentary time, with sedentary time
and physical activity found to increase and decrease, respectively, with increasing

maturity (Farooq et al., 2018).

2.3 Sedentary Time
Sedentary time is distinctly different from inactivity, which is defined as levels of
activity that do not meet the recommended guidelines for physical activity (Sedentary

Behaviour Research Network, 2012). While the terms sedentary behaviour and
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inactivity have been, and are still often, used interchangeably this distinction is
important as a person could be classed as both active and sedentary, thereby meeting
physical activity guidelines, but also spending a large proportion of their time

sedentary, and vice-versa (Sedentary Behaviour Research Network, 2012).

The trend of increasing sedentary time across the world in all populations (Colley et
al., 2011; Health and Social Care Information Centre, 2008; Matthews et al., 2008) is
attributed to the rise of sedentary modalities of travel and sedentary employments, as
a result of advancements in technology and multimedia use (Colley, et al., 2011;
Health and Social Care Information Centre, 2008; Matthews, et al., 2008). Time spent
in sedentary pursuits has been closely associated with health, independent of physical
activity, including, but not limited to a range of health markers including, adiposity,
insulin resistance, triglycerides and predictors of CVD (Borodulin, et al., 2015;
Carson, et al., 2014; G. N. Healy, et al., 2008; Koster, et al., 2012). These deleterous
physiological effects are subsequently linked to decreases in aerobic capacity,
muscular hypotrophy, promotion of triglycerides and LDL-c in the lipid profile,
increased inflammatory markers, and endothelial dysfunction (Warren, et al., 2010;

Wilmot, et al., 2012).

2.3.1 Sedentary Time in Children and Adolescents and Cardiovascular health

In the paediatric population, sedentary time is an increasingly worrying issue, with
children found to spend approximately 40-60% of waking hours in sedentary pursuits
(Saunders, et al., 2014). Furthermore, a negative correlation between age and the
breaks in sedentary time has been demonstrated in the general paediatric population
(Carson &Janssen, 2011; Saunders, et al., 2014). However, total sedentary time has
been found to remain relatively consistent, suggesting sedentary time is accrued in
more prolonged bouts with age (Carson &Janssen, 2011; Saunders, et al., 2014).
Prolonged sedentary time, defined as an extended period sedentary with no
interruptions (Tremblay et al., 2017), includes multimedia use and has been
independently correlated with risk factors of both cardiovascular and metabolic
conditions, with the most significant relationship found in obese children and
adolescents (Carson &Janssen, 2011). Interestingly, many of the negative effects

associated with prolonged sitting time accrued through multimedia use have not been
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demonstrated when compared to prolonged sitting associated with reading or during
school time (Saunders, et al., 2014). Consequently, the concomitant behaviours of
multimedia use, such as little posture change for prolonged periods, few breaks and
high calorie intake, may be the cause of the observed negative effects (Saunders, et al.,
2014). Specifically, a period of greater than 15 minutes of sedentary time has been
independently associated with a greater body mass index (BMI), waist circumference,
and a more unfavourable lipid profile (Wijndaele et al., 2019). Furthermore, these
prolonged periods of sedentary time in children and adolescents have also been
associated with premature adverse changes in vascular markers of central stiffness,
aPWV and Alx, indicating an increased risk towards CVD in later life (Haapala, et al.,
2016; Horta et al., 2015).

The proposed mechanisms by which chronic prolonged periods of sedentary time may
promote impairment in vascular health are long-term decreases in stroke volume, as a
result of increases in resting HR, linked to negative changes in sheering rate and
antegrade blood flow (Thosar, Bielko, Mather, Johnston, & Wallace, 2015; Thosar,
Johnson, Johnston, & Wallace, 2012). Subsequently, these changes are attributed to a
decrease in NO bioavailability causing the promotion of negative structural
adaptations in large and peripheral arteries, with an imbalance between collagen and
elastin thereby promoting premature stiffening (Thosar, et al., 2015). Furthermore,
time spent sedentary has been associated with increases in inflammation, an
unfavourable lipid profile and negative changes in insulin resistance (Sardinha et al.,
2008), found to act in a deleterious manner on arterial health (Zieman, et al., 2005).
Whilst the mechanisms associated with prolonged sedentary time are proposed to elicit
change in arterial stiffening measure, contradictory evidence is also presented that time
spent sedentary in children has little to no adverse effect on arterial compliance
(Haapala, et al., 2016). Inter-study differences in the association of sedentary time with
arterial health may be a consequence of differences in maturity of the participants in

each study, as well as differing durations and frequencies of sedentary bouts observed.

In the paediatric literature, sedentary time has been weakly associated with arterial
measures in post-pubertal adolescent (Fujiwara et al., 2018), but no associations were
present in samples of pre-pubertal and pubertal children (Haapala, et al., 2016; Haapala
et al., 2017; Nettlefold, McKay, Naylor, Bredin, & Warburton, 2012; Veijalainen, et
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al., 2016). The differences in association of time in this behaviour may therefore be
due to the development of arterial health between pre-puberty and post-puberty, but
also a consequence of possible changes in the behaviours that make up the total time
spent sedentary. Indeed, pre-pubertal children have been reported to spend less time
sedentary using multimedia, in comparison to pubertal and post-pubertal (Saunders, et
al., 2014). Moreover, progressing into adolescence has been associated with a
significant reduction in the regularity of breaks in sedentary time, further attributed to
significant increases in multimedia use (Carson, et al., 2014; Saunders, et al., 2014).
Therefore, the differences in concomitant behaviours associated with multimedia use
may be the cause of the more significant negative changes in arterial health observed
with sedentary time in more mature populations (Saunders, et al., 2014). Whilst
maturation may contribute to differences in the association between sedentary time
and arterial health, it is pertinent to note that the studies on which the understanding is
based use a range of methods to quantify arterial compliance and sedentary time, likely
further confounding this relationship (Konigstein, Klenk, Appenzeller-Herzog,
Hinrichs, & Schmidt-Truckséss, 2020). Further research is therefore required to

elucidate the relationship between sedentary time and arterial health in youth.

Evidence regarding the specific influence of sedentary time on autonomic function in
childhood is limited (Oliveira, Barker, & Williams, 2017), but the current evidence
indicates sedentary time to be independently associated with deleterious changes in
cardiac autonomic regulation (Veijalainen, et al., 2019). Specifically, sedentary time
is negatively associated with HRV indices representative of parasympathetic
activation, RMSSD and high frequency (HF), accounting for physical activity, CRF,
and maturity offset (Veijalainen, et al., 2019). The negative association of sedentary
time with HRV implies time in this behaviour acts in a deleterious manner on vagal
tone, postulated to be attributed to prolonged sympathetic activation resulting in
increases in resting HR, BP and a decreased stroke volume (Hughson &Shoemaker,
2015). Moreover, the negative influence of sedentary time was further corroborated
by Farah et al. (2020), who found increased recreational sedentary time to act in a
deleterious manner on parasympathetic activity in adolescents. However, contrary
findings in adolescents suggest device-based assessment of sedentary time was not
independently associated with parasympathetic activation (Oliveira, Barker, &

Williams, 2017). Such discrepancies may be a consequence of methodological
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differences in quantifying time spent sedentary (i.e. subjective versus accelerometer-
based), despite all studies using short-term HRV to estimate cardiac autonomic
modulation (Oliveira, Barker, & Williams, 2017). In particular, two of the three studies
supporting the negative effects of sedentary time quantified time spent sedentary using
questionnaires, which, despite being validated, have been indicated to underestimate
actual time in this behaviour (Dollman et al., 2009). In comparison, Veijalaninen et al.
(2019) and Oliveira et al. (2017), employed HR and accelerometry, and accelerometry
respectively, to quantify sedentary time. Whilst there are limitations associated with
accelerometer-based quantification of sedentary time, as those without inclinometers
may misclassify time between sedentary time and LPA, the more objective
understanding of this time is still likely be more reliable than questionnaires (Byrom,
Stratton, Mc Carthy, & Muehlhausen, 2016). Taken together, the true extent of the

relationship between sedentary time and vagal tone remains to be fully established.

2.3.2 Sedentary Time in children with Type 1 Diabetes

In chronic disease, specifically T1D, the burden of the condition is often found to lead
to increased periods of sedentary time, with diabetic children found to have
significantly less breaks in this time when compared to non-diabetic peers (Czenczek-
Lewandowska, Leszczak, Weres, et al., 2019). Prolonged periods of sedentary time
for those with T1D have been linked to increases in insulin resistance, long-term
dyslipidaemia and declines in CRF (Michaliszyn &Faulkner, 2010). Furthermore,
screen time, > 3 hours per day independent of total sedentary time for children with
T1D, have been significantly associated with increases in HbA 1¢ and the serum lipids,
triglycerides and LDL-c (Li et al., 2015b). Subsequently, many of the negative effects
of sedentary time may be attributed to the concomitant behaviours associated with
sedentary behaviours, such as screen time (Saunders, et al., 2014). Furthermore, the
increase in HbAlc, more unfavourable lipid profile and insulin resistance associated
with prolonged time in these behaviours, are subsequently linked to an increased
likelihood of glycaemic extremes (Greenbaum, 2002; Nadeau et al., 2010). A
persistently elevated blood glucose, in addition to an unfavourable lipid profile, have
been linked to premature increases in arterial stiffening (Obermannova, et al., 2017,
Shah, et al., 2015; Urbina, et al., 2019) and autonomic decline (M Jaiswal et al., 2013;

Vinik, et al., 2003). However, no studies have explored the direct association between
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sedentary time, arterial stiffness and autonomic function in a paediatric diabetic
population. Given the independent negative health associations of prolonged sedentary
time in otherwise-healthy children, more research is necessary to explore these
interactions in the paediatric T1D population with the aim of identifying meaningful

relationships and targets for intervention.

2.3.3 Guidelines for Time Spent Sedentary

The most recent UK physical activity guidelines for health in children and adults
include recommendations for all ages to reduce and break up extended periods of
sedentary time with light to moderate physical activity, with the aim to reduce, or
offset, the negative effects associated with this time (Chief Medical Officers, 2019).
However, there is no guide as to the necessary frequency of breaks or at what duration
LPA should be performed to offset the negative associations of sedentary time (Chief
Medical Officers, 2019). This part of the guideline has not changed since the previous
recommendations, likely due to the lack of conclusive evidence with regards to
offsetting the negative effects of sedentary time. Indeed, whilst the evidence is clear
that reducing and breaking up prolonged periods of sedentary time is beneficial
(Benatti &Ried-Larsen, 2015; Keadle, Conroy, Buman, Dunstan, & Matthews, 2017),
what is less clear is how frequent and the duration of interruptions in this time required

to reduce these negative associations (Benatti &Ried-Larsen, 2015).

The current understanding of breaking up sedentary time in adults indicates that as
frequency of breaks in this time increases, concomitant decreases, independent of total
sedentary time and MVPA, are demonstrated in of a range of cardiometabolic risk
factors, including decreases in systolic and diastolic BP (Carson, et al., 2014), waist
circumference (Carson, et al., 2014; G. Healy et al., 2008), triglycerides (G. Healy, et
al., 2008; Henson et al., 2013), and increases in glucose tolerance and high density
lipoprotein (HDL-c; G. Healy, et al., 2008; Henson, et al., 2013). However, in children,
whilst the number of breaks in sedentary time per day was not associated with any
cardiometabolic risk factor, a longer duration of daily breaks in this time were linked
to a decreased risk of adiposity and a higher diastolic BP (Bailey, Charman, Ploetz,
Savory, & Kerr, 2016). The differences according to daily breaks in sedentary time

could be indicative of the effects associated with a decreased total sedentary time or
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possibly an increased physical activity, highlighting the need to explore the relative
effects of sedentary time and physical activity relative to movement behaviours in a
day (Chastin, et al., 2015) Whilst the majority of evidence supports that sedentary time
has a negative effect on cardiometabolic health, the differing findings with regards to
interrupting this time between children and adults indicates possible differences in
patterns of accumulation for sedentary time. Indeed, children have been proposed to
accumulate sedentary time in bouts of a shorter duration compared to adults and
subsequently may break up this time more frequently (Altenburg et al., 2015). In
addition to breaking up prolonged periods of sedentary time evidence has also
indicated that reducing time in this behaviour can slow the accrual of associated
negative health effects in both children and adults (Keadle, et al., 2017). Meeting the
physical activity guidelines, or above, is suggested to ameliorate the negative effects
of extended periods of sedentary time (Alves et al., 2016; Wilmot, et al., 2012).
However, many studies have refuted this suggestion and found that the deleterious
associations of sedentary time remain independent of physical activity (Chaput et al.,
2012; Koster, et al., 2012; Thorp, Owen, Neuhaus, & Dunstan, 2011). Therefore, the
effects of both behaviours may be distinct and highlights that more evidence is needed
to elucidate how sedentary and active behaviours interact, within the confines of each

day.

2.4 Accumulation of physical activity and sedentary time

Current research suggests that the manner in which sedentary time and physical
activity are accumulated per day influences health (Bailey, et al., 2016; Boerema, van
Velsen, Vollenbroek, & Hermens, 2020; Vasankari et al., 2017). Specifically, different
patterns of accumulation, which add up to the same total volume of time spent in each
movement behaviour per day, may have different effects on indicators of health
(Hnatiuk, Lamb, Ridgers, Salmon, & Hesketh, 2019; Porter, Matthews, Salvo, & Kohl,
2017). As such, investigating the total time in isolation would not reveal such patterns
or effects. For example, the manner of accumulation of total physical activity and
sedentary time may significantly differ between individuals who are identified as
similarly active and sedentary but show significant differences in frequency and

duration of active and sedentary bouts (Figure 2.2). Consequently, despite
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accumulating similar volumes of physical activity and sedentary time, the health

association of these patterns of accumulation may differ.

Bl Sedentary Time
0 Physical Activity

[ T T T T 1

0 20 40 60 80 100
Percentage of the day

Figure 2.2.. An example demonstrating distinct patterns of physical activity and

sedentary time accumulation between individuals A and B.

The accumulation of physical activity is further complicated by the potential tendency
to compensate for a lack of, or excessive, physical activity, by accruing more or less,
respectively in the following days or periods (Gay, Buchner, Smith, & He, 2017).
Specifically, the theory of physical activity compensation, or the ActivityStat
hypothesis, proposes that physical activity fluctuates around a mean and therefore
remains relatively constant over time (Rowland, 1998). The ActivityStat is postulated
to impact accumulation and subsequent health effects, both positive and negative
(Gomersall, Rowlands, English, Maher, & Olds, 2013b), and is hypothesised to be a
factor in the effectiveness of physical activity for adults and children (Gray, Murphy,
Gallagher, & Simpson, 2018; Ridgers, Timperio, Cerin, & Salmon, 2014). Research
has found children who engage in 10 additional minutes of LPA and MVPA,
demonstrated a concomitant reduction of 5 and 25 minutes, respectively, the following
day, with a similar effect observed for sedentary time (Ridgers, et al., 2014). Moreover,
Wilkin et al (2006) found little difference in overall physical activity levels, despite
large differences in school-based activities and active travel to and from school.
Conversely, Dale et al. (2000) reported a minimal increase in additional physical

activity, despite restriction of school-based activities in primary school children.
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Whilst in adults there is less evidence to support or refute the hypothesis, the existing
studies suggest a similar lack of consensus with regard to the compensation effect in
physical activity (Lynch, Corbin, & Sidman, 2009; Nooijen et al., 2018). As such, the
current understanding of the compensation effect remains equivocal, not least as it is
predominantly based on cross-sectional studies (Gomersall, et al., 2013b). Whilst these
cross-sectional studies are important to advance our understanding of possible
associations (Gomersall, et al., 2013b), the observational nature of these studies
precludes conclusions from being drawn regarding the cause and effect of the
associations observed (Baggett et al., 2010; Frémeaux et al., 2011; Goodman, Mackett,
& Paskins, 2011; Lynch, et al., 2009; Rowlands, Pilgrim, & Eston, 2009; Wickel
&Eisenmann, 2007; Wilkin, et al., 2006). Furthermore, these studies only explored the
effect in physical activity, with the other movement behaviours in a day that can
influence physical activity not accounted for. Subsequently, evidence surrounding the

existence of a compensation effect in children and adults remains unclear.

2.4.1 Compensation Effect in Physical Activity

Whilst a compensation effect is a possible influence on how physical activity is
accumulated, physical activity can be further influenced by numerous factors,
including the type of day (Kristensen et al., 2008; Matthews, Ainsworth, Thompson,
& Bassett, 2002), season (Atkin, Sharp, Harrison, Brage, & Van Sluijs, 2016;
O'Connell, Griffiths, & Clemes, 2014), random incidents (Rowlands et al., 2015), the
Hawthorne effect (Bravata et al., 2007), and the natural fluctuations of physical
activity behaviour (Shang, Duan, Huang, & Brehm, 2018). As a consequence of
variance associated with accumulation of physical activity, differences in patterns of
accumulation between populations have been observed. Specifically, children have
been found to accrue physical activity in more high-intensity, sporadic bursts
throughout the day (Janssen &Leblanc, 2010), but the overall the pattern is likely
predictable especially during school time, due to daily and weekly routines.
Conversely, adults accumulate physical activity in longer, structured periods of lower
intensities, often in a less predictable manner (Livingstone, Robson, Wallace, &
McKinley, 2003). Taken together, these differences in physical activity accumulation

highlight the need to account for behavioural variation when quantifying habitual
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physical activity, while acknowledgement of such variation is an important

consideration to identify targets for intervention.

2.4.2 Physical Activity and Sedentary Time Composition

When considering the behaviours of accumulation and compensation, the constraints
of the 24-hour period and how this time is made up need to be considered. Specifically,
the finite 1,440 minutes within a day are spent in one of four major behaviours: sleep,
sedentary time, LPA or MVPA (Stefelova, et al., 2018). As these behaviours create a
ratio within the day, a change in one of these components leads to a change in one, or
more, of the others (Stefelova, et al., 2018). For example, if time spent in MVPA is to
increase, this would necessitate a decrease in sleep, sedentary time and/or LPA, in
order for the total day to remain at 1,440 minutes. An understanding of how physical
activity behaviours and sleep interact is an important consideration, especially when
exploring the association between physical activity and health. Furthermore, when
exploring this association, traditional statistics, such as linear regression, assume
independence between all covariates (Pearson, 1896). However, the co-dependent
nature of movement behaviours within a day violates this assumption of independence,
highlighting the need for compositional analyses which can account for this

dependence (Chastin, et al., 2015).

Compositional analyses have recently been applied to physical activity data in order
to explore how these compositions of time relate to health, in addition to the prediction
of change in health outcome, depending on a change in ratios of physical activity
behaviours (Chastin, et al., 2015). Interestingly, research with the compositional
technique has demonstrated that while MVPA often makes up the smallest proportion
of the day, small changes in this behaviour can have significant impacts on various
health outcomes (Chastin, et al., 2015). Specifically, research has shown that
substituting 10 minutes of MVPA with any other behaviour for children and
adolescents resulted in the greatest deleterious effect on cardiometabolic and obesity
risk (Carson, Tremblay, Chaput, & Chastin, 2016). Conversely, substituting time from
sedentary to VPA was found to have the greatest positive change in cardiometabolic
measures, reducing the risk of obesity and cardiometabolic complications later in life

(Stefelova, et al., 2018). In adults, the greatest positive effects on health were observed
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with the reallocation of time from sedentary to MVPA, reducing cardiometabolic risk
and identifying a key target for intervention (Chastin, et al., 2015). However, whilst
predictive modelling can give insights as to possible influence of change, limitations
to the interpretation of these findings must be acknowledged. Specifically, the
predictive changes observed are based on the average composition of the population,
therefore, the changes observed may not be generalisable. Furthermore, predictive
modelling gives no indication as to whether the predictive changes may be acute or

chronic, or the duration of change in behaviour necessary to achieve such a change.

Whilst recent studies employing compositional analyses have revealed valuable
insights regarding the effect of the movement composition, in addition to the relative
effects of individual movement behaviours, these studies are based on a single seven
days of accelerometer-based monitoring (Carson, et al., 2016; Chastin, et al., 2015;
Stefelova, et al., 2018). Specifically, seven days of monitoring have been proposed to
be insufficient to account for behavioural variation in physical activity (Bergman,
2018; Shephard, 2017), thereby possibly under- or over- estimating habitual physical
activity and movement behaviours within these compositions. Subsequently, the
associations between habitual movement behaviours and health outcomes remain to
be fully elucidated. Therefore, the use accelerometer derived physical activity derived
from longer measurement durations could not only provide a potentially more reliable
understanding of the movement composition, but could also provide insight as to
possible variation in the movement compositions over time. Indeed, the compensation
effect in physical activity and the fluctuations associated with this behaviour
(Gomersall, et al., 2013b; Shang, et al., 2018) would therefore result in concomitant
changes in sedentary time, LPA and sleep due to the bounded nature of this data.
Moreover, this analysis technique has only been used in a limited range of populations,
such as healthy children and adolescents (Carson, et al., 2016; Stefelova, et al., 2018),
adults (Chastin, et al., 2015; Dumuid, et al., 2018) and those at risk of T2D (Swindell
et al., 2020); further exploration of the movement composition is therefore warranted
in other populations. Indeed, compositional analysis could further our understanding
of physical activity compositions in and between different populations, with a reduced
likelihood of anomalous correlations and less influence of outliers (Chastin, et al.,

2015; Stefelova, et al., 2018). Moreover, such a technique would be highly valuable
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when devising interventions as the ability to predict health outcomes can suggest

specific changes to give a greater effect on health outcomes (Chastin, et al., 2015).

2.5 Physical Activity and Sedentary Time Monitoring

Fundamental to addressing the issue of inactivity and gaining a greater understanding
of how physical activity and sedentary time influence health, is the ability to accurately
quantify and interpret physical activity and sedentary time across the lifespan. The
accurate assessment of physical activity is imperative to understand how physical
activity, such as the volume and intensity, is an independent predictor of risk for
cardiovacular disease, in both general and clincial populations (Andersen et al., 2006;
Borodulin, et al., 2015; Chastin, et al., 2015). Moreover, an accurate representation of
physical activity and sedentary time is critical to subsequently inform future
interventions seeking to reduce the risk of long-term health conditions. However,
physical activity and sedentary time, irrespective of the population, are inherently hard
to quantify. It is not only important to consider the behavioural variation within and
between populations, but to understand the challenges associated with obtaining an

accurate reflection of true habitual movement patterns (Rowlands, et al., 2018).

2.5.1 Subjective Measures of Physical Activity and Sedentary Time

Subjective measures, such as self-report questionnaires, which are low cost and
relatively easily implemented for large scale studies (Besson, et al., 2010), are the most
widely available method of quantifying physical activity and sedentary time.
Consequently, subjective, population-based, data has previously been utilised to
inform guidelines regarding the volume, and intensity, of physical activity necessary
to attain health-associated benefits (Chief Medical Officers, 2019; Haskell et al., 2007,
Office of Disease Prevention and Health Promotion, 2008). There are numerous
validated physical activity questionnaires (Helmerhorst, Brage, Warren, Besson, &
Ekelund, 2012; Hidding, Chinapaw, van Poppel, Mokkink, & Altenburg, 2018;
Silsbury, et al., 2015), with one of the most widely utilised being the international
physical activity questionnaire (IPAQ; Craig et al., 2003). Questionnaires of this type
ask individuals to recall activities over a specific period of time to provide an overview
of the perceived time spent in each intensity of physical activity (Craig, et al., 2003;
Sirard &Pate, 2001). The IPAQ, and, indeed, equivalent measures, have been
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demonstrated to provide an insight into physical activity and sedentary time, with good
repeatability but questionable validity in comparison to more objective measures
(Craig, et al., 2003). Furthermore, subjective measures of this type have been found to
underestimate physical activity and sedentary time due to recall bias (Besson, et al.,
2010). Therefore, earlier physical activity guidelines may have underestimated the

volume of physical activity required to attain health-associated benefits.

2.5.2 Accelerometers

Subjective measures for quantifying physical activity and sedentary time are valuable
for large-scale population studies, however, to achieve a more in-depth representation
of movement behaviours objective measures are needed. Objective, or accelerometer-
based, measures of physical activity are now widely used in research, to quantify
bodily movement (Karas et al., 2019). Accelerometers provide the opportunity to
accurately and reliably monitor habitual physical activity, in addition to obtaining
information about bout duration, intensity, frequency, and volume, for up to 35 days,
depending on the specific model and recording resolution (Hills, et al., 2014). Modern
accelerometers are able to record movement acceleration in three axes at > 100 Hz
(Cain, et al., 2013), and have therefore substantially evolved from early uni-axial
accelerometers that commonly utilised 60s epochs (Brage, Wedderkopp, Bo Andersen,
& Froberg, 2003). The use of accelerometery, however, can be costly and labour
intensive in large scale population studies, due to the number of devices necessary
(Lee &Shiroma, 2014). Furthermore, accelerometery can only be used to estimate EE
and the intensity of physical activity, as whole body movement is not quantified and

no context of movement is obtained (Cain, et al., 2013).

Recent advances in accelerometer design have led to an increasing focus on the
optimal placement for accelerometers. Hip-worn accelerometers are well validated and
suggested to be reliable for use in children (Rowlands et al.,, 2014) and adults
(Montoye, Pivarnik, Mudd, Biswas, & Pfeiffer, 2016), providing a good estimation of
physical activity, sedentary time and EE (Lynch et al., 2019). However, hip-mounted
monitors have been found to underestimate physical activity due to the lack of account
for upper limb movement, in addition to the inconvenient accelerometer placement

resulting in a lower compliance in comparison to wrist-worn devices (Fairclough et
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al., 2016; McLellan, Arthur, & Buchan, 2018). Conversely, wrist-worn accelerometers
are increasingly utilised due to their associated compliance, as well as demonstrating
greater accuracy in estimating free-living activity (Fairclough, et al., 2016; McLellan,
et al., 2018; Scott et al., 2017). However, wrist-worn devices have been found to be
less accurate at predicting EE, compared to devices worn on the hip, and cannot
distinguish between inactivity and sedentary time (Kerr et al., 2017). Furthermore,
wrist-worn devices have been shown to underestimate certain activities, such as
cycling (Lynch, et al., 2019). Whilst it would seem intuitive to increase accuracy
through multiple placements, Mackintosh et al. (2016) found that there was no
significant improvement in accuracy with additional accelerometers. Moreover, there
was no significant difference in EE prediction, irrespective of placement (Mackintosh,
et al., 2016). Therefore, accelerometer placement is likely to be influenced by device

type and a compromise in terms of compliance.

2.5.3 Accelerometer Monitoring Criteria

Given that wear compliance is essential to gain an accurate measure of physical
activity and sedentary time accumulated over the monitoring period, various wear-
time criteria have been established (Mattocks et al., 2008). Wear-time criteria within
a 24-hour period is defined as the duration of time the accelerometer must be worn per
day to be included within the analysis. Conversely, non-wear criteria is defined as the
duration over which the device was removed (Choi, Liu, Matthews, & Buchowski,
2011). The number of hours necessary to represent a valid day has been highly
contested in literature (Choi, et al., 2011); any wear-time less than the full 24-hours
would result in a loss of insight as to actual physical activity behaviour. The minimum
number of hours proposed to date as valid for waking hours monitoring, excluding
sleep, is eight hours (Troiano, McClain, Brychta, & Chen, 2014). However, for 24-
hour monitoring, 13 — 16 hours are suggested to be necessary (Herrmann, Barreira,
Kang, & Ainsworth, 2013; Matthews, et al., 2012). Furthermore, weekly or overall
recording criteria are defined as the number of days with valid hourly wear-time, for
the whole monitoring period to be classed as acceptable and included in analyses.
Currently, there is no consensus regarding the minimum number of days required in
order to provide reliable data, with research ranging from three to seven days (Trost,

2007; Trost, et al., 2000), with a longer duration suggested to yield an improved
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representation of habitual behaviour. The generally accepted criteria, irrespective of
population, is a minimum of two weekdays and one weekend day, due to the
contrasting situational influences associated with the different periods (Trost, et al.,
2000). However, such minimal criterion is suggested to be most suitable in active
individuals whose physical activity patterns tend to be more predictable (Rowlands, et
al., 2018). Children move in short burst of higher-intensities, but in the longer term
accumulate physical activity in a more routine manner, while adult’s movement tends
to be more structured, but accumulated in a more sporadic and varied manner (Loprinzi
&Cardinal, 2011; Loprinzi, Lee, & Cardinal, 2014; Rowlands, et al., 2018). Such
differences in accumulation patterns highlights the importance to monitor physical
activity for a sufficient duration in order to obtain an accurate insight of habitual
behaviours and patterns. Given that previous research has demonstrated significant
differences in the time spent in physical activity intensities per day according to wear-
time criteria selected (Herrmann, Barreira, Kang, & Ainsworth, 2014), selecting
appropriate wear-time criteria is of paramount importance and can considerably alter

the interpretation of data.

The duration of physical activity monitoring using accelerometery is also associated
with considerable debate in the literature, with seven days being the most commonly
utilised period and shown to be reliable in both children (Barreira, et al., 2015; Cain,
etal., 2013; Trost, et al., 2000) and adults (Matthews, et al., 2012; Sasaki, et al., 2018).
However, a recent review suggests that this period may be insufficient, and that a
longer duration may be necessary to reliably and accurately characterise intra- and
inter-individual variation in habitual physical activity (Rowland, 1998). Previously,
longer durations of recording were not possible due to accelerometer limitations, such
as limited battery life and storage capabilities. However, accelerometers are now
capable of recording for more than 30 days at acceptable sampling frequencies, which
may thereby enhance the understanding of habitual physical activity, but also enables
the identification of meaningful trends and cycles in physical activity. That said, it is
imperative to ensure the duration of wear is considered carefully to maximise
meaningful data and provide a reliable indication of physical activity levels, but not

over burden participants.

43



2.5.4 Accelerometery Data and Movement Behaviour Metrics

Whilst recording duration, and frequency, are vitally important, the ability to
accurately calculate volume of time spent in each movement behaviour, as well as the
manner in which it was accumulated, is of equal importance. To achieve accurate
classifications of the time spent in physical activity, sedentary time and sleep during a
day, the accelerometer data obtained must be processed and analysed according to a
range of processing decisions (Migueles et al., 2017). Accelerometer data is typically
processed by device software into specified common sample or epoch durations (e.g.
Is, 5s, 15s and 60s; Orme et al., 2014). Some accelerometers have in-built processing
to compress movement acceleration into ‘counts’ of activity, which is then also
averaged to a chosen epoch. However, compressing data in this way may result in an
underestimation of physical activity or sedentary time accrued and presents further
issues for inter-study comparability, due to the different modes of compartmentalising
the initial data, before any further analysis (Hildebrand, Hansen, van Hees, & Ekelund,
2017). However, the use of acceleration in its raw state, prior to significant processing,
is a relatively recent development that can overcome issues of inter-study and
accelerometer comparison (Rowlands, 2018). Specifically, raw acceleration data is the
omni-directional gravitational equivalents of movement, produced from the
acceleration signal output extracted from tri-axial accelerometers (de Almeida-
Mendes et al., 2018). When using raw accelerometry data, a greater understanding of
the analysis techniques is required to produce meaningful outputs in terms of
movement behaviours. However, this may be balanced by the improved comparability
in output between accelerometers, resulting in the need for only population specific
thresholds, as opposed to population and accelerometer specific thresholds (Migueles

etal., 2019).

The magnitude of movement, and the associated EE, is quantified with the use of
thresholds or ‘cut-points’, thereby allowing researchers to distinguish time spent
sedentary and in LPA, MPA and VPA (Trost, et al., 2011). Specific thresholds have
been created for different populations (Evenson, Catellier, Gill, Ondrak, & McMurray,
2008; Watson, Carlson, Carroll, & Fulton, 2014), accelerometers (Loprinzi &Cardinal,
2011; Lynch, et al., 2019; Phillips, Parfitt, & Rowlands, 2013; Trost, et al., 2011) and
accelerometer placements (Fairclough, et al., 2016; McLellan, et al., 2018; Scott, et

al., 2017). However, the use of different thresholds between studies can limit inter-
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study comparison and subsequent interpretations, as the use of different thresholds can
change the quantification of movement behaviours, in addition to whether a participant
meets physical activity guidelines (Trost, et al., 2011). Subsequently, acknowledging
the limitations of such thresholds, recent advances have been made to develop non-
threshold based metrics of physical activity to gain a more in-depth insight as to the
accumulation of physical activity in terms of both volume and intensity. Specifically,
the negative curvilinear relationship of time and movement intensity can be natural
logged creating a log-linear relationship. The gradient, or ‘intensity gradient’, of this
relationship can then be obtained to give an indication of the movement intensity
accrued over a given monitoring period and provide a representation of the full
intensity profile (Rowlands, et al., 2018). A steeper intensity gradient is associated
with engaging in lower intensities of movement, while a more shallow gradient is
indicative of achieving a greater range of intensities (Rowlands, et al., 2018).
Moreover, the volume of physical activity can be represented by averaging
acceleration data over a given period (Rowlands, 2018). Therefore, these metrics,
when used for the full 24-hour period, give a good representation of overall intensity
distribution and total movement. Whilst these metrics have been criticised as being
more difficult to interpret with regards to physical activity guidelines, Rowlands et al.
(2019) proposed the most active X minutes over time or (MX) metrics, which translate
these data-driven metrics to be more meaningful for physical activity guidelines and
public health. An example of the translation of these metrics is the M60, representing
the most active 60 minutes of the day, indicative of the children’s physical activity
guidelines and could be used compare between and within groups (Rowlands, et al.,

2019).

Presenting the full physical activity profile, alongside total volume, enables greater
insight of how physical activity is accumulated, providing a consistent and accurate
estimation of the physical activity accrued, in addition to facilitating the explanation
of intra- and inter-individual variation (Rowlands, et al., 2018). Current studies
employing these more data-driven metrics to explore the effects of the physical activity
profile on adiposity, CRF (Buchan, McLellan, Donnelly, & Arthur, 2019; Fairclough,
Taylor, Rowlands, Boddy, & Noonan, 2019) and physical function (Rowlands, et al.,
2018), reveal the effects of physical activity intensity, independent of total volume.

However, these studies so far have only explored the influences of volume and
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intensity in otherwise healthy children (Buchan, et al., 2019; Fairclough, et al., 2019;
Rowlands, et al., 2018) and adults with T2D (Rowlands, et al., 2018). Furthermore,
the current studies derived these data-driven metrics from seven day accelerometer
recordings, therefore the behavioural variation accounted for over this period may be
limited. However, employing a longer duration of accelerometer-monitoring would
likely encompass more behavioural variation, supporting understanding of the
capabilities of these metrics to reveal variation in intensity and volume of physical
activity across this duration (Bergman, 2018). Additionally, while T2D and T1D can
result in similar complications, the aetiology and pathophysiology of these conditions
vary significantly (American Diabetes Association, 2010), therefore additional studies

are needed to explore the use of these metrics in populations such as T1D.

2.6 Summary and Conclusion

The present literature review has summarised the current understanding of the
influences of physical activity and sedentary time on arterial and autonomic health, in
both paediatric and adult populations. This review highlights the equivocal evidence
as to the influence of the full range of movement intensity on arterial stiffening and
autonomic function, in addition to the effects of sedentary time in children and
adolescents. Furthermore, this chapter sought to review current and developing
practice for utilising accelerometer-based measurement durations and movement

behaviour analysis techniques.

Physical activity is proposed to act in a preventative manner on the risk of CVD, acting
in a positive manner to prevent premature arterial and autonomic ill-health. However,
despite this approximately half of children and adults are not consistently meeting
physical activity guidelines. Evidence of the effects of accruing a lesser volume and
intensity than the physical activity guidelines for cardiovascular health are equivocal
in children. Moreover, the paediatric population, in particular adolescents, are
becoming increasingly sedentary in prolonged periods, attributed to increases in
multimedia and screen use. Whilst there is a lack of consensus as to the effects of total
sedentary time, breaking up prolonged periods and reducing this time has been found
to be beneficial and may prevent premature progression in arterial stiffening and

autonomic decline. Taken together, improving the understanding of these behaviours,
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and variation in this time could be key to elucidate how to prevent negative changes
towards CVD in various populations. Therefore, a better quantification of movement
behaviours, by representing the full physical activity profile and exploring habitual
fluctuations, could be key to understanding the stimulus for change necessary to
influence cardiovascular health. Moreover, analysing these behaviours relative to the
remaining daily behaviours may provide a more appropriate understanding of the

effects of these behaviours and identify key interventional targets.

Subsequently, the primary aim of this thesis was to better understand the influences of
physical activity and sedentary time on arterial and autonomic health, exploring how
fluctuations and compositions of movement behaviour, as well as the physical activity

profile influences these associations.
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Methodology
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Chapter 3: Methodology

Data collection was conducted in outpatient departments and schools in South Wales
and the Swansea University Applied Sports, Technology, Exercise and Medicine (A-
STEM) Research Laboratories. All investigations were cross-sectional in nature, with
all experimental procedures approved prior to any recruitment or data collection by
the relevant NHS (16/NE/0082 — Chapters 5 and 7) or institutional ethical committees
(2018-0.65 — Chapter 4, 2018-101 — Chapter 6, 2018-043 — Chapters 6 and 7).

3.1 Participants

All participants took part in the research willingly and were fully informed of the
investigation prior to volunteering and taking part. The general exclusion criteria for
all studies were any condition that would prevent the participant completing the
requirements of each study, any congenital heart condition that could abnormally
influence the assessment of autonomic or vascular stiffness, anyone deemed not
suitable for the study by the multi-disciplinary team (MDT; Chapters 5 and 7) or health
professionals present, or anyone who did not pass the pre-screening questionnaire
(Appendix B). Participants were screened prior to recruitment either by the relevant
multi-disciplinary team or a pre-screening process (Appendix B). Pre-screening was
conducted to ensure eligibility to take part according to the general exclusion criteria,
to notify of any pre-existing conditions and ensure the safety of participants. All
participants were asked to refrain from consuming stimulants (e.g. caffeine) or alcohol,
as well as from performing strenuous activity, for 12-hours prior to the assessment, in

addition to not eating a large meal two-hours prior.

3.2 Recruitment

Participants were recruited in person or by recruitment advertisements. All participants
and parents/guardians, where appropriate, were provided with the respective
information sheets (Appendix A) and were fully informed of what was involved in
each study. School assemblies were used to inform year groups of study information,
and give an additional opportunity to ask questions prior to recruitment (Appendix A).
Written informed consent was obtained from participants aged 16 years and over, with
written informed parental/guardian consent and written informed assent obtained for

those under 16 years (Appendix C).

49



3.3 Experimental Procedure

3.3.1 Age and anthropometrics

Decimal age for all participants was calculated to the nearest 0.1 years as the difference
between date of birth and assessment date. All anthropometric measurements were
taken in line with the standards set by the International Society for the Advancement
of Kinanthropometry (Stewart, Marfell-Jones, Olds, & Ridder, 2011), with measures
obtained at the commencement of data collection. Standing height was measured to
the nearest 0.1 cm using the available calibrated stadiometer in outpatients clinics, a
potable stadiometer (Seca 213, Seca GmbH, Hamburg, Germany), or a calibrated
Holtain stadiometer (Holtain Ltd, Crymych, Pembrokeshire, Wales). For all
measurements, the participant was asked to stand with their back against the
stadiometer, heels touching the back, feet together with good posture and chin parallel
to the floor. Sitting height, obtained to calculate the ratio of the torso to leg length for
estimation of maturity stage, was measured to the nearest 0.1 cm for all participants
aged 16 years and younger. A specialist sitting height stadiometer (Harpenden Sitting
Height Table model 607VR, Holtain Ltd, Crymych, Pembrokeshire, Wales) was
utilised, with participants asked to sit with good posture, legs at 90 degrees and chin
parallel to the floor. For field-based measurements of torso height in Chapter 4, a
portable stadiometer (Seca 213, Seca GmbH, Hamburg, Germany) was used, with the
participant sitting on the base of the stadiometer, with good posture and chin parallel
to the floor. For all participants, body mass was obtained to the nearest 0.01 kg on
calibrated electronic scales (Seca 899, Seca GmbH, Hamburg, Germany). All
participants were measured without shoes and with any heavy clothing or items in
pockets removed. Body mass index (BMI) was calculated for all participants as height

(in metres) squared, divided by body mass.

3.3.2 Maturity Offset

It is important to account for the influence of maturation due to the significant
difference between chronological and biological age (Iuliano-Burns, Mirwald, &
Bailey, 2001). Maturity status can be assessed using biological age, skeletal age,
secondary sex characteristics or somatic growth (Mirwald, Baxter-Jones, Bailey, &

Beunen, 2002). However, each is method associated with certain limitations with
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regard to their implementation and interpretation. Indeed, whilst skeletal age is
typically considered the gold standard assessment of maturational stage, it is costly
and requires highly specialised equipment and training, and exposes participants to
unnecessary radiation (Beunen, 1989; Mirwald et al., 2002). Furthermore, assessing
pubertal stage according to secondary sex characteristics does not give an indication
of tempo and is considered intrusive by many parents and participants. Finally,
calculating the age at peak height velocity (PHV) and time from this necessitates
repeated measurements throughout the maturational process and is therefore
unsuitable for cross-sectional studies (Beunen, 1989; Mirwald et al., 2002). However,
the use of predictive equations based on age of PHV data and the differential regional
growth of the limbs and torso can provide a non-invasive indication of maturation
status (Malina & Bouchard, 1991). There are a number of predictive methods now
available but earlier methods used predicted adult stature, based on average height
between parents, and then calculated maturity from this (Mirwald et al., 2002). In
contrast, more recent maturity offset equations use age and differences between the
anthropometric measures of height, sitting height and leg length, to estimate time from
PHV (Mirwald et al., 2002). Maturity was indirectly estimated according to the
maturity offset equations developed by Mirwald et al. (2002). The equations (see
Equations 1 and 2) predict the time in years a child is from their PHV, to the nearest
0.1 years. Pubertal status categories were defined as pre-pubertal if a child was more
than minus one year from PHV, pubertal if between minus one and plus one year of

PHV, and post-pubertal if greater than one year post PHV (Mirwald, et al., 2002).

Equation 1.
Boys Maturity Offset = - 9.236 + 0.0002708(leg length x sitting height)
-0.001663 (age x leg length) + 0.007216 (age x sitting height)
+0.02292 (weight = height)

Equation 2.
Girls Maturity Offset =-9.376 + 0.0001882 (leg x sitting height)
+0.0022 (age x leg length) + 0.005841 (age X sitting height)
- 0.002658 (age x weight) + 0.07693 (weight + height)
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The maturity offset was originally validated in child and adolescent populations by the
Mirwald et al. (2002) and, more recently, by Koziel and Malina (2018), however no
data regarding repeatability is available. These maturity offset equations have been
reported to have an 72 according to age at PHV of 0.91 and 0.92 for girls and boys,
respectively, and associated with a standard error of £ 0.592 years (Koziel & Malina,
2018; Mirwald, et al., 2002), a degree of error which could result in a misclassification
of pubertal stage. Furthermore, it has been shown that the equations are more limited
in their application to early and late maturers, with the standard error likely to be
greater the further the estimated maturity offset is from the mean (Koziet &Malina,
2018). Thus, non-typical maturers are at an increased likelihood of misclassification
of maturity status. However, these limitations were considered to be offset by the
practical advantages of the simplicity of the measures required to estimate maturity
from PHV, feasibility and the non-invasive nature in comparison to gold standard

techniques, such as biological age.

3.3.3 Arterial Stiffness

Arterial stiffness was assessed to investigate the current state of the arteries and how
this contributes to long-term risk of cardiovascular disease. The gold standard in
research for evaluating central arterial stiffness is currently the assessment of central
pulse wave velocity (PWV; Van Bortel et al., 2012). In these studies, central stiffness
was evaluated utilising an oscillometric device (Vicorder, Skidmore Medical, Bristol,
UK), a specialised blood pressure cuff, a partial inflatable sensor and a secured laptop
with the corresponding Vicorder software (Skidmore Medical, Bristol, UK). This
method was chosen over others, such as flow mediated dilation (FMD), applanation
tonometry, ultrasound and magnetic resonance phase contrast imaging (MRI; Van
Bortel et al., 2002; Van Bortel, et al., 2012), due to the ease of use and practicality in
laboratory and field-based settings, in addition to the relatively low cost and simple
training required (Parikh, et al., 2016; Van Bortel, et al., 2002). Strict adherence to the
measurement conditions and protocol were maintained throughout all studies to ensure
reliability and repeatability of the results (Laurent et al., 2006). The Vicorder device
has been shown to be valid for use in children and adolescents (Kracht et al., 2011),
with good agreement with applanation tonometry using SphygmoCor, a well-

established mode of assessing arterial stiffness, and good inter- and intra-operator

52



repeatability (Kracht, et al., 2011). Additionally, this device has been validated for use
in normotensive adults by Miiller et al. (2013).

3.3.3.1 Pulse Wave Analysis (PWA)

Indirect central stiffness was assessed by pulse wave analysis (PWA) obtaining
multiple parameters including: pulse pressure (PP), augmentation pressure (AP), an
indicator of systemic arterial stiffness, and augmentation index (Alx), an indicator of
arterial compliance (Stoner, et al., 2012). Assessment of arterial stiffness in this
manner is an established technique, commonly employed in various populations
including children, adolescents and adults (Ananey, et al., 2015; Caviezel et al., 2018;
Mitchell et al., 2004; Mocnik, Nikolic, & Marcun, 2018). These studies have shown
that Alx increases with age during childhood and adolescence but slows in adults,
while AP increases progressively with age from childhood to older adulthood
(Mitchell, et al., 2004; Stoner, et al., 2012). Therefore, the combination of Alx and AP
give a holistic indication of artery compliance with the potential to highlight pre-
symptomatic CVD risk. However, it is important to consider sex, height and HR when
interpreting Alx, as women and shorter individuals typically demonstrate an elevated
Alx (Fantin, Mattocks, Bulpitt, Banya, & Rajkumar, 2018; Mitchell, et al., 2004).
Specifically, an inverse relationship is present between Alx and HR, therefore for all

PWYV assessments a resting period was used to ensure a resting HR (Wilkinson et al.,

2000).

Assessment of indirect central stiffness was performed at the brachial artery in the
supine position, with the participant asked to remain still and to refrain from talking
for the duration of the assessment, as recommended by the Arterial Stiffness Task
Force III (Van Bortel, et al., 2002). An initial blood pressure was performed utilising
an oscilliometric device (Vicorder, Skidmore Medical, Bristol, UK) followed
immediately by the assessment, with the cuff over the brachial artery (D.E.Hokanson
Inc, Bellevue, WA, USA) inflating to the previously obtained diastolic pressure. After
a stable aortic waveform was obtained, the series of waveforms were captured after a
minimum of four-recorded heartbeats. A further two waveform series were captured
over a period of three - five minutes. The measures obtained during the process are

presented in Figure 3.1. Pulse pressure was calculated as the difference between
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systolic and diastolic pressures, AP as the difference between the second and first
systolic peaks, and Alx as the difference between peaks one and two on the systolic
waveform (Figure 3.1), presented as a percentage of pulse pressure (Equation 3;

Stoner, et al., 2012).

Systolic " S = N Peak 1
BP I~ Augmentation
L Pressure
Pulse
Pressure | | | 00 N Peak 2
Diastolic """ 3 '*11 “““““““““““““““““““
BP

Time

Figure 3.1.. Example of systolic waveform assessed at the brachial artery, providing

visual identification of systolic, diastolic, pulse and augmentation pressures.

Equation 3.

Augmentation pressure
Alx = x 100
Pulse pressure

3.3.3.2 Pulse wave velocity

Aortic pulse wave velocity (aPWV) was attained as a measure of central stiffness, an
independent indicator of CVD risk (Van Bortel, et al., 2012). The gold standard for
obtaining aPWV is MRI to detect the arrival of pulse waves, however, the Vicorder
(Skidmore Medical, Bristol, UK) has been reported to perform comparatively (Parikh,
et al., 2016). Indeed, aPWV derived using a Vicorder has been validated in youth
(Collins, Somes, & Alpert, 2008; Im, Lee, Shim, Lee, & Lee, 2007; Kracht, et al.,
2011; Reusz et al., 2010) and adults (Ananey, et al., 2015; Caviezel, et al., 2018;
Miiller, et al., 2013).
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The assessment of aPWV was performed in a quiet and temperate room, with the
participant in the supine position and the head and shoulders elevated at 30° to ensure
the muscles over the carotid were relaxed, and after resting for a minimum of five
minutes (Thurn et al., 2019; Wilkinson, et al., 2019). BP cuffs (D.E.Hokanson Inc,
Bellevue, WA, USA) were applied at the femoral and carotid arteries to record the
arrival of pulse waves. A brachial cuff was placed over the femoral artery on the upper
right thigh as close as possible to the groin, with a partial neck cuff placed over the
right carotid artery (Miiller, et al., 2013). The participant was asked to remain still and
refrain from talking the duration of the test. The distance between the suprasternal
notch and the femoral cuff via the umbilicus was measured to the nearest 0.1 cm
(Kracht, et al., 2011; Wilkinson, et al., 2019), using a measuring tape to inform the
path travelled by the pulse wave. This technique was chosen over a direct measurement
from suprasternal notch to femoral recording site to more accurately describe the path
of the arterial tree, in line with previous recommendations (Kracht, et al., 2011). The
cuffs were inflated to approximately 60 mmHg (Miiller, et al., 2013), then the carotid
and femoral waveform series were recorded in real time simultaneously for a minimum
of 10 heart beats, with the automatic identification of the maximum systolic upstroke
on each pulse wave utilised to determine transit time by cross correlation (Thurn, et
al., 2019). Carotid to femoral measurement was repeated in triplicate, with aPWV
calculated (Equation 4) for each test and the means retained for further analysis.
Finally, mean arterial pressure (MAP), important when interpreting central stiffness,

was obtained and calculated for each participant (Equation 5; Miiller, et al., 2013).

Equation 4.

aPWV(m-sec™) =

(Suprasternal notch to umbilicus) + (umbilicus to femoral site) — (suprasternal notch to cardotid site)(m)

Transit time (s)

Equation 5.

MAP (mmHg) = diastolic pressure

+ (0.33 X (systolic pressure — diastolic pressure))
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3.3.4 Autonomic Nervous Function

Heart rate variability (HRV), an indirect measure of autonomic function, was chosen
due to its non-invasive nature, simplicity to obtain and its well-documented use for
evaluating the control of the cardiovascular system (Acharya, et al., 2006; Pumprla,
Howorka, Groves, Chester, & Nolan, 2002; Sammito &Bockelmann, 2016). This
measure has been well utilised in both child and adult populations, with HRV
suggested to be a valuable and sensitive tool for detecting pre-clinical symptoms and
indicating risk of CVD in child (Chessa, et al., 2002), adult (European Society of
cardiology, 1996), and clinical populations (Nolan, et al., 1998; Vinik, et al., 2003).
The current gold standard to obtain beat-to-beat cardiac intervals, necessary for
extraction of HRV, in short term recordings outside of the clinical setting is a Holter
ECG, recording at a frequency of > 1000 Hz (Sammito &Bockelmann, 2016). A 24-
hour ambulatory recording can be utilised for HRV analysis and an assessment of
autonomic function (Kleiger, Stein, & Bigger, 2005). However, in the present thesis a
shorter recording comprising of 15 minutes rest, followed by five minutes of regulated
breathing, was identified as appropriate and subsequently employed to obtain a resting
estimation of autonomic control (Shaffer &Ginsberg, 2017). Importantly, the same
protocol was utilised for all participants to avoid the confounding influence of
recording duration and measurement conditions on resting HRV (Shaffer &Ginsberg,

2017).

For the ECG recording, participants were asked to lie in the supine position for 15
minutes whilst breathing spontaneously, which was followed by five minutes
breathing at a pace of six breaths per minute (Williams &Lopes, 2002), then a final
minute of spontaneous breathing. Ventilatory control was employed as respiratory
frequency can significantly influence HRV, due to the effect of respiratory sinus
arrhythmia (RSA; Grossman, Karemaker, & Wieling, 1991; Grossman &Taylor,
2007). Indeed, controlling the pace of breathing, at six inspiration-expiration cycles,
ensures a consistent representation of resting autonomic function and vagal tone
(Williams &Lopes, 2002). During the protocol, participants underwent Holter ECG
monitoring, obtained with the use of a three-lead Reynolds CF Holter Recorder
(Spacelabs Medical Ltd, Hertford, UK) producing 12-bit resolution ECG data at a
sampling rate of 1,024 Hz. The Holter recorder was chosen for its high sampling rate

which is optimal to obtain high resolution, digitised ECG recordings, minimising error
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associated with determining the R-Wave, and is in line with recommendations
(Berntson et al., 1997; European Society of cardiology, 1996). Prior to the recording,
three electrodes were positioned on the anterior of the torso, at the manubrium of the
sternum, and the V5 and V5R positions. Accurate placing of each electrode was
ensured by testing each channel prior to recording, with application preceded by gently

abrading and cleaning the site with an alcohol wipe.

ECG recordings were extracted and processed using the Reynolds Pathfinder ECG
analysis system (Spacelabs Medical Ltd, Hertford, UK). The pathfinder system
classified QRS cycles as either normal or aberrant, and normal cardiac intervals (RR)
were identified and extracted with the use of the Reynolds Research Tools software
(Spacelabs Medical Ltd, Hertford, UK). The subsequent RR intervals were visually
inspected for any obvious outliers or artefacts, which were deleted if present (D'Silva,
Davies, Emery, & Lewis, 2014). The processed data was detrended using the
‘Smoothn priors’ high pass filter with Lamdba set at 500, and analysed using Kubios
HRYV analysis software 2.0 (Biomedical Signal and Medical Imaging Analysis Group,
Department of Applied Physics, University of Kuopio, Finland). HRV variables were
quantified in line with the European Society of Cardiology Task Force guidelines
(European Society of cardiology, 1996). The time domain indices are derived from the
temporal differences in consecutive RR intervals (European Society of cardiology,
1996). Multiple indices of HRV can be derived from the analysis of the time domain
to give an indication of overall autonomic, parasympathetic and/or sympathetic
activity, with varying accuracy depending on the length of recording (European
Society of cardiology, 1996). For longer recordings, typically 24-hours, the standard
deviation of normal to normal intervals (SDNN) is suggested to give an indication of
overall autonomic activity and the contribution of the sympathetic system to HRV
(European Society of cardiology, 1996). However, shorter recordings are also widely
employed and hypothesised to give a good estimation of short-term HRV power.
Whilst a minimum of five minutes is suggested to be required, shorter periods of as
little as 10-seconds have also been proposed (Salahuddin, Cho, Jeong, & Kim, 2007).
For these shorter recordings with paced breathing, SDNN has been recommended to
give a representation of parasympathetic contribution (Shaffer, McCraty, & Zerr,

2014), similarly the root mean square of successive RR intervals (RMSSD) is
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advocated to better denote vagal tone and to be more influenced by parasympathetic

activity (European Society of cardiology, 1996).

Spectral estimation by the Welch’s method and autoregressive modelling were used to
quantify the component rhythms of HRV in each of the different frequency bands:
very low frequency (VLF; 0.00-0.04 Hz), low frequency (LF; 0.04-0.15 Hz), high
frequency (HF; 0.15-0.5 Hz) and total spectral power (TSP; 0.04-0.5 Hz; European
Society of cardiology, 1996; Ori, Monir, Weiss, Sayhouni, & Singer, 1992). Each
frequency band is suggested to indicate the contribution of various branches of the
ANS. The VLF has been indicated to be a representation of the heart’s intrinsic
function and to reflect a significant parasympathetic contribution (Shaffer, et al., 2014;
Taylor, Carr, Myers, & Eckberg, 1998), but sympathetic activity has also been
proposed to modulate this band due to physical activity and thermoregulatory stress
(Kember, Fenton, Armour, & Kalyaniwalla, 2001; Kember, Fenton, Collier, &
Armour, 2000). However, it is pertinent to note the physiological basis of the VLF
band is unclear in literature, and this representation can only be derived from
recordings of greater than five minutes (Shaffer, et al., 2014). The presence of low
power in this band has been associated with an increased inflammation (Papaioannou,
Pneumatikos, & Maglaveras, 2013), in addition to an elevated risk of arrhythmic
mortality (Bigger et al., 1992). At rest, LF power has been proposed to be associated
with both the sympathetic and parasympathetic systems, and has been suggested to
best reflect baroreflex activity as opposed to cardiac sympathetic influence (European
Society of cardiology, 1996; Shaffer, et al., 2014). Conversely, the HF band has been
reported to represent parasympathetic activity, as opposed to vagal tone, and to be
influenced by RSA (Grossman &Taylor, 2007). Low power in the HF band has been
found to be highly correlated with RMSSD (Kleiger, et al., 2005), associated with a
stressed state and may be linked to an increased mortality (Thayer, et al., 2010). The
ratio between LF and HF has previously been advocated as a tool to estimate the
contributions of the parasympathetic and sympathetic nervous systems, based on a 24-
hour recording (Shaffer, et al., 2014). A low ratio was suggested to give an indication
of parasympathetic control and vice versa (Shaffer, et al., 2014). However, the ratio
and what it actually represents has been greatly contested due to the non-linear nature
of parasympathetic and sympathetic interactions, in addition to the influence of RSA

(Billman, 2013).
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The aperiodicity of HR was explored with the use of non-linear measures, taking into
account the unpredictability and the complex regulation of HRV (Stein &Reddy,
2005). Specifically, the Poincaré plot, a graph of successive RR intervals plotted
against the previous interval, was utilised to derive three non-linear indices.
Specifically, the standard deviation of intervals perpendicular to the line (SD1), the
standard deviation of intervals on the line (SD2) and the ratio of these two indices
(SD2/SD1; Shaffer &Ginsberg, 2017). The SD1 is proposed to represent short-term
HRYV, similar to RMSSD, in addition to prediction of power in TSP, HF and LF
(Shaffer &Ginsberg, 2017). The SD2 has been associated with baroreflex activity and
LF power and suggested to reflect both short- and long-term variability (Brennan,
Palaniswami, & Kamen, 2002). Conditions such as diabetes have been demonstrated
to show a decrease in non-linear indices, in addition to negative changes observed in
time and frequency domains (Stein &Reddy, 2005). However, specific conditions,
such as post-myocardial infarction, have been evidenced to increase these measures
and are subsequently associated with an increased mortality (Stein &Reddy, 2005).
Consequently, interpretations of non-linear indices must be made with caution and

considering relevant reference values.

3.3.5 Metabolic Function

Long-term glycaemic control in children with T1D is typically evaluated by assessing
blood levels of glycated haemoglobin (HbA1c), a vital and valid tool for clinicians in
assessing glycaemic control over a period of six weeks (Consensus Committee of
HbAlc Standardardisation, 2007; Nathan et al., 2008). Additionally, this tool is
valuable for providing an insight to an individual’s long-term risk of developing CVD
(Cavero-Redondo, Peleteiro, Alvarez-Bueno, Rodriguez-Artalejo, & Martinez-
Vizcaino, 2017). However, a limitation of HbA1c is that it is an average over a period
of time and does not reflect potentially significant short-term fluctuations or extremes
in blood glucose levels. Therefore, HbAlc may falsely suggest good glycaemic
control. More temporally accurate but costly measures, such as continuous glucose
monitoring (CGM) or interstitial fluid monitoring (flash monitoring), can give more
insight and greater resolution with regard to these fluctuations (Evans, 2016) but these

methods were unavailable to be used as part of these studies.
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Lipoprotein metabolism is typically assessed by obtaining plasma lipid and lipoprotein
levels to determine the lipid profile, including total cholesterol (total-c), low density
lipoprotein (LDL), high density lipoprotein (HDL) and LDL:HDL (Arsenault, et al.,
2011). The lipid profile is most commonly assessed using a fasted blood sample in
order to obtain the pre-prandial lipoprotein levels (Langsted, Freiberg, &
Nordestgaard, 2008). However, this is not always possible in an outpatient clinic
setting and research has demonstrated that non-fasted samples are reliable and accurate
for lipid parameters (Langsted, et al., 2008; Nordestgaard, 2017). Therefore, non-
fasting lipid measures were included in Chapters 5 and 7, with age-related changes
considered as a covariate (Guy et al., 2009). Dyslipidaemia has been demonstrated to
be a key factor in the long-term risk of developing CVD (Miller, 2009), in particular
elevated levels of LDL, and total-c. Indeed, the lipid profile is considered a useful and
easily obtainable tool for assessing metabolic control. The latest blood test results were
accessed by the primary researcher with permission from the clinical lead in each
research site (Chapters 5 and 7), with the collected data anonymised once recorded.

The lipid profile parameters collected and recorded were total-c, LDL, and HDL.

3.3.6 Aerobic Capacity

Cardiorespiratory fitness (CRF) has been closely linked to the risk of CVD, with an
increased fitness associated with a lower incidence of CVD and, indeed, improved
survival of CVD (Al-Mallah, Sakr, & Al-Qunaibet, 2018). Thus, aerobic capacity as a
measure of CRF was included to assess the risk of CVD in adults and how fitness
interacts with physical activity and objective measures of CVD risk. The gold standard
to obtain aerobic capacity (VO,) as a measure of cardiorespiratory fitness is to assess
a participant while completing whole-body exercise, such as on a treadmill (American
Thoracic Society, 2003). However, to ensure consistency across studies and the given
age range, the use of a lower body exercise was chosen. A maximal effort is the
preferred method of representing CRF in all populations (Astrand, 1952; Robinson,
1938), however 20-30% of children do not reach a plateau in VO, (Barker, Williams,
Jones, & Armstrong, 2011), subsequently, in-validating the criteria used to determine
a maximal effort in adults (Armstrong, Welsman, & Winsley, 1996). Therefore, whilst

a maximal effort may have been achieved, cardiorespiratory fitness in Chapter 6 was
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represented as a peak effort (VOzpeak), obtained for both children and adults to ensure

consistency between groups.

The assessment of VOopeak Was conducted with the use of an electronically braked
cycle ergometer (Lode Excalibur sport, Groningen, Netherlands), a stationary
metabolic cart (Vyntus CPX gas analyser, Carefusion-Jaeger, Hochberg, Germany), a
reusable silicon face mask (7450 V2 Series Reusable Mask with Carefusion Mask
Adapter and headgear, Hans Rudolph inc, Kansas, United States) and SentrySuite
software (Vyaire Medical Inc, Chineham, UK). The Lode Excalibur Sport has been
employed previously to assess VOapeak in this manner with adults and children (Church
et al., 2008; Earnest, Blair, & Church, 2010), and has shown acceptable reliability
(Earnest, Wharton, Church, & Lucia, 2005). The Vyntus CPX is a well-validated
device, commonly used in research to assess VO, (De Jeu, Schot, Groepenhoff, &
Ninaber, 2018; Groepenhoff, de Jeu, & Schot, 2017). However, low reliability and
reproducibility for volume of inspired and expired air in breath-by-breath
measurements using the Vyntus CPX has been noted, with a relatively high standard
error of measurement (SEM) of greater than 19 ml'min™!' and intra class coefficients
of 0.70-0.80 (Kantaras, 2018). Therefore, to minimise error and moderate any issues
of reliability, prior to each test an automated gas calibration using gases of known
concentration, then an automatic turbine volume calibration for each turbine were
performed. Any differences in gas transit or volume offset were subsequently

accounted for allowing for accurate gas and volume analysis for each test performed.

3.3.6.1 Incremental ramp test and measurement of gas exchange parameters

An incremental ramp test to voluntary exhaustion was employed to determine VO2peak,
a test that was developed and demonstrated to be valid by Whipp and colleagues
(1981). Additionally, gas exchange variables were collected for each incremental test,
measured as inspired and expired air obtained on a breath-by-breath basis, utilising the
stationary metabolic cart and sterilised reusable silicon face mask, with a low dead-
space, and a calibrated turbine. Prior to the beginning of the warm-up, the handlebar
height and seat height were adjusted for each participant, then the participant was
allowed a two-to-three minute familiarisation period. A warm-up was then performed

for three minutes at 10 W, followed by the ramp test increasing by 30 W-min'! for
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adults and those > 13 years, with 15 W-min™! used for those < 13 years (Whipp, et al.,
1981). At all times during the familiarisation, warm-up and test, the participant was
asked to remain seated and to maintain a cadence of 50-70 rpm, with the test terminated
when the participant could not maintain a pedalling rate of 50 rpm. Upon test cessation,
the participant completed at least a five-minute cool down on the cycle ergometer,
followed by a 10-minute monitoring period to ensure all participants were safe to
leave. For the duration of the testing period, the participant was monitored using a HR
monitor (Suunto Ambit 3 multi-sport watch, Suunto Oy, Vantaa, Finland and Suunto
move sense heart rate belt, Suunto Oy, Vantaa, Finland), and a wrist worn pulse
oximeter (SpO2; Nonin WristOx2 3150, Nonin Medical Inc, Minnesota, USA) to
monitor oxygen saturation. The safety termination criteria for the test were set as the
participant showing irregular breathing, changes in pallor or signs of distress, an
oxygen saturation (Sp02) < 95% in the healthy population (American Thoracic Society,
2003), or the participant choosing to terminate the test.

3.3.6.2 Determination of peak aerobic capacity and gas exchange threshold

VOzpeak (I'min’') was identified as the highest 15s rolling average of VO, from the 5s
averaged data. The gas exchange threshold (GET) was determined by three common
methods: the Ventilatory Equivalent Method (VEQ Method), Excess CO2 method
(ExCOy), and the V-slope method, the results of which were averaged (Gaskill et al.,
2001). The VEQ was determined as the point of the first rise in the ventilatory
equivalent of Oz (VE/Oz) with no simultaneous rise in the ventilatory equivalent in
CO: (VE/CO2; Gaskill, et al., 2001; Reinhard, Muller, & Schmulling, 1979). The
ExCO; was determined as the point at which CO; begins to increase excessively from

a steady state or (VCO,/VO, - VCO»). The V-slope method used the point at which
carbon dioxide production (VCO,) increased disproportionately to VO, (Beaver,

Wasserman, & Whipp, 1986). For these methods, the first 60 seconds of the ramp, and
all data following the respiratory compensation point were excluded. This combined
method of determining GET has been found to be a valid and reliable method in
healthy individuals of varying fitness (Gaskill, et al., 2001). All VO2peak and GET
calculations were completed by the primary researcher to maintain consistency and

reduce error.
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3.3.6.3 Relative and allometric scaling for body mass

Absolute VOapeak is influenced by numerous factors, such as body size, limiting inter-
participant comparisons and highlighting the need to account for such differences.
Therefore, to improve comparisons between individuals, two techniques to account for
body mass were used. Specifically, the effect of body mass on VOapeak Was accounted
for using ratio (ml-kg!'min') and allometric scaling (ml-kg®min™'), calculated
according to Equations 6 and 7. Ratio scaling is a commonly used method to express
VOzpeak in relation to total body mass (Astrand, 1952). However, such a method has
been proposed to penalise more mature and heavier individuals, bringing the
applicability of this method into question (Armstong &McNarry, 2016). A possible
means of improving ratio scaling and to limit the penalisation of certain individuals,
is to scale according to fat free mass, however, this measure was not obtained making
this infeasible. Allometric scaling is a method which removes the linear assumption
between VOopeak and body mass, by scaling body mass to a sample-specific logarithmic
exponent and has been deemed to give a more robust and sound representation of
relative efficiency of oxygen transport (Nevill, Bate, & Holder, 2005). Indeed, studies
comparing ratio and allometric scaling methods report that allometric scaling provides
a more appropriate estimate of relative VOamax in paediatric populations (Chamari et
al., 2005), and anaerobic power indices according to sex (Hazir &Kosar, 2007).
Consequently, allometric scaling has been previously employed in research to enable
more appropriate comparisons between populations characterised by divergent body

sizes (Cunha et al., 2016; McNarry, Mackintosh, & Stoedefalke, 2014).

Equation 6.

VOypear (L -min~1) x 1000
body mass

Ratio Scaled VOypeqr =

Equation 7.

VOypear (L -min~1) x 1000
bodymass®

Allometric Scaled VOypeqr =

where b = the scaling coef ficient derived from log — linear regression
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3.3.7 Physical Activity and Sedentary Time

A measure of accelerometer-based physical activity and sedentary time was obtained
for all participants, across all studies. The gold standard for evaluating physical
activity is doubly labelled water (DLW), which assesses EE resulting from bodily
movement (Caspersen, et al., 1985). However, DLW is costly, impractical outside of
a laboratory setting and has ethical considerations, especially when employed in a
paediatric population (Plasqui &Westerterp, 2007). Therefore, tri-axial wrist-worn
accelerometery, shown to give good precision in comparison to DLW (White,
Westgate, Wareham, & Brage, 2016), was chosen to objectively measure physical
activity and sedentary time for all studies, on account of the feasibility and availability

of equipment.

3.3.7.1 Hip-worn accelerometry

A hip-located tri-axal accelerometer (ActiGraph GT9X, ActiGraph, Pensacola,
Florida, USA), worn on the right hip with an elasticated strap, was employed for
Chapter 4 to obtain a 7-day recording (Chapter 4). The hip-worn accelerometer has
been deemed reliable to obtain a representative measure of movement behaviours in
children when validated against another reliable and well-validated accelerometer
(Hénggi, Phillips, & Rowlands, 2013). Participants were provided with the
accelerometer along with a paper-based wear-time diary to record wake up time, sleep
time, sleep quality, removal times and reason for removal. The accelerometer was
initialised utilising ActiLife v6.13.4 software (ActiLife, ActiGraph, Pensacola,
Florida, USA) at 100 Hz, with details of height, mass, handedness, position worn, and
the start time of recording set as midnight the day after the testing session.
Accelerometers were collected at the end of each recording and the raw data was then
downloaded utilising the ActiLife 6 software in 1s epochs. These files were then
processed to 15s epochs using the ActiLife package, necessary for the use of Evenson
physical activity cut points (Evenson, et al., 2008) to be applied, deemed to give the
most reliable and valid representation of physical activities in this population
(Evenson, et al., 2008). Specifically, these cut-points have been validated by Trost et
al. (2011) by comparing against four other sets of paediatric thresholds, with Evenson
cut points deemed the most suitable in children to classify physical activity across the

whole intensity spectrum. Non wear-time criteria for hip-worn accelerometry was

64



defined as > 20 minutes of consecutive zeros, while device wear-time was set as > 10
hours per day on a minimum of any three days (Fairclough, et al., 2016; Trost, et al.,

2000).

3.3.7.2 Wrist-located accelerometry

A wrist worn tri-axial accelerometer (GENEActiv, Activinsights Ltd, Cambridgeshire,
UK) was utilised to obtain a seven day (Chapter 5) and 28 day (Chapters 6 and 7), 24
hours per day, recording of physical activity at a sampling frequency of 20 Hz. The
wrist worn GENEActiv accelerometer has been well-validated and demonstrated as
reliable when compared to other validated accelerometers (Esliger et al., 2011).
Additionally, these monitors have been validated for use in both adult and paediatric
populations (Phillips, et al., 2013; Powell, Carson, Dowd, & Donnelly, 2017). The
accelerometer was given to each participant at the end of their testing session, along
with a wear time diary to record wake up time, sleep time, sleep quality, removal times
and reason for removal. The accelerometers were initialised with the use of the
GENEActiv PC Software version 3.2 (GENEActiv, Activinsights Ltd,
Cambridgeshire, UK), with details of recording frequency, height, mass, handedness,
position worn, and start time of recording. The accelerometers were collected
following the monitoring period and the raw acceleration data was then downloaded
in .bin format using the GENEActiv PC Software. These files were processed with the
use of R (http://cran.r-project.org) and the GGIR package (version 1.9-1) to convert
triaxial acceleration to omnidirectional acceleration using the Euclidian Norm Minus
One (ENMO) method (Hurter et al., 2018). The omnidirectional data was then reduced
to 60s epochs and expressed in milligravity-based acceleration units (mg). Raw
acceleration cut-points to specify intensity of activity and time spent within each
intensity were then applied. Acceleration cut-points for activity intensity were
identified utilising device-specific predictive equations developed for children and
adults (Equations 8 and 9; Hildebrand, van Hees, Hansen, & Ekelund, 2014).
Specifically, the regression equations for the prediction of intensity (METs) from
wrist-worn GENEActivs were rearranged and solved for each intensity using an
average resting VO, for 1 MET, 3.5 and 6.0 ml-kg"'-min"' for adults (Jetté, Sidney, &
Bliimchen, 1990) and children (Butte, et al., 2018), respectively. The equations were
solved for 1.5, 3, and 6 METs for adults (Mendes Mde, et al., 2018; Nelson et al.,
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2007; Office of Disease Prevention and Health Promotion, 2008) and 2, 4 and 7 METs
for children (Harrell, et al., 2005; Saint-Maurice, et al., 2016), representing the

thresholds of light, moderate and vigorous activities, respectively.

Equation 8.
V0, (ml-kg='-min~1) = 0.0323 - mg + 7.49g
= ((X METs x 3.5ml-kg~!-min~1)—7.49)/0.0323
Equation 9.
V0, (ml-kg='-min~') = 0.0357 - mg + 11.16¢g
= ((X METs x 6.0ml-kg™!-min~1) —11.16)/0.0357

Minimum device wear time was set as > 16 hours for a minimum of three days per
week, including two weekdays and one weekend day. Non-wear time was defined as
> 60 minutes of consecutive zeros with a tolerance of two minutes at 0 to < 50 mg
(Colley, Connor Gorber, & Tremblay, 2010; Van Hees, Gorzelniak, Dean Ledn, et al.,
2013). Thresholds for tolerance of activity bouts was set as 10 minutes of consecutive
5s epochs, where 80% was > 100 mg, while sedentary bouts were set as > 30 minutes
of consecutive 5s epochs of < 50 mg (Van Hees, Gorzelniak, Dean Leon, et al., 2013).
Sleep was classified based on the Hees et al. (2015) nocturnal sleep algorithm as no

arm angle change > 5° for > 5 minutes.

3.3.7.3 Intensity gradient and average acceleration

In addition to traditional physical activity metrics quantifying the volume of time spent
in each physical activity intensity, less restricted metrics of average acceleration and
intensity gradient were included to provide further insight to the pattern of physical
activity accrual. Raw acceleration was averaged over a 24-hour period to obtain the
average acceleration, a measure of the overall volume of movement per day
(Rowlands, et al., 2018). Moreover, intensity gradient was also derived as a metric of
physical activity intensity distribution averaged per day. Intensity distribution was
determined by dividing intensity into successive 25 mg segments, from 0 — 4,000 mg,
then identifying the time spent in each segment to produce a negative curvilinear
relationship. This relationship was then transformed to a linear relationship by taking

the natural log of each variable, with the mid-point of each successive 25 mg bin (i.e.
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12.5 mg) plotted against the time per segment, with a line of best fit producing an
always negative linear association. Gradient, intercept and r* values were then obtained
from the linear model, with the gradient and intercept a representation of activity
distribution and r? an indication of the goodness of fit (Rowlands, et al., 2018). A
higher intercept and a more negative gradient were associated with a steeper line,
indicating less time accumulated at mid-to-high physical activity intensities.
Conversely, a lower intercept and a less negative gradient, shown by a more shallow
line was related to achieving a greater range of intensities across the intensity spectrum

(Rowlands, et al., 2018).

3.4 Statistical Analysis

The SPSS software package (IBM SPSS Statistics for Macintosh, Version 22.0,
Plymouth, UK) was used to perform standard statistical analyses for all experimental
Chapters. Significance for all analyses was set as p <0.05, with data expressed as mean
+ SD unless stated otherwise. Additionally, data were tested for normality using
Shapiro-Wilks to determine the suitability of statistical methods. Differences between
those excluded and included, in addition to between groups, were assessed with the
use of independent t-tests (Chapter 5), a one-way ANOVA, a multivariate ANOVA
with Bonferroni corrections (Chapters 4, 6, 7), or a repeated measures ANOVA with
Bonferroni corrections (Chapter 6), with the t or f values, and the corresponding p-

values, reported.

3.4.1 Linear Mixed Models

Linear mixed modelling (LMM) was utilised to explore associations and differences,
and were chosen over more conventional linear models as this form of modelling can
take into account variation due to differing environments produced by numerous
factors (Jiang, 2007), such as sex, age and disease status. Moreover, LMMs have been
widely used in physical activity research, in particular to explore the relationships
between physical activity metrics and health outcomes (Buchan, et al., 2019;
Fairclough, et al., 2019). Initial unadjusted models were employed, with further
models adjusted for potential covariates of age, sex, BMI, maturation and group

(Chapters 5 and 6). Beta values, 95% confidence intervals and p values were retained
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from each iteration to indicate association, direction of effect, fit of the model and

significance of each model.

3.4.2 Reliability Analysis

Reliability analyses were completed in Chapter 6 to explore if the consistency and
reliability of physical activity metrics varied with increasing measurement duration,
with analysis based on previous studies exploring variation in physical activity metrics
(Barreira et al., 2016; Barreira, et al., 2015; Jaeschke, Steinbrecher, Jeran, Konigorski,
& Pischon, 2018), in addition to studies exploring repeated measurements in an
exercise context (Atkinson &Nevill, 1998; Runacres, Bezodis, Mackintosh, &
McNarry, 2019). The coefficient of variation (CV) was included to investigate the
absolute consistency and reliability of each physical activity metric over increasing
monitoring durations, with the CV of each physical activity metric, for increasing
monitoring durations, calculated according to equation 10 (Eliasziw, Young,
Woodbury, & Fryday-Field, 1994). Intraclass coefficient (ICC) analysis was employed
to determined relative reliability of metrics between monitoring durations. The ICCs
and the subsequent 95% confidence intervals (CI) were produced employing SPSS
software package to obtain the mean squared values from an ANOVA of repeated
measures, with indices for CIs back-transformed from the log-transformed dataset
(Eliasziw, et al., 1994; Runacres, et al., 2019). Currently there is limited consensus as
to the thresholds for identifying reliability of metrics for three repeated measures,
subsequently based on previous repeated measure reliability studies, thresholds
considered suitable for two repeated measures were employed (Runacres, et al., 2019;
Simperingham, Cronin, Pearson, & Ross, 2019). Therefore, according to the reliability
thresholds proposed by Hopkins et al. (2009), physical activity metrics were deemed
highly reliable if the CV < 10% and the ICC > 0.75, with moderate reliability identified
when either the CV > 10% and the ICC > 0.75 or the CV < 10% and the ICC < 0.75,
and as unacceptably reliable if the CV > 10% and the ICC < 0.75 (Hopkins, et al.,
2009; Runacres, et al., 2019). These reliability thresholds were subsequently applied
to determine if physical activity metrics fluctuated between weeks over the 28-day
monitoring period, giving an indication of behavioural variation. Specifically, if
physical activity metrics were found to be highly reliable, metrics showed less

variation, however, if reliability was deemed moderate or unacceptable, more
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significant variation was likely present in physical activity behaviours. In addition to
the CV and ICC, calculations of the standard error of the mean (SEM) and the smallest
worthwhile change (SWC) were included to demonstrate changes in the error, and
allow for the sensitivity of metrics to reveal whether differing results were a
consequence of error or behavioural variation (Hopkins, et al., 2009). Specifically, the
SEM and SWC were calculated according to equation 11 and SWC = 0.2*metric SD
for each group (Atkinson &Nevill, 1998). Subsequently, if SEM < SWC the resulting
observation was most likely due to behavioural variation between participants, if SEM
= SWC the result observed may equally be a result of variation in behaviour or error
association with the measurement, but if SEM > SWC the result observed was possibly

a consequence of error associated with the measurement (Hopkins, et al., 2009).

Equation 10.

log,o group o

Coefficient of variation (CV) = (log group Y) %X 100
10

where o = Standard deviation and x = mean
Equation 11.

Standard error of measurement (SEM)

= o of each metric repetition X (1 — metric ICC)

where o = Standard deviation

3.4.3 Compositional Analysis

Compositional analysis of physical activity, sedentary time and sleep data was
performed in Chapters 4 and 7, with use of R (http://cran.r-project.org) and the
compositions package (Version 1.40-2; Chastin, et al., 2015). Compositional analysis
has been postulated to provide greater insight as to the influence of the combined
effects of all movement behaviours in a day on health outcomes, with increasing
utilisation in physical activity research (Carson, et al., 2016; Chastin, et al., 2015;
Stefelova, et al., 2018). Consequently, this technique was included to gain a greater
understanding of the influences of physical activity, sedentary time and sleep on

cardiovascular health.
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Compositional analysis was originally proposed by Aitchison (1982) and is based on
the principle that any bounded and finite data can be expressed as ratio parts of a
whole, for example movement behaviours (sedentary time, LPA, MVPA, sleep) as
parts of a 24-hour day. Compositional data is expressed as log-ratio co-ordinates,
thereby transforming it from constrained, bounded data to allow for the application of
traditional multivariate statistics (Mateu-Figueras, Pawlowsky-Glahn, & Egozcue,
2011). The most prominent log-ratio transformation approaches to create co-ordinate
systems in compositional analysis are: isometric log-ratio (ILR), additive log-ratio
(ALR) and centred log-ratio (CLR), each using a different system to transform
constrained variables (Dumuid, et al., 2018; Pawlowsky-Glahn, Egozcue, & Tolosana-
Delgado, 2015). For physical activity analyses, ILR has been identified as the most
appropriate approach, as ALR does not allow for singular movement behaviours to be
quantified, and the use of CLR does not support the assumption of independence
between individual movement behaviours (Dumuid, et al., 2018). The co-ordinates
produced by ILR convert the simplex composition of movement behaviours to the real
space, allowing for the creation of an isometric map of the composition in real space
(Dumuid, et al., 2018). Subsequently, analysis using a sequential technique was
employed, where each component was partitioned from the remaining parts
sequentially, using these ILR co-ordinates (Dumuid, et al., 2018; Hron, Filzmoser, &

Thompson, 2012).

The first step of compositional analysis in Chapters 4 and 7 was the calculation of the
compositional geometric mean, percentage time of the day and the pair-wise log
variance for each movement behaviour, with a log contrast determined between the
geometric means of the entire sample and each of the health variable subgroups
(Chastin, et al., 2015). Specifically, geometric means were achieved with time spent
in sedentary time, LPA, MVPA and sleep were summed and transformed to ILR of
time equalling one, as shown in Equation 12 (Chastin, et al., 2015). Pair-wise log
variance was displayed in a variation matrix to infer co-dependency between
behaviours, with log variance closer to zero indicative of a greater co-dependency.
Compositional linear regression models of ILR co-ordinates were then produced for
each health variable (equation 13), adjusted for age, sex (Chapters 6 and 7) and disease
status (Chapter 7), computed using the transformed ratios. The transformed behaviours

were entered in a sequential fashion to assess the collective influence on relative
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distribution in relation to each health variable (Equations 14). The produced p and r?
values indicated the significance of any associations between activity intensities and
health variables, and how the variance was influenced by the composition. These
models also examined the relationship of time in each activity intensity with each
health variable compared to the volume of time in other activity intensities. The first
p and r? values for each of the rotated models indicated the significance and fit of each

model.

Predicted change models were produced to examine the effect of displacing time from
one intensity to another (Equation 15). This was completed by back transforming ILR
intensity co-coordinates to represent real time plotted against percentage change in
health variable. A model was produced for each health variable against the individual
sample means, displayed as a change matrices for each health variable. Previous
studies employing predictive analysis of time substitution from one behaviour to
another typically use 10-minute blocks for time reallocation as this was the lowest
volume of change recognised to create a beneficial effect for health (Chastin, et al.,
2015). However, 20 minutes was employed, in Chapters 4 and 7, as the substitution of
this period of time between behaviours would still be meaningful for health, but would
also increase time in MVPA to meet or exceed the UK physical activity guidelines for

the samples investigated.

Equation 12. (Isometric log ratio (ILR) approach)
ilr(x)

D-1 X1 D—-2 X D_j x] 1 Xp-1
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Equation 13. (ILR multiple linear regression model for n compositional observations)
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Equations 14. (4 part composition)

” 3 ; < X1 1+ r)
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Equation 15. (Estimated change)
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Chapter 4

Investigating the influence of sex on the physical
activity composition of healthy children and its

relationship with arterial stiffness
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Chapter 4 (Study 1): Investigating the influence of sex on the

physical activity composition of healthy children and its

relationship with arterial stiffness

4.1 Introduction

Paediatric health research has largely focused on the effects of physical activity and
sedentary time in isolation, often covarying for the remaining behaviours (Carson
&Janssen, 2011; Colley, Garriguet, Janssen, & Wong, 2013; Warburton, Nicol, &
Bredin, 2006). However, the inherently co-dependent nature of movement behaviours
violates the assumptions of independence in most traditional statistical methods
(Carson, et al., 2016; Chastin, et al., 2015). However, the use of compositional
analysis, which has the ability to account for co-dependency between daily
movements, can facilitate a greater understanding by exploring associations relative to
the remaining behaviours in a given time period, such as a day (Chastin, et al., 2015).
Moreover, compositional analysis can identify potential interventional targets and

reveal potentially ‘optimal’ compositions for health (Chastin, et al., 2015).

The individual effects of physical activity and sedentary time on cardiovascular risk
factors are well researched in youth, with suggestions that physical activity and
sedentary time act independently and in an opposing manner on cardiovascular health
(Froberg &Andersen, 2005; Kohl, 2001; Vasankari, et al., 2017). In particular, arterial
stiffness, a pre-clinical risk marker for cardiovascular disease (CVD; Cheung, 2010;
Savant, Furth, & Meyers, 2014), is positively influenced by physical activity
(Edwards, et al., 2012; Sakuragi, et al., 2009), but negatively by sedentary time
(Haapala, et al., 2016; Nettlefold, et al., 2019). Arterial stiffness progresses naturally
with age, but prolonged periods of sedentary time has been found to result in a
premature progression and subsequent increases in the risk of developing CVD (Cote
et al., 2015; Nettlefold, et al., 2019; Veijalainen, et al., 2016). Conversely, a beneficial
relationship between physical activity and arterial health is evident, with active
children demonstrating less stiffening with age compared to more inactive and
sedentary counterparts (Edwards, et al., 2012; Haapala, et al., 2016; Ried-Larsen et al.,
2014; Veijalainen, et al., 2016).
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Differences in physical activity behaviours between sexes have been observed,
resulting in differing compositions of movement behaviours according to sex (Gordon-
Larsen, McMurray, & Popkin, 2000; Olds et al., 2009). Specifically, prepubescent
girls and boys both engage in similar levels of physical activity but pubertal girls
typically demonstrate greater volumes of light physical activity (LPA) and less
moderate-to-vigorous physical activity (MVPA) than their male counterparts (Dumith,
Gigante, Domingues, & Kohl, 2011). These differences in movement behaviours and
the rate of decline in the volume and intensity of physical activity according to sex
may subsequently influence arterial stiffening and possibly increase the risk of
premature CVD. Indeed, in young children girls have less compliant and stiffer arteries
than boys, although this difference may be ameliorated during puberty (Ahimastos,
Formosa, Dart, & Kingwell, 2003; Rossi, Frances, Kingwell, & Ahimastos, 2011;
Stoner, Faulkner, Westrupp, & Lambrick, 2015).

Whilst the effects of physical activity and sedentary time on markers of arterial health
have been explored in isolation, few studies have utilised compositional analysis to
investigate the relative influence of movement behaviours within a day. Carson et al.
(2016) investigated the effects on cardiometabolic risk factors, reporting an increased
MVPA, relative to remaining behaviours, to be associated with a decreased body mass
index (BMI) and waist circumference in children. However, equivocal findings have
been reported regarding the influence of sedentary time, LPA and sleep on
cardiometabolic risk (Stefelova, et al., 2018). These equivocal findings may be related
to inter-study differences in the measures of health considered, the study population
characteristics and/or to the accelerometer data processing decisions. Further work is

therefore warranted to address these equivocal findings.

The primary aim of the present study was therefore to explore the relative effects of
daily movement behaviours on markers of arterial stiffness in children and
adolescents. Secondary aims were to ascertain whether differences in physical activity
composition, according to sex, influenced these arterial markers and the influence of

reallocating time between behaviours on health outcomes.
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4.2 Methods
In total, 129 children and adolescents (12.4 £ 1.6 years; 56 boys), recruited from

schools in South Wales, participated in this cross-sectional study. This study was
approved by the institutional research ethics committee, with all procedures completed
in accordance with the Declaration of Helsinki. Prior to data collection, written
informed consent and assent were obtained from parents/guardians and participants,
respectively. Exclusion criteria included any known hypertensive, metabolic or

cardiovascular condition that could influence assessment of vascular health.

4.2.1 Anthropometrics

Stature, sitting stature and body mass were measured to the nearest 0.01 m, 0.01 m and
0.1 kg using a portable standing stadiometer (Seca 213, Seca, Chino, CA, USA), sitting
stadiometer (Holtain Ltd, Crymych, Pembrokeshire, Wales) and electronic scales
(Seca 803, Seca, Chino, CA, USA), respectively. Subsequently, BMI was calculated.
Maturity was estimated using sex-specific maturity offset equations to predict time
from peak height velocity (PHV; Mirwald, et al., 2002). Participants were classified
into three stages of puberty: pre-pubertal if more than one year pre-PHV, pubertal if
less than one year pre- or post-PHV, and post-pubertal if more than one year post-PHV
(Mirwald, et al., 2002).

4.2.2 Pulse Wave Analysis and Pulse Wave Velocity Procedure

Arterial stiffness was non-invasively assessed using an osillometric device (Vicorder,
Skidmore Medical, Bristol, UK) and accompanying blood pressure cuffs
(D.E.Hokanson Inc, Bellevue, WA, USA). Measurements were completed with the
participant in the supine position with the torso elevated to 30°, in a quiet environment
and after a five-minute resting period to ensure stable haemodynamics. Indirect central
arterial stiffness was estimated with a cuff placed over the brachial artery on the upper
left arm, with blood pressure taken a minimum of two times via an inbuilt automated
function. Pulse pressure (PP) and augmentation index (Alx) were derived from the PP
waveform recording, with Alx derived as augmented pressure expressed as a
percentage of PP (Wilkinson, et al., 2000). Stiffness was assessed with a partial cuff
placed over the carotid artery and a brachial cuff over the femoral artery. The sum of

the distance between the sternal notch and umbilicus and the umbilicus to the middle
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of the femoral cuff was measured, with PWV, in m-sec’!, subsequently derived
according to the time between carotid and femoral pulse waves. Each assessment was
completed a minimum of three times to obtain at least two congruent measures within

5 mmHg, 5% or 0.5 m-sec’! of each other.

4.2.3 Habitual Physical Activity Recording and Analysis

Participants were asked to wear an ActiGraph GT3X accelerometer (ActiGraph,
Pensacola, Florida, USA), sampling at 100 Hz on the right hip, for seven-consecutive
days. The ActiGraph GT3X has been shown to be valid for the assessment of habitual
sedentary time and physical activity in children (Hanggi, et al., 2013). Furthermore,
participants were asked to complete wear-time and sleep diaries, to record monitor
removal and the duration and quality of sleep. Accelerometry data was extracted using
ActiLife v6.13.4 software (ActiGraph, Pensacola, Florida, USA) and processed to 15s
epochs. Participants were required to meet a wear-time of > 10 hours on any three days
in order to be included in the analyses (Fairclough, et al., 2016). Evenson et al. (2008)
physical activity cut-points, identified as the most appropriate cut-points to give a
reliable representation of light, moderate and vigorous intensity physical activities

were used.

4.2 .4 Statistical Analysis

Initial statistical analyses were performed using IBM SPSS software package (IBM
SPSS Statistics for Macintosh, Version 22.0, IBM, Portsmouth, UK), with significance
set as p < 0.05 and all data expressed as mean + standard deviation (SD), unless stated
otherwise. A one-way ANOVA was used to establish any significant differences in

arterial stiffness measures or movement behaviours according to sex.

The Compositions package (Version 1.40-2; Chastin, et al., 2015), and its
dependencies, in R (http://cran.r-project.org) were used to conduct compositional
analysis. For all participants, time in each movement behaviour (i.e. sedentary time,
LPA, MVPA and sleep) was normalised as a proportion of the total time in all
behaviours, with the geometric means and the variation matrix then calculated for each
behaviour and grouping (Chastin, et al., 2015). A log contrast between each movement

behaviour, the geometric mean for the whole sample and the mean of each subgroup
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was subsequently calculated. Next, the relative distribution of physical activity
behaviours and the effects on arterial stiffness measures were examined by
transforming to isometric log-ratios (ILR) of time, equalling a total of one, and
producing sequential compositional linear regression models for each stiffness
measure, covarying for sex and age. The initial coefficient and p-value for each
sequential model was taken as the direction of effect and significance of the ILR
analysis for each health outcome (Carson, et al., 2016). Predictive change models to
examine the effect of displacing time from one behaviour to another (e.g. displacing
20 minutes of sedentary time to MVPA) on arterial stiffness measures were produced
based on the initial compositions for sex. Specifically, each predictive model back-
transformed the previous ILR behaviour co-ordinates to determine the effect based on
the average composition for each grouping and expressed as the percentage change in
the outcome parameter, around the group mean (Chastin, et al., 2015). The predicted
percentage change in each measure was then compared against the percentage smallest
worthwhile change (SWC%) to identify a meaningful and significant change. The
SWC% was calculated for the group mean of each arterial measure, to represent the

minimally clinically important difference (MCID; Wells et al., 2001b).

4.3 Results

The final sample consisted of 101 participants following the exclusion of 28
participants who failed to meet the wear-time criteria, with no significant differences
between those included and excluded. Overall, boys were taller (F(1,98)= 3.91, p <
0.05), heavier (F(1,98 = 5.41, p < 0.05), less mature (F(1,98)= 8.61, p <0.01), and had
a lower AIX (F(1,98 = 3.94, p < 0.05), than their female counterparts (Table 4.1).

As a whole, participants spent waking hours in predominantly sedentary pursuits, with
physical activity only accounting for 17.2% of this time (Table 4.2). Sleep and
sedentary time, and sedentary time and LPA, demonstrated the smallest pair-wise log
variances, suggesting higher levels of co-dependence. In contrast, MVPA showed the
highest log-ratio variance with all other movement behaviours and therefore the least
co-dependency (Table 4.3). Moreover, MVPA was found to explain 67% of variance,
with LPA accounting for 26% and the remaining 7% explained by sedentary time and
sleep (Table 4.3).
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Table 4.1. Participant descriptives and arterial stiffness according to sex.

Girls (n =45) Boys (n = 56)
Age (years) 12.1+£1.5 12.6 £1.7
Maturity offset -0.30 + 0.80* -1.16 £ 1.76
Height (m) 1.52 +£ 0.09%* 1.58 +£0.14
Mass (kg) 479+ 11.0* 52.2+6.4153
BMI (kg'm™) 20.5+3.6 20.6 £4.0
PP (mmHg) 60+ 8 60 £ 10
Alx (%) 11.9 £5.2% 104+5.5
MAP (mmHg) 78 +£7 76+ 7
PWYV (m-sec!) 4.92 +0.55 4.97 +0.60

Data is presented as mean + SD. Body mass index (BMI), pulse pressure (PP), augmentation index (AIx), mean arterial

pressure (MAP), pulse wave velocity (PWV). * Significant differences according to sex.

Table 4.2. Actual mean, geometric mean and percentage of 24-hours for each

movement behaviour and sleep for the whole sample.

SED LPA MVPA  SLEEP
Mean (min-day') 510.9 192.9 304 470.9
Geometric Mean (min-day™') 617.8 215.4 31.8 574.1
Percentage of 24 hours (%) 42.9 15.0 2.2 399

Sedentary time (SED), light physical activity (LPA), moderate-to-vigorous physical activity (MVPA).

Table 4.3. Pair-wise log-ratio variation matrix for the duration of sedentary time, LPA,

MVPA, and sleep in min-day !for the whole sample.

SED LPA MVPA SLEEP
ST - -0.017 -0.054 0.014
LPA -0.017 - -0.122 -0.021
MVPA -0.054 -0.122 - -0.037
SLEEP 0.014 -0.021 -0.037 -

Sedentary time (SED), light physical activity (LPA), moderate-to-vigorous intensity physical activity (MVPA).
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Comparison of geometric means by sex indicated that girls accrued a similar volume

of sedentary time, a greater volume of LPA and less time in MVPA and sleep, relative

to boys (Figure 4.1). Moreover, the overall movement behaviour composition for the

whole sample, as demonstrated by the model p-value, was not significantly associated

with any arterial measure (Table 4.5).

0.15—

0.10—

0.05—

0.00—

-0.05+

-0.104

-0.15—

7

mm SED
= LPA

= MVPA

SLEEP

Figure 4.1.. Compositional geometric mean bar plots comparing the compositional

means of girls against boys for sedentary time (SED), light physical activity (LPA)

and moderate-to-vigorous physical activity (MVPA), and sleep.

Table 4.4. Compositional model of movement behaviours, sedentary time, LPA,
MVPA and sleep, for each measure of arterial health in the overall sample, adjusted

for age, maturity and sex.

Model Model
p R? Ysep p Yira P Ymva D YsLeep P
PP 0.27 0.01 -1.52 041 1.78 0.12 0.04 096 -0.03 0.88
Alx 0.57 -0.01 0.00 099 -0.83 022 -0.07 087 090 045
PWV 031 0.01 -0.08 0.51 0.04 060 -0.02 076 0.05 0.67
BMI  0.26 002 083 027 -036 044 -006 087 -042 0.61

Sequential rotated ILR modelling for each arterial health measure, adjusted for age, maturity and sex. Sedentary time (SED), light

physical activity (LPA), moderate-to-vigorous physical activity (MVPA), pulse pressure (PP), augmentation index (AIx), mean

arterial pressure (MAP), pulse wave velocity (PWV) and body mass index (BMI). Regression coefficients relate to the change in log-

ratio for a given behaviour, relative to other behaviours.
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According to the ternary heat maps presented in Figure 4.2, the relative influences of
MVPA and sedentary time indicate that a high MVPA and low sedentary time result
in a more favourable aPWV in girls. In contrast, in boys, the relative influences of
movement behaviours on aPWYV is less clear but suggests moderate to low sedentary
time (Figure 4.3 a, ¢ and d) and moderate to high LPA and MVPA predict a more
favourable aPWV.

Figure 4.2. Heatmap ternary plots of aortic pulse wave velocity for different
combinations of physical activity compositions in girls. Each ternary diagram
focuses on one part of the four part composition (sedentary time (SED), light
physical activity (LPA) and moderate-to-vigorous physical activity (MVPA), and

sleep), relative to the remaining behaviours.
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Figure 4.3. Heatmap ternary plots of aortic pulse wave velocity for the different
combinations of movement behaviour compositions in boys. Each ternary diagram
focuses on one part of the four part composition (sedentary time (SED), light
physical activity (LPA) and moderate-to-vigorous physical activity (MVPA), and

sleep), relative to the remaining behaviours.

No significant percentage changes were present in any cardiovascular measures or
BMI, with the reallocation of 20 minutes from one behaviour to another (Table 4.5).
The non-significant predictive changes with reallocation of time were predominantly
symmetrical, except for substituting time between sedentary time and MVPA in PP
and BMI, irrespective of sex. While non-significant, the greatest increases in Alx and
PWYV were predicted with the reallocation of time from MVPA to sleep, and in Alx by
substituting time in LPA to sleep. However, decreasing time from sleep to LPA

resulted in a decreased Alx, irrespective of sex. Moreover, the reallocation of time in
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LPA and MVPA to sedentary time resulted in an increased predicted BMI, whereas
substituting sedentary time to LPA, resulted in a decreased predicted BMI, for both

SEXCES.

Table 4.5. Effect of reallocating 20 minutes of time from behaviour in columns to
behaviours in rows for boys and girls, presented as percentage change.

Girls Boys
PP
SED LPA MVPA Sleep SED LPA MVPA Sleep
SED - -0.30  0.10  -0.25 - -0.33 0.05 -0.26
LPA 0.29 - 0.39 0.03 0.32 - 0.36 0.05
MVPA 0.04 -0.27 - -0.22  0.06 -0.28 - -0.21
Sleep 0.25 -0.05 0.35 - 034 -0.07 031 -
Alx
SED LPA MVPA Sleep SED LPA MVPA Sleep
SED - 0.74 0.91 -0.49 - 0.96 0.86  -0.56
LPA -0.66 - 024 -1.16 -0.85 - 0.00 -1.42
MVPA  -0.37 0.37 - -0.86  -0.39  0.58 - -0.95
Sleep 0.48 1.22 1.38 - 0.58 1.51 1.40 -
PWV
SED LPA MVPA Sleep SED LPA MVPA Sleep
SED - 0.07 0.95 -0.28 - 0.09 0.77  -0.28
LPA -0.05 - 0.89 -0.34  -0.07 - 0.70  -0.35
MVPA  -037 -0.31 - -0.66  -0.33  -0.25 - -0.62
Sleep 0.27 0.34 1.22 - 0.32 0.36 1.05 -
BMI
SED LPA MVPA Sleep SED LPA MVPA Sleep
SED - 1.04 1.21 0.39 - 1.14 1.07 0.40
LPA -0.98 - 0.23 -0.59  -1.07 - 0.02  -0.66
MVPA  -0.73 0.32 - -0.34  -0.72 044 - -0.31
Sleep -0.40 0.66 0.82 - -0.59  0.75 0.68 -

Predicted effects were based on the mean composition. Sedentary time (SED), light physical activity (LPA), moderate-to-
vigorous physical activity (MVPA), pulse pressure (PP), augmentation index (AIx), pulse wave velocity (PWV). * A

percentage change greater than the SWC % for each arterial measure.
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4.4 Discussion

This is the first study to employ compositional analysis to explore the combined effects
of movement behaviours on arterial measures in a paediatric population. Overall, there
was no significant effect of the mean physical activity composition on any
cardiovascular measure, with the composition found to be similar regardless of sex.
Furthermore, predictive analysis found no effect of reallocating 20 minutes of MVPA
to either sedentary time, LPA or sleep on central stiffening or BMI, irrespective of sex.
Conversely, PWV was predicted to be non-significantly reduced for both groups with
the substitution of time from sedentary time, LPA and sleep to MVPA.

Previous studies have employed compositional analysis to explore the relative
associations of movement behaviours with cardiometabolic health, in both children
(Carson, et al., 2016) and adults (Chastin, et al., 2015), however to our knowledge no
study has explored the associations of these measures with arterial stiffening. Carson
et al. (2016) reported that the overall movement composition was significantly
associated with all cardiometabolic markers, though, when considered in isolation,
only BMI was significantly predicted by all behaviours. In contrast, the present study
found no significant relationships for the overall composition, or individual effects, of
movement behaviours with markers of arterial stiffening and BMI. The lack of
significant associations suggests that the movement composition alone does not
explain all of the variance in the outcome, with additional confounding factors, in
addition to age and sex, affecting arterial stiffening more significantly. For example,
cardiorespiratory fitness (CRF) has been shown to have a mediatory effect on the age-
related progression of central stiffening (Ogola et al., 2018; Veijalainen, et al., 2016),
with lower CRF associated with premature stiffening in children (Sakuragi, et al.,
2009) and also suggested to be related to physical activity levels and compositions.
Future studies should therefore also explore the influence of CRF in explaining the

relationship between physical activity and arterial stiffness.

Compositional research, irrespective of population, indicates that the relative
associations of movement behaviours do not necessarily emulate those of individual
behaviours in isolation (Carson, et al., 2016; Chastin, et al., 2015). Specifically,

negative correlations between sedentary time and cardiometabolic health were
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identified in children, relative to remaining behaviours, whereas previous research
utilising traditional analyses found sedentary time to have equivocal effects on such
markers (Carson, et al., 2016). In the current sample, sedentary time was not associated
with AIXx, but an increased time in sedentary pursuits was associated with decreases in
PP and PWV. Such findings are in contrast to previous research investigating the
influence of sedentary time in isolation where greater time sedentary was consistently
associated with an elevated arterial stiffening in children and adolescents (Haapala, et
al., 2016; Nettlefold, et al., 2019). Whilst sedentary time has been demonstrated to act
negatively on arterial health in isolation (Viisto et al., 2019), it could therefore be
postulated that inactivity may be a more important target to slow premature increases
in CVD risk. Interestingly, higher levels of LPA showed a trend towards a greater
decrease in Alx and BMI than MVPA. Conversely, a higher MVPA was non-
significantly associated with a decreased PWV, with the opposite found for LPA.
These findings are discordant to studies in adolescents (Edwards, et al., 2012),
overweight children (Sakuragi, et al., 2009), and children with chronic health
conditions (Wadwa, et al., 2010), which found significant negative associations
between MVPA and stiffness measures. Moreover, while evidence for the influence
of LPA on stiffening is less established than MVPA, preliminary research indicates
that greater volumes of LPA in adolescents are associated with a more favourable

PWV (Edwards, et al., 2012).

The non-significant effect of MVPA on vascular measures in the present sample may
be a consequence of a number of factors, including differences in patterns of
accumulation of sedentary time and LPA, and disparities in the spread of data for Alx
(2.0 — 27.5 %) and PWV (3.5 — 6.2 m-sec’!). Specifically, girls accrued a greater
volume of LPA, but less MVPA, with similar volumes of sedentary time and sleep,
compared to boys. It could therefore be postulated that girls may interrupt prolonged
periods of sedentary time with periods of LPA. Alternatively, such findings could be
due to the misclassification of sedentary time and LPA from accelerometer data
(Byrom, et al., 2016). Conversely, the observed differences may, at least in part, be
due to the differing spread of data between arterial measures, with the SD varying from
11% for PWV, to 44% for Alx in girls. Consequently, the differences in magnitude of
the relationship may inappropriately suggest a lesser influence of physical activity on

vascular health and adiposity. Indeed, the current findings indicate a minimal effect of
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MVPA, discordant with Viistd et al. (2019) who found LPA was more weakly
associated with cardiometabolic health than MVPA. Nonetheless, these findings
provide further evidence that the intensity of physical activity is important for arterial

health in paediatric populations (Germano-Soares et al., 2018).

Although not significant, increased time in sleep, LPA and MVPA were associated
with decreases in BMI, with greater sedentary time associated with an increased BMI.
These findings are in accord with research investigating the effects of movement
behaviours in isolation (Chaput, et al., 2012; Kwon, Janz, Burns, & Levy, 2011;
Wijndaele, et al., 2019; Yoong et al., 2016). Moreover, with the exception of LPA,
these findings are congruent with previous compositional research in children (Carson,
et al., 2016), supporting the need to target both inactivity and sedentary time to
promote the maintenance of a healthy weight. The consistent negative reciprocal
relationship between sedentary time and BMI provides further evidence of the negative
effect of time in sedentary pursuits (Nettlefold, et al., 2019; Wijndaele, et al., 2019).
Indeed, these findings suggest that reducing sedentary time may play a pivotal role in

maintaining a more favourable weight status and reduced risk of obesity.

Reducing time in MVPA by 20 minutes and thereby increasing ST, LPA or sleep,
whilst not significant, consistently predicted negative effects on arterial stiffening and
adiposity. These findings may highlight the importance of MVPA for the maintenance
of vascular health and a healthy weight, independent of sex. However, it may be
pertinent to note that for the same 20-minute reallocation of time from MVPA to any
other movement behaviour, the non-significant predicted changes were consistently
higher in girls, possibly due to girls accruing less MVPA prior to reallocation.
Furthermore, the ternary heat maps (Figure 4.2) suggest higher MVPA is associated
with a lower aPWV in girls, potentially suggesting intensity of physical activity may
be key to achieve change in arterial health for this population. Conversely, in boys,
intensity may be of less importance for arterial health, as demonstrated by the lack of
effect of reallocating MVPA to LPA on AlXx, as shown in the ternary heat maps (Figure
4.3). This therefore suggests that both LPA and MVPA are important for aPWV in
boys. However, as boys accrued a greater volume of MVPA compared to girls this
must be interpreted with caution. Nonetheless, these predictive changes support the

importance of MVPA in children (Chief Medical Officers, 2019) whilst also indicating
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that LPA may have a greater positive effect on arterial health and adiposity than
previously perceived (Fiizéki, Engeroff, & Banzer, 2017).

The primary strength of this study was the use of a compositional approach to
understand the overall influence of movement behaviours on arterial measures.
Additionally, the use of SWC as a representation of the MCID, as opposed to the
traditional method of 1 SD, provided a more meaningful context to predictive changes
in arterial measures (Wells et al., 2001a). However, this study is not without
limitations. First, it is important to acknowledge that accelerometers without
inclinometers may not fully distinguish between sedentary time and LPA, due to a lack
of sensitivity and inability to identify postural changes (Carson, et al., 2016; Howard
et al., 2015). Moreover, given that this study only monitored participants for seven
consecutive days, with as little as three days included for some participants, some
movement behaviours may have been under- or over-estimated, as behavioural
variation may not have been accounted for. It is also pertinent to note that a significant
difference in maturity was present between girls and boys, therefore, whether observed
differences in health outcomes were solely attributable to sex independent of maturity
remains to be elucidated and warrants further investigation. Finally, whilst the
predictive changes suggest the effects of reallocating 20 minutes of time between
behaviours in future interventions, these models are based on the present data, thereby
limiting generalisability. Additionally, predictive modelling provides no indication
regarding the duration of intervention necessary to elicit such changes, nor the duration

over which they should be sustained to impact health.

4.5 Conclusion

In conclusion, MVPA was the most potent stimulus for change in arterial health,
however, even with 20-minute reallocation from any other movement (i.e., sleep,
sedentary time and LPA) to MVPA no significant predicted changes were evident in
either arterial or adiposity. This highlights the high potential dose of MVPA required
to improve arterial health in healthy populations. However, of importance, daily
movement behaviours cannot predict arterial stiffening nor weight status in isolation,
demonstrating the need to adopt a compositional approach in future research. Future

research should not only seek to further explore the relationship between movement
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compositions and arterial health, but to identify and control for additional mediatory

or modulatory factors.
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Chapter 5

Association of physical activity metrics with
indicators of cardiovascular function and control in

children with and without type 1 diabetes

&9



Chapter 5 (Study 2) - Association of physical activity metrics

with indicators of cardiovascular function and control in

children with and without type 1 diabetes

5.1 Introduction

Type 1 diabetes (T1D), characterised by chronic lifelong insulin deficiency, is
estimated to affect 400,000 people in the UK, 7.25% of whom are children (Royal
College of Paediatrics and Child Health, 2018). The most prevalent cause of mortality
in T1D is cardiovascular disease (CVD), and individuals with T1D have a four-fold
higher risk of developing cardiovascular complications relative to their non-diabetic
peers (Diabetes UK, 2016). Pre-clinical indications of this increased cardiac risk may
be evident as early as two years post-diagnosis, suggesting that those who develop
T1D early in life have a significantly increased premature risk of developing CVD,
compared with their non-diabetic peers and those with a later onset (Chessa, et al.,

2002; Shah, et al., 2015).

The aetiology of the increased CVD risk in those with T1D is suggested, at least in
part, to be related to chronic hyperglycaemia and its deleterious effects on the vascular
and nervous systems caused by increases in oxidative stress and inflammation
(American Diabetes Association, 2010; NICE, 2015). Vascular dysfunction, which is
typically characterised by poor vascular elasticity and reactivity (Hadi, Carr, & Al
Suwaidi, 2005), is a common complication in T1D (Greenwald, 2007; Laurent, et al.,
2006). This reduced arterial compliance also potentially exacerbates the direct role of
chronic hyperglycaemia in the autonomic dysfunction often reported in the paediatric
diabetic population (M. Jaiswal, et al., 2013; Verrotti, Prezioso, Scattoni, & Chiarelli,
2014). The consequently impaired control of cardiac rhythm and heart rate
responsiveness, mediated by the autonomic nervous system and measurable through
the indices of heart rate variability (HRV), is associated with an increased risk of short-
and long-term complications, and specifically with an elevated risk of CVD (Astrup,

et al., 2006; Verrotti, et al., 2014).

Physical activity, along with the application of exogenous insulin and the strict control

of diet, is essential for the management of T1D and is associated with a reduced risk
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of both acute and long-term complications, and improved quality of life (NICE, 2015).
Moreover, research suggests that meeting the UK physical activity recommendations
of, on average, 60 minutes of moderate-to-vigorous physical activity (MVPA) per day
across the week (Chief Medical Officers, 2019), is strongly correlated with additional
health-associated benefits for those with T1D (Beraki, Magnuson, Sarnblad, Aman, &
Samuelsson, 2014; Warburton, et al., 2006). In children with T1D, physical activity
improves glucose control (Beraki, et al., 2014; Chimen, et al., 2012; Herbst, Bachran,
Kapellen, & Holl, 2006), helps prevent insulin resistance (Landt, et al., 1985; Nadeau,
et al., 2010; Sell, Eckel, & Dietze-Schroeder, 2006), reduces traditional CVD risk
factors (Herbst, Kordonouri, Schwab, Schmidt, & Holl, 2007; Heyman et al., 2007;
Sell, et al., 2006), maintains a healthy vascular reactivity (Liese, Ma, Maahs, & Trilk,
2013) and healthy autonomic function (Chen, et al., 2008; Nagai, et al., 2004;
Routledge, et al., 2010). However, recent research found that only 39% of children
with T1D met the current UK physical activity guidelines (Chief Medical Officers,
2019), with these children engaging in significantly less MVPA than their non-diabetic
peers (de Lima, et al., 2017).

While MVPA is associated with important health benefits, longer durations of light-
intensity physical activity (LPA) in healthy children have also been associated with
multiple benefits (Aggio, Smith, & Hamer, 2015), including a lower stiffness in the
small arteries (Haapala, et al., 2016; Stone, et al., 2009). This suggests that all physical
activity, irrespective of intensity, can elicit health-associated benefits and highlights
the need to consider the whole physical activity profile. However, research has
predominantly focused on exploring the health influences of the volume of time spent
in different intensities, rather than exploring the overall effect of accumulated physical
activity, irrespective of intensity. Furthermore, this focus on the volume of physical
activity has been almost exclusively based on various cut-points that were derived
from different protocols, segmenting the available data (Fairclough, et al., 2019) and
largely precluding inter-study comparisons. In contrast, utilising all available
movement data to determine the distribution of physical activity intensity and volume
accrued, in the form of the activity profile, enables the identification of those patterns
and variances in physical activity that are most strongly associated with health
outcomes (Rowlands, et al., 2018). Vitally, such metrics enable inter-study

comparisons (Rowlands, et al., 2018) and could thereby facilitate the accumulation of
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sufficient evidence to support individually-targeted interventions for reducing long-
term health complications. Such approaches would be particularly valuable in a
diabetic population, as even relatively small changes can elicit improvements in

disease management, cardiovascular health and quality of life (Anderson et al., 2016).

The primary aim of the current study was therefore to determine the influence of T1D
on the accumulation of physical activity in diabetic youths and to determine whether
it is the volume or the intensity of physical activity, or a combination of these, that has

the greater influence on their cardiovascular health.

5.2 Methods

The present cross-sectional study was conducted in paediatric diabetes clinics and
schools in South Wales. Following written informed assent and consent from
participants and parents/guardians, respectively, measurements and assessments were
taken over a two-hour testing period, with physical activity subsequently assessed over
seven consecutive days. The study was approved by a National Health Service (NHS)
Research Ethics Committee (16/NE/0082 195492) and conducted in accordance with
the Declaration of Helsinki.

5.2.1 Participants

29 children with T1D (12.1 £ 2.1 years; 14 girls) and 19 without T1D (11.8 +2.2 years;
6 girls) participated in this study. The data included in the present study is a sub-sample
of a larger dataset used in Chapter 7. While an a-priori power calculation was not
conducted due to the convenience sampling approach utilised in this observational
study, post-hoc power analysis indicates a power of 0.93. Control participants were
recruited opportunistically within the community to ensure they were age- and sex-
matched to the participants with diabetes. Potential participants with any known
cardiovascular disease, kidney disease, metabolic disease or hypertension were
excluded. Diabetes-specific exclusion criteria were: a diabetes duration of less than
one year; currently being in poor glycaemic control (HbAlc >75.0 mmol-mol!); or
identified by the paediatric diabetes team as otherwise unsuitable for participation in

the study.
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5.2.2 Anthropometric, Maturity and Metabolic Measures

Standing and sitting stature were measured to the nearest 0.1 cm using a Holtain
stadiometer (Holtain, Crymych Dyfed, UK), with body mass measured to the nearest
0.1 kg using electronic scales (Seca 803, Seca, Chino, CA, USA). Body mass index
(BMI) and BMI z-score (BMIz) were subsequently calculated. Data on each
participant’s blood glucose control, lipid profile and HbAlc were obtained from
medical records. Maturity was estimated using sex-specific maturity offset equations
in order to approximate the time in years pre- or post-peak height velocity (PHV).
Maturity status was defined as prepubertal if > 1 year pre-PHV, pubertal if 1 year pre-
or post-PHV, and post-pubertal if > 1 year post-PHV (Mirwald, et al., 2002).

5.2.3 Habitual Physical Activity Measurements

Participants wore a GENEActiv triaxial accelerometer (GENEActiv, Activinsights
Ltd, Cambridgeshire, UK) sampling at 20 Hz on their right wrist for seven-consecutive
days. The GENEActiv has been validated for use in children (Phillips, et al., 2013)
and has been shown to be reliable in comparison to other validated accelerometers
(Esliger, et al., 2011). During the habitual physical activity assessment period,
participants were given diaries to monitor sleep quality and duration, and to record

times and reasons for accelerometer removal.

5.2.4 Vascular Assessment

Non-invasive assessment of vascular function was carried out employing a cuff-based
osillometric technique (Vicorder, Skidmore Medical, Bristol, UK; D.E.Hokanson Inc,
Bellevue, WA, USA), with the participant in the supine position, torso elevated to
approximately 30°, in a quiet environment and having rested for five minutes prior to
assessment to ensure stable haemodynamics (heart rate and blood pressure). Pulse
wave analysis (PWA) was completed with a cuff on the upper left arm, at the brachial
artery. A stable blood pressure (BP) was initially obtained to inform the inbuilt
automated protocol, then the pulse-pressure waveform was recorded deriving central
augmentation pressure and index (AlIx) by integral transfer function. Specifically, Alx
was calculated as the difference in pressure between peaks one and two on the systolic
waveform expressed as a percentage of pulse pressure (Wilkinson, et al., 2000). Aortic

stiffness was estimated from the carotid to femoral pulse wave velocity (aPWV),
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completed by placing a partial cuff over the carotid pulse and a cuff at the upper thigh,
then measuring the distance between the sternal notch and the middle of the femoral
cuff. Carotid and femoral waveforms were then recorded, deriving aPWV in m-sec™.
Three recordings for each process, PWA and aPWV, were taken to obtain at least two

congruent measures within 0.5 m-sec™!, 5 mmHg and 5% of each other, respectively.

6.2.5 Assessment of cardiac autonomic function

A short-term ECG recording, from which normal cardiac interval data (RR-intervals)
can be derived, was obtained with the use of a 3-lead Reynolds CF Holter monitor
(Spacelabs Medical Ltd, Hertford, UK), producing 12-bit resolution ECG data at a
sampling frequency of 1,024 Hz. Three electrodes were positioned on the anterior of
the torso, at the manubrium of the sternum and the V5 and V5R positions. Accurate
placement of each electrode was ensured by visually observing each channel prior to
recording. A representative resting measure of autonomic function was obtained by
recording for five minutes during paced breathing at six-breaths per minute in the

supine position, after a 15 minute rest period.

5.2.6 Heart Rate Variability Data Processing

ECG data from the Reynolds CF Holter recorder were exported and processed using
the Reynolds Pathfinder ECG analysis system (Spacelabs Medical Ltd, Hertford, UK).
The pathfinder system classified QRS cycles as either normal (resulting from sinus
node depolarisations) or aberrant, and normal cardiac (RR) interval data were then
extracted using the Reynolds Research Tools software (Spacelabs Medical Ltd,
Hertford, UK). The resulting RR data were visually assessed to identify and delete any
obvious artefacts (those of non-physiological origin). The processed RR data were
then analysed using Kubios HRV V3.0 (Biomedical Signal Analysis Group,
Department of Applied Physics, University of Kuopio, Finland) to derive time-
domain, frequency-domain and geometric indices of HRV. RR data were detrended
using the ‘Smoothn priors’ option with Lamdba set to 500. Time domain analysis of
the RR data yielded RMSSD, the square root of the mean of the sum of the squares of
differences between adjacent RR intervals, a measure of the short-term variability of
RR intervals in the recording (European Society of cardiology, 1996). Frequency

domain indices were spectrally estimated by Welch’s method of power spectral density
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estimation and autoregressive modelling, then divided into the frequency bands of low
and high frequency (LF: 0.04-0.15 Hz; HF: 0.15-0.40 Hz). These indices were then
expressed as both absolute power and power normalised to total spectral power (TSP;
0.04-0.40 Hz) as an indication of the distribution of spectral power and the variance of
all RR intervals (European Society of cardiology, 1996). The derived geometric HRV
index was SD1, indicating short-term variation in RR intervals, determined from the
standard deviation of paired consecutive differences on the line of the Poincaré plot

(European Society of cardiology, 1996).

5.2.7 Habitual Physical Activity Data and Analysis

Raw accelerometer data were extracted using the GENEActiv PC software v2.2
(Activinsights Ltd, Cambridgeshire, UK). Signal processing was subsequently
completed with R software (https://cran.r-project.org) using the GGIR package
(https://cran.rproject.org/web/packages/GGIR/vignettes/GGIR.html) to convert the
triaxial acceleration values to an omnidirectional acceleration in the form of the signal
vector magnitude (SVM). Raw acceleration values were processed by the Euclidian
Norm Minus One (ENMO) method (van Hees, Gorzelniak, Dean Leon, et al., 2013),
then reduced to 5 second epochs and expressed in milligravity-based acceleration units
(mg; Hildebrand, et al., 2017). Minimum wear-time was classified as > 16 hours during
waking hours, defined as 0600 to 2300, over three weekdays and one weekend day
(Fairclough, et al., 2016). Hildebrand et al. (2014)’s raw acceleration thresholds were
utilised to determine the time spent in different intensity domains as < 50 mg for
sedentary time, 50-99 mg for light physical activity (LPA), > 100 mg for MVPA
(Hildebrand, et al., 2017). Tolerance thresholds for LPA and MVPA bouts were set as
> 10 minutes of continuous 5s epochs, where 80% of epochs were > 50 or > 100 mg,
respectively (Menai et al., 2017). Sleep was classified based on the van Hees et al.
(2015) nocturnal sleep algorithm as no arm angle change > 5° for > 5 minutes. Total
physical activity was quantified as the average acceleration over a 24-hour period

(Fairclough, et al., 2019).
The intensity gradient, a metric of physical activity intensity distribution (Rowlands,

et al,, 2018), was calculated for each participant. Specifically, the curvilinear

relationship between intensity and time spent in in each successive 25 mg time bin
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between 0 and 4,000 mg was transformed to a linear relationship using the natural log
of each variable. The R? value obtained indicated the goodness of fit of the linear
model, whilst the gradient and constant of the linear regression represented the activity
distribution. A higher constant and a more negative gradient represent a steeper decline
and therefore less time accumulated at mid-to-high intensities. Conversely, a lower
constant and a less negative gradient represents a shallower drop and is therefore

indicative of more time spread across the intensities (Rowlands, et al., 2018).

5.2.8 Statistical Analysis

The SPSS software package (IBM SPSS Statistics for Macintosh, Version 22.0,
Plymouth, UK) was used to perform statistical analyses, with significance set as p <
0.05 and all data expressed as mean + SD. Initially, independent t-tests were completed
to determine whether differences were present between included and excluded
participants, followed by assessing between-group differences in participant
characteristics. Linear mixed models with a random intercept were then conducted to
compare differences in physical activity between children with and without T1D
according to the intensity gradient, average acceleration, LPA, bouted LPA (LPAb),
MVPA or bouted MVPA (MVPAD). Following the use of an initial unadjusted model,
further models were adjusted for potential covariates of age, sex, maturation and BMI,
then for covariates and the alternative physical activity metrics to test for
independence. Pearson’s correlations were used to determine the magnitude of
associations between intensity gradient, average acceleration, MVPA and MVPAD,
and to ascertain whether the intensity gradient showed greater independence of
average acceleration than MVPA or MVPAD. Finally, linear mixed models were
utilised to explore the associations between volume/intensity of physical activity and
measures of cardiovascular function and control. Specifically, following an initial
unadjusted model, a fully adjusted model was iteratively conducted for each
alternative physical activity metric, followed by a final adjusted model including the
alternative activity metric (intensity gradient or average acceleration) to determine

their independent association with each measure of cardiovascular function or control.
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5.3 Results

Following the exclusion of eight participants (six T1D participants were removed due
to failed calibration and failing to meet the wear-time criteria; two controls, due to
failing to meet wear-time criteria), the final sample consisted of 40 participants (23
T1D, 17 non-diabetic). There were no significant differences between those included
or excluded with regards to age, anthropometric measures or maturity (data not
shown). Participant descriptive characteristics and physical activity outcomes are
presented in Table 5.1. Participants with T1D were observed to have HbAlc levels
greater than the NICE recommended level of 48 mmol-mol™!, above which the risk of

developing long-term complications is significantly increased (NICE, 2015).

Table 5.1. Participant characteristics, physical activity and glycaemic control.

Children with T1D Non-diabetic children
(n=23) m=17)

Age (yrs) 12.1+2.1 11.8+2.2
BMI (kg'm?) 20.7+3.7 19.3+4.1
Maturity offset (yrs) -1.55+1.65 -1.30+£2.04
Sedentary time (mins-day™) 492.0+1194 527.8 £101.3
LPA (mins-day™) 471.0 + 61.6%* 4109+ 71.5
LPAD (mins-day™) 166.4 = 66.0 148.0 £ 63.6
MVPA (mins-day™) 82.9+37.2 114.0+72.1
MVPADb (mins-day™) 4.5+4.7* 129+15.3
Average acceleration (mg) 37.2+£9.7* 46.2 £18.1
Intensity gradient 211 +0.18** -1.90+0.23
Intensity constant 13.02 £ 0.66** 12.36 £0.76
Sleep efficiency (%) 829+11.0 83.1+11.5
HbAlc (mmol-mol™) 68.24 + 12.14 -
HbAlc (%) 84+1.1 -
Total- C (mmol-1™) 4.22 +0.39 -
LDL-c (mmol-1™) 2.30+£0.33 -
Disease duration (yrs) 5.0+£3.2 -

Values are presented as mean (SD). Body mass index (BMI), sedentary time (ST), light physical activity (LPA), bouted light
physical activity (LPAb), moderate-to-vigorous physical activity (MVPA), bouted moderate-to-vigorous physical activity (MVPAD),
glycated haemoglobin (HbA1c), total cholesterol (Total-C), low density lipoprotein (LDL-c), * significant difference between
groups at p<0.05, **significant differences at p<0.01
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Linear mixed model analyses highlighted significant differences in the intensity
gradient (p < 0.01), average acceleration (p < 0.05) and time spent in LPA (p < 0.05)
for diabetic and non-diabetic children, when accounting for age, sex, maturity status
and BMI (Table 5.2). There were no significant differences in MVPA (p > 0.05),
MVPAD (p=0.058, 1-8=0.74), bouted LPA or sedentary time (p > 0.05) between the
two groups. Amongst the boys, those without diabetes showed the highest average
acceleration and highest intensity gradient but the lowest LPA; amongst the girls, those
with diabetes demonstrated the lowest LPA, lowest intensity gradient and lowest

average acceleration.

Intensity gradient was strongly associated with both MVPA and MVPAD (r = 0.80, p
< 0.01; r=0.79, p < 0.01, respectively), but less strongly correlated with sedentary
time (r =-0.36, p < 0.05). Average acceleration was similarly strongly correlated with
both intensity gradient and cut-point metrics. Specifically, average acceleration was
correlated with the intensity gradient (r = 0.89, p <0.01), MVPA (r = 0.85, p < 0.01)
and MVPAD (r = 0.83, p < 0.01), while only moderately correlated to sedentary time
(r=-0.36, p <0.05). Intensity gradient and average acceleration showed no significant

correlation with LPA or bouted LPA.

Cardiovascular outcomes for both groups are presented in Table 5.3, while the spread
of key cardiovascular outcomes are presented in Figure 5.1. Modest negative
correlations were observed between PWV and intensity gradient (r*=-0.38, p <0.05),
average acceleration (r? = -0.40, p < 0.05), MVPA (r>=-0.43, p < 0.05) and MVPAb
(r* = -0.45, p < 0.05). Average acceleration was also modestly correlated to resting
absolute LF (12 = 0.44, p < 0.05) and TSP (r> = 0.43, p < 0.05). Neither intensity
gradient nor average acceleration were significantly correlated to Alx or any of the
HRYV indices measured under conditions of stress (p > 0.05). Furthermore, across the
HRV measures the present sample resulted in a relatively poor statistical power,

ranging from 0.4 for LF (ms?) to 0.7 for TSP.

The association between physical activity metrics and measures of cardiovascular
function are presented in Table 5.4. Both intensity gradient and average acceleration
were significant predictors of PWV, RMSSD, LF, total spectral power and SD1 when

unadjusted, but not when adjusted for covariates.
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Table 5.2. Linear mixed model of between-group differences in activity metrics

according to disease status.

Model 1 Model 2 Model 3
B 95% CI B 95% CI B 95% CI  Independent
(model 3)

Intensity - -0.35, - - -0.33, - -0.13*  -0.25, - Y
gradient 0.22** 0.08 0.19** 0.05 0.02
Intensity 0.66** 0.19,1.13 0.60*  0.10, 0.45 -0.01, X
constant 1.11 0.91
Average -9.58*  -19.07, - -4.67  -11.84, 2.08 -3.77, X
acceleration 0.10 2.49 7.94
(mg)
Sedentary -35.8  -111.1, -36.4  -110.8, -63.2 -141.7, Y
time 39.5 38.0 153
(mins-day™)
LPA 60.1** 15.1, 63.5%*% 8.5, 74.7%  26.3, Y
(mins-day™) 105.1 108.4 123.1
LPAb 18.5 -25.5, 10.4 -33.1, 19.9 -27.2, Y
(mins-day™) 62.4 54.0 67.0
MVPA 312 -694,7.1 -12.6  -443, 0.6 -32.3, X
(mins-day™) 19.1 33.6
MVPAb -8.3*  -15.8,-0.8 -6.3 13.3,0.7 -09 -7.0,53 Y
(mins-day™)

Model 1 unadjusted model grouped with disease status, model 2 adjusted for potential covariates: age, sex, maturity status,
BMIz, model 3 adjusted for covariates and alternative physical activity metric to determine if independent (average acceleration
for intensity gradient, intensity gradient for all other metrics), with an independent and non-independent relationships denoted
by Y and X, respectively.

Light physical activity (LPA), bouted light physical activity (LPAb), moderate to vigorous physical activity (MVPA), bouted
moderate to vigorous physical activity (MVPADb). * Significant difference between groups at p < 0.05, with ** significant
difference at p < 0.01
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Table 5.3. Measures of cardiovascular function for diabetic and non-diabetic

participants.
Children with T1D Non-diabetic children

(n=29) (n=19)
Resting BP (mmHg) 114/60 116/62
MAP (mmHg) 83.3+6.6 849+54
Alx (%) 13.52 +6.47 15.25+7.02
aPWV (m-sec™) 5.04 + 0.66** 4.58+0.70
TSP (ms?) 3,291 +£3,982 5,060 = 7,308
LF (ms?) 1,309 + 1,217 2,204 + 2,720
HF (ms?) 1,917 +2,806 2,715+ 5,283
LF (n.u) 50.9+16.9 53.1+14.0
HF (n.u) 49.0+16.9 46.7 +14.0
RMSSD (ms) 53.5+32.1 65.2.£52.3
SD1 (ms) 37.9+22.7 46.1 £37.1

Values are presented as mean + SD. Mean arterial pressure (MAP), augmentation index (AlIx), aortic pulse wave velocity (aPWV), total

spectral power (TSP), Low frequency (LF), High frequency (HF), Root mean square of the successive differences of RR (RMSSD),

standard deviations of successive differences on the line of Poincare plot (SD1).**significant difference between groups at p < 0.01

Figure 5.1. — Individual variation in pulse wave velocity (PWV), root mean square

of successive differences (RMSSD), and normalised low and high frequency data in

those with and without diabetes.
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Table 5.4. Associations between physical activity metrics and measures of

cardiovascular function and control for the overall study population, accounting for

age, sex, maturity and disease status.

Model 1 Model 2 Model 3 Independent
B 95% CI B 95% CI B 95% CI (model 3)
aPWV
Intensity gradient -1.62%* -2.82,-0.42 -1.27 -2.77,0.23 -1.27 -3.56, 1.02 Y
Average
-0.02* -0.04, -0.004 -0.01 -0.03, 0.01 -0.00 -0.03, 0.03 X
acceleration
Alx
Intensity gradient -1.26 -13.30, 10.78 8.14 -8.09, 24.37 -5.79 -29.55,17.97 X
Average
0.03 -0.13,0.19 0.18 -0.02, 0.37 0.23 -0.07, 0.53 Y
acceleration
MAP
Intensity gradient 10.53 -0.45,21.51 5.96 -8.14, 20.05 11.31 -10.05 ,32.66 Y
Average
0.10 -0.04, 0.25 0.02 -0.16, 0.20 -0.10 -0.36,0.18 X
acceleration
RMSSD
Intensity gradient 78.0%* 1.8, 154.3 44 .4 -74.6, 163.3 16.1 -148.3, 180.4 Y
Average
1.1* 0.1,2.2 0.7 -0.9,2.3 0.6 -1.7,2.8 Y
acceleration
LF
Intensity gradient 4,403* 759, 8,046 1,822 -3,777, 7421 -1,634 -9,171, 5,903 X
Average
) T3** 25,120 53 -22,127 68 -35,172 Y
acceleration
HF
Intensity gradient 6,333 -1,245,13,910 3,776 -8,127, 15,680 2,681 -13,713, 19,075 Y
Average
) 82 -22, 186 43 -119, 205 20 -204, 245 Y
acceleration
TSP
Intensity gradient 11,025* 742,121,309 5,440 -10,550, 21,448 978 -21,091, 23,047 Y
Average
) 158%* 19, 298 98 -120, 316 88 -214, 391 Y
acceleration
SD1
Intensity gradient 55.3*% 1.3,109.3 31.5 -52.7,115.7 11.4 -105.0, 127.8 X
Average
) 0.8* 0.055, 1.5 0.5 -0.6, 1.7 0.4 -1.2,2.0 Y
acceleration

Model 1 unadjusted model; model 2 adjusted for potential covariates: age, sex, maturity and disease status; model 3 adjusted for

covariates and alternative physical activity metric to determine if independent.

95% confidence interval (CI), aortic pulse wave velocity (aPWV), augmentation index (AlIx), mean arterial pressure (MAP),

root mean square of successive differences of RR (RMSSD), low frequency (LF), high frequency (HF), total spectral power

(TSP), standard deviation of successive differences on the line of the Poincare (SD1). Significant prediction between

independent and dependent variable denoted by * p < 0.05, ** p <0.01.
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5.4 Discussion

This is the first study to explore physical activity in children with T1D using more
novel, intensity-based, rather than conventional volume-based, measures to consider
how physical activity is accumulated. Moreover, this study sought to investigate
whether these metrics differ according to disease status and health outcomes. The key
findings from the study were that children with T1D engaged in significantly less
higher intensity physical activity and had a poorer (higher) aPWV than their non-
diabetic peers. Finally, intensity of physical activity was most strongly associated with
a lower aPWV and higher HRV indices, as demonstrated by the intensity gradient,

though the intensity gradient was not independent of average acceleration or MVPA.

Physical activity is known to be associated with numerous short- and long-term health
benefits in children (Janssen & Leblanc, 2010), as well as in the management of T1D
(Chimen, et al., 2012). In accordance with previous research (Nguyen et al., 2015;
Tully, Aronow, Mackey, & Streisand, 2016), the current study found that children with
T1D typically undertake less MVPA than their non-diabetic peers. Indeed, previous
research has postulated that those with T1D might engage in a lower volume of MVPA
because of a lack of understanding about how to compensate for different types and
intensities of exercise, and due to a fear of subsequent hypoglycaemia (Pivovarov,
Taplin, & Riddell, 2015). However, whilst conventional, volume-based measures of
physical activity have been extensively researched in the paediatric diabetic
population, little is known regarding the physical activity profile as a whole. The
current study therefore extends these earlier studies, demonstrating that diabetic
children have a steeper, less favourable, intensity profile and lower average
acceleration than their non-diabetic peers. These findings indicate that diabetic
participants engaged in significantly more LPA than MVPA and moved less at higher
intensities compared to their non-diabetic peers. Whilst these findings highlight LPA
as a potential target for interventions, with suggestions that targeting LPA may
represent a more feasible and sustainable target than MVPA for those with low
physical activity levels at baseline (Keadle, et al., 2017; Matthews et al., 2016), it is
worth noting that the greatest health benefits are elicited through MVPA, with
significantly longer periods of LPA required to obtain similar benefits (Carson, et al.,

2016). Therefore, future studies in children with chronic diseases should utilise the
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activity profile to gain a greater insight into the accumulation of physical activity, to
facilitate an accurate comparison of physical activity patterns between populations,

and to identify key targets for intervention.

Previous studies in healthy children found that the intensity gradient was associated
with conventional volume-based metrics, independent of average acceleration
(Fairclough, et al., 2019; Rowlands, et al., 2018). The strongest association in these
studies was demonstrated between the intensity gradient and MVPA, suggesting that
the intensity gradient best represents more vigorous intensity physical activity
(Fairclough, et al., 2019; Rowlands, et al., 2018). In contrast, time spent in MVPA in
the current sample was similarly correlated with both the intensity gradient and
average acceleration (r>= 0.80 and 0.85 respectively, both p<0.01). Consequently, the
intensity gradient was not independently associated with conventional cut-points, a
finding in contrast with previous literature. This lack of independence from MVPA
might therefore limit the ability to explore the relative importance of physical activity
volume and intensity in cardiovascular health (Buchan, et al., 2019). Such
discrepancies might be partially due to the high volume of physical activity in which
both populations engaged, which could mask the importance of intensity.
Alternatively, accelerometer wear-location is thought to influence the magnitude of
average acceleration, possibly resulting in increased variance in intensity gradient

(Rowlands, et al., 2018).

Research has suggested that physical activity slows the progression of premature
arterial stiffening in children with T1D, thereby reducing the risk of long-term
complications later in life (Haapala, et al., 2016; Sakuragi, et al., 2009). Congruent
with previous research (Terlemez et al., 2016), significant differences were observed
in aPWV, with diabetic children presenting a 10% higher aPWV than their non-
diabetic peers. This difference may indicate premature central stiffening, a likely
indicator of increased long-term CVD risk. Furthermore, negative associations were
observed, irrespective of disease status, between aPWV and intensity gradient, average
acceleration, MVPA and bouted MVPA, but not LPA. Thus, a more positive or
shallow gradient, indicative of engagement in more vigorous intensities, and a higher
average acceleration, suggesting higher volumes of physical activity were associated

with a lower aPWV. Such findings suggest that higher volumes and a greater
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engagement in more vigorous intensities of physical activity positively influenced
central stiffness. Additionally, the steeper gradient, lower average acceleration and the
lower volume of MVPA, observed in this diabetic sample, suggests that the volume
and intensity undertaken might not be sufficient to ameliorate the negative changes in
central stiffening. Therefore, these findings further support a need to encourage and
aid children with T1D to engage in more vigorous intensity physical activity, in order

to slow the progression of disease-related central arterial stiffening.

Previous research has demonstrated that children with T1D who participate in lower
volumes of physical activity have significantly lower HRV at rest, than more
physically active participants with and without diabetes (Chen, et al., 2008). The
clinical sample in the current study participated in significantly lower volumes of
physical activity and showed non-significant, but characteristically lower values for
absolute HF, total power, RMSSD and SDI, in comparison to their healthy controls.
Lower magnitudes of total power, RMSSD, HF and SD1 in the short-term can indicate
reduced overall cardiac autonomic activity, particularly of the parasympathetic
(vagally-mediated) neural control of heart rate (European Society of cardiology,
1996). This suggests a possible shift towards systemic autonomic dysfunction that may
increase the risk of developing autonomic neuropathy, a common complication in T1D
(Vinik, et al.,, 2003). However, a positive association between physical activity
intensity/volume and cardiac autonomic function, across both populations in this
study, suggests that both intensity and volume could positively influence age- and
disease-related decline in autonomic function (Herzig et al., 2017; Nagai, et al., 2004).
Specifically, attaining a greater volume of physical activity, represented by a greater
average acceleration, and accruing more vigorous intensities of physical activity were
both associated with greater overall autonomic activity and vagal tone, therefore
suggesting a potentially reduced risk of developing autonomic neuropathy.
Furthermore, increased autonomic activity and vagal tone has been found to be a
predictor of central arterial stiffness, a pre-clinical indicator of CVD in T1D (Liatis, et
al., 2011), as observed in the current study. Thus, taken together, physical activity of
sufficient volume and intensity may ameliorate age- and disease-related declines in

autonomic function and central arterial stiffening in children with T1D.
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There are numerous strengths associated with the current research, not least the use of
recently devised physical activity metrics to explore how disease status influences
physical activity accumulation. Nonetheless, this study is not without limitations, such
as the sample size and sex distribution within the samples, which could limit the
generalisability of the results. However, the metrics utilised facilitate inter-study
comparisons, potentially enabling the use of this data in larger cohort analyses. Finally,
the present study did not control for general lifestyle factors, such as diet, nor disease

duration or HbA 1c¢ for those with T1D.

5.5 Conclusion

In conclusion, this study demonstrated that the accumulated daily volume of vigorous
intensity physical activity has the greatest influence on arterial stiffening and cardiac
autonomic function, both of which are indicators of CVD risk for children with T1D.
Therefore, future physical activity interventions should focus on increasing the
intensity of physical activity undertaken by this population. Children with T1D
demonstrated significantly increased in central arterial stiffness and impaired cardiac
autonomic function, compared to those without diabetes. Finally, quantifying intensity
gradient and average acceleration enabled the identification of overall physical activity
accumulation, which is important in preventing long-term risk of CVD in this

population.
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Chapter 6

Investigating the influence of measurement
duration on physical activity metrics and their
relationship with cardiovascular measures in

healthy youth and adults
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Chapter 6 (Study 3): Investigating the influence of

measurement duration on physical activity metrics and their

relationship with cardiovascular measures in healthy youth and

adults

6.1 Introduction

Irrespective of age, physical activity is associated with numerous physiological and
psychosocial benefits (Warburton, et al., 2006), including a reduced risk of chronic
health conditions, such as type 2 diabetes and cardiovascular disease (CVD). While
conditions such as CVD typically present clinically in adulthood, the pathophysiology
is often instigated during childhood, with adverse changes in early risk indicators, such
as arterial stiffening and autonomic function (Nufiez et al., 2010). However, physical
activity is suggested to ameliorate, or at least slow, the progression of such premature
changes in risk factors in both children (Ekelund, et al., 2019; Haapala, et al., 2016)
and adults (Benatti &Ried-Larsen, 2015; Chomistek et al., 2013). Despite the
importance of physical activity, only approximately 47% of children and 67% of adults
(National Health Service Digital, 2020) are suggested to meet the current physical
activity guidelines (Chief Medical Officers, 2019).

Conventionally, device-based physical activity assessments are conducted over seven
consecutive days, with a minimum required wear-time of at least eight hours on any
three days (Herrmann, et al., 2013, 2014; Vanhelst et al., 2019). Such criteria have
been recommended to provide a valid and reliable indication of habitual physical
activity levels (Herrmann, et al., 2013). Whilst more stringent wear-time criteria within
the seven day timeframe are often used and are widely recommended (Herrmann, et
al., 2013, 2014), even an entire seven-day monitoring period represents only 2% of the
year, raising questions as to its representativeness. Indeed, physical activity levels are
influenced by numerous factors, including, but not limited to, the type of day
(Kristensen, et al., 2008; Matthews, et al., 2002), season (Atkin, et al., 2016;
O'Connell, et al., 2014) and vacations (Atkin, et al., 2016). Therefore, reliance on a
single seven-day period, or subsample thereof, is likely to be insufficient to account

for behavioural differences, both within and between populations (Shephard, 2017).
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Accelerometers have rapidly evolved over recent decades, progressing from uniaxial
devices limited to poor sampling rates and count-based data over relatively short time
periods, to tri-axial devices capable of measuring at high sampling frequencies for
prolonged periods of time (Arvidsson, Fridolfsson, & Borjesson, 2019). For example,
the wrist-worn GENEActiv can measure at 20 Hz for over 28 consecutive days (Pavey,
Gomersall, Clark, & Brown, 2016). These longer measurement durations have the
potential to provide important insights into the natural fluctuation of physical activity
over time (Rowlands, et al., 2015). Indeed, understanding the degree and pattern of
such fluctuations has been suggested to be vital for the design of successful physical
activity interventions (Rowlands, et al., 2015), and may help elucidate whether an
ActivityStat, which serves to maintain relatively constant physical activity levels over
time, is present. However, few studies have utilised monitoring periods longer than
seven days, with those implementing 28 consecutive day measurement periods not
considering week-to-week variability (Castonguay &Miquelon, 2018; Matthews, et
al., 2002; Menai, et al., 2017; Pereira et al., 2015).

Monitoring habitual physical activity over a longer duration may increase the
reliability and accuracy of the measure, and, in turn, provide a greater insight into the
dose-response relationship of physical activity with various health markers. A
substantial volume of research has explored the relationship between physical activity
and health markers, particularly risk factors of CVD (Froberg & Andersen, 2005; Kohl,
2001; Maddison et al., 2016). However, our understanding of the relationship between
physical activity behaviours and CVD is predominantly based on epidemiological
studies (Wannamethee &Shaper, 2001), which typically utilised subjective measures
and almost exclusively concentrate on the total volume of physical activity rather than
the manner in which it is accrued. Recent research has highlighted that it is not only
the quantity but also the intensity and the pattern of accumulation of physical activity
that are important in determining the relationship with health (Jefferis et al., 2019;
Poitras et al., 2016). Subsequently, little is known regarding the pattern of physical
activity accumulation over long (i.e., more than seven days) time frames. However,
recent the development of more data-driven metrics, intensity gradient and average
acceleration, can aid in providing a more in-depth and consistent depiction of the full

physical activity profile, independent of cut-point associated bias (Rowlands, et al.,
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2018). Furthermore, these metrics may support the exploration of the independent

effects of intensity and volume (Rowlands, et al., 2018).

Therefore, the primary aim of this study was to determine the influence of
measurement duration on conventional and data driven physical activity metrics, and
subsequently their relationship with cardiovascular measures, in both children and
adults. Moreover, the study sought to provide recommendations for optimal recording

durations for both children and adults.

6.2 Methods

In total, 61 participants, 19 children (11.6 &+ 2.0 years; 7 girls) and 42 adults (44.1 +
13.0 years; 16 female) were recruited from local schools, a university in South Wales,
and the wider community via poster and email advertisements. Written informed
consent was obtained from adult participants and parents/guardians of participants
under 16 years, with children also providing written informed assent. Exclusion
criteria for involvement in the study were any known cardiovascular, kidney or
metabolic disease, hypertension or anyone deemed unsuitable to take part in the
maximal exercise test according to the American College of Sports Medicine pre-
exercise screening guidelines (Riebe et al., 2015). The study was approved by the
institutional research ethics committee and conducted in accordance with the

Declaration of Helsinki.

6.2.1 Anthropometrics

Stature and body mass were measured to the nearest 0.1 cm and 0.1 kg using a Holtain
stadiometer (Holtain, Crymych Dyfed, UK) and electronic scales (Seca 803, Seca,
Chino, CA, USA), respectively. Body mass index (BMI) was subsequently calculated
for each population. Sitting stature was also obtained to the nearest 0.1 cm for children
and adolescents (participants < 16 years) utilising a sitting height stadiometer
(Harpenden Sitting Height Table model 607VR, Holtain Ltd, Crymych,
Pembrokeshire, Wales). For children and adolescents, maturity was estimated using
sex-specific maturity offset equations to estimate the time from peak height velocity

(PHV). Maturity status was defined as pre-pubertal if the participant was more than
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one year pre-PHV, pubertal if within one year pre- or post-PHV, and post-pubertal if
greater than one year post-PHV (Mirwald, et al., 2002).

6.2.2 Pulse Wave Analysis and Pulse Wave Velocity Procedure

An oscillometric device (Vicorder, SMT Medical GmBH & CO, Wuerzburg,
Germany) combined with specialised blood pressure cuffs (D.E.Hokanson Inc,
Bellevue, WA, USA) were used to non-invasively assess arterial stiffness. Central
stiffness was assessed at the brachial artery deriving augmentation index (Alx) and
augmentation pressure, while central aortic stiffness was assessed between the carotid
and femoral arteries deriving aortic pulse wave velocity (aPWV). Carotid-femoral
distance was measured from the sternal notch to the femoral cuff, via the navel (Van
Bortel et al., 2018). The assessment was completed after a five-minute rest period in a
quiet environment and with the participant in the supine position to ensure stable
waveforms were obtained. A minimum of three waveform recordings per assessment
were captured over a 5- to 10-minute period for central stiffness, with the average of

each measure taken for further analysis (Wilkinson, et al., 2000).

6.2.3 Assessment of HRV

A short-term electrocardiogram (ECG) was recorded at a frequency of 1,024 Hz, with
the use of a 12-bit, three-lead ECG recorder (Reynold CF Holter monitor, Spacelabs
Medical Ltd, Hertford, UK). Electrodes were placed in three positions on the front of
the torso, specifically, at the manubrium and on the left- and right-hand side of the 5%
rib, with placements tested by checking channels prior to recording. An indication of
autonomic function was obtained, with the participant in the supine position, as a five-
minute recording using ventilatory control at six inhalation-expiration cycles per
minute (Williams &Lopes, 2002). The raw ECG data was initially processed utilising
the Reynolds Research Tool (Spacelabs Medical Ltd UK) to obtain RR intervals, then
analysed using Kubios HRV V3.0 processing software (Biomedical Signal Analysis
Group, Department of Applied Physics, University of Kuopio, Finland). Time and
frequency domain measures were obtained from the processed data, with short-term
variability represented by the root mean square of successive RR differences
(RMSSD), overall RR interval variance represented by total spectral power (TSP;
0.04-0.40), and sympathetic and parasympathetic activation indicated by absolute and
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normalised powers of low and high frequencies, respectively (LF; 0.04-0.15 Hz, HF;
0.15-0.40 Hz; Kromenacker, Sanova, Marcus, Allen, & Lane, 2018; Tarvainen, et al.,
2014).

6.2.4 Cardiorespiratory Fitness

Participants were asked to complete an incremental ramp exercise test to volitional
exhaustion on a cycle ergometer (Lode Excalibur Sport, Groningen, Netherlands).
Throughout the ramp test, breath-by-breath gas exchange was measured (Carefusion
Jaeger Vyntus CPX, Carefusion-Jaeger, Hochberg, Germany) in order to determine
peak aerobic capacity (VOzpeak) and the gas exchange threshold (GET). The protocol
consisted of a three-minute warm-up at 10 W after which the work rate was increased
by 30 W-min! for adults and children > 13 years, or 15 W-min™! for children < 13 years
(Boone &Bourgois, 2012; Ten Harkel, Takken, Van Osch-Gevers, & Helbing, 2011),
until volitional exhaustion, identified as a failure to maintain > 50 revolutions per
minute despite strong verbal encouragement. The test was immediately followed by a
five-minute cool-down of unloaded cycling. VOapeax (I'min’') was identified as the
highest 15s rolling average during the test. The GET was determined via the V-slope
method (Beaver, et al., 1986), with VO, plotted against expired CO, (VCO») and the
point of intersection taken as the GET. VOopeax Was presented in absolute units (I'min-
) and allometrically scaled for body mass (ml-kg®min'). Allometric scaling of
VOapeak Was calculated according to VOopeak divided by body mass, to the power of the
allometrically derived beta coefficient of body mass (McNarry, et al., 2014).
Allometric scaling was employed to account for differences in body mass and enable
the comparison between children, adolescents and adults, as traditional ratio scaling
has been found to penalise heavier, more mature children and does not facilitate such

a comparison (Chamari, et al., 2005; Welsman &Armstrong, 2019).

6.2.5 Habitual Physical Activity Measurement

Physical activity was recorded using a triaxial GENEActiv accelerometer
(Activinsights Ltd, Cambridgeshire, UK), sampling at 20 Hz on the non-dominant
wrist for 28-consecutive days. The GENEActiv accelerometer has been validated in
both children (Phillips, et al., 2013) and adults (Pavey, et al., 2016; Powell, et al.,

2017). Participants were asked to complete a wear-time and sleep diary, which
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provided a record of when, and why, the monitor was taken off, and the duration and

quality of sleep.

6.2.6 Processing of Habitual Physical Activity Data and Analysis

Accelerometry data extraction and processing were completed utilising the
GENEActiv PC software v2.2 (Activinsights Ltd, Cambridgeshire, UK) and the GGIR
package (https://cran.rproject.org/web/packages/GGIR/vignettes/GGIR.html),
respectively. Raw accelerometry data was converted to omnidirectional signal vector
magnitude (SVM), further processed to Euclidian Norm Minus One (ENMO) and
presented in milligravity acceleration units (mg; van Hees, Gorzelniak, Dean Leon, et
al., 2013). Minimum wear-time was applied as > 16 hours during waking hours,
defined as 0600 to 2300, on three weekdays and one weekend day per week of
recording (Fairclough, et al., 2016). Raw acceleration thresholds for moderate-to-
vigorous physical activity (MVPA) were set as > 191.6 mg and > 93.2 mg for children
and adults, respectively (Hildebrand, et al., 2017). Bout tolerance was set as > 10
minutes of continuous 5s epochs, where 80% of epochs were greater than the MVPA
threshold (Menai, et al., 2017). Average acceleration was obtained to represent total
physical activity over a 24-hour period (Fairclough, et al., 2019). The intensity
gradient was calculated to indicate distribution of physical activity over a 24-hour
period, by obtaining the gradient, constant and r? value from the curvilinear
relationship between intensity and time spent in successive 25 mg bins between 0 —
4,000 mg (Rowlands, et al., 2018). Specifically, the intensity gradient was employed
to give an indication of the movement intensities attained for a given duration, with a
more negative gradient indicative of accruing lower intensities while a less negative
gradient indicates the accrual of low through to higher intensities. All physical activity
metrics were averaged for the full 28-day period, then for each of the individual four
weeks, to enable the exploration of variation. The key outcome variables were MVPA,

bouted MVPA (MVPAD), intensity gradient and average acceleration.

6.2.7 Statistical Analysis
The SPSS software package (IBM SPSS Statistics for Macintosh, Version 22.0, IBM,
Portsmouth, UK) was used to perform statistical analyses, with significance set as p <

0.05 and all data expressed as mean + standard deviation (SD). Age groups were
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defined as children (< 18 yrs) and adults (> 18 yrs). A MANOVA was used to compare
participant characteristics, VOapeak and cardiovascular measures according to age
group and sex. Subsequently, a repeated measures ANOVA was conducted to compare
the daily average physical activity each week according to age group and sex. Linear
mixed models with a random intercept were conducted to explore the association of
health and cardiovascular outcomes with physical activity metrics from increasing
measurement duration, adjusted for age and sex. Finally, Pearson’s correlations were
conducted to establish the magnitude of association between cardiovascular measures

and physical activity metrics across the four weeks.

Coefficient of variation (CV), intraclass correlation coefficient (ICC), standard error
of the mean (SEM) and the smallest worthwhile change (SWC) analyses were used to
determine week-to-week consistency in movement behaviours over increasing
measurement periods, analysed separately for children and adults. Specifically, the
average data for the first seven days were compared to increasing durations (7, 14 and
21 days) of physical activity not including these first 7 days. The CV analysis was
conducted to assess absolute reliability of physical activity metrics across a 28
consecutive-day monitoring period, with a repeated measures ICC analysis used to
assess relative reliability (Eliasziw, et al., 1994). The CV was derived from the mean
of the SD of the logl0 for each metric, whilst ICCs were obtained from the mean
squared values, back transformed log data and 95% confidence intervals (Eliasziw, et
al., 1994). The consistency thresholds for two repeated measures were employed as
consensus for the thresholds of greater than three measures is lacking (Runacres, et al.,
2019). Subsequently, physical activity metrics were deemed highly consistent when
ICC = 0.75 and CV < 10%, moderately when ICC > 0.75 and CV > 10% or ICC <
0.75 and CV < 10%, and unacceptable when ICC < 0.75 and CV > 10% (Eliasziw, et
al., 1994). . The SEM was calculated to show any change in error associated with each
metric by measurement duration and was calculated as the SD of each weekly
metric*(1-metric ICC), while the SWC was calculated as 0.2*overall metric SD
(Atkinson &Nevill, 1998). The sensitivity of each metric was tested to determine
whether observations were due to behavioural variation or error associated with
measurement. Therefore, SEM < SWC, SEM = SWC and SEM > SWC meant that

the result was either likely due to behaviour, could be equally a result of behaviour or
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error, or was likely due to the error associated with measurement, respectively

(Hopkins, et al., 2009).

6.3 Results

Following the exclusion of four participants (one adult for monitor failure and three
(one child and two adults) for failing to meet the wear-time criteria for each week of
recording), the final sample consisted of 57 participants (18 children, 39 adults; Table
1). No significant differences in age, anthropometric measures, or maturity were

evident between the participants included or excluded (p < 0.05).

In the children, girls were significantly more mature but had a lower VOzpea,
irrespective of the method of expression, than boys (p < 0.05); there were no other
anthropometric or cardiovascular sex differences. In the adults, men were significantly
taller, heavier and had a higher absolute and relative VOapeax (p < 0.05) but a
significantly lower augmentation pressure (-5.31 mmHg, p < 0.05) and Alx (-6.5%, p
< 0.05) than females. However, the sex differences in augmentation pressure and Alx
were ameliorated when allometrically scaled VOapeak Was accounted for (p > 0.05).
Although absolute VOopeak Was higher in adults, there was no significant difference
between children and adults when VOzpeax Was allometrically scaled (p > 0.05; Table
6.1). Finally, all vascular measures were higher in adults (p < 0.05), irrespective of
sex, with the greatest difference between children and adults evident in aPWV (2.39
m-s!, p < 0.01; Table 6.2 and displayed in Figure 6.1). No significant differences

according to sex or age group were observed in indices of HRV (p > 0.05; Table 6.2).

Adults engaged in significantly more MVPA (p <0.01) and MVPAD (p < 0.05) across
all weeks compared to children (Table 6.3). In adults, average acceleration was
dependent on week, with the average acceleration higher in weeks one and two than
weeks three and four, but all other physical activity metrics were comparable between
weeks. In contrast, in children, MVPAD increased across the weeks, with a significant
difference between weeks one and four (p < 0.05) but, as in adults, the other physical

activity metrics were similar between weeks.
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Table 6.1. Participant characteristics and aerobic capacity.

Children (n = 18)

Adults (n = 39)

Boys (n=12) Girls(n=6) Male(n=26) Female (n=13)
Age (yrs) 11.7+£2.2 11.7+2.1 41.9+12.7 439+ 15.1
Height (cm) 150.7+£8.5 1494+11.7 1758+74 162.6 + 4.3%*
Body mass (kg) 45.0+14.6 43.7+15.1 77.9 +£10.7 65.0 £ 9.0%*
Maturity offset (yrs) -1.76 £1.99 -0.30 £ 1.75%* - -
VO2peak (I'min™) 1.95+0378 1.57+0.65* 3.37+0.77 2.02 +£0.37**
VOopeak (mlkg!'-min')  49.6+10.9° 385+16.5* 43.5+89 31.6 + 8.0%*
Scaled VOapeak

167.4+29.7 139.6+59.0 198.6+41.6  133.9+29.4**

(ml'kg™® min™")

Values are presented as mean + SD, peak aerobic capacity (VOzpeax), * Significant difference between sex within age groups at

p < 0.05, with **denoting significance at p < 0.01, * Significant difference between age groups (p < 0.05)

Table 6.2. Cardiovascular function and control measures.

Children Adults
Boys Girls Males Females

MAP (mmHg) 87 +4° 81 £ 5° 94+ 8 95+9
Augmentation (mmHg) 7.6 +3.8° 8.4+4.6% 10.4+4.7 15.8 +5.8*
Alx (%) 14.6 £ 7.32 16.3 £6.5° 18.1+7.8 24.7 + 8.9%
aPWV (msec™) 4.56 £0.42° 4.60+098  7.19+1.44 6.82 +1.27
TSP (ms?) 5,489 + 8,467 4,204 +£3,967 2,046+ 1,161 3,022+ 1,832
LF (ms?) 2,146 £2,725 2,320+2,707 2,282 +2,017 2,842+ 1,605
HF (ms?) 3,190 +£6,345 1,767+ 1,362 1,166 +2,007 1,266 + 1,794
LF (n.u) 66.0 +17.7 75.1+15.3 77.5+13.0 88.2+9.0
HF (n.u) 34.0+17.7 249+ 153 22.4+13.0 11.8+£9.0
RMSSD (ms) 63.0 +£59.2 69.4+344 28.4+£8.3 35.1+10.7

Values are presented as mean + SD, augmentation index (AIx), mean arterial pressure (MAP), aortic pulse wave velocity (aPWV),

total spectral power (TSP), low frequency (LF), high frequency (HF), root mean square of the successive differences (RMSSD),

*Significant difference between gender within age groups,  Significant differences between age groups.
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Figure 6.1. Individual variation in pulse wave velocity (PWYV) children and adults.
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The results of the reliability analysis are presented in Tables 6.4 and 6.5 for children
and adults, respectively. The CV, SEM and ICC revealed that, as the measurement
duration increased, adult MVPA, MVPAb and the average acceleration remained
relatively constant and became more consistent, whereas the intensity gradient
fluctuated, irrespective of duration. In children, the CV and ICCs showed that the
average acceleration and intensity gradient fluctuated the least and became more
consistent with increasing length of the monitoring period, while MVPA, and in
particular MVPADb, showed less consistency in comparison. Additionally, according
to sensitivity thresholds for detecting behavioural variation or error, the average
acceleration, intensity gradient and MVPA were deemed similarly sensitive to detect
within participant behavioural change across all durations, irrespective of group (SEM
< SWC). For the initial seven-day duration in adults, MVPAb was also deemed
sensitive to variations, however for all other monitoring durations, and indeed all
monitoring durations in children, MVPADb was identified as inappropriate to detect

such variation due to error associated with the measurement (SEM > SWC).

The association between physical activity metrics according to measurement duration
and cardiovascular measures derived from mixed model analysis, adjusted for age and
sex, are presented in Table 6.6. For seven day measurements, an increased MVPA,
MVPAD and average acceleration were all associated with a decreased augmentation,
Alx and RMSSD, with an increased intensity gradient correlated with a decreased
augmentation and Alx (p < 0.05). However, no significant associations were found
between either volume or intensity metrics and aPWV, LF and HF (p > 0.05) when
using a seven-day measurement period. Conversely, using a 28 day measurement
period resulted in MVPAb being significantly associated with an increased

augmentation, Alx, RMSSD and HF, but a decreased aPWV and LF (p < 0.05).

116



Additionally, a 28-day measurement duration resulted in a significant association
between MVPA and RMSSD, LF and HF, while an increased average acceleration
was correlated with a greater AIx and RMSSD (p < 0.05). Finally, for a 28-day
measurement duration, a more negative intensity gradient was significantly associated

with an increased augmentation (p < 0.05).
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Table 6.3. Daily average of physical activity metrics per week with increasing measurement duration for children and adults.

Children Adults
Overall Week 1 Week 2 Week 3 Week 4 Overall Week 1 Week 2 Week 3 Week 4

MVPA (mins-day™!) 783+37.3# 73.4+413# 67.7+18.1# 83.0+43.5# 90.5+52.1# 119.8+40.7 1262+43.8 1243+41.8 118.6+34.0 117.6+423
MVPADb (mins-day!)  25.1+22.7# 16.8+16.7# 18.6+18.1# 249+£192# 72.7*+52.7# 35.6+262  357+31.1 34.7+30.5 33.0+19.9  31.6+278
Average acceleration
(mg) 477+19.0 455+18.1 46.5+19.1 53.4+20.1 56.3+£22.7 38.1+£11.3 37.8+114  37.1+£12.0* 35.0+£82* 351=+11.0*%
mg
Intensity gradient -1.76 £0.23 -1.78+£0.23 -1.80+0.26 -1.70£0.22 -1.67£0.23 -1.86+£0.22 -1.86+0.23 -1.88+0.24 -1.90+021 -1.95+0.27
Intensity gradient

11.48+0.87 11.60+090 11.62+0.97 11.29+0.84 11.18+0.86 11.77+£0.94 11.79+0.97 11.86+1.04 11.90+0.96 12.13+1.15

intercept

Values are presented as mean + SD, moderate-to-vigorous physical activity (MVPA), bouted moderate-to-vigorous physical activity (MVPADb), * Significant difference between time-points within groups
at p < 0.05. # Significant difference between all weeks according to group * Significant difference between weeks 2 and 3 in adults.
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Table 6.4. Variability and sensitivity analysis of children’s physical activity metrics with increasing measurement duration.

95% Confidence Interval

Overall Lower Upper SEM (%) SWC ICC CV (%)
Mean Bound Bound

Week 1 v Week 2
Average acceleration (mg) 46.0 37.3 54.7 4.4 (9.6) 9.2 0.95 4.50 +3.62
Intensity gradient -1.79 -1.90 -1.67 0.05 (2.75) 0.36 0.96 3.59+7.27
Intensity gradient intercept 11.61 11.17 12.05 0.18 (1.55) 2.32 0.97 0.73 £ 0.64
MVPA (mins) 70.5 51.6 89.5 13.5(19.1) 14.1 0.89 10.95+12.36
MVPAD (mins) 17.7 9.5 25.9 5.6 (31.7) 3.5 0.90 14.57 £9.91
Week 1 v Weeks 2+3
Average acceleration (mg) 46.4 37.5 55.2 3.67 (7.91) 9.27 0.96 3.84+3.12
Intensity gradient -1.79 -1.90 -1.67 0.04 (2.19) 0.36 0.98 2.38+7.42
Intensity gradient intercept 11.60 11.17 12.03 0.14 (1.19) 2.32 0.98 0.50 £ 0.57
MVPA (mins) 71.6 52.4 90.9 12.6 (17.6) 14.3 0.91 8.67+9.92
MVPAD (mins) 17.9 9.7 26.0 5.1(28.2) 3.6 0.92 14.55+11.90
Week 1 v Weeks 2-4
Average acceleration (mg) 46.8 37.9 55.7 4.09 (8.74) 9.36 0.96 4.66 +3.09
Intensity gradient -1.78 -1.90 -1.67 0.04 (2.30) 0.36 0.97 2.48+7.43
Intensity gradient intercept 11.60 11.16 12.03 0.14 (1.20) 2.32 0.98 0.49 +0.58
MVPA (mins) 72.8 534 92.2 14.0 (19.3) 14.6 0.89 10.36 +£9.40
MVPAD (mins) 21.5 11.0 32.0 9.7 (45.3) 4.3 0.80 21.45+18.11

Moderate-to-vigorous physical activity (MVPA), bouted moderate to vigorous physical activity (MVPAD), average acceleration (AA), intensity gradient (IG), standard error of the measurement (SEM), smallest

worthwhile mean (SWC), intraclass correlation coefficient (ICC), coefficient of variation (CV; presented as mean + SD)
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Table 6.5. Variability and sensitivity analysis for adults physical activity metrics with increasing measurement durations.

95% Confidence Interval

Overall  Lower Bound Upper SEM (%) SWC ICC CV (%)
Mean Bound

Week 1 v Week 2
Average acceleration (mg) 38.4 34.5 42.3 3.65(9.50) 7.68 0.92 3.83+3.79
Intensity gradient -1.85 -1.93 -1.77 0.10 (5.67) 0.37 0.84 7.32 +8.85
Intensity gradient intercept 11.73 11.38 12.07 0.43 (3.66) 2.35 0.85 1.47+1.17
MVPA (mins) 127.6 113.3 141.8 13.9 (10.9) 25.5 0.91 5.00+5.16
MVPAD (mins) 39.4 28.3 50.5 7.4 (18.8) 7.9 0.96 10.86 £ 15.21
Week 1 v Weeks 2 & 3
Average acceleration (mg) 37.7 343 41.2 3.12 (8.28) 7.54 0.92 3.85+3.08
Intensity gradient -1.85 -1.92 -1.78 0.09 (5.00) 0.37 0.85 4.79 +5.54
Intensity gradient intercept 11.74 11.42 12.06 0.38 (3.25) 2.35 0.86 1.24+1.15
MVPA (mins) 125.5 112.5 138.6 11.6 (9.2) 25.1 0.92 4.54 +3.68
MVPADb (mins) 38.3 28.5 48.1 8.0 (21.0) 7.7 0.94 11.30+13.98
Week 1 vweeks 2,3 & 4
Average acceleration (mg) 37.6 34.2 41.1 3.02 (8.03) 7.53 0.93 3.84 +£2.89
Intensity gradient -1.86 -1.93 -1.78 0.08 (4.38) 0.37 0.89 5.09+6.73
Intensity gradient intercept 11.76 11.44 12.09 0.34 (2.92) 2.35 0.89 1.13+1.03
MVPA (mins) 125.3 112.2 138.4 10.9 (8.7) 25.1 0.93 4.51 +3.14
MVPAD (mins) 28.2 28.2 48.1 8.0(20.9) 7.6 0.94 12.04 £13.76

Moderate to vigorous physical activity (MVPA), Bouted moderate to vigorous physical activity (MVPAb), Average acceleration (AA), Intensity gradient (IG), Standard error of the measurement (SEM), Smallest
worthwhile mean (SWC), Intraclass correlation coefficient (ICC), Coefficient of variation (CV; presented as mean + SD)
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Table 6.6. Associations of physical activity derived from 7- and 28-days with
cardiovascular measures, adjusted for age and sex.

7-Days 28-Days

B p 95% CI B p 95% CI
Aug
MVPA -0.07* 0.027 -0.14, 0.01 0.06 0.090 -0.01, 0.13
MVPADb -0.12**  0.006 -0.21, -0.04 0.11%* 0.032 0.01,0.21
Intensity gradient -15.12*  0.012 -26.92,-3.31 12.04*  0.052 -0.10, 24.18
Average acceleration  -0.23* 0.047 -0.46, -0.00 0.22 0.063 -0.01, 0.46
Alx
MVPA -0.12* 0.023 -0.22,-0.02 0.10 0.074 -0.01, 0.22
MVPADb -0.24%*  0.001 -0.38,-0.10 0.21%* 0.007 0.06, 0.37
Intensity gradient -20.92*  0.034 -40.21, -1.63 19.19 0.058 -0.68, 39.05
Average acceleration  -0.46* 0.014 -0.83, -0.09 0.46* 0.018 0.08, 0.83
aPWy
MVPA 0.01 0.143 -0.00, 0.03 -0.01 0.137 -0.03, 0.00
MVPADb 0.02 0.060 -0.00, 0.05 -0.03* 0.042 -0.05, -0.00
Intensity gradient -1.20 0.443 -4.26, 1.86 -0.17 0.915 -3.33,2.98
Average acceleration 0.01 0.778 -0.05, 0.07 -0.02 0.579 -0.08, 0.04
RMSSD
MVPA -1.05% 0.035 -2.02,-0.07 0.99* 0.034 0.08, 1.90
MVPADb -2.25%% 0.002 -3.67,-0.83 2.31*%  0.001 1.00, 3.62
Intensity gradient 2.58 0.985  -261.71, 266.87 63.50 0.624 _; ?2;;’
Average acceleration  -3.60* 0.039 -7.02,-0.19 3.83* 0.026 0.45,7.21
LF(nu)
MVPA 0.32 0.075 -0.32,0.68 -0.02* 0.037 -0.69, 0.02
MVPADb 0.38 0.188 -0.18, 0.94 -0.57* 0.030 -1.09, -0.05
Intensity gradient -15.74  0.749  -112.29, 80.81 -9.27 0.845 -102.14, 83.60
Average acceleration 0.31 0.640 -0.99, 1.60 -0.60 0.359 -1.88, 0.68
HF(nu)
MVPA -0.32 0.074 -0.68, 0.03 0.36* 0.036 0.02, 0.69
MVPADb -0.38 0.187 -0.94,0.18 0.57* 0.030 0.06, 1.09
Intensity gradient 15.72 0.749  -80.65,112.08 9.24 0.845 -83.45,101.93
Average acceleration -0.30 0.639 -1.60, 0.98 0.60 0.359 -0.68, 1.88

Adjusted model grouped for adults and children, adjusted for age and sex, with B coefficient depicting direction and
magnitude of association, corresponding p value and the 95% confidence interval (CI). Augmentation pressure (Aug),
augmentation index (AlIx), aortic pulse wave velocity (aPWV), moderate-to-vigorous physical activity (MVPA), outed
moderate-to-vigorous physical activity (MVPAD), total spectral power (TSP), low frequency (LF), high frequency (HF), root
mean square of the successive differences (RMSSD). * Significant association between physical activity and cardiovascular
measure at p < 0.05, ** Significant association at p < 0.01.
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6.4 Discussion

This study explored how physical activity metrics reflecting volume and intensity
varied across a single 28 consecutive day monitoring period, compared to seven
consecutive days, in a sample of active children and adults with the aim of providing
recommendations for future studies regarding the optimal measurement duration.
Average acceleration and intensity gradient fluctuated the least across the
measurement duration in children, with both metrics deemed sensitive to detect
behavioural variation in children. In adults, MVPA, MVPADb and average acceleration
were similarly suggested to fluctuate minimally. Both physical activity volume and
intensity metrics using a 28-day measuring duration were more strongly and
meaningfully associated with central stiffening and measures of sympathetic and

parasympathetic activation, in comparison to a seven-day measurement duration.

Adults and children showed opposing decreasing and increasing trends in physical
activity behaviours across the four weeks of monitoring, suggesting that a single seven
days of monitoring, irrespective of population, may not provide an accurate indication
of habitual physical activity behaviours. While these trends could be attributed to
factors such as the Hawthorne effect (Wickstrom &Bendix, 2000), there are numerous
contextual factors, such as occupation (Vandelanotte et al., 2015), routines,
injuries/illness (Dishman, Sallis, & Orenstein, 1985) and seasonality (Atkin, et al.,
2016; O'Connell, et al., 2014), which were not considered but highlights the need to
consider these factors in future. Nonetheless, these findings suggest physical activity
should be measured over multiple weeks, to not only account for the influence of key
contextual factors, but to gain a better understanding of the natural and habitual
fluctuations (Rowlands, et al., 2015), important given the significance of

understanding physical activity for health (WHO, 2010b).

There was minimal fluctuation in the intensity gradient and average acceleration across
28 days for children in the present study. This, therefore, suggests that the intensities
and total volume of movement accrued across the four-week period were relatively
consistent. The limited fluctuation could be due to the use of acceleration data-driven
metrics, which are less susceptible to variation than conventional MVPA and MVPAD

metrics (Rowlands, et al., 2018). Indeed, MVPA and MVPAb were more variable
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across the four-week monitoring duration. However, despite being more variable,
these metrics were still deemed highly reproducible, with higher ICC values than
previously reported for a single seven days (Barreira, et al., 2015; Trost, et al., 2000).
Furthermore, the variation observed in MVPA was identified as likely behavioural
variation, however, in contrast, the variation shown in MVPAD is likely to be more
indicative of error associated with the measurement. These findings with regard to
MVPAD may be due to 10-minute bouts being unable to reliably classify the sporadic
nature of children’s movement behaviours (Rowlands &Eston, 2007). Taken together,
the current findings support the notion of children’s behaviour being based on routines
(Rowlands &Eston, 2007). Moreover, this limited fluctuation at a week-to-week level
could be indicative of the presence of an ActivityStat, as behaviour may have
fluctuated day-to-day within the week but compensation around a mean resulted in

minimal weekly variation (Gomersall, Rowlands, English, Maher, & Olds, 2012).

Interestingly, physical activity metrics, and indeed their variation, differed according
to age. Specifically, adults accrued consistent volumes of physical activity with low
between and within person variation across the four weeks. Such findings are
discordant with previous research, which suggest that adult’s habitual behaviours may
be less consistent than children’s (Loyen et al., 2016), who’s habitual behaviours are
based on routines likely associated with school and family life (Brazendale et al., 2017,
Pouliou et al., 2015). In contrast, recreational and occupational physical activity
(Nooijen, et al., 2018; Vandelanotte, et al., 2015) and environmental factors (Dollman,
2018) in adults may engender greater inter- and intra-personal variation. The greater
consistency in terms of volume of movement found in this sample of adults may also
be attributable to them being highly active and thus potentially involved in regular,
structured physical activity. Interestingly, the intensity gradient in the present adults
was less consistent compared to the volume-based metrics. This may suggest that the
time period over which an ActivityStat occurs could differ between volume and
intensity (Gomersall, Rowlands, English, Maher, & Olds, 2013a). Specifically,
volume may fluctuate daily and therefore remains constant at a weekly level, whereas
intensity could fluctuate week-to-week but more research is needed to confirm these
postulations. Consequently, these findings, independent of group, highlight the need
to consider longer periods of data collection to facilitate the analysis of overall patterns

of accumulation over time using novel analyses techniques, such as time series
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analysis. Such analyses could provide greater insights regarding the natural variation
that occurs within a day, week or month, thereby improving our understanding of how
movement behaviours influence health outcomes, subsequently informing key

interventional targets.

The differences in arterial measures between children and adults were anticipated due
to normal age-related arterial stiffening (Cecelja &Chowienczyk, 2012). However, the
central stiffening values for both populations were lower in comparison to age- and
sex-specific reference values for aPWV (Reference Values for Arterial Stiffness
Collaboration, 2010; Reusz, et al., 2010). Furthermore, a more favourable stiffening
was associated with a higher relative VOapeak and higher volume of physical activity,
supporting the beneficial influence of high physical activity levels and CRF (Gomez-
Marcos et al., 2014; Jakovljevic, 2018; Veijalainen, et al., 2016). A higher Alx and
aPWYV in girls compared to boys who were, on average less mature, is congruent with
research which found the progression in arterial stiffening to occur to a greater extent
during and after adolescence (Cheung, 2010). Moreover, given that indirect central
stiffening is known to progress to a greater extent up to 50 years of age in healthy
females compared to males, it is unsurprising that the present study found that males
had a lower Alx (Ogola, et al., 2018). However, these sex-related differences in aPWV
in adults were unexpectedly independent of physical activity but not VOapeak,
indicating that the sex differences in CRF even after body size was accounted for may
be more important than physical activity levels for stiffening. These findings highlight
the need to promote CRF during aging in order to potentially slow age-related

stiffening (Ogola, et al., 2018).

The lack of significant differences between children and adults for all measures of
HRYV was unanticipated, as the age-related decline in vagal tone between childhood
and mid-adulthood typically results in the promotion of sympathetic dominance (De
Meersman &Stein, 2007; Ingall, et al., 1990). The relatively high level of
parasympathetic activation in the adults of the present study compared to the children
may indicate a protective effect of high physical activity levels and a relatively high
VOzpeak, compared to age and sex norms in this population (Armstrong, Williams,

Balding, Gentle, & Kirby, 1991; Kaminsky, Arena, & Myers, 2015). Further research
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is warranted which seeks to distinguish the independent effects of age, sex, physical

activity and CRF on arterial and autonomic health.

Physical activity metrics calculated from a 28-day measurement period were more
strongly associated with aPWV and HRYV indices, possibly indicating that a longer
measurement duration may have captured habitual behavioural variations that are
potentially meaningful for health not revealed by seven days. Conversely, physical
activity metrics from a seven-day measurement were more strongly associated with
augmentation pressure and Alx. Possible reasoning for the differing associations of
physical activity metrics with arterial stiffening measures could be the properties
quantified and influences on measurement. In particular, height can influence
measures of indirect arterial augmentation as it assesses the return of pulse waves and
can thus be biased towards shorter individuals (Lemogoum et al., 2004). Conversely,
aPWV accounts for height with a measurement of the distance between the points at
which it is assessed (Wilkinson, et al., 2019). Subsequently, augmentation pressure
and Alx have been found to be more sensitive indicators of stiffening during childhood
and young adulthood, while aPWYV is indicated to be more sensitive and reliable in
adults (McEniery et al., 2005). Therefore, the combination of adults and children, and
the subsequent differences between movement behaviour and stiffening indices, may
have masked the associations of metrics derived from the 28 day duration.
Consequently, if an assessment of parasympathetic activation or central stiffening is
the primary health outcome, a longer measurement duration than seven days is
required to account for fluctuations in movement to advance our understanding of
dose-response relationships. However, future research in clinical populations, which
could be postulated to be more variable in their physical activity levels, and fewer

active individuals is warranted.

While this study provides novel information regarding the variation of physical
activity over different monitoring periods, it is important to acknowledge the
limitations. First, this study analysed the overall physical activity volume from the
daily average for each week of recording, and therefore does not consider how physical
activity is accumulated within and between each day. Future studies should therefore
seek to investigate intra-day variations in the accumulation of physical activity to

ascertain whether, and if so how, compensation occurs. Moreover, given the seasonal
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variation observed between repeated monitoring periods over a year (Atkin, et al.,
2016; O'Connell, et al., 2014), it is noteworthy that an isolated monitoring period,
albeit over 28 days, may not fully account for such variation. Thus, not taking
seasonality into account could potentially incorrectly estimate an individual’s habitual
movement behaviours, and mask associations between these behaviours and health.
Whilst the present study provided key details regarding the effect of increasing
measurement duration on MVPA, MVPAD, intensity gradient and average
acceleration, future studies should seek to ascertain these effects across the full range
of movement behaviours. Finally, although the participants were randomly sampled
this sample were active across the monitoring duration therefore would likely have a
different attitude to physical activity, potentially limiting the generalisability of the
results. Nonetheless, it is pertinent to note that the use of a 24-hour wrist-worn
monitoring protocol, as opposed to just waking hours, is a key strength (Rosenberger,
Buman, Haskell, McConnell, & Carstensen, 2016) which resulted in a high mean wear

compliance.

6.5 Conclusion

In conclusion, a 28 day measurement duration revealed that intensity, but not volume,
of physical activity fluctuated in adults, while children’s physical activity behaviour
remained relatively consistent. Additionally, volume and intensity metrics obtained
over 28 days were more relevant and strongly associated with key cardiovascular
measures than equivalent seven day metrics, thus longer measurement durations could
be key to facilitating a greater understanding of dose-response relationships with
health outcomes. Finally, future research investigating day-to-day fluctuation in
movement behaviours, in addition to exploring the associations with other health

parameters, and in different populations, is warranted.
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Chapter 7

Using compositional analysis to explore the
relationship between physical activity and
cardiovascular health in children and adolescents

with and without type 1 diabetes
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Chapter 7 (Study 4): Using compositional analysis to explore

the relationship between physical activity and cardiovascular

health in children and adolescents with and without type 1

diabetes

7.1 Introduction

Physical activity research has predominantly explored the effect of isolated physical
activity behaviours on health in various populations and for various health outcomes,
particularly cardiovascular health (Leclair, De Kerdanet, Riddell, & Heyman, 2013;
Warburton, et al., 2006). Specifically, moderate-to-vigorous physical activity
(MVPA), one of the most consistently explored movement behaviours, is well
established to have a positive effect on cardiovascular health in both healthy (Froberg
&Andersen, 2005; Kohl, 2001; Vasankari, et al., 2017) and clinical populations
(Chimen, et al., 2012; Riddell et al., 2017), whilst prolonged periods spent in sedentary
pursuits exert a negative influence, independent of physical activity (Hamer, et al.,
2017; Nettlefold, et al., 2019). However, the reliance of the majority of these studies
on a single movement behaviour, which in the case of MVPA is likely to account for
less than 4% of the day (Chastin, et al., 2015), is not only unlikely to provide a
representative insight into habitual physical activity behaviours, and indeed their
relationship with health, but also fails to consider the inherent co-dependencies

between behaviours (Carson, et al., 2016; Chastin, et al., 2015).

Research on the inter-relationship between movement behaviours and their impact on
health is becoming increasingly prevalent (Carson, et al., 2016; Chastin, et al., 2015;
Stefelova, et al., 2018). Indeed, studies have utilised compositional analysis to explore
the combined and relative effects of sedentary time, physical activities and sleep on
various cardiometabolic health indicators (Carson, et al., 2016; Chastin, et al., 2015).
Compositional analysis utilises log-ratio transformational techniques to account for
the finite and bounded nature of movement behaviours within a day (Mateu-Figueras,
et al., 2011), and more appropriately explores the relative associations with health
outcomes. Specifically, Chastin et al. (2015) demonstrated the interaction and inherent
collinearity between these movement behaviours, highlighting the need to move away

from traditional statistical methods which cannot account for such dependence
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(Chastin, et al., 2015). A linear regression model is often used to investigate
associations between physical activity behaviours or sedentary time with health,
covarying for other pertinent behaviours or factors (Pearson, 1896). However,
regression models assume independence between variables, therefore, the high
dependency and collinearity between movement behaviours could result in
untrustworthy or spurious results (Pearson, 1896). Conversely, the use of
compositional data analysis can reveal valuable insights to the relative associations
between movement behaviours and health (Chastin, et al., 2015; Stefelova, et al.,

2018).

Compositional analysis could facilitate a greater understanding of the effect of
physical activity in clinical conditions, where behaviours, such as MVPA, are
identified as a crucial factor in disease management (Riddell, et al., 2017). One such
condition is type 1 diabetes (T1D), a chronic condition characterised by the lack of
endogenous insulin production, often resulting in glycaemic extremes, and most often
diagnosed during childhood (American Diabetes Association, 2010). Physical activity
is one of the three key components of disease management, alongside exogenous
insulin application and diet, required to maintain blood glucose levels and reduce the
risk of developing complications (Riddell, et al., 2017). The most prevalent long-term
complication for adults with T1D is cardiovascular disease (CVD; de-Ferranti, et al.,
2014). While CVD most often results in mortality during adulthood, the disease
process is often instigated during childhood (Perchard & Amin, 2015; Snell-Bergeon
&Nadeau, 2012). Specifically, for children with T1D, chronic hyperglycaemia
engenders a two-fold increase in the risk of developing CVD as a complication later
in life (Perchard &Amin, 2015; Snell-Bergeon &Nadeau, 2012). Pre-clinical markers
for this increased risk, including premature increases in arterial stiffening and declines
in cardiac autonomic function, can be demonstrated from as early as two years post
diagnosis in children (M. Jaiswal, et al., 2013; Urbina, et al., 2019; Vinik, Erbas, &
Casellini, 2013).

A greater volume of MVPA is reported to be individually associated with a more
favourable central stiffening and cardiac autonomic activity in those with T1D (Chen,
et al., 2008; Edwards, et al., 2012), with suggestions that MVPA could potentially

ameliorate the increased CVD risk. However, children with T1D have been
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consistently found to accrue less MVPA than their non-diabetic peers, with many
studies finding that this population do not meet the recommended 60 minutes of
MVPA per day deemed necessary to achieve these risk-reducing benefits (Chief
Medical Officers, 2019; Czenczek-Lewandowska, Leszczak, Baran, et al., 2019;
Tully, et al., 2016). However, of interest, children with T1D demonstrate significantly
greater volumes of light intensity physical activity (LPA) than non-diabetic peers,
potentially as compensation for lower MVPA (Czenczek-Lewandowska, Leszczak,
Baran, et al., 2019). Indeed, whilst research in healthy children have found LPA to
beneficially act on arterial stiffening and autonomic function, this has been to a lesser
extent than MVPA (Nettlefold, et al., 2019; Veijalainen, et al., 2019), indicating
significantly greater volumes of LPA may be necessary to achieve the same health-

associated benefits as 60 minutes of MVPA.

The increasing trend for prolonged periods of sedentary time in all child and adolescent
populations has been associated with greater insulin resistance and less favourable
lipid profiles (Carson, et al., 2016; Sardinha, et al., 2008; Saunders, et al., 2014), both
of which have detrimental effects on glycaemic control and CVD risk for children with
T1D (Snell-Bergeon &Nadeau, 2012). Given that behaviours are known to track from
childhood to adolescence, and beyond, the increasing sedentary time in children is
especially concerning, potentially further exacerbating the risks of premature, and
possibly preventable, deleterious changes in cardiovascular health (Farooq et al.,
2018). Consequently, a much greater understanding of the effects of all movement
behaviours in T1D is crucial to identify important targets for intervention, to provide
recommendations for clinical teams and, ultimately, to reduce the risk of both short-

and long-term complications.

Whilst compositional analysis is highly valuable to provide insight regarding the
combined and relative effects of all daily movement behaviours, considering these
behaviours as the overall daily average across a monitoring period may mask
important variations. Specifically, variation in individual movement behaviours has
been observed by accelerometer-based monitoring according to season (Atkin, et al.,
2016), type of day (Kristensen, et al., 2008; Pereira, et al., 2015), between weeks
(Aadland et al., 2017) and due to influences including holidays and school (Kristensen,
et al., 2008). However, hypotheses such as the ActivityStat postulate that while there
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are fluctuations in movement behaviour volumes and patterns, these fluctuations occur
around a central mean (Gomersall, et al., 2013b; Wilkin, et al., 2006). As of yet, no
study has explored whether the movement behaviour complex is influenced by these
variations or fluctuations. However, as postulated by the ActivityStat, an increase in
one behaviour must occur concomitantly with a decrease in another in order to remain
within the finite 24 hours. Subsequently, the compositional nature of movement

behaviours and the ActivityStat may be interlinked.

Therefore, the primary aim of this study was to utilise compositional analyses to
explore the associations of daily movement behaviours with markers of cardiovascular
health in children with TID and non-diabetic peers. A secondary aim was to use
predictive modelling to investigate how reallocating time from one behaviour to
another influenced key cardiovascular measures for children with and without T1D.
Finally, the study sought to determine whether the daily average of movement

behaviours fluctuated across a four-week monitoring period.

7.2 Methods

In total, 48 children and adolescents (11.9 £ 2.1 years; 29 with T1D; 20 girls) were
included in the present study from paediatric diabetes clinics and local schools in South
Wales, with all procedures conducted within local outpatient clinics or the research
laboratories at Swansea University. A sub-sample of this data was also used in Chapter
5. Written informed consent and assent were obtained from parents/guardians and
participants, respectively, with all assessments and measurements, other than physical
activity, collected over a two-hour period. Physical activity was then monitored over
seven consecutive days. Ethics approval was obtained from the Tyne and Wear South
National Health Service Research Ethics Committee (16/NE/0082 195492), with all
procedures conducted in accordance with the Declaration of Helsinki. General
exclusion criteria were any cardiovascular conditions, kidney or metabolic disease, or
hypertension, with diabetes-specific criteria including a diabetes duration of less than
one year or those identified by the respective diabetes team as unsuitable for
participation due to complications or currently being in poor glycaemic control as

indicated by glycated haemoglobin (HbAlc >75.0 mmol-mol!/ 9%). Blood glucose
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control, according to HbAlc was obtained from the latest reading present in medical

records.

7.2.1 Anthropometrics

Height, sitting height and body mass were measured to the nearest 0.1 cm, 0.1 cm and
0.1 kg, with the use of a calibrated stadiometer (Holtain, Crymych Dyfed, UK), a
sitting height stadiometer (Harpenden Sitting Height Table model 607VR, Holtain Ltd,
Crymych, Pembrokeshire, UK), and electronic scales (Seca 803, Seca, Chino, CA,
USA), respectively. Body mass index (BMI) was subsequently derived. An estimation
of maturity was calculated using sex-specific, maturity offset equations as the
approximate time in years from the greatest rate of increase in height during puberty,

or peak height velocity (PHV; Mirwald, et al., 2002).

7.2.2 Arterial stiffness

A non-invasive assessment of arterial stiffness was conducted with all participants
using an osillometric device (Vicorder, Skidmore Medical, Bristol, UK) and
accompanying blood pressure (BP) cuffs (D.E.Hokanson Inc, Bellevue, WA, USA).
The assessment was conducted after a five-minute resting period in a quiet
environment, to ensure a stable HR and BP, with the participant in the supine position.
Pulse wave analysis (PWA) was conducted with a BP cuff over the brachial artery on
the upper left arm. Initially, a stable BP was acquired to inform the inbuilt automated
function. Subsequently, pulse pressure (PP) was derived with a transfer function
employed to derive augmentation pressure (AP) and augmentation index (Alx), as an
estimation of central stiffening. The AP was derived from the systolic waveform as
the pressure difference between peaks one and two, while Alx was calculated as AP
as a percentage of pulse pressure (Wilkinson, et al., 2000). Aortic pulse wave velocity
(aPWV) was assessed with a partial and brachial cuff placed over the carotid and
femoral arteries, respectively. The distance between the sternal notch and the centre of
the femoral cuff, via the umbilicus, was measured. The time taken for a pulse wave to
travel between the two cuffs was recorded according to the carotid and femoral
waveforms, giving PWV in m-s’!. Both processes were repeated a minimum of three

times, or until at least two measures within 5 mmHg, 5% or 0.5 m-s™! were obtained.
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7.2.3 Cardiac Autonomic Activity

A three-lead Reynolds CF Holter monitor (Spacelabs Medical Ltd, Hertford, UK),
sampling at 1,024 Hz, was used to obtain a short-term, 12-bit electrocardiogram (ECG)
recording from which RR intervals were obtained. Electrodes were positioned at three
points - the manubrium and the V5 and V5R positions on the anterior of the torso, with
placement verified by visually checking each of the three channels prior to recording.
A 15-minute rest period in a supine position was followed by a five-minute recording
of paced breathing at a rate of six breaths per minute. The ECG recording was
processed to identify QRS cycles resulting from sinus node depolarisation,
disregarding abnormal cycles, with the normal cardiac (RR) intervals extracted using
the Reynolds Pathfinder ECG analysis system (Spacelabs Medical Ltd, Hertford, UK).
The extracted RR intervals were then visually inspected to identify and remove any
artefacts before being analysed using Kubios-HRV V3.0 (Biomedical Signal Analysis
Group, Department of Applied Physics, University of Kuopio, Finland) to derive heart
rate variability (HRV) indices in the time and frequency domains. Specifically, the
root mean square of successive differences (RMSSD), and low frequency (LF) and
high frequency (HF), both absolute and normalised, were obtained to give an
estimation of sympathetic and parasympathetic activation, respectively, at rest

(European Society of cardiology, 1996).

7.2.4 Habitual physical activity

Participants were asked to wear a triaxial accelerometer sampling at 20 Hz
(GENEACctiv, Activinsights Ltd, Cambridgeshire, UK) on their right wrist for 28-
consecutive days, 24 hours a day. The GENEActiv has been validated and reported to
provide reliable representations of physical activity behaviours in children (Esliger, et
al., 2011; Phillips, et al., 2013). Accelerometer data was downloaded from each device
utilising the GENEActiv PC software v2.2 (Activinsights Ltd, Cambridgeshire, UK),
with the GGIR package
(https://cran.rproject.org/web/packages/GGIR/vignettes/GGIR .html), built in R
(https://cran.r-project.org), employed for signal processing to convert triaxial data to
omnidirectional acceleration. This omnidirectional data was then processed using the
Euclidian Norm Minus One (ENMO; Van Hees, Gorzelniak, Dean Ledn, et al., 2013),

reduced to 5s epochs and converted to milligravity-based acceleration (Hildebrand, et
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al., 2017). Wear-time criteria was applied to the processed data with > 16 hours per
day over three week days and one weekend day required for inclusion in further
analysis (Fairclough, et al., 2016). Raw acceleration thresholds, derived according to
the Hildebrand et al. (Hildebrand, et al., 2014) predictive equations, were applied to
classify sedentary time (< 23.5 mg), LPA (> 23.5-191.6 mg) and MVPA (> 191.6 mg).
Sleep was determined according to the Van Hees et al. (van Hees, et al., 2015) sleep

algorithm as no arm angle change of > 5° for > five minutes.

7.2.5 Data analysis

Compositional analyses were conducted by normalising the time in each behaviour as
a proportion of total time in the overall composition, giving the geometric mean for
each behaviour and grouping. The geometric mean of each behaviour was then used
to produce a variation matrix based on pairwise log contrasts for the total sample.
Sequential isometric log ratios (ILRs), equal to one, were produced from the
composition of movement behaviours as compositional linear regression models for
each cardiovascular measure, covarying for age, sex, maturity and disease status. The
p-value for each set of models was obtained as the significance of the model, with the
initial coefficient and p-value for each movement behaviour in sequential models taken
as an indication of the effect and significance on the outcome measure. Predictive
change models, conducted by back-transforming co-ordinates from pervious ILRs for
each behaviour, were then employed to explore the influence of reallocating 20
minutes from one behaviour to another on cardiovascular measures, based on the

geometric composition for each group (Chastin, et al., 2015).

Twenty minutes, as opposed to the 10 minutes used in previous studies (Carson, et al.,
2016; Chastin, et al., 2015) was chosen to explore the impact of meeting physical
activity guidelines for children with T1D, as substituting 20 minutes to MVPA would
increase time in this behaviour to the recommended 60 minutes per day. Predictive
changes were expressed as percentage change for each cardiovascular measure, based
on the group mean, then compared to the SWC% to identify a meaningful and

significant difference.
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7.2.6 Statistical analysis

Statistical analyses were performed in IBM SPSS Version 22.0 (IBM SPSS Statistics
for Macintosh, IBM, Portsmouth, UK)) or the compositions package (Version 1.40-2;
Chastin, et al., 2015), and its dependencies, in R (http://cran.r-project.org).
Significance was set as p < 0.05, with all data expressed as mean + SD, unless stated
otherwise. The minimum clinically important difference (MCID) was identified as
more representative of a significant change in cardiovascular measures than the
typically employed 1 SD (Wells, et al.,, 2001b). Therefore, the MCID for
cardiovascular measures was represented by the smallest worthwhile change (SWC)
and the percentage SWC (SWC%), calculated according to mean of cardiovascular
outcomes for each group (Wells, et al., 2001b). Potential differences in all measures,
according to disease status and sex, were explored with the use of a multivariate
ANOVA with Bonferroni corrections. The movement composition for both groups
was derived for each separate week and for increasing measurement durations (14, 21
and 28 days), with a repeated measures ANOVA with Bonferroni correction
subsequently used to explore whether the compositions varied with increasing

measurement duration.

7.3 Results

The final sample consisted of 37 participants (20 T1D; 16 girls), following the
exclusion of 11 participants (6 T1D and 5 control) for monitor failure or failure to meet
the weekly wear-time criteria. No significant differences were found between those
included and excluded regarding age, anthropometrics, maturity or physical activity (p
> 0.05). Participant anthropometrics and metabolic measures are presented in Table
7.1, with cardiovascular outcomes presented in Table 7.2. Regardless of disease status,
girls were more mature than boys (1.32 yrs, F133=6.39, p < 0.05), but engaged in
significantly less MVPA (-27.6 min-day”!, Fi33=4.66, p < 0.05; Figure 7.1).
Additionally, healthy participants, irrespective of sex, accrued significantly more
MVPA compared to T1D peers (26.4 min-day!, Fi33=4.26, p < 0.05; Figure 7.2). The
HbA Ic level for all participants with T1D was above the National Institute for Health
and Care Excellence (NICE) recommended levels of 48 mmol-mol™! (NICE, 2015).
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Table 7.1. Participant anthropometric characteristics and glycaemic control, according

to disease status and sex.

T1D (n=20) Healthy (n=17)
Girls Boys Girls Boys
(n=10) (n=10) (n=16) (n=11)

Age (yrs) 12.1+1.1 11.7+£2.0 11.8+2.3 11.4+20
BMI (kg'm) 21.8+4.3 19.8 +3.8 19.0 +4.7 19.2+4.2
Maturity offset (yrs) -1.46+£0.78* -1.76 £1.69 -030+1.92* -2.19+1.75
HbA 1¢ (mmol-mol!) 763 +£13.6 65.4+11.9 - -
HbAlc (%) 9.1+1.3 8.1+1.1 - -
Total- C (mmol-I'") 43+04 41+03 - -
LDL-¢ (mmol-1) 25+03 22+03 - -
Disease duration (yrs) 47+3.5 54+£32 - -

Data is presented as mean £SD. Body mass index (BMI), glycated haemoglobin (HbAlc), total cholesterol (total-c), total

cholesterol (Total-c), low density lipoprotein (LDL-c). * A significant difference between sexes within a disease group.

Table 7.2. Arterial and autonomic outcomes, according to disease status and sex.

T1D Healthy

Girls Boys Girls Boys
PP 55+11 59+£10 56+ 16 58+9
Alx 15.1+5.8 12.1+7.1 17.3+6.3 13.3+5.9
MAP 84.3+7.8 80.3+£5.2 84.1 £6.5 86.1 +4.7
PWV 5.24+0.58 4.96 + 0.66 4.66 + 0.90 4.74 £ 0.66
RMSSD 53.5+26.9 75.69 + 37.46 76.6 + 34.7 66.8 £53.6
LF 6,519 £ 6,882 5,367+£2,976 4,860 +4,285 5,632+ 8,503
HF 1,349 + 1545 3,468 + 4050 1,430 £ 1279 2,577 + 3,699
LF nu 79.2 £16.5 69.1 £24.9 75.1 £16.8 66.2+19.4
HF nu 20.7+16.4 30.8+24.9 249 +16.7 33.8+19.3

Data is presented as mean +SD. Pulse pressure (PP), augmentation index (AIx), mean arterial pressure (MAP), pulse

wave velocity (PWV), root mean square of successive standard deviations of NN intervals (RMSSD), low frequency

(LF), high frequency (HF).
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No significant differences were found between the daily average composition of
movement behaviours for each week, across the monitoring period (p > 0.05).
Therefore, subsequent analyses were completed using the daily average across all four

weeks for all available physical activity data for each participant.

In the full sample, participants spent the majority of waking hours being sedentary or
in LPA, with MVPA accounting for less than 4% of waking time and sleep accounting
for the greatest percentage of the 24-hour period (Table 7.3). According to the
variation matrix (Table 7.4), LPA and sleep had the greatest co-dependence, followed
by LPA with sedentary time and sedentary time with sleep, while MVPA showed the
least co-dependence with all other behaviours. Additionally, MVPA was found to
account for 85% of variance in an average 24 hours, despite only consisting of 3.5%

of the day.

Table 7.3. Actual mean, geometric mean and percentage of 24-hours for each

movement behaviour and sleep for the whole sample.

SED LPA MVPA SLEEP
Mean (min-day') 435.3 467.2 61.8 475.1
Geometric Mean (min-day™') 436.0 472.8 50.2 481.0
Percentage of 24 hours (%) 30.3 32.8 3.5 33.4

Sedentary time (ST), light physical activity (LPA), moderate-to-vigorous physical activity (MVPA).

Table 7.4. Pair-wise log-ratio variation matrix for sedentary time, LPA, MVPA, and

sleep for the whole sample.

SED LPA MVPA SLEEP
SED - 0.021 -0.188 0.039
LPA 0.021 - -0.067 0.006
MVPA -0.188 -0.067 - -0.103
SLEEP 0.039 0.006 -0.103 -

Sedentary time (SED), light physical activity (LPA), moderate-to-vigorous physical activity (MVPA).
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Comparison between group geometric means indicated that boys engaged in similar
volumes of sedentary time and sleep, but significantly more MVPA, relative to girls,
regardless of disease status (Figure 7.1). Participants with T1D accrued significantly
less time in MVPA and slept marginally less but engaged in significantly more LPA

when compared to non-diabetic peers (Figure 7.2).

The average composition of movement behaviours for the whole sample, accounting
for sex, age and disease status, was a significant determinant of PP and PWYV, as
demonstrated by the model p-value (Table 7.5). Additionally, sleep and sedentary time
were negatively associated with PP and RMSSD (p < 0.05), respectively.

SED
LPA
MVPA
SLEEP

0.4

Figure 7.1. Compositional geometric mean bar plots comparing the compositional
mean of boys relative to girls, regardless of disease status, for sedentary time (SED),
light physical activity (LPA), moderate-to-vigorous physical activity (MVPA), and

sleep.
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Figure 7.2. Compositional geometric mean bar plots comparing the compositional
mean of type 1 diabetes participants compared to healthy children, regardless of sex,
for sedentary time (SED), light physical activity (LPA), moderate-to-vigorous
physical activity, and sleep.

The ternary heat maps presented in Figure 7.3 indicate that for children with T1D
group those with a higher MVPA (Figure 7.3 a, b and c) but also a high sedentary time
(Figure 7.3 a, ¢ and d) were most likely to have a more favourable aPWV. In contrast,
the non-diabetic sample showed less clear influences of movement behaviours for
aPWYV but indicated that a moderately high MVPA (Figure 7.4 a, b and d) and a high
LPA (Figure 7.4 a, b and c) resulted in a lower aPWYV, while those with a high
sedentary time had a higher aPWV. Heat mapping for RMSSD in the diabetic sample
(Figure 7.5) indicated that those with a high LPA (Figure 7.5 a, b and c) and
moderately high MVPA (Figure 7.5 a, b and d) had a higher RMSSD. Conversely, in
the non-diabetic sample LPA (Figure 7.6 a, b and ¢) and MVPA (Figure 6 a, b and d)

positively influenced RMSSD, more so than sleep and sedentary time.
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The greatest percentage changes, deemed significant according to specific SWC%,
were observed with the substitution of 20 minutes from MVPA to the remaining
behaviours, which was associated with an increased PP, PWV, and LF, and decreased
HF in children with T1D. Increases in PWV were also found with the reallocation of
20 minutes of MVPA to LPA or sleep and in LF with MVPA to sleep, for healthy
peers (Table 7.6).

Table 7.5. Compositional model of movement and sleep behaviours for each measure

of arterial health in the overall sample, adjusted for age, sex, maturity and disease

status.
Model
p Ysep p Yirpra p Ymvea p Y sLEgp p
PP 0.06 3.31 032 6.87 0.11 -3.31  0.09 -6.87* 0.05
Alx 0.52 -0.74 074 1.74 0.54 1.08 040 -2.08 0.36
MAP 0.28 -1.97 035 -225 041 1.29 0.29 2.94 0.18
PWV 0.06 -0.19 034 0.14 056 -0.14 0.27 0.17 0.44

RMSSD 030  -28.94* 0.05 18.13 031 -3.06 070 13.87 0.35

LF 0.17 -225 073 -8.09 034 -1.76 064 12.10 0.09

HF 0.17 2.24 073 8.05 0.34 1.75 0.64 -12.04 0.09

Sequential rotated ILR modelling for each arterial health measure, adjusted for age, sex, maturation and disease status. Sedentary time
(SED), light intensity physical activity (LPA), moderate-to-vigorous physical activity (MVPA), pulse pressure (PP), augmentation index
(AIx), mean arterial pressure (MAP), pulse wave velocity (PWV), root mean square of successive standard deviations of NN intervals
(RMSSD), low frequency (LF), high frequency (HF). Regression coefficients relate to the change in log-ratio for a given behaviour,

relative to other behaviours. * A Significant association between movement behaviour and cardiovascular measure.
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Figure 7.3. Ternary heat plots of aortic pulse wave velocity with different movement
compositions in children with type 1 diabetes. Each ternary diagram focuses on one
part of the four part composition (sedentary time (SED), light physical activity
(LPA) and moderate-to-vigorous physical activity (MVPA), and sleep), relative to

the remaining behaviours.
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Figure 7.4. Ternary heat plots of aortic pulse wave velocity with different movement
compositions in non-diabetic children. Each ternary diagram focuses on one part of
the four part composition (sedentary time (SED), light physical activity (LPA) and
moderate-to-vigorous physical activity (MVPA), and sleep), relative to the remaining

behaviours.
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Figure 7.5. Ternary heat plots of root mean squared of successive differences
(RMSSD) with different movement compositions in children with type 1 diabetes.
Each ternary diagram focuses on one part of the four part composition (sedentary
time (SED), light physical activity (LPA) and moderate-to-vigorous physical activity

(MVPA), and sleep), relative to the remaining behaviours.
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Figure 7.6. Ternary heat plots of root mean squared of successive differences

(RMSSD) with different movement compositions in non-diabetic children. Each
ternary diagram focuses on one part of the four part composition (sedentary time
(SED), light physical activity (LPA) and moderate-to-vigorous physical activity

(MVPA), and sleep), relative to the remaining behaviours.
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Table 7.6. Effect of reallocating 20 minutes of time from the behaviour in columns to

behaviours in rows for T1D and healthy participants, presented as percentage change.

T1D Control

PP

SED LPA MVPA Sleep SED LPA MVPA Sleep
SED - 024  4.72% 1.67 - 0.19 2.95 1.66
LPA -0.30 - 4.46* 1.41 -0.25 - 2.73 1.44
MVPA -3.35  -3.08 - -1.64 248 -2.25 - -0.78
Sleep -1.67  -1.40 3.09 - -1.66  -1.43 1.32 -
Alx
SED - -2.58 222 0.86 - -2.57  0.90 0.76
LPA 2.53 - 4.72 3.36 2.51 - 3.39 3.24
MVPA -1.22 -3.83 - -039  -056 -3.16 - 0.18
Sleep -0.78  -3.38 1.42 - -0.69  -3.28 0.19 -
PWV
SED - -0.40  4.58* -0.51 - -0.46  2.68 -0.55
LPA 0.40 - 4.97* -0.12 046 - 3.13*  -0.10
MVPA  -2.89* -3.29% - -3.40*  -2.01 -248 - -2.57
Sleep 0.50 0.10  5.07* - 0.55 0.07  3.21* -
RMSSD
SED - -5.54 -6.27 -5.73 - 511 466  -5.10
LPA 5.65 - -0.80 -0.26  5.21 - 0.38 -0.06
MVPA 5,60 -0.12 - -0.31 455 -0.72 - -0.71
Sleep 583  0.11 -0.62 - 520 -0.08 0.37 -
LF
SED - -0.06  6.38* -1.76 - -0.03 3.68 -1.92
LPA 0.10 - 6.46* -1.68  0.07 - 3.73 -1.87
MVPA -3.95  -4.04 - -5.73% 271 -2.76 - -4.65
Sleep 1.72 1.64  8.08%* - 1.88 1.83  5.54* -
HF
SED - 0.19 -18.19* 499 - 0.08 -7.32 3.80
LPA -0.29 - -18.42* 476  -0.16 - -7.43 3.69
MVPA 11.27  11.52 - 16.32* 538  5.50 - 9.23
Sleep -4.89 -4.64 -23.02% - -3.73  -3.61 -11.01 -

Predicted effects were based on the mean composition. Adjusted for age, sex and maturation. Sedentary time (SED), light
intensity physical activity (LPA), moderate-to-vigorous physical activity (MVPA), pulse pressure (PP), augmentation index
(Alx), pulse wave velocity (PWV). * A percentage change greater than the SWC % for each arterial measure.
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7.4 Discussion

The current study is the first to utilise compositional analysis to investigate the
combined and individual effect of movement behaviours, relative to one another, on
cardiovascular health for children with and without T1D. Overall, arterial stiffness
markers were most influenced by the overall average movement composition, while
autonomic function was most influenced by sedentary time and sleep, relative to all
other behaviours. Reallocation of time from MVPA to any other behaviour was
predicted to negatively affect all cardiovascular measures, independent of disease
status, while allocating time to MVPA was consistently predicted to improve all
outcome measures. Additionally, the same intensity of physical activity may be more

potent for cardiovascular health in T1D children, compared to non-diabetic peers.

An aim of the present study was to explore how the composition of habitual movement
behaviours changed over a month, and to subsequently explore how the postulated
fluctuations affected arterial and autonomic health. However, no significant
differences in composition were evident between weeks for any habitual behaviour,
irrespective of sex or disease status. This lack of significant variation over time may
support the ActivityStat hypothesis, which postulates that physical activity behaviours
fluctuate around a mean, with extremes above or below this mean followed by
reciprocal changes to maintain an overall balance (Gomersall, et al., 2013b).
Conversely, studies have refuted the possible presence of an ActivityStat, with Dale et
al. (2000) and Saunders et al. (2014) finding no compensatory increase in physical
activity in children when school-based activities were restricted and sitting time
increased. One potential reason for the equivocal findings regarding a compensatory
effect in children may be the different time frames over which fluctuation and cycles
of movement behaviours occur, both between and within individuals (Telford, et al.,
2013). However, little research has sought to identify a typical time frame for such
fluctuations in children and adolescents, likely due to accelerometer monitoring only
relatively recently providing high-resolution acceleration data for durations longer
than seven days (Arvidsson, et al., 2019). Future research is therefore warranted to
investigate the possible fluctuations and repetitive cycles in behavioural patterns and

how these influence key health outcomes.
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Research in children with T1D and the general paediatric population has found that,
individually, MVPA and LPA may slow the rate of premature stiffening and decline
in the ANS function, likely due to the anti-inflammatory effects of physical activity
and/or to the stabilisation of glycaemic extremes (Chen, et al., 2008; Trigona et al.,
2010). Conversely, prolonged periods of sedentary time have been shown to increase
insulin resistance and to be associated with a deleterious lipid profile (Sardinha, et al.,
2008; Saunders, et al., 2014). However, compositional analyses indicates that when
these behaviours are considered as a proportional whole, they do not necessarily
replicate the influences observed on health outcomes when considered in isolation
(Carson, et al., 2016; Chastin, et al., 2015). Specifically, the present study found that
the average behaviour composition was significantly associated with indicators of
arterial stiffening but not HRV indices, highlighting that neither age, sex, disease status
or movement behaviours fully explain the variances in autonomic function. Given the
potent effect of cardiorespiratory fitness on ANS function (Gutin, et al., 2005;
Veijalainen, et al., 2019), future studies should consider its mediatory role in the

relationship between movement and sleep behaviours and autonomic health.

An increased sedentary time, relative to other behaviours, was associated with lower
central stiffening, although it had a significant deleterious effect on parasympathetic
activity. Surprisingly, sedentary time was associated with a decreased central
stiffening, which is discordant with previous research assessing the individual effects
of sedentary time in children, which were unequivocally negative (Nettlefold, et al.,
2019; Saunders, et al., 2014; Veijalainen, et al., 2019). However, our findings are
congruent with Carson et al. (2016) who found sedentary time had a limited influence
on cardiometabolic markers, including blood pressure and lipid profile. Discordant
with previous research (Chimen, et al., 2012; Cuenca-Garcia, Jago, Shield, & Burren,
2012), LPA was associated with an increased central stiffening. Indeed, previous
research has shown that LPA in children with T1D is beneficial for health, potentially
reducing insulin resistance (Chimen, et al., 2012; Cuenca-Garcia, et al., 2012). In the
current study, time in MVPA, but not LPA, showed more favourable trends for PP and
aortic stiffness, which is in accord with previous research in people with T1D and
indicates that intensity of physical activity may be key to preventing premature arterial
stiffening (Trigona, et al., 2010). Indeed, in T1D, MVPA is hypothesised to improve

insulin sensitivity which is particularly important for adolescents as puberty is
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associated with an increase in insulin resistance, thereby increasing risk of glycaemic
extremes and, in turn, stiffening and autonomic decline (Chen, et al., 2008; Chimen,
et al,, 2012; Leclair, et al., 2013). Taken together, these findings highlight the
importance of exploring each behaviour as part of the daily movement continuum to
identify important associations between daily behaviours and key health outcomes.
Overall, this approach can aid future intervention development seeking to reduce

disease burden and risk of future complications.

The greatest predicted change was found when reallocating time to and from MVPA
for all cardiovascular measures, with the most significant predicted changes observed
in those with T1D. The significant change in cardiovascular measures with changes in
MVPA is in line with previous research which found that less time in MVPA was
associated with less favourable central stiffening and autonomic function in children
with (Nettlefold, et al., 2019; Oliveira, Barker, Wilkinson, et al., 2017; Veijalainen, et
al., 2019) and without T1D (Chen, et al., 2008; Trigona, et al., 2010). Improvements
in cardiovascular measures with increases in MVPA, at the expense of other
behaviours, further reinforces the importance of this behaviour for the management of
T1D, especially as physical activity levels typically decline with age (Farooq, et al.,
2018), and are lower in T1D than their non-diabetic peers, irrespective of age (Valerio,
et al., 2007). This therefore highlights the importance of meeting the recommended 60
minutes of MVPA per day (Chief Medical Officers, 2019), especially for children with
T1D.

Discordant with Farabi et al. (2016) and Monzon et al. (2019), who found that deprived
sleep was associated with poor glucose control and an increased risk of cardiovascular
complications, the present study found that reallocating time in sleep to other
behaviours was predicted to improve central stiffening and vagal tone. Specifically,
the present findings indicate that reallocating 20 minutes of sleep to MVPA may
significantly improve central stiffening and parasympathetic activity for children with
T1D, thereby suggesting MVPA may be of equal, if not greater, importance than sleep.
In addition, it is pertinent to note that the smaller changes from the reallocation of 20
minutes to and from LPA indicates that more than 20 minutes is likely necessary to
elicit significant changes in cardiovascular health. Indeed, previous research in healthy

children demonstrates that LPA can positively effect cardiometabolic and arterial
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health (Haapala, et al., 2016; Poitras, et al., 2016; Stone, et al., 2009), and has been
suggested to be an alternative target to MVPA (Poitras, et al., 2016). However, while
LPA can positively influence health for children with T1D, the relative time that needs
to be displaced is considerably larger than MVPA, and would most likely necessitate
a reduction in sedentary time, given the importance of sleep and MVPA in this
population. Furthermore, the difference in findings between LPA and MVPA further
emphasise that the intensity, and not total volume, of physical activity may be key to
preventing premature increases in arterial stiffening and decline in autonomic function

in T1D.

A major strength of the present study was the use of compositional analyses to explore
how all daily movement behaviours influence cardiovascular health in a paediatric
clinical population, rather than exploring these behaviours in isolation. Additionally,
the use of predictive modelling regarding the possible effect of reallocating time from
one behaviour to another was a key novelty in those with T1D and could inform targets
for future interventions in similar populations. Furthermore, the inclusion of 28 days
of habitual movement behaviours allowed us to account for potential behavioural
variations and more reliably explore the relationship between PA and health. However,
this study is not without limitations. Specifically, compositional analyses models may
be susceptible to outliers, therefore the relatively small sample size included may limit
generalisability, with outliers more likely to influence model outcomes. It is also
pertinent to note that the analysis was limited to the whole sample, as opposed to each
individual group for disease status and sex. Furthermore, significant differences were
evident in the maturity status of the participants, with healthy girls deemed pubertal,
while all other remaining participants were pre-pubertal. This was statistically
accounted for in the present study but future studies should consider the influence of
maturity independently. Finally, while the predictive models provide valuable insight
as to predictive change, they do not indicate whether the changes would be acute or
chronic, nor how long the change in behaviour needs to be implemented in order for

these changes to occur.
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7.5 Conclusion

In conclusion, intensity, not just the overall volume, of physical activity is a key factor
in reducing risk of premature negative changes in arterial health for children, with and
without T1D. Secondly, reducing sedentary time may be key to minimising premature
decline in autonomic control, thereby slowing progression of neuropathy for children
with T1D. Moreover, increasing time in MVPA, by substituting 20 minutes from any
other behaviour, has the potential to slow progression of autonomic decline and central

arterial stiffening in children with T1D.
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Chapter 8

Synthesis
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Chapter 8: Synthesis

The importance of physical activity and sedentary time for cardiovascular health is
well recognised, but their fluctuations and the relative importance of the volume and
intensity of each component is less well understood. Consequently, the aim of this
thesis was to explore the intra and inter-person fluctuations in physical activity and
sedentary time to further elucidate the dose-response relationship with cardiovascular
health in type 1 diabetes (T1D) and otherwise healthy populations. The current chapter
will synthesise the present research, considering the findings of each study relative to
the remaining studies, and discuss their strengths, weaknesses and implications as a

whole.

8.1 General discussion

8.1.1 Cardiovascular Health and Movement Behaviour in Type 1 Diabetes

The children with T1D in Chapters 5, and 7 demonstrated an increased risk of
cardiovascular disease (CVD), as indicated by a higher central stiffening (aortic pulse
wave velocity (aPWV)), and decreased parasympathetic activity compared to their
non-diabetic peers and to age-specific reference values (Thurn, et al., 2019). Aortic
PWYV is an independent prognostic indicator for CVD (Ben-Shlomo et al., 2014), with
declines in autonomic function indicative of a progression towards diabetic autonomic
neuropathy (DAN), a common long-term complication in this population (Vinik, et al.,
2003). Progression of these CVD risk factors is proposed to be a consequence of
persistent hyperglycaemia, as evidenced by an elevated glycated haemoglobin
(HbAlc; American Diabetes Association, 2010; NICE, 2015). The poor glycaemic
control evident in the current T1D participants, all of whom were above the

recommended levels for HbAlc (NICE, 2015), is in accord with this contention.

The differences observed in cardiovascular measures between those with T1D and
their non-diabetic peers may be attributable to differences in the participant’s physical
activity levels (Chapters 5 and 7) and composition of physical activity (Chapter 7).
Indeed, T1D is typically associated with lower moderate-to-vigorous physical activity
(MVPA; de Lima, et al., 2017) and prolonged periods of sedentary time (Czenczek-
Lewandowska, Leszczak, Weres, et al., 2019), with inactivity (Riddell, et al., 2017)
and long periods spent sedentary (Li et al., 2015a) well-established to be associated
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with less favourable glycaemic control and deleterious effects on cardiovascular health
(Valerio, et al., 2007). However, contrary to these earlier studies, those with T1D
(Chapters 6 and 7) did not spend more time sedentary although they did accrue the
majority of their physical activity at a lower intensity compared to their non-diabetic
counterparts. Specifically, those with T1D demonstrated significantly greater volumes
of light physical activity (LPA) and less MVPA in comparison to peers, independent
of sex and maturation (Chapter 7). Accumulation of movement at a lower intensity
according to disease status was further supported by a significantly more negative
intensity gradient and lower average acceleration (Chapter 5) with no significant
differences present for sedentary time or sleep (Chapter 7). These findings may
therefore be indicative that LPA is less beneficial for health, in accord with the findings
of Carson et al. (2019), suggesting that in order for beneficial health effects to be
manifest, considerably more time must be spent in LPA. Given the time-poor nature
of modern society, these findings therefore question the hypothesis that LPA may
represent a more appropriate and feasible target through which to improve public
health (Fiizéki, et al., 2017; Salmon, 2010). However, it is pertinent to note that the
majority of conclusions drawn in the literature, and those in Chapters 4 and 5, are
based on up to seven days of physical activity. Given the findings in Chapter 6, this
short time-frame may fail to accurately reflect important behavioural variation over
time. Indeed, cardiovascular health markers reflect long-term processes and therefore
their relatively weak association with an arbitrary seven-day period of physical activity
should perhaps be anticipated; given the stronger association between markers of
cardiovascular health and physical activity metrics when a 28-day measurement period
was used (Chapter 6), future research should consider using longer measurement

periods.

Sex has been reported to be a key determinant of disease progression in those with
T1D, with females characterised by a less favourable HbA 1c, irrespective of age and
maturation (Samuelsson et al., 2016). The sex-related differences in blood glucose
control have been previously postulated to be attributed, at least in part, to less
stringent disease management or avoidance of intensive management with insulin for
fear of weight gain (Polonsky et al., 1994). Such sex differences in disease experience
may also be exacerbated by the concomitant differences in physical activity and

sedentary time typically observed between sexes, with girls with T1D reported to
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accrue less physical activity compared to boys . Specifically, the current thesis found
LPA and MVPA to differ according to sex (Chapter 7), with girls found to accrue less
MVPA but more LPA than boys. These sex-related differences are similar to those
typically observed in otherwise healthy children (Farooq, et al., 2018), as well as those
found in Chapters 4 and 7. However, an important mediator and/or moderator of these
sex differences is maturation, with a decline in MVPA and a concomitant increase in

sedentary time known to occur with progression of adolescence (Farooq, et al., 2018).

Whilst the influence of maturation in T1D is well-established (Chowdhury, 2015), few
studies have sought to account for the influence of maturation in the relationship of
physical activity and cardiovascular measures. Nonetheless, the decline in glycaemic
control often observed in T1D pubertal and post-pubertal adolescents has been
attributed to the reduced volume and intensity of physical activity typical of
adolescents (Chimen, et al., 2012; Kennedy et al., 2013). Consequently, the decline in
glycaemic control and increase in blood glucose variability is associated with an
increased risk of premature changes in autonomic (Jaiswal et al., 2018) and vascular
health (Obermannova, et al., 2017), and subsequently risk of CVD. Taken together,
girls with T1D are not only at risk of being less active than their male peers, but are
subjected to the negative associations of extremes in glycaemic control and increases
in adiposity on vascular (Pandit, Khadilkar, Chiplonkar, Khadilkar, & Kinare, 2014)
and autonomic health (Gutin, et al., 2005). These associations may highlight, and
possibly explain, why women, irrespective of age, with T1D are at a significantly
increased risk of CVD in comparison to men (Soedamah-Muthu et al., 2006).
Therefore, targeting inactivity and intensity of movement for children and adolescent
with T1D in a preventative manner, particularly for girls, should be a key area of focus

for future research.

8.1.2 Measurement Duration and Data-Driven Metrics

Seven-day measurement periods are widely adopted in order to obtain a valid and
reliable insight to children and adult’s habitual physical activity levels and patterns of
accrual (Barreira, et al., 2015; Cain, et al., 2013; Matthews, et al., 2012; Sasaki, et al.,
2018; Trost, et al., 2000). However, it has recently been questioned as to whether seven

days is sufficient to appropriately reflect potentially meaningful fluctuations in
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habitual physical activity. Indeed, routines, type of day (Atkin, et al., 2016; O'Connell,
et al., 2014) and the natural variations in physical activity behaviour (Shang, et al.,
2018) are well known to influence physical activity levels but the degree of week-to-
week fluctuation within an individual remains largely unknown. Such fluctuations in

stimuli to physiological systems may have important implications for long-term
health.

According to the findings of Chapter 7, daily movement compositions demonstrate
little fluctuation across 28-days in children with or without T1D. Similar findings were
reported in Chapter 6 when novel metrics of physical activity were considered. This
lack of variation may, therefore, be indicative of an ActivityStat which serves to
maintain a relatively constant mean level of physical activity, with deviations from the
set-point subsequently compensated for (Gomersall, et al., 2013b). Importantly, the
presence of an ActivityStat may lead to erroneous conclusions regarding the validity
and reliability of a seven-day monitoring period with additional insight able to be
elucidated using longer measurement durations. This contention is supported by the
findings in Chapter 6, which revealed that, despite the minimal variations, physical
activity levels derived from 28 days were more strongly associated with health than

those obtained from seven days.

In addition to accelerometer measurement durations, this thesis highlights the
importance of moving towards data-driven physical activity metrics, which are based
on all available movement data, to improve understanding of how intensity and volume
of movement can influence arterial stiffening and autonomic function. Specifically,
Chapters 5 and 6 demonstrated that the use of the intensity gradient revealed that
intensity, not just overall volume, of movement was key to prevent declines in arterial
and autonomic health. Importantly, these findings suggest that the volume of
movement is important for health, but possibly to a lesser extent than intensity, which
is congruent with previous research which found that MVPA was more potent than
LPA for the promotion of vascular (Laursen, et al., 2015) and autonomic health (Chen,
et al., 2008). This difference could be attributed to MVPA accounting for less than 4%
of a 24-hour day, in comparison to LPA which accounts for a substantially larger
proportion, thus larger volumes of LPA are needed to confer similar health benefits.

Moreover, the use of the intensity gradient in Chapter 6 revealed possibly meaningful
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behavioural variations not identified by volume metrics when applied to a longer
monitoring duration. Therefore, it appears that data-driven metrics better describe and
quantify total movement and its intensity, facilitating a greater understanding of
habitual behaviours which is key to understanding their influence on health. Indeed,
utilising such metrics, which do not use thresholds nor data segmenting techniques, as
devised by Rowlands et al. (Rowlands, et al., 2018), creates more ecologically valid
and easily comparable data. Subsequently, these properties aid inter-study
comparability and thus enable the aggregation of numerous studies, thereby addressing
issues associated with small sample sizes which hinder the identification of influential

dose-response relationships (Rowlands, et al., 2018).

8.2 Strengths and Weaknesses

A significant strength of the present thesis was the inclusion of two sub-clinical
indicators of cardiovascular health to give an estimation of CVD risk (Reference
Values for Arterial Stiffness Collaboration, 2010; Reusz, et al., 2010). Employing
markers such as arterial stiffening and autonomic control alongside conventional
cardiometabolic risk indicators may provide greater insight as to the structural and
function changes in cardiovascular health (London &Cohn, 2002; Méki-Petidja, et al.,
2016; Thayer &Lane, 2007). Indeed, arterial stiffness is an independent, pre-clinical
prognostic marker for risk of developing atherosclerosis, hypertension and, ultimately,
CVD (London &Cohn, 2002), providing an understanding of possible structural and
compliance changes in the vasculature prior to the onset of significant increases in BP
(Cecelja &Chowienczyk, 2012). In addition to arterial stiffness, measures of cardiac
autonomic control are of prognostic value in the prediction of the development of
hypertension, neuropathy, CVD and mortality (Palatini &Julius, 2009; Thayer &Lane,
2007). Therefore, by combining arterial stiffness (Chapter 4) and autonomic control
(Chapters 5, 6 and 7), in addition to BMI as a marker of adiposity, a holistic assessment
of current cardiovascular health was obtained (Juonala, et al., 2011; Méki-Petdja, et

al., 2016).

Despite numerous strengths regarding the measures of cardiovascular health, and the
manner in which they were assessed in this thesis, it is important to acknowledge

certain limitations. Specifically, while aPWYV is a gold standard assessment of central
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stiffening (Laurent, et al., 2006), the oscillometric method by which this was obtained
may be less sensitive than ultrasound, transducers or MRI derived measures (Parikh,
et al., 2016; Savant, et al., 2014). Furthermore, oscillometric measures are highly
influenced by even subtle movements, including talking or swallowing (Van Bortel,
etal., 2012). Therefore, assessing aPWV in this manner is prone to error, although this
was minimised by a consistent operator procedure (Thurn, et al., 2019; Wilkinson, et
al., 2019). It is also pertinent to note the use of short-term ECG recordings during a
limited range of controlled manoeuvres to derive indices of heart rate variability may
present limitations. Specifically, whilst short-term measures have previously been
validated (European Society of cardiology, 1996), they do not provide an insight as to
the HR response and variability during free-living conditions (Gaskill, et al., 2001;
Williams &Lopes, 2002). Therefore, to improve generalisability, future studies should
seek to obtain concomitant ECG and habitual physical activity measures to further
elucidate the dose-response relationship between these parameters. Additionally,
while the validity of BMI has been questioned due to its inability to distinguish fat-
free mass and the possible penalisation of heavier, more mature participants, this
measure was considered an adequate indicator of adiposity due to its ease of
measurement and its wide-spread use, thereby facilitating inter-study comparisons
(Nuttall, 2015). Future research could, however, endeavour to obtain fat-free mass
using dual x-ray absorptiometry or using skin-fold thickness (Rodriguez et al., 2005;
Slaughter et al., 1988). Additionally, in order to provide a greater understanding of
metabolic health and control, future research should include quantification of
inflammatory markers (Willerson &Ridker, 2004) and blood lipids for all populations
(Arsenault, et al., 2011).

Another major strength of Chapters 5, 6 and 7 was the use of the raw acceleration data
to derive movement behaviours. The use of raw tri-axial acceleration data to produce
omni-direction gravitational equivalents (mg) overcomes specific compression
methods used by different brands of accelerometers (de Almeida-Mendes, et al., 2018),
such as the ActiGraph and ActivPal. Subsequently, the use of raw acceleration data
supports inter-study and inter-accelerometer comparability, as well as enabling the
quantification of the intensity of movement from population specific acceleration
thresholds (Rowlands, 2018). Indeed, raw acceleration thresholds can be calculated

for each population according to resting metabolic rate (RMR), thereby further
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facilitating inter-study comparisons (Migueles, et al., 2019). However, a limitation
associated with the current thesis was the use of acceleration thresholds calculated
using an average RMR for children and adults (Chapters 5, 6 and 7), which may have
caused some misclassification of physical activity intensities (Byrne, et al., 2005;
Mendes Mde, et al., 2018). Specifically, RMR can vary significantly between
individuals, thus future research should aim to use individualised thresholds calculated

according to participant-specific RMR (Byrne, et al., 2005).

A limitation to the synthesis and interpretation of the present studies is that two types
of accelerometer were utilised; a hip-worn ActiGraph GT3X (Chapter 4) and a wrist-
worn GENEActiv (Chapters 5, 6 and 7). Consequently, the use of different monitors
and wear-locations could have hindered inter-study comparisons due to the differences
in movement obtained between wear-locations (Fairclough, et al., 2016; Rosenberger,
et al., 2016). Specifically, studies have explored the comparability of movement
outputs between hip- and wrist-worn accelerometers, finding hip-worn monitors to be
associated with poorer compliance (Fairclough, et al., 2016; McLellan, et al., 2018;
Scott, et al., 2017) and an underestimation of upper body movement (Fairclough, et
al., 2016; McLellan, et al., 2018). In contrast, wrist-worn accelerometers have been
demonstrated to under-estimate lower body movements due to a lack of arm movement
in certain activities such as cycling (Lynch, et al., 2019). Therefore, comparisons of
physical activities between studies are made with caution. In accord with previous
findings, the hip-worn protocol adopted in Chapter 4 was associated with relatively

poor compliance, thereby further limiting potential conclusions and generalisability.

The lack of age- and sex-matched controls in Chapters 5 and 7 is a major limitation of
the present thesis, with the influence of disease status on age-related changes having
to be interpreted with caution. Furthermore, HbA 1c was included in Chapters 5 and 7
to provide an indication of blood glucose control for children with T1D but not the
control population, precluding the exploration of the relative influence on
cardiovascular outcomes. Additionally, the HbAlc utilised was obtained from most
recent clinic testing, subsequently, this may have under- or over-estimated actual blood
glucose regulation at the time of the physical activity assessment. Furthermore, the
only measure of glycaemic control obtained was HbAlc, which can only provide an

indication of mean control over the previous six weeks, thereby failing to account for
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extremes during this period (Heinemann &Freckmann, 2015). Consequently,
physiologically meaningful extremes may have occurred but may not have
significantly influenced this measure. Therefore, inferences as to the effect of
glycaemic variability on cardiovascular health in the present populations (Chapters 5
and 7) remains speculative. Consequently, future research should aim to include a
more sensitive measure of glycaemic control to understand the influence of extremes
on these measures, in addition to how movement behaviours and variation influences

such control.

Finally, the generalisability of thesis findings may have been limited by the relatively
small sample sizes in Chapters 5, 6 and 7. Indeed, it should be acknowledged that the
adults included in Chapter 6 were more active than previously reported in the general
population (National Health Service Digital, 2020), with some attaining the
recommended weekly volume of physical activity each day (Chief Medical Officers,
2019). Additionally, this sample demonstrated a higher VOopeax than expected for age
and sex norms. These factors may therefore have altered the observed relationship
between physical activity and cardiovascular health (Armstrong, et al., 1991;
Kaminsky, et al., 2015). Consequently, the conclusions drawn from this sample are
more applicable to active populations. Thus, future research should seek to explore the
associations of movement behaviours with cardiovascular health in samples including

a range of physical activity levels, to enhance generalisability.

8.3 Future Research Directions

The present thesis has highlighted a number of areas that warrant further investigation
to better understand the nuanced relationship between physical activity, sedentary time
and cardiovascular health and the influence of disease status, age, sex and maturation

on these relationships.

8.8.1 Importance of Targeting Inactivity in Type 1 Diabetes

Adolescent girls with T1D are highlighted in Chapters 5 and 7 as a key target
population for future interventions as they demonstrated the greatest risk of CVD when
compared to the non-diabetic paediatric populations (Chapters 4, 5, 6 and 7). This is
in accord with Soedamah-Muthu et al. (2006), which reported that adolescent and adult
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females with T1D are at a significantly increased risk of CVD in comparison to their
male counterparts. This increased risk is proposed to be a result of the loss of the
cardioprotective effect found in the general female population (Soedamah-Muthu, et
al., 2006), although the mechanisms for this loss are poorly understood as the increased
risk does not appear to be explained by conventional cardiovascular risk factors
(Colhoun, Rubens, Underwood, & Fuller, 2000; Colhoun, et al., 2001). It has therefore
been suggested that it may be related to less stringent condition management in
females (Larkin et al., 2010; Schofield, et al., 2019), potentially due to fears of weight
gain with intensive insulin management (Polonsky, et al., 1994). However, it is also
proposed that this may reflect a greater tendency to be physically inactive in females
(Silva et al., 2019), compounded by an increased risk of adiposity due to earlier
declines in RMR (Poehlman et al., 1993). The potential role of inactivity may be
supported by concurrent declines in activity and increases in CVD risk, with
adolescence associated with a greater decline in MVPA in girls relative to boys
(Farooq, et al., 2018; Telford, Telford, Olive, Cochrane, & Davey, 2016). The findings
of this thesis corroborate these suggestions, with girls with T1D, who were
predominantly pubertal, found to accrue a lower volume of movement and at lower
intensities compared to their non-diabetic and male counterparts (Chapters 5 and 7).
Therefore, further work is urgently required that identifies appropriate interventions to
promote physical activity and decrease sedentary time in the female T1D population.
In order to develop palatable, effective and, importantly, sustainable interventions, it
is vital that a co-design strategy is utilised which employs a user-centred approach to

elucidate the key population’s specific barriers, facilitators and preferences.

Children diagnosed with T1D are known to have a honeymoon period of residual beta
cell production of endogenous insulin (Abdul-Rasoul, Habib, & Al-Khouly, 2006), in
addition to a temporary ‘remission’ period of beta cell recovery often occurring with
the commencement of exogenous insulin (Fonolleda, Murillo, Vazquez, Bel, & Vives-
Pi, 2017). This honeymoon period is associated with better glucose control and a
decreased need for exogenous insulin as a result of the prolonged endogenous insulin
production, proposed to act more efficiently on glycaemic control (Abdul-Rasoul, et
al., 2006). Techniques such as intensive glycaemic control and pharmacological
intervention are employed to maintain this honeymoon period as long as possible, not

least to decrease disease burden (Abdul-Rasoul, et al., 2006). In adults, MVPA, and
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specifically its anti-inflammatory characteristics, are proposed to reduce the
autoimmune destruction of beta cells and significantly extend the honeymoon period
(Chetan et al., 2019). In newly diagnosed, late-onset individuals, an intervention
aiming to increase MVPA for one year found improvements in insulin sensitivity and
glycaemic control, with a lower requirement for insulin and reduced disease burden
reported. However, the mechanism underpinning these beneficial changes was unclear
due to limited evidence of changes to beta cell production of c-peptide (Lascar, et al.,
2013; Narendran et al., 2017). Nonetheless, these previous interventions highlight the
importance of physical activity. Indeed, whilst differences are present in the
pathophysiology of child and late-onset T1D, with child-onset being linked to an
increased rate of beta cell decline (Casu et al., 2020), there is a need to understand the
influences of physical activity on this paediatric honeymoon period. Specifically,
future research should explore the possibility of targeting inactivity during this short
period to prolong the benefits, with the aim of reducing the risk of long-term
complications (Abdul-Rasoul, et al., 2006), especially given that the long-term effects
of many of the current pharmacological treatments remain to be elucidated (Dahl-

Jorgensen, Larsen, & Hanssen, 2005).

8.3.2 Quantification of Movement Behaviours

Whilst limited variation was observed between the four weeks monitored in Chapters
6 and 7, the lack of variation was proposed to be an indication of an intra- and inter-
day compensatory effect. However, there remains little experimental evidence to
support, or refute, the presence of an ActivityStat (Gomersall, et al., 2013b), with the
majority of conclusions to date reliant on cross-sectional studies, and therefore
correlations that do not allow conclusions to be drawn regarding cause and effect
(Gomersall, et al., 2013b). Therefore, future work is warranted that explicitly seeks to
manipulate both the volume and intensity of physical activity, as well as the timings
of these manipulations, to determine the validity of the ActivityStat hypothesis. This
work is highly important as the presence of an ActivityStat has significant implications
for the design and implementation of successful physical activity interventions

(Ridgers, et al., 2014).

161



Future research should also focus on the pattern of daily fluctuations in movement
behaviours, applying sophisticated analyses techniques, such as time series analysis,
which is often used in forecasting and economics (Jebb &Tay, 2016). Specifically,
exploring possible trends and cycles on a day-to-day basis could allow for the
identification of clinically meaningful variations, and provide more conclusive
evidence regarding the potential compensation of movement behaviours. In addition,
the reasons for compensatory behaviours should be further explored to enhance our
understanding of why these effects and fluctuations occur, and potentially why some
individuals compensate for movement while others do not. In order to address these
questions, large population level data sets are needed, such as those continuously
collected by commercially available activity tracking devices (i.e. Garmin, Fitbit or

Apple; Sanders et al., 2018).

8.3.3 Glycaemic Variation and Movement Behaviours

The limited understanding of glycaemic variation in this thesis (Chapters 5 and 7)
highlights a need to improve our knowledge of how this control and movement
behaviours interact to identify targets to reduce the risk of CVD. Increases in the use
of continuous glucose monitoring (CGM) in T1D (Danne et al., 2017), in particular
interstitial fluid monitoring or flash monitoring, represents an exciting opportunity for
researchers to understand the influences of physical activity on glycaemic variation
and identify targets to improve disease burden for this population (Massa et al., 2018).
Indeed, flash monitoring is becoming more wide-spread, with large proportions of the
paediatric T1D population in the UK now benefiting from these devices to monitor
their glycaemic control (Ferguson et al., 2020). Monitoring of this kind provides an
in-depth understanding of variations in glycaemic control compared to more blunt
measures such as HbAlc (Evans, 2016). Whilst HbAlc can give a good indication of
mean glycaemic control over the previous six weeks, this measure does not provide
specific detail of glucose fluctuation and can be influenced by extremes in blood
glucose, resulting in possible misrepresentation of good control (Heinemann
&Freckmann, 2015). However, more real-time monitoring can overcome these issues
and can be combined with specific information regarding movement behaviours to
gain an understanding of how such variations create acute changes in blood glucose.

Such concomitant measures would enable subtle variations in behaviours according to
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sex and maturation and their different influences on glycaemic variation to be
explored. Pivotal to advancing our understanding of these nuanced behaviours and
their relationships with health is the utilisation of more appropriate and sensitive

analysis techniques, such as compositional analysis and predictive modelling.

8.4 Conclusions

In conclusion, this thesis investigated the influence of physical activity and sedentary
time on markers of cardiovascular disease risk, with the application of emerging
methodologies and metrics. The intensity of physical activity was identified as being
more influential than volume, irrespective of disease status. Specifically, this thesis
found that MVPA was a more potent stimulus for cardiovascular health than the
remaining movement behaviours. Furthermore, physical activity metrics derived from
28 days of accelerometer data were more strongly associated with vascular health,
despite minimal fluctuations in behaviour. Therefore, in order to improve our
understanding of the dose-response between physical activity and health, future
research should consider using accelerometry measurement periods longer than seven
days. Finally, targeting inactivity, lower intensities of movement and sedentary time
for those with T1D may be key for reducing the risk of CVD in this population. In
particular, future research should seek to specifically target adolescent girls with T1D

to mitigate the greater risk of CVD as adults.
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Appendix A — Participant Information
Chapter 4 (Study 1) — Parent/Guardian Information Sheet (In School)

e

hid Applied Sports Technology Exercise and Medicine Research Centre (A-

Swansea University STEM)

Prifysgol Abertawe

PARENT / GUARDIAN INFORMATION SHEET
(Version 1.1, Date: 01/06/2018)

Project Title:
Swansea University Schools Research Week

Contact Details:

1. Invitation Paragraph

Thank you for taking the time to read this information sheet which gives details about our
study and hopefully provides you with the information you need to help your son/daughter
decide if they want to take part. It is important to say that whether they t|ake part is entirely
up to you and your child and that it doesn’t matter for other studies if you both decide not to
participate.

2. What is the purpose of the study?

The purpose of this study is to examine the effects of physical activity (any movement that
requires more energy than rest) and participating in sport has on young people’s health. We
want to investigate specifically the reasons why being physically active and engaging in sport
during growth make us healthier as these are currently poorly understood.

3. Why has my child been chosen?

Your child has been asked if they would like to participate because they are between the ages
of 8 — 18 years old and go to a school in the Swansea area. If they decide to take part, they
can withdraw at any point without giving any reason.

4. What will happen to my child if they take part?

Your child will be invited to take part in this research during the school day where they will
have the opportunity to learn more about the research process and why we carry out
research. At the beginning of the day, they will have a short talk about what is going to happen
during the session, where they will have the opportunity to ask any questions they may have.
For the rest of the day, your child will have the opportunity to participate in a range of
research projects going on within the department. The research projects include, a maximal
running test, a fundamental movement skills assessment, a basic assessment of their lung and
heart function, measures of their height and weight and optional physical activity monitoring
for 7 days.
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For the running exercise, we will ask your child to run between two cones 30m apart as fast
as they can while we record their speed with a speed gun (similar to the ones used by the
police to track the speed of cars). They will be asked to do these 3 times, with a minimum of
2 minutes rest in-between each sprint to allow them to recover fully.

When we look at heart function we will ask your child to perform three short tests to measure
how your child’s heart is functioning during rest. Firstly, we will take a blood pressure and a
further analysis of the blood flow out of the heart using the same cuff. Next, we will use a cuff
on the thigh and a sensor on the neck to see how fast the blood is travelling between these
two points. We will repeat these tests three times to ensure measurement accuracy. Finally,
we will put a heart rate belt on your child’s front and a watch on their wrist to record their
heart rate, while they change their breathing rate and complete the movements of moving
from lying down to standing and back again. For lung function we will ask your child to breathe
out through a mouthpiece connected to a machine called a peak flow meter, which }Nill show
us how hard they are breathing out and their lung capacity. Please note that the techniques
used to assess heart and lung function are being used for research purposes only and
therefore not able to diagnose any underlying conditions that your child may have, be at risk
of, or assess any concerns you may have.

For the fundamental movement exercise we will ask your child to perform 13 skills that they
will already often perform as part of P.E .lessons and everyday activities, these will include
running, catching a ball, jumping, throwing a ball. We will attach 7 watch like units called
accelerometers on various locations, these will allow us to see how your child body moves
during these skills. It is hoped that the information we can gather during the completion of
these skills will allow us to illustrate how to coach and improve these skills for teachers.

In addition to these measures we will also ask your child some questions, in the form of three
questionnaires, how well they feel they perform in certain activities, how they value certain
aspects of their life and the activities they enjoy doing in their spare time. For these questions,
there are no right or wrong answers we are just interested in the activity’s children are
engaging with in their spare time and their perception of their ability in sports and other
activities.

At the end of the research day you and your child will have the option to be involved within
the physical activity monitoring aspect of this study. What this would involve is your child
wearing an accelerometer on their hip for 7 days. If they choose to wear the activity monitor
we will ask them to fill in a diary detailing if they took the monitor off, and for how long. Upon
completion of the 7-day period, we ask you as a parent / guardian to also take responsibility
to ensure that your son / daughter returns the activity monitor to their teacher, or the
relevant member of staff, at school for its return to the research team.
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When all the activity monitors have been returned, with your and your child’s permission, the
primary researcher record your child’s latest academic achievement. We record this to assess
if there may be a link between your child’s movement development and their academic
development.

Finally, further opportunity to take part in additional activities and other research projects
will be offered at the end of the research day. Taking part in these additional activities will
involve coming in to the sports science laboratories at Swansea University during the school
half term at a time convenient to you. More detailed participant information for either
opportunity will be passed to you if you or your child express further interest.

5. What are the possible disadvantages of taking part?

Some of the activities will involve your child completing strenuous running exercise, which
will make them feel out of breath, but they will recover quickly when they stop. During these
activities your child can stop at any time if they feel uncomfortable, and there will always be
at least one researcher present to make sure you are safe. Your child may think that the
activity monitor feels odd to begin with, but they will soon forget it is even there. When we
look at their heart function, we will use a lightweight strap on the neck and a blood pressure
cuff on their thigh measure the speed of blood flow. This test might make them feel
uncomfortable, but they have the option to stop at any point.

6. What are the possible benefits of taking part?

Your child will have the opportunity to be a part of a one-off study examining the reasons why
physical activity and participating in sport is beneficial to health throughout childhood.
Additionally, it will allow them to see a different area of the sciences which they may not have
had the opportunity to participate in / thought about before.

7. Will my child’s taking part in the study be kept confidential?

Yes, when your child starts the study we will give them a unique ID code, so no one can
identify them from their data. All their personal information will be stored on a password
protected computer and only members of the research team will be able to access their
information.

8. What if | have any questions?
If you have any questions, please don’t hesitate to contact us on the details provided at the
top of this sheet. If you have concerns regarding the study but don’t want to talk to us directly,

please talk to |, o is the chair of

the research ethics committee where this study was approved.
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If after reading this information sheet and you are happy for you child to participate within
this study, please complete the consent form and pre-screening questionnaire, either on the
school website or on paper form below. We will ask for your permission for your
son / daughter to take part within the research day and ask you to fill in a short pre-screening
questionnaire to ensure they are fit and able to take part within the exercise involved within
this research day.
Please note: Your son / daughter will not be able to take part unless you complete this form.
Also, if you are consenting for more than one child, please fill in separate individual forms,

one for each child.
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Chapter 4 (Study 1)— Parent/Guardian Information Sheet
(Laboratory visit)

g Applied Sports Technology Exercise and Medicine Research Centre (A-
Swansea University STEM)

Prifysgol Abertawe

PARENT/ GUARDIAN INFORMATION SHEET
(Version 1.0: Date: 18/09/2018)

Project Title:

I FHsical Activity and Physical Education Research Project.

Primary Investigators:

Thank you for being interested in our project. Please read this information sheet carefully and think
about whether you are happy for your child to take part. It is important to say at this point that the
decision to take part is entirely up to you bnd that your child will not be at a disadvantage for future
studies should you decide for them not to participate.

What is the purpose of the study?

The purpose of the study is to investigate the assessment of fundamental movement skills proficiency
in children using objective measures. Secondly, to ascertain whether the skill proficiency of the children
changes as they grow, and their physical activity habits and parameters of health status change.

Why has your child been chosen?

Your child has been asked if they would like to take part because they are 8-18 years old and free of
any physical or neurological conditions that affect the way they move. However, this does not mean
your child has to take part in the study. This is voluntary and you have the right to withdraw them from
the study at any time.

What will happen to your child if they take part?

If you decide for your child to take part they will be asked to complete the fundamental movement skill
assessment, together with the physical activity monitoring at 5 points across the study. We will measure
their sitting and standing height, weight and waist circumference, before asking them to complete a
handedness questionnaire for us to work out their dominant hand. Following this, we will give your
child 7 monitors to wear, one on each wrist, hip and ankle and one on the chest. They will wear the
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monitors whilst they complete 13 fundamental movement skills. Before performing the skills, a
demonstration will be given to your child by the researcher. After this, your child will be asked to
perform each skill three times while they are observed by the researchers and video recorded.

The skills we will ask your child to complete are: run, gallop, skip, hop, horizontal jump, slide, two-
handed strike of a stationary ball, one hand forehand strike of self-bounced ball, one hand stationary
dribble, two hand catch, kick a stationary ball, overhand throw and underhand throw.

Also, your child will then be asked to do an incremental cycling test which starts very easy and gets
harder, like pedalling up a hill. The test is stopped when they can’t keep going. The test lasts
approximately 10 minutes. Whilst the final stages of this test are uncomfortable, the discomfort is very
short and they will recover within minutes of completing the test. The exercise is no harder that they
will do in training!

During these tests they will be asked to:

. Wear a face mask so we can measure the air that they breathe in and out. This mask Wf"_

does not make breathing any harder and they can talk through it and remove it at any
time if they feel uncomfortable about wearing it.

. Have 3 small electrodes placed on the upper body so we can see how the heart works
during exercise. These electrodes are just like sticky plasters.

. Have a small device stuck to their leg to measure how oxygen is used in the muscles.

After this, they will have a little cool down. We will then look at heart function we will ask your child to
perform three short tests to measure how your child’s heart is functioning during rest. Firstly, we will
take a blood pressure and a further analysis of the blood flow out of the heart using the same cuff.
Next, we will use a cuff on the thigh and a sensor on the neck to see how fast the blood is travelling
between these two points. We will repeat these tests three times to ensure measurement accuracy.
Finally, we will put a heart rate belt on your child’s front and a watch on their wrist to record their heart
rate, while they change their breathing rate and complete the movements of moving from lying down
to standing and back again.

Following on from their participation in the movement assessment, children will be asked to wear a
physical activity monitor for 7 consecutive days. They will also be asked to keep an activity log to
record when they remove the accelerometer. Handing out and collecting the accelerometers will take
approximately 1 hour.

What are the possible disadvantages of taking part?

There aren’t any significant risks or discomforts associated with the study. If your child follows our
instructions which will ensure that they are appropriately warmed up for the activity, then the risks will
be minimized. The cycle will be hard work but they will recover quickly, and there is a reduced risk of
injury from the activity (as in any Physical Education class), trained first aiders on hand to deal with any
injuries should they occur.

What are the possible benefits of taking part?
Your child might find it interesting to see how we assess movement proficiency and how this leads to
unique visualization tools!
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Do they have to take part in this study?

Their participation in this study is completely voluntary and you are free to withdraw them at any time,
for any reason, without penalty or prejudice from the investigator and/or research assistants. They will
not be treated differently if at any time you wish to withdraw them from the study. Please feel free to
ask any questions of the investigator and/or research assistants before signing this form and at any
time during the study.

Can their involvement in the study end early?
If you provide permission for your child take part in the study, you still have the right to decide at any
time that you no longer wish them to continue to take part.

Who will see the information that is collected?

All information gathered will be stored on password protected hard drives using unique participant ID
codes. The original copy aligning your child’s participant ID code and identifying information will be
stored in a locked office at Swansea University. Their information will be combined with information
from other children taking part in the study. When we write about the study to share it with other
researchers, we will write about the combined information we have gathered. Individuals will not be
identified in these written materials. We may publish the results of this study; however, we will keep
all names and other identifying information private.

What if | have questions?

This study has been approved by Council of Engineering Research Ethics Committee and if you have
specific concerns or if you have questions about the study, you can contact the study’s principal
investigator, |
Should you have any concerns regarding an ethical aspect of this study please contact _
B College of Engineering Research Ethics Committee, B
o

Thank you for your time and we look forward to your response!
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Chapter 4 (Study 1) — Participant Information Sheet (In School

Research)

& Applied Sports Technology Exercise and Medicine Research Centre
Swansea University (A-STEM)
Prifysgol Abertawe

CHILD INFORMATION SHEET (8 - 12 years)
(Version 1.1, Date: 01/06/2018)

Project Title:
Swansea University Schools Research Week

Contact Details:

1. Invitation Paragraph

Thank you for reading this information sheet which tells you all about what we are doing. We would
like to ask you to come to Swansea University with your school so that you can learn more about
science, sport, and physical activity. It is important to say that taking part is up to you and it doesn’t
matter if you don’t want to.

2. What is the purpose of the study?

Physical activity, which includes all the walking, running, playing and sports you do every day, is a big
part of our lives. We want to know more about it and how it can affect us. Being active and taking part
in sport can help to make us healthy. We would like to know about how this works in young people
like you. We hope to do this by asking you to take part in our project looking at movement, physical
activity, and how this affects your health.

3. Why have | been chosen?

You have been asked if you like to take part because you are between the ages of 8 and 12 years old
and go to a school in Swansea. If you decide to take part, you can stop at any time without any
problems and we won’t try to change your mind.

4. What will happen to me if | take part?

Before you take part in the project, the researchers will come in to one of your assemblies and talk to
you about the project. During the talk we will go through what is involved and you will have the chance
to ask questions. For your research session, you will take part in different activities and learn more
about what projects we do and why we do them. The projects you will take part in include measuring
your height and weight, a couple of short questionnaires, a sprinting exercise, a skills and movement
session, and a session looking at how your heart and lungs works.

For the running exercise, we will ask you to run between two cones, as fast as you can, while we record
your speed. You will do these 3 times with a little time to rest before each run. For the measurement
station we will take your height, sitting height, waist circumference and weight. On the same station
you will be invited to fill in a questionnaire which will ask you how you feel about different parts of
your life.
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When we look at your heart we will ask you to perform three short tests to measure how your heart
works. Firstly, we will ask to take your blood pressure, where we will place a blue strap just above
your elbow. It will inflate and get a bit tight for about 10-15 seconds and then deflate again. Next, we
will use the same cuff on your leg and a sensor on your neck to see how fast your blood travels around
your body. We will do these tests three times, so we can make sure it is the same. Finally, we will put
three markers on your front (a bit like plasters) to record your heart rate, while we ask you to change
your breathing and stand up.

For your lung function we will ask you to breathe out into a tube which will show us how hard you are
breathing out and how much air is in your lungs. On the same station we will ask you to answer some
questions about what you do when you are not at school or doing other activities. There is no right or
wrong answer, we would just like to know what activities you like doing.

For the fundamental movement exercise, we will ask you to perform 13 skills that you will already
often perform as part of your P.E. and everyday activities, these will include running, catching a ball,
jumping, throwing a ball. We will attach 7 watch like units called accelerometers to you, these will
allow us to see how your body moves during these skills. It is hoped that the information we can
gather during the completion of these skills will allow us to illustrate how to coach and improve these
skills for your teachers. On the same station you will also be asked to fill in a quick questionnaire about
how well you think you can do certain activities.

After the research session we will come back into your school and have a chat at the end about what
you learned during the day. We will also ask you if you would like to wear an accelerometer for 7 days,
which will be worn on your hip, and measures the amount of activity you do! If you choose to wear
the monitor, we will ask you to fill in a diary to let us know if, and when you took it off. Once 7 days
are over, you will be asked to hand these to your teacher at school, so we can pick them up and see
how much physical activity you did. When all the activity monitors have been returned, with your
permission, the researchers will record your latest grades. We are doing this to look at whether your
grades may be linked to any of the measures we took on the research day.

5. What are the possible disadvantages of taking part?

Some of the activities involve doing exercise such as running which will get your heart pumping and
make you out of breath but when you stop you will recover quickly. During these activities you can
stop at any time if you feel uncomfortable and there will always be a researcher there to make sure
you are ok. Your activity monitor might feel weird to begin with, but you will soon forget they are even
there. When we look at how your heart works we will use a Velcro strap around your leg and neck to
see how fast your blood flows. This test might make you feel a bit uncomfortable, but you can stop
the test at any time.

6. What are the possible benefits of taking part?

You will have a fun time with us, learning more about physical activity and sport and why it is so
important for young people. You will also get the chance to use equipment that only high-level
athletes usually get the chance to use!
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7. Will my taking part in the study be kept confidential?

Yes, when you come to Swansea you will be given a one-off ID code, so no one knows who you are
from your results. All your personal information will be stored on a computer with a password known
only by us so only we will be able to see your information.

8. What if | have any questions?
If you have any questions, now or in the future, please ring or email us using the details at the top of
this sheet. If you don’t want to talk to us but want to talk to someone, please talk to

_ who is the head of the research ethics committee

where this study was approved.
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Chapter 4 (Study 1) — Participant Information Sheet (Laboratory

Visit)

T
Swms(}ﬁvm"y Applied Sports Technology Exercise and Medicine Research Centre (A-STEM)
Prifysgol Abertawe Sport and Health Portfolio, College of Engineering

ADOLESCENT INFORMATION SHEET (13 - 18 years)
(Version 1.1, Date: 01/06/2018)

Project Title:
Swansea University Schools Research Week

Contact Details:

1. Invitation Paragraph

Thank you for reading this information sheet which tells you all about what we are doing. We would
like to ask you to come to Swansea University with your school so that you can learn more about
science, sport, and physical activity. It is important to say that taking part is up to you and it doesn’t
matter if you don’t want to.

2. What is the purpose of the study?

Physical activity, which includes walking, running, playing sport or any movement that requires
energy, plays a big part in everyday life. We want to investigate the reasons why being physically active
and doing sport keeps us healthy as we grow and mature. We hope to investigate this by asking you
to take part in our research project looking at fundamental movement skills, physical activity and how
this affects your health.

3. Why have | been chosen?

You have been asked if you like to take part because you are between the ages of 13 and 18 years old
and go to a secondary school in the Swansea area. If you decide to take part, you can withdraw from
the study at any time without any problems.

4. What will happen to me if | take part?

Before the research session takes place, we will come into an assembly and talk about the research
projects that you are going to have the opportunity to take part in. During and after the assembly you
will have the chance to ask any questions you may have regarding any of the projects.

For your research session, you will take it turns to participate in and learn about the different research
projects going on in the department. The research projects that you will have the chance to take part
in include measuring your height and weight, a couple of short questionnaires, a short sprint, a
fundamental movement skills session, and a session looking at how your heart and lungs work. You
will each get a chance to try or at least learn about each of these projects throughout the day.

For the running exercise, we will ask you to run between two cones 30m apart as fast as you can while
we record your speed with a speed gun (like the police use to track the speed of cars). You will be
asked to do these 3 times, with a minimum of 2 minutes rest in-between each sprint to allow you to
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we record your speed with a speed gun (like the police use to track the speed of cars). You will be
asked to do these 3 times, with a minimum of 2 minutes rest in-between each sprint to allow you to
recover fully.

When we look at your heart we will ask you to perform three short tests to measure how your heart
works. Firstly, we will ask to take your blood pressure, where we will place a blue strap just above
your elbow. It will inflate and get a bit tight for about 10-15 seconds and then deflate again. Next, we
will use the same cuff on your leg and a sensor on your neck to see how fast your blood travels around
your body. We will do these tests three times so we can make sure it is the same. Finally, we will put
three markers on your front (a bit like plasters) to record your heart rate, while we ask you to change
your breathing and stand up.

For your lung function we will ask you to breathe out through a mouthpiece which will show us how
hard you are breathing out and what your lung capacity is. On the same station we will ask you to
complete a few questions on the sort of activities you do in your spare time. There is no right or wrong
answer we would just like to know the activities you enjoy doing.

For the fundamental movement exercise we will ask you to perform 13 skills that you will already
often perform as part of your P.E. and everyday activities, these will include running, catching a ball,
jumping, throwing a ball. We will attach 7 watch like units called accelerometers to you, these will
allow us to see how your body moves during these skills. It is hoped that the information we can
gather during the completion of these skills will allow us to illustrate how to coach and improve these
skills for your teachers. On the same station you will also be asked to fill in a quick questionnaire about
how well you think you can do certain activities.

For the measurement station we will take your height, sitting height, waist circumference and weight.
You will also be invited to answer a short questionnaire about what you think about certain aspects
of your life.

Finally, we will have a debrief at the end about the session you will be asked if you would like to be
involved within the activity monitoring part of this study. If you choose to do so, you will be asked to
wear the monitor for 7 days, and all it does is measure how much physical activity you do in a week!
Whilst you wear it we will also ask you to fill in a diary to let us know if, and when you took it off. Once
7 days are over, you will be asked to give these to your teacher at school, so we can collect them and
see how much physical activity you did When all the activity monitors have been returned, with your
permission, the researchers will record your latest grades. We are doing this to look at whether your
grades may be linked to any of the measures we took on the research day.

5. What are the possible disadvantages of taking part?

Some of the activities involve doing strenuous running exercises, these will make you feel out of breath
but don’t worry you will recover quickly once you stop. During these activities you can stop at any
time if you feel uncomfortable, and there will always be at least one researcher there to make sure
you are ok. The monitor we give you might feel weird to begin with, but you will soon forget they are
even there. When we look at your heart function, we will use a lightweight strap on your neck and a
blood pressure cuff on your thigh to see how fast your blood flows. This test might make you feel
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uncomfortable, but you can stop the test at any time.

6. What are the possible benefits of taking part?

You will have the opportunity to be a part of a one-off study, so we can really start to understand the
reasons why physical activity is so important for our health and well-being. Also, you will get the
opportunity to use equipment usually only elite level athletes get the chance to use!

7. Will my taking part in the study be kept confidential?

Yes, when you come to Swansea you will be given a one-off ID code, so no one knows who you are
from your results. All of your personal information will be stored on a computer with a password
known only by us so only we will be able to see your information.

8. What if | have any questions?
If you have any questions, now or in the future, please ring or email us using the details at the top of
this sheet. If you don’t want to talk to us but want to talk to someone, please talk to

who is the head of the research ethics committee
where this study was approved.
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Chapter 4 (Study 1) — Participant information and Consent Assembly
Slides for In School Research
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Chapter 6 (Study 3) — Adult participant information sheet

y

& Applied Sports Technology Exercise and Medicine Research Centre (A-STEM)

Swansea University N s N
Prifysgol Abertawe Sport and Health Portfolio, College of Engineering
PARTICIPANT INFORMATION SHEET
(Version 1.0 20/09/18)

Project Title:

Investigating the influence of physical activity, sedentary time and sedentary behaviour on risk of
cardiovascular disease

Contact Details:

1. Invitation Paragraph

We would like to invite you to participate in the above study being conducted by the Applied Sports, Technology,
exercise and Medicine (A-STEM) Research Centre and College of Health and Human Sciences at Swansea
University. Before you decide if you would like to take part, please take time to read the following information
carefully. Ask us if there is anything you do not understand or if you would like further information, and then
decide whether you wish to take part. It is entirely up to you whether you would like to participate or not and
you can withdraw at any time without fear of penalty or consequence.

2. What is the purpose of the study?
The increasing sitting and screen time seen in children and adults in recent years has been closely linked to an

increase in the risk of cardiovascular disease. Physical activity has been found to offset the increased risk
associated with sitting time, however this physical activity level may be more than currently suggested. On
average, 39% of adults in the UK, approximately 20 million people, do not meet the recommended 150 minutes
of moderate to vigorous activity per week, and with the trend of screen use increasing this is a growing concern.
Therefore, this study aims to further explore the relationship between physical activity, sedentary time and
cardiovascular disease.

3. Why have | been chosen?
You have been invited to take part in this study as you are an adult aged between 18-75years old, are healthy

and free from any known illness or injury that could prevent you from completing the exercises in this study.

4. What will happen to me if | take part?

If you decide to take part in this study, you will be asked to attend one session at Bay or Singleton Campus of
Swansea University. The session will last approximately 2 hours and will involve you completing a questionnaire
on your quality of life, a heart function test, a lung function test and a test of your fitness on a bike. We will then
ask you to wear an activity monitor for 28 days, after which we will arrange to collect it.

Prior to any testing, we will run through the process and obtain written consent if you are happy to participate.
We will then take your height, weight and assess your lung function. Lung function will be recorded using a
device called a Spirometer which will require you to breathe forcefully through a mouth piece. Before
commencing testing, we will ask you to complete a Health-Related Quality of Life Questionnaire, asking
questions around your health, fitness and day to day life.

We will assess the function of your heart and circulation using blood pressure cuffs and specialised equipment;
this should take less than 10 minutes. Two assessments will take place, the first with a cuff on your upper arm
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and the second with a sensor on the neck and a cuff on the upper thigh. This testing will be carried out while
you are lying down with your trunk slightly elevated, and we will ask you to remain silent and awake. After the
blood pressure, we will use an electrocardiogram (ECG) to record your heart rate, which will take approximately
15 minutes. This will be done by applying 3 plaster-like pads to your upper body, then asking you to complete a
series of breathing changes and movements (going from lying to sitting to standing and back to lying) to assess
the changes in the control of your heart. If you become uncomfortable at any time, we will stop immediately.

The bike exercise will involve a three-minute warm up at a slow speed. After this, we will increase the resistance
against the pedals gradually and ask you to keep going until you can_nat turn the pedals. This test will be like
cycling up a hill, it will start easy but get gradually harder. This test will tell us how fit you are; it is hard work,
but you will recover quickly once you finish and it is entirely up to you when you stop exercising. During the test,
we will ask you to wear a breathing mask, for us to monitor your breathing, and an ECG, with sticky plaster-like
electrodes on your upper body (these do not hurt and simply peel off after exercise), for us to monitor your

heart rate.

Finally, we will ask you to wear a wrist worn activity monitor continuously for 28 days. The monitor is small,
lightweight and waterproof; and will record any movements such as walking running, jumping, swimming etc.
Whilst wearing the monitor you do not need to act or do anything differently, just carry on as you would normally
each day. We will give you a diary to fill in the times you took the monitor off and your sleeping times. At the
end of the 28 days we will arrange to collect the monitor.

5. What are the possible disadvantages of taking part?

The maximal testing will be difficult and tiring, however you will be supervised throughout and will have a
sufficient warm up and cool down to minimize injury. If at any point this exercise become too difficult and you
feel you want to stop, testing will stop, and we will not try to change your mind. Finally, the monitor worn on
the wrist could become uncomfortable but taking a break from wearing it can help with this.

6. What are the possible benefits of taking part?
You will find out how much you move in a typical week, be part of some interesting new research, and help
better understand the effects of sedentary time.

7. Will my taking part in the study be kept confidential?
Your participation in this study will be kept confidential and you will be given a unique number to maintain

anonymity. Data will only be accessible to those with authorisation. The data will be collected and stored
electronically, and it will be password protected.

8. What if | have any questions?

If you have any questions about this study, either now or in the future, please do not hesitate to contact one of
the members of the research team using the details at the top of this document. The above project has been
approved by the College of Engineering Research Ethics Committee at Swansea University. If you have any
questions, complaints or concerns regarding the ethics of this research please contact -
_ Chair of the College of Engineering Research Ethics Committee, Swansea University.

Once again, we thank you for your time and look forward to your response.
We hope you will want to participate!
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Chapters 5-7 (Studies 2-4) — Parental/Guardian Information Sheets

(Healthy/Control Participants)

) s Applied Sports Technology Exercise and Medicine Research Centre (A-STEM)
Swansea University 5 : :
Prifysgol Abertawe Sport and Health Portfolio, College of Engineering

PARENT/GUARDIAN INFORMATION SHEET
(Version 1.0, Date: 16/01/2018)

Project Title:
Examining the relationship of physical activity and metabolic control with cardiovascular health in
healthy children and adolescents

Contact Details:

1. Invitation Paragraph

Thank you for being interested in our project. Please read this information sheet carefully and think
about whether you are happy for your child to take part. If you are happy for them to take part, thank
you. If you prefer them not to take part, this is not a problem and we thank you for thinking about it.

2. What is the purpose of the study?

We are often told that people should regularly participate in physical activity (walking, running,
playing, etc.) because it gives them a range of health benefits. The aim of this study is to measure the
amount your child moves in 1 month and how this can prevent health issues.

3. Why has your child been chosen?

Your child has been asked if they would like to take part because they are aged between 8 and 16
years of age, and is free from any injuries or other illnesses that might change how much they move
or impact on how their blood sugar levels are controlled.

4. What will happen to your child if they take part?

You and your child will be asked to come to Swansea University or your child will attend a session
during school time. During this session, an introduction to the study will be given, including what will
be involved for your child over the course of the month. As part of this study we will need to know
how physically mature your child is so we will ask them to look at a series of pictures and tick which
picture is most like them. This will be done on their own and the results will not be shown to anyone
except the researcher. If this process upsets your child too much, they can choose not to do it.

During the visit, we will carry out two assessments with your child. The first assessment is a specialized
lying down blood pressure with a sensor on the side of the neck and a cuff on their thigh. The second
assessment is monitoring your child’s heart rate, with a monitor using three sensors attached to your
child’s chest. We will ask your child to go from lying to standing to sitting and then to do a special
breathing exercise where they try to breathe out while they have their nose and mouth closed! During
these assessments we will ask your child to remain silent and awake. If your child becomes
uncomfortable at any time we will stop immediately.

For this visit we ask that you child does not drink any drink containing caffeine 12 hours before and
that they do not do any strenuous exercise the day you come into clinic.
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these assessments we will ask your child to remain silent and awake. If your child becomes
uncomfortable at any time we will stop immediately.

For this visit we ask that you child does not drink any drink containing caffeine 12 hours before and
that they do not do any strenuous exercise the day you come into clinic.

During this session, we will also take measurements of your child’s height, weight and sitting height,
then give your child a physical activity monitor to wear (Picture 1). This monitor will be worn like a
watch on the right wrist (Picture 2) and must be worn at all times (24 hours a day). The monitor is
very comfortable and will become unnoticeable once worn for an hour or two. The monitor is
waterproof which means it can be worn in the shower/bath and during water based activities such as
swimming.

Picture 1.

After wearing the monitor for a month, we will arrange for the monitor to be returned along with the
wear-time diary we will ask you to complete during the monitoring period. When your child is wearing
the monitor, they do not need to act or do anything differently. We just want them to carry on with
what they would normally do each day. The study and all the protocols within it are covered by
Swansea University’s indemnity policy.

5. What are the possible disadvantages of taking part?

Your child may think the monitors feel weird to start with but will soon forget the monitor is even
there. They may also find filling in the diabetes/activity questionnaires annoying, however by doing
so it will give us a better insight into the type of lifestyle your child leads.

6. What are the possible benefits of taking part?

You and your child will find out how much they move in one month and gain an insight into how the
heart works.

7. Will my child taking part in the study be kept confidential?

All personal information collected will be kept completely confidential. That is, only members of the
research team will have access to it. Your child will be given a unique number so that no one knows
who their results belong to. After the study is finished, all private information will be deleted.

8. What if my child or | have any questions?
If your child or you have any questions, please contact us on the details at the beginning of this sheet.

If there are any problems, please feel free to contact us or t Swansea University who are
the sponsor for this proje

Picture 2.
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Chapters 5 - 7 (Studies 2-4) — Child Participant Information Sheets
(Healthy/Control Participants)

as
Applied Sports Technology Exercise and Medicine Research Centre (A-STEM)

Swansea University n N .
Prifysgol Abertawe Sport and Health Portfolio, College of Engineering

CHILD PARTICIPANT (AGES 8 — 12 YEARS) INFORMATION SHEET
(Version 1.0, Date: 16/01/2018)

Project Title:
Examining the relationship of physical activity and metabolic control with cardiovascular health in
healthy children and adolescents.

Contact Details:

1. Invitation

Thank you for being interested in our project. Please read this information sheet carefully and think
about whether you would like to take part. If you do want to, that’s great and thank you! If you don’t,
that’s also totally fine! It won’t change anything about how you are treated if you do or don’t take
part.

2. What is the study about?
We want to see how much children move in a month and see S ;_»L ; ngﬁ o
how your heart is working! 4 g l g
g L
3. Why have | been chosen? \g : _&; 5
. . s ey & P
You have been asked if you would like to take part because T *«) ]
BLoVe )t
you are aged between 8 and 12 years old and don’t have any ¥ A
injuries or other illnesses that might change how much you
move.

4. What will happen to me if | take part?

You will be asked to come to a session at Swansea University or your school. In this session we will
talk about what we would like you to do, but you don’t have to do anything you want to. We also need
to know how mature you are so we will ask you to look at some pictures and tick which picture is most
like you. You will do this on your own and no one else will see what you have ticked except for the
researcher. There is no right or wrong answer and no one minds which picture you tick. If you don’t
want to do this bit, you don’t have to.

Next we will do two simple activities with you. First, while lying down, we will put a band on your neck
and leg to see how your blood flows around your body. While you are lying down, we will put three
sticky pads to your chest to see how your heart is beating. We will then ask you to sit up, then stand
up and then sit back down! After this, we will get you to hold your nose and keep your mouth closed
while you try to breathe out, like blowing up a balloon! These tests will not take too long to complete
and if you feel uncomfortable at any time we will stop straight away.
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while you try to breathe out, like blowing up a balloon! These tests will not take too long to complete
and if you feel uncomfortable at any time we will stop straight away.

Before this visit we would like you not to drink any tea, coffee or sugary drinks and not to do any hard
exercise!

We will then see how tall and heavy you are, and give you a monitor to wear, shown in Picture 1,
which you will have to wear this on your right wrist, shown in picture 2. This monitor will record and
show us how much you move every day. You will need to wear this monitor all day and when you go
to sleep. The monitor is very comfortable and you won’t notice you are wearing it once you have
worn it for an hour or two. The monitor is waterproof which means you can wear it in the shower or
bath and in pools if you go swimming.

Picture 1.

After wearing the monitor for a month, we will sort out getting the monitor and the diaries you filled
in back. When you are wearing these monitors, you do not need to do anything differently. We will
also get some of the data that your care team regularly collect from your medical record, such as

height and weight. We just want you to do whatever you would normally do each day.

5. What are the possible bad things about taking part?
You may think the monitors feel weird to start with but you will soon forget they are even there.

6. What are the possible good things about taking part?
You will find out how much you move in a month!

7. Who will know about my results?
All the information we collect from you will be completely private. No-one will know whose results
they are as we will assign you a unique number.

~—~
8. What if | have any questions? .o
If you have any questions, please contact us on the details at the beginning of this e
sheet. You can also ask one of the researchers when you come in to visit the Clinic. If
there are any problems, please feel free to contact us or _ at Swansea

University who are the sponsor for this project _; ®

Picture 2.
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Chapters 5 -7(Studies 2-4) — Adolescent Participant Information

Sheets

(Health/Control Participants)

Applied Sports Technology Exercise and Medicine Research Centre (A-STEM)
Sport and Health Portfolio, College of Engineering

Swansea University
Prifysgol Abertawe

ADOLESCENT (AGES 13 — 16 YEARS) INFORMATION SHEET
(Version 1.0, Date: 16/01/2018)

Project Title:
Examining the relationship of physical activity and metabolic control with cardiovascular health in
healthy children and adolescents

Contact Details:

1. Invitation Paragraph

Thank you for being interested in our project. Please read this information sheet carefully and think
about whether you are happy to take part. If you are happy to take part, thank you. If you prefer not
to take part, this is not a problem and we thank you for thinking about it.

2. What is the purpose of the study?

We are always being told that we don’t do enough exercise, but how much exercise are we actually
doing? The reason why we are doing this study is see how much people move in 1 month and how
this can affect your heart.

3. Why have you been chosen?

You have been asked if you would like to take part because you are aged between 13 and 16 years
old, and are free from any injuries or other illnesses that might change how much you move or impact
on how your blood sugar levels are controlled.

4. What will happen to you if they take part?

You will be asked to come to a session at Swansea University or your school. During this session you
will be given an introduction to the study and told what you will need to do over the course of a month
We also need to know how physically mature you are so we will ask you to look at a series of pictures
and tick which picture is most like you. This will be done on your own and the results will not be shown
to anyone except the researcher. There is no right or wrong answer and you will not be judged on the
picture that you tick. If this process upsets you too much, you can choose not to do it.

Next, we will do two simple activities with you. First, while lying down, we will put a band on your
neck and leg to see how your blood flows around your body. While you are lying down, we will put
three sticky pads to your chest to see how your heart is beating. We will then ask you to sit up, then
stand up and then sit back down! After this, we will get you to hold your nose and keep your mouth
closed while you try to breathe out, like blowing up a balloon! These tests will not take too long to
complete and if you feel uncomfortable at any time we will stop straight away.
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For this visit, we ask that you do not drink anything with caffeine in it (tea, coffee, energy drinks or
fizzy drinks) for 12 hours before you come in for your visit, and that you do not do strenuous exercise
on the day you come in.

During this session we will also take measurements of your height, weight and sitting height, then give
you a monitor that will record how much you move, shown in Picture 1. This monitor will have to be
worn on the right wrist, shown in Picture 2. The monitor is very light and comfortable and you won’t
be able to notice it’s on once you have worn it for an hour or two. You have to make sure that you
wear this monitor all day and is not taken off. It is also very important that you wear the monitor also
when you are sleeping. The monitor is waterproof which means you can wear it in the shower or bath
and also in the pool if you want to go swimming.

Picture 1.

After wearing the monitor for a month, we will arrange to collect the monitor and diary you’ve filled
in. When you are wearing these monitors, you do not need to act or do anything differently. We will
also access routine data from your child’s notes such as height and weight. We just want you to carry
on with what you would normally do each day.

5. What are the possible disadvantages of taking part?

You may think the monitors feel weird to start with but they will soon forget they are even there. You
may also find filling in the diabetes/diet/activity questionnaires annoying, but by filling them in you
will be giving us a better look into the type of lifestyle you have.

6. What are the possible benefits of taking part?
You will find out how much you move in one month!

7. Will my taking part in the study be kept confidential?

All the information we collect about you will be kept completely private. Only people of the research
team will be able to see it. You will be given a unique number so that no one knows who their
results belong to. After the study is finished, all the information will be deleted.

8. What if | have any questions?
If you have any questions, please contact us on the details at the beginning of this sheet. If there are
any problems, please feel free to contact us _t Swansea University who are the sponsor

for this I

Picture 2
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Chapters 5 and 7 (Studies 2 and 4) — Parent/Guardian Participant

Information Sheets (Diabetic Participants)

,( Applied Sports Technology Exercise and Medicine Research Centre (A-
I
Swansea University ~ STEM)

Prifysgol Abertawe
PARENT/GUARDIAN INFORMATION SHEET
(Version 2.3, Date: 17/03/2017)

Project Title:
Examining the relationship of physical activity and metabolic control with cardiac risk in children and
adolescents with type 1 diabetes mellitus.

1. Invitation Paragraph

Thank you for being interested in our project. Please read this information sheet carefully and think
about whether you are happy for your child to take part. If you are happy for them to take part, thank
you. If you prefer them not to take part, this is not a problem and we thank you for thinking about it.
Your child’s care will not be influenced if they do or do not decide to take part.

2. What is the purpose of the study?

We are often told that people, whether they have type 1 diabetes or not, should regularly participate
in physical activity (walking, running, playing, etc.) because it gives them a range of health benefits.
The aim of this study is to measure the amount your child moves in 1 month and how this can prevent
health issues associated with the condition. Your child will also be given questionnaires to fill in
regarding what types of foods they eat, the type of exercise they do, they amount of times they test
their blood sugar levels each day, how many times a week they go hypo, etc. These results will give
us a better overview of the type of lifestyle your child has. There are no right or wrong answers and
your child’s treatment will not be influenced by the results.

3. Why has your child been chosen?

Your child has been asked if they would like to take part because they are aged between 8 and 16
years of age, has type 1 diabetes, and is free from any injuries or other illnesses that might change
how much they move or impact on how their blood sugar levels are controlled.

4. What will happen to your child if they take part?

You and your child will be asked to come to your normal Diabetes clinic on two occasions. On the first
visit during your routine clinic visit, you will both be given an introduction to the study and told what
your child will need to do over the course of a month. This induction session will include explanations
of how to fill in the diabetes questionnaire, in addition to the blood glucose monitoring diaries. We
also need to know how physically mature your child is so we will ask them to look at a series of pictures
and tick which picture is most like them. This will be done on their own and the results will not be
shown to anyone except the researcher. As with the questionnaires, there is no right or wrong answer
and your child will not be judged on the picture that they tick. If this process upsets your child too
much, they can choose not to do it.
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During this first visit we will carry out two assessments with your child. The first assessment is a
specialized lying down blood pressure with a sensor on the side of the neck and a cuff on their thigh.
The second assessment is monitoring your child’s heart rate, with a monitor using three sensors
attached to your child’s chest. We will ask your child to go from lying to standing to sitting and then
to do a special breathing exercise where they try to breathe out while they have their nose and mouth
closed! During these assessments we will ask your child to remain silent and awake. If your child
becomes uncomfortable at any time we will stop immediately.

For this visit we ask that you child does not drink any drink containing caffeine 12 hours before and
that they do not do any strenuous exercise the day you come into clinic.

During this initial visit, we will then give your child a physical activity monitor to wear (Picture 1). This
monitor will be worn like a watch on the right wrist (Picture 2) and must be worn at all times (24 hours
aday). The monitor is very comfortable and will become unnoticeable once worn for an hour or two.
The monitor is waterproof which means it can be worn in the shower/bath and during water based
activities such as swimming.

Picture 1.

After wearing the monitor for a month, your child will come back to the clinic for a second time, where
we will then take off the monitor and collect the questionnaires/diaries. When your child is wearing
the monitor, they do not need to act or do anything differently. We just want them to carry on with
what they would normally do each day. We will also access routine data from your child’s notes such
as height and weight. The study and all the protocols within it are covered by Swansea University’s
indemnity policy.

5. What are the possible disadvantages of taking part?

Your child may think the monitors feel weird to start with but will soon forget the monitor is even
there. They may also find filling in the diabetes/activity questionnaires annoying, however by doing
so it will give us a better insight into the type of lifestyle your child leads.

6. What are the possible benefits of taking part?

You and your child will find out how much they move in one month! They will also be given a valuable
insight into how their lifestyle/diet has an effect on their diabetes.

7. Will my child taking part in the study be kept confidential?

All personal information collected will be kept completely confidential. That is, only members of the
research team will have access to it. Your child will be given a unique number so that no one knows
who their results belong to. After the study is finished, all private information will be deleted.

Picture 2.
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All personal information collected will be kept completely confidential. That is, only members of the
research team will have access to it. Your child will be given a unique number so that no one knows
who their results belong to. After the study is finished, all private information will be deleted.

8. What if my child or | have any questions?

If your child or you have any questions, please contact us on the details at the beginning of this sheet.
You can also ask one of the researchers when you come in to visit the Clinic. If there are any problems,

please feel free to contact us or_ Swansea University who are the sponsor for this project
I - tcrnatively, you can contact the Cardiff and Vale
University Health Board complaints department (details available at
http://www.cardiffandvaleuhb.wales.nhs.uk/concerns-complaints).
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Chapters 5 and 7 (Studies 2 and 4) — Child Participant Information

Sheets (Diabetic Participants)

E
o Applied Sports Technology Exercise and Medicine Research Centre (A-
N4
Swansea University STEM)
Prifysgol Abertawe
CHILD PARTICIPANT (AGES 8 — 12 YEARS) INFORMATION SHEET
(Version 2.3, Date: 17/03/2017)

Project Title:
Examining the relationship of physical activity and metabolic control with cardiac risk in children and
adolescents with type 1 diabetes mellitus.

1. Invitation

Thank you for being interested in our project. Please read this information sheet carefully and think
about whether you would like to take part. If you do want to, that’s great and thank you! If you don'’t,
that’s also totally fine! It won’t change anything about how you are treated if you do or don’t take
part.

2. What is the study about?
We want to see how much children with type 1 diabetes move
in a month and see how your heart is working!

3. Why have | been chosen?
You have been asked if you would like to take part because
you are aged between 8 and 12 years old with type 1 diabetes
and don’t have any injuries or other illnesses that might
change how much you move.

4. What will happen to me if | take part?

You will be asked to come to your normal Diabetes clinic twice. The first time you go you will be shown
how to fill in questions and write about what foods you eat, how much exercise you do, and some
questions to do with your diabetes like how many times a day do you test your sugar levels. We also
need to know how mature you are so we will ask you to look at some pictures and tick which picture
is most like you. You will do this on your own and no one else will see what you have ticked except for
the researcher. There is no right or wrong answer and no one minds which picture you tick. If you
don’t want to do this bit, you don’t have to.

Next we will do two simple activities with you. First, while lying down, we will put a band on your neck
and leg to see how your blood flows around your body. While you are lying down, we will put three
sticky pads to your chest to see how your heart is beating. We will then ask you to sit up, then stand
up and then sit back down! After this, we will get you to hold your nose and keep your mouth closed
while you try to breathe out, like blowing up a balloon! These tests will not take too long to complete
and if you feel uncomfortable at any time we will stop straight away.

Before this visit we would like you not to drink any tea, coffee or sugary drinks and not to do any hard
exercise!
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We will then give you a monitor to wear, shown in Picture 1, and you will have to wear this on your
right wrist, shown in picture 2. This monitor will record and show us how much you move every day.
You will need to wear this monitor all day and when you go to sleep. The monitor is very comfortable
and you won'’t notice you are wearing it once you have worn it for an hour or two. The monitor is
waterproof which means you can wear it in the shower or bath and in pools if you go swimming.

Picture 1.

After wearing the monitor for a month, you will come back to the clinic for the second session where
we will then take them off and collect the questionnaires/diaries you have filled in. When you are
wearing these monitors, you do not need to do anything differently. We will also get some of the data
that your care team regularly collect from your medical record, such as height and weight. We just
want you to do whatever you would normally do each day.

5. What are the possible bad things about taking part?

You may think the monitors feel weird to start with but you will soon forget they are even. You might
find filling in the diabetes/diet/activity questionnaires annoying, but by filling them in you will give us
a better look into the way you lead your life.

6. What are the possible good things about taking part?
You will find out how much you move in a month!

7. Who will know about my results?

All the information we collect from you will be completely private. No-one will know whose results
they are as we will assign you a unique number.

8. What if | have any questions?

If you have any questions, please contact us on the details at the beginning of this sheet. (o)
You can also ask one of the researchers when you come in to visit the Clinic. If there are

any problems, please feel free to contact us or - at Swansea University who are

the sponsor for this project Alternatively, you @

can contact the Cardiff and Vale University Health Board complaints department (details available at
http://www.cardiffandvaleuhb.wales.nhs.uk/concerns-complaints).

Picture 2.
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Chapters 5 and 7 (Studies 2 and 4) — Adolescent Participant

Information Sheets (Diabetic Participants)

1,( Applied Sports Technology Exercise and Medicine Research Centre (A-
b
Swansea University ~ STEM)

Prifysgol Abertawe
ADOLESCENT (AGES 13 — 16 YEARS) INFORMATION SHEET
(Version 2.3, Date: 17/03/2017)

Project Title:
Examining the relationship of physical activity and metabolic control with cardiac risk in children and
adolescents with type 1 diabetes mellitus.

1. Invitation Paragraph

Thank you for being interested in our project. Please read this information sheet carefully and think
about whether you are happy to take part. If you are happy to take part, thank you. If you prefer not
to take part, this is not a problem and we thank you for thinking about it. Your care will not be
influenced if you do or do not decide to take part.

2. What is the purpose of the study?

We are always being told that we don’t do enough exercise, but how much exercise are we actually
doing? The reason why we are doing this study is see how much people with type 1 diabetes move in
1 month and how this can affect your heart. We will also want you to answer questions and write
about what foods you eat, what exercise you do, and questions about your diabetes likes how much

times a day do you test your sugar levels.

3. Why have you been chosen?

You have been asked if you would like to take part because you are aged between 13 and 16 years
old, have type 1 diabetes and are free from any injuries or other ilinesses that might change how much
you move or impact on how your blood sugar levels are controlled.

4. What will happen to you if they take part?

You will be asked to come to your normal Diabetes clinic twice. On the first visit you will be given an
introduction to the study and told what you will need to do over the course of a month. This induction
session will include explanations of how to fill the diabetes questionnaire, in addition to the diet and
physical activity diaries. We also need to know how physically mature you are so we will ask you to
look at a series of pictures and tick which picture is most like you. This will be done on your own and
the results will not be shown to anyone except the researcher. There is no right or wrong answer and
you will not be judged on the picture that you tick. If this process upsets you too much, you can choose
not to do it.

229



Next, we will do two simple activities with you. First, while lying down, we will put a band on your
neck and leg to see how your blood flows around your body. While you are lying down, we will put
three sticky pads to your chest to see how your heart is beating. We will then ask you to sit up, then
stand up and then sit back down! After this, we will get you to hold your nose and keep your mouth
closed while you try to breathe out, like blowing up a balloon! These tests will not take too long to
complete and if you feel uncomfortable at any time we will stop straight away.

For this visit, we ask that you do not drink anything with caffeine in it (tea, coffee, energy drinks or
fizzy drinks) for 12 hours before you come in for your visit, and that you do not do strenuous exercise
on the day you come in.

During this first visit we will also give you a monitor that will record how much you move, shown in
Picture 1. This monitor will have to be worn on the right wrist, shown in Picture 2. The monitor is
very light and comfortable and you won’t be able to notice it’s on once you have worn it for an hour
or two. You have to make sure that you wear this monitor all day and is not taken off. It is also very
important that you wear the monitor also when you are sleeping. The monitor is waterproof which
means you can wear it in the shower or bath and also in the pool if you want to go swimming.

Picture 1.

After wearing the monitor for a month, you will come back to the clinic for the second session where
we will then take the monitor off and collect the questionnaires/diaries you’ve filled in. When you are
wearing these monitors, you do not need to act or do anything differently. We will also access routine
data from your child’s notes such as height and weight. We just want you to carry on with what you
would normally do each day.

5. What are the possible disadvantages of taking part?

You may think the monitors feel weird to start with but they will soon forget they are even there. You
may also find filling in the diabetes/diet/activity questionnaires annoying, but by filling them in you
will be giving us a better look into the type of lifestyle you have.

6. What are the possible benefits of taking part?
You will find out how much you move in one month!

Picture 2.
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7. Will my taking part in the study be kept confidential?

All the information we collect about you will be kept completely private. Only people of the research
team will be able to see it. You will be given a unique number so that no one knows who their
results belong to. After the study is finished, all the information will be deleted.

8. What if | have any questions?

If you have any questions, please contact us on the details at the beginning of this sheet. You can also
ask one of the researchers when you come in to visit the Clinic. If there are any problems, please feel
free to contact us or |l 2t Swansea University who are the sponsor for this project |l
_. Alternatively, you can contact the Cardiff and Vale University
Health Board complaints department (details available at
http://www.cardiffandvaleuhb.wales.nhs.uk/concerns-complaints).
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Appendix B — Pre-Screening

Chapters 4-7 (Studies 1 — 4) — Paediatric Participant Pre-screening

Questionnaire
@ Applied Sports Technology Exercise and Medicine Research Centre (A-STEM)

Sport and Health Portfolio, College of Engineering

Swansea University
Prifysgol Abertawe

PRE-SCREENING QUESTIONNAIRE

Name of child:

Your email address:

Does your child have, or has he / she ever experienced any of the following? Please Tick:

YES NO

High Blood Pressure

Diabetes

Chest pains brought on by
physical exertion

A bone, muscle or joint
problem with arthritis

Asthma or any other
respiratory problems

Any sustained / prolonged
illnesses

Is your child taking any
medication?
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If you have answered YES to any of the questions above, or if there is anything else not mentioned
above that you think the researchers should be aware of, then please provide more details in the
text box below. If not applicable, then please enter N/A

If your child has any known allergies, has the researcher in charge of your session been made aware
of medication you are taking and where to find this?

In the absence of a parent/guardian, | understand that my child is responsible for monitoring him or
herself throughout any activity, and should any unusual symptoms occur, would ease participation
and inform the instructor.

Video/Photography Consent

| understand that occasionally my child may appear in promotional photography/video clips
of Swansea University and that material may be used by Swansea University websites and
other promotional material.

Please tick here | | if photographs are NOT permitted

By signing this form, | the parent/guardian of the aforementioned child, affirm that | have
read this form in its entirety; | have answered the questions accurately and to the best of my
knowledge and will inform Swansea University of any future changes.

| the parent/guardian of the aforementioned child give permission for him/her to
participant in Swansea University research sessions and understand that Swansea
University researchers taking the exercise sessions cannot be liable for any loos of personal
injury

Parent/guardian’s signature: Date:
Please print name:

Researcher(s) signature: Date:
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Chapter 6 (Study 3) — Adult Pre-exercise Screening Process

[ .
| Par

in Regular Exercise
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R ded Exercise Intensity Exercise Vigorous***
Recommended Recommended Intensity Exercise

May Gradually
Progress Following
ACSM Guidelines®

Clearance®** for
Moderate Intensity
Exercise Not
Necessary

Medical Clearance
(within the last 12
months if no change
in signs/symptoms)
Recommended

disease status)

Discontinue
Exercise and Seek
Medical Clearance

Before ing in
Vigorous***
Intensity Exercise

Continue with
Moderate**
Intensity Exercise

Following Medical
Clearance, May
Gradually Progress as
Tolerated Following

ACSM Guidelines®

May Return to
Exercise Following
Medical Clearance

Gradually Progress
as Tolerated
Following ACSM
Guidelines®

FIGURE 2—Exercise preparticipation health screening logic model for aerobic exercise participation.

§Exercise participation, performing planned, structured physical activity at least 30 min at moderate intensity on at least 3 d-wk ™ for at least the
last 3 months.

*Light-intensity exercise, 30% to <40% HRR or VO,R, 2 to <3 METs, 9-11 RPE, an intensity that causes slight increases in HR and breathing.
**Moderate-intensity exercise, 40% to <60% HRR or VO,R, 3 to <6 METs, 12-13 RPE, an intensity that causes noticeable increases in HR and
breathing.

***Vigorous-intensity exercise >60% HRR or VO,R, >6 METs, >14 RPE, an intensity that causes substantial increases in HR and breathing.
{CVD, cardiac, peripheral vascular, or cerebrovascular disease.

}1Metabolic disease, type 1 and 2 diabetes mellitus.

111Signs and symptoms, at rest or during activity; i des pain, di: fort in the chest, neck, jaw, arms, or other areas that may result from ischemia;
shortness of breath at rest or with mild exertion; dizzi or syncope; orth or paroxysmal nocturnal dyspnea; ankle edema; palpitations or

tachycardia; intermittent claudication; known heart murmur; or unusual fatigue or shortness of breath with usual activities.
111iMedical clearance, approval from a health care professional to engage in exercise.
OACSM Guidelines, see ACSM’s Guidelines for Exercise Testing and Prescription, 9th edition, 2014.
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Appendix C — Informed Consent/Assent

Chapter 4 (Study 1) — Parental/Guardian Consent form

Applied Sports Technology Exercise and Medicine Research Centre (A-STEM)
Sport and Health Portfolio, College of Engineering

Swansea University
Prifysgol Abertawe

PARENT/GUARDIAN CONSENT FORM
(Version 1.1, Date: 01/06/2018)

Project Title:
Swansea University Research Engagement Week

1.

Contact Details:

.l understand that my child’s participation is voluntary and that they are free to

. | understand that sections of any of data obtained may be looked at by

. | give permission for my child’s academic records to be accessed by the primary

. lunderstand that data collected on my child may be used in reports and academic

. | give permission for my child to be video recorded during the fundamental

. lagree for my child’s physical activity levels to be monitored by an activity monitor

Please initial box

| confirm that | have read and understood the information sheet dated
01/06/2018 (version number 1.1) for the above study and have had the

opportunity to ask questions.l

withdraw at any time, without giving any reason, without their medical care or

legal rights being affected.

responsible individuals from the Swansea University or from regulatory

authorities where it is relevant to my child taking part in research. | give
permission for these individuals to have access to these records.

researchers. This will not affect their education or affect their participation within

the rest of the study.

publications in anonymous fashion

| understand that the research techniques used in this study are for research
purposes only and not for diagnosis of any condition

movement skills station for research analysis purposes only

for 7 days. If | agree to this, | also understand that it is my child’s and my
responsibility to ensure the return of the monitor by the end of the current half

term.
9. |agree to my child taking part in the above study.
Name of Parent Date Signature
Name of child giving consent for Date Signature
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Chapter 4 (Study 1) — Children’s Assent Form

1,( Applied Sports Technology Exercise and Medicine Research Centre (A-STEM)
N Sport and Health Portfolio, College of Engineering

Swansea University

Prifysgol Abertawe
CHILD ASSENT FORM

(Version 1.1, Date: 01/06/2018)

Project Title:
Swansea University Research Engagement Week

Contact Details:

Please initial box

1. | confirm that | was at the assent assembly / have read and understood the
participant information sheet given to me (dated: 01/06/2018, version number 1.1)
for this study and have had the opportunity to ask any questions

2. lunderstand that taking part is my choice and that | can choose to stop taking part
at any time, without giving a reason, and it won’t affect my participation in other
research studies in the future.

3. | understand that information collected about me by the researchers will only be
looked at by people who can do so. | am happy for them to have access to it

4. | am happy for my latest grades to be looked at by the researchers and | understand
thatit  will not affect my education or effect my participation within this study

5. lunderstand that the information collected by the researchers may be used in their
work and published, but the information will be anonymous. This means that the
information will not have my name on it or any information that links it to me.

()]

. I am happy to take part in the physical activity monitoring part of this study and wear
an accelerometer for 7 days. | also understand that it is my responsibility to bring this
back into school before the end of the current term.

~

. | agree to being video recorded whilst | perform the movement skills.

8. lunderstand that the heart and lung function stations are for research only and cannot
tell me if | have an illness or not

9. |agree to take part in the above study.

Name of Participant Date Signature

Researcher Date Signature
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Chapter 4 (Study 1) — Adolescent Assent Form

Applied Sports Technology Exercise and Medicine Research Centre (A-STEM)
Sport and Health Portfolio, College of Engineering

Swansea University
Prifysgol Abertawe

ADOLESCENT ASSENT FORM
(Version 1.1, Date: 01/06/2018)
Project Title:
Swansea University Research Engagement Week

Contact Details:

Please initial box

10. | confirm that | have read and understood the information sheet dated
01/06/2018 (version number 1.1) for the above study and have had the
opportunity to ask questions.

2. lunderstand that my participation is voluntary and that | am free to withdraw at any time,
without giving any reason, without my medical care or legal rights being affected.

11. | understand that sections of any of data obtained may be looked at by
responsible individuals from the Swansea University or from regulatory
authorities where it is relevant to my taking part in research. | give
permission for these individuals to have access to these records.

12. | give permission for my academic records to be accessed by the primary
researcher, for my latest academic achievement to be accessed. This will not
affect your education or your ability to take part within this study.

13. | understand that data | provide may be used in reports and academic
publications in anonymous fashion

6. | am happy to take part in the physical activity monitoring part of this study and wear an
accelerometer for 7 days. | also understand that it is my responsibility to bring this back
into school before the end of the current term

7. lagree to being video recorded whilst | perform the movement skills

8. lunderstand that the heart and lung function stations are for research only and cannot tell
me if | have an illness or not

14. | agree to take part in the above study.

Name of Participant Date Signature

Researcher Date Signature
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Chapter 6 (Study 3) — Participant Consent Form

&0 Applied Sports Technology Exercise and Medicine Research Centre (A-STEM)
N Sport and Health Portfolio, College of Engineering

Swansea University
Prifysgol Abertawe

PARTICIPANT CONSENT FORM
(Version 1.3, Date: 15/10/18)

Project Title:
Investigating the influence of physical activity, sedentary time and sedentary behaviour on risk of
cardiovascular disease

Please initial box

| confirm that | have read and understood the information sheet dated
29/11/2017 (version number 1.1) for the above study and have had D
the opportunity to ask questions.

l understand that my participation is voluntary and that | am free to I:’
withdraw at any time, without giving any reason, without my medical
care or legal rights being affected.

I understand that sections of any of data obtained may be looked
at by responsible individuals from the Swansea University or

from regulatory authorities where it is relevant to my taking part in
research. | give permission for these individuals to have access to
these records.

lunderstand that data | provide may be used in reports and academic
publications in anonymous fashion.

I regularly take part in physical exercise at a comparable level of exertion to
that which | will undertake during this study, and am fit to take part in
this study

I have no known cardiovascular (e.g. heart), metabolic (e.g. diabetes or
pre-diabetes) or renal (e.g. kidney) disease.

As far as | am aware, | have not experienced any signs or symptoms of
cardiovascular (e.g. heart), metabolic (e.g. diabetes or pre-diabetes) or
renal (e.g. kidney) disease.

B 8 B & 8

| agree to take part in the above study.

Name of Participant Date Signature

Researcher Date Signature
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Chapter 5 - 7 (Studies 2 - 4) — Parental/Guardian Consent Form

£

b Applied Sports Technology Exercise and Medicine Research Centre (A-STEM)
Sport and Health Portfolio, College of Engineering

Swansea University
Prifysgol Abertawe

PARENT/GUARDIAN CONSENT FORM
(Version 1.0, Date: 16/01/2018)
Project Title:

Examining the relationship of physical activity and metabolic control with cardiovascular health in
healthy children and adolescents.

ease Initial box

[]
B
B
[]

1. | confirm that | have read and understood the information sheet dated
16/01/2018 (version number 1.0) for the above study and have had

the opportunity to ask questions.

2. lunderstand that my child’s participation is voluntary and that they are
free to withdraw at any time, without giving any reason and without their

medical care, school work or legal rights being affected.

3. lunderstand that the data obtained may be looked at by
responsible individuals from the Swansea University or from regulatory

authorities where it is relevant to my child taking part in research.

4. |agree for my child to take part in the above study

Name of Parent/Guardian Date Signature
Name of Person taking consent Date Signature
Researcher Date Signature
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Chapters 5 - 7 (Studies 2 — 4) — Participant Assent Form

o

‘( Applied Sports Technology Exercise and Medicine Research Centre (A-STEM)
Sport and Health Portfolio, College of Engineering

Swansea University
Prifysgol Abertawe

PARTICIPANT ASSENT FORM
(Version 1.0, Date: 16/01/2018)

Project Title:

Examining the relationship of physical activity and metabolic control with cardiovascular health in
healthy children and adolescents

Contact Details:

Please initial box

| have read and understood the information sheet dated 16/01/2018
(version 1.0) for this study and have been able to ask any questions | have. D

| know that it is my choice to take part and that | am can stop doing so at
any time, without giving any reason, and without any problems.

Swansea University. | am happy for these people to see my results.

| understand the information | give may be looked at by people at I:I
| agree to take part in the above study. D

Name of Participant Date Signature

Name of Person taking consent Date Signature

Researcher Date Signature
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Chapters 5 and 7 (Studies 2 and 4) — Parental/Guardian Consent

Form

Applied Sports Technology Exercise and Medicine Research Centre (A-STEM)
Sport and Health Portfolio, College of Engineering

Swansea University
Prifysgol Abertawe

PARENT/GUARDIAN CONSENT FORM
(Version 2.1, Date: 17/03/2017)

Project Title:

Examining the relationship between physical activity and metabolic control in children and
adolescents with type 1 diabetes mellitus.

Please initial box

| confirm that | have read and understood the information sheet dated
30/11/2015 (version number 2.1) for the above study and have had D
the opportunity to ask questions.

| understand that my child’s participation is voluntary and that they are
free to withdraw at any time, without giving any reason and without their D
medical care, school work or legal rights being affected.

| understand that sections of medical history relating to your child’s type 1

diabetes, in addition to any of the data obtained may be looked at by

responsible individuals from the Swansea University or from regulatory D
authorities where it is relevant to my child taking part in research. | give

permission for these individuals to have access to these records.

| agree for my child to take part in the above study. D
Name of Parent/Guardian Date Signature
Name of Person taking consent Date Signature
Researcher Date Signature
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Chapters 5 and 7 (Studies 2 and 4) — Participant Assent Form

},1 Applied Sports Technology Exercise and Medicine Research Centre (A-STEM)
N Sport and Health Portfolio, College of Engineering

Swansea University
Prifysgol Abertawe

PARTICIPANT ASSENT FORM
(Version 2.1, Date: 17/03/2017)

Project Title:

Examining the relationship between physical activity and metabolic control in children and adolescents
with type 1 diabetes mellitus.

Contact Details:

Please initial box

I have read and understood the information sheet dated 30/11/2015
(version 2.1) for this study and have been able to ask any questions | have. D

| know that it is my choice to take part and that | am can stop doing so at
any time, without giving any reason, and without any problems.

| understand that aspects of my medical history relating to my diabetes,

in addition to some of the information | give may be looked at by people at D
Swansea University or the hospital. | am happy for these people to see my results.

| agree to take part in the above study.

Name of Participant Date Signature
Name of Person taking consent Date Signature
Researcher Date Signature
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Appendix D — Engagement and Results Feedback
Chapter 4 (Study 1) — Engagement and Results Feedback
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THE IMPORTANCE OF FMS
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Chapter 4 (Study 1) — Participant Feedback Report
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Chapter 6 (Study 3) — Example Participant Feedback Report

’,’.,
3

é

Swansea University
Prifysgol Abertawe

Applied Sports Technology Exercise and Medicine Research Centre (A-STEM)
Sport and Health Portfolio, College of Engineering

Study Feedback Report -

Thank you for participating, we hope you enjoyed! Please see your results below.
(These results are for research purposes, not for diagnosis. If you have any concerns,

please contact your GP)

Parameter

Result

Explanation

BP (mmHg)
SV (ml)
CO (L/min)
MAP (mmHg)
Aix (%)

PWV (m/Sec)

139/75
137
5.37
91.5

24
7.6

Blood Pressure (EP) - the measure of force your
heart pumps blood around the body. The first
number is the pressure when your heart pushes
blood out, the second number Is the resting
pressure between beats.

Stroke Volume (SV) - the volume of blood your
heart heats with every pump.

Cardiac Output (CO) - the volume of blood your
heart beats per minute

Mean Arterial Pressure (MAP) - the average
pressure in your arteries during a heart cycle.
Augmentation Index (Aix) - an indirect measure
of arterial stiffness (this is only a research
measure for indication)

Pulse Wave Velocity (PWV) - the speed waves of
blood from the heart travel through the
circulatory system.

FVC (% of Bred)
FEV1 (% of Pred)

6.33 (120)
5.08 (118)

Forced Vital Capacity (FVC) —the capacity of your
lungs

Forced Expiratory Volume in 1 Second - the
amount of air you can expel from your lungs in 1
second

Absolute V02 (I/min)

GET (I/min) (% of V02)

Relative V02 (ml/kg/min)

4.95
60.00
3.76 (76.10)

Your maximal aerobic capacity (vo_z) is the
volume of oxygen you effectively use, not just
breathe in. Aerobic capacity is predominantly
determined by genetics; however, this can be
trained higher.

‘Gas exchange threshold (GET) is the point at
‘which you start producing more C02 than taking
in oxygen, and therefore are in anaerobic
exercise.

Average Day’s Physical Activi

Midnight €

Light to moderate cut off

Moderate to vigorous cut off

Midnight
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