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Preface

In contemporary society, increasing time spent in television viewing and using the
computer coupled with less physically demanding occupations have given rise to
prolonged sedentary behaviour. Research evidence demonstrates that adults cur-
rently spend more than half of their day in sedentary pursuits. Sedentary behaviour
takes place in numerous areas of daily living and includes recreational, occu-
pational, transport-related, and social activities. The essence of this book is that it
recognizes sedentariness as a significant medical and public health problem in all its
facets and evaluates the potential of decreasing the time spent sedentary to avert
chronic disease and enhance quality of life.

Sedentary Behaviour Epidemiology is organized into three major parts that build
on one another to expand the readers’ comprehension of this multifaceted problem.
The book begins by providing an introduction to fundamental issues and key con-
cepts regarding sedentary behaviour. After laying the foundation, Part II offers a
comprehensive account of the organism’s physiological responses to sedentariness.
Drawing on evidence from basic science, clinical studies, and epidemiologic
research, the text provides the latest evidence on the harmful consequences of
sedentary behaviour for the development of numerous health conditions and dis-
eases. Part III proceeds with conveying the knowledge base on psychological,
cultural, and social factors associated with sedentary behaviour. This sets the
stage for providing evidence-based intervention strategies to reduce the time
spent sedentary at the individual, community, environmental, and policy levels.
The book closes with a discussion of future challenges and opportunities in seden-
tary behaviour research. For each topic presented, the book features the neces-
sary background information, outlines pertinent study findings, identifies current
research gaps, and highlights areas for additional investigation.
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How this book is organized
Sedentary Behaviour Epidemiology is organized into three parts and 28 chapters.

Part I. Fundamentals of Sedentary Behaviour Epidemiology

Part I provides an introduction to fundamental issues and key concepts in sedentary
behaviour epidemiology, including the human evolution of sedentary behaviour,
measurement techniques of sedentary behaviour, analysis and interpretation of
sedentary behaviour data, and the descriptive epidemiology of sedentary behaviour.

Chapter 1 opens with a conceptual definition of sedentary behaviour, followed
by a discussion of the human evolution of sedentary behaviour and the influence of
specific sociocultural factors on sitting. In addition, this chapter offers an overview
of recommendations on sedentary behaviour developed by different countries and
organizations, highlighting potential limitations of current guidelines.

In Chap. 2, measurement techniques of sedentary behaviours are presented,
including questionnaires, pedometers, smartphone applications, and integrated
motion and posture sensors that assess time spent in sitting or reclining postures.
Innovative methods to score accelerometer outputs and to enable pattern recogni-
tion of sedentary behaviour types are covered.

Chapter 3 focuses on the comprehensive sedentary behaviour data that have
become available by the widespread use of wearable movement sensing technol-
ogy. The chapter describes the importance of selecting the appropriate statistical
method based on the specific data structure and the research question at hand. Also,
it reviews principles of causality in sedentary behaviour epidemiology.

In Chap. 4, the descriptive epidemiology of sedentary behaviour is presented.
There is also a discussion of correlates of sedentary behaviour, including socio-
demographic and environmental factors such as age, education, income, health
status, sleep, obesity, physical activity, use of tobacco and alcohol, housing type
and size, neighbourhood safety and walkability, dog ownership, and accessibility of
play spaces and playground density.

Part II. Health Effects of Sedentary Behaviour

Part II focuses on the organism’s physiological responses to sedentary behaviour.
Drawing on evidence from basic science, clinical studies, and epidemiologic
research, the chapters in this part discuss the evidence on the harmful consequences
of sedentary behaviour for the development of morbidity and mortality, including
important health conditions such as obesity, diabetes and the metabolic syndrome,
cardiovascular disease, cancer, depression, psychosocial health, quality of life,
physical function, mental health, and cognition.

Chapter 5 opens with a discussion of physiologic responses to sedentary behav-
iour in animal and human studies, including effects of sedentary behaviour on
metabolism, cardiovascular function, immunologic and inflammatory factors, and
the musculoskeletal system. The influence of sedentary behaviour on the hormonal
regulation of appetite, dietary intake, and energy balance is discussed.

In Chap. 6, the evidence on prolonged time spent sedentary in relation to risk of
developing adiposity in children, adolescents, and adults is presented. Information
is based on data from systematic reviews and meta-analyses of cross-sectional
studies, prospective studies, and randomized controlled trials. The possibility of a
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bidirectional association between sedentary behaviour and adiposity in adults is
alluded to.

Chapter 7 focuses on the association between non-exercise activity thermogen-
esis (NEAT) and adiposity, highlighting differences in weight gain between indi-
viduals with low and high NEAT in response to overfeeding. A potential biologic
mechanism regulating NEAT is presented. In addition, a method to quantify NEAT
is provided, and an example of a programme to reduce sedentary behaviours in
schools and workplaces is given.

In Chap. 8, the relation of sedentary behaviour to risk of type 2 diabetes and the
metabolic syndrome is examined. This includes a discussion of the impact of
prolonged sedentary time on circulating levels of glucose, HbAlc, insulin, and
measures of insulin resistance. Also, observational and experimental evidence
regarding the influence of breaks in sedentary time on markers of the metabolic
syndrome is presented.

Chapter 9 provides an account of the influence of sedentary behaviour on
cardiovascular disease based primarily on evidence from cross-sectional and pro-
spective observational studies of objectively assessed sedentary behaviour or self-
reported sitting. Numerous methodological issues in this research area are
discussed, including measurement error, confounding, and heterogeneity in the
design of previous studies.

In Chap. 10, the evidence on sedentary behaviour in relation to overall and site-
specific cancer incidence and mortality is summarized. Potential biological mech-
anisms are discussed, while it is recognized that the cellular processes linking
sedentary behaviour to carcinogenesis are incompletely understood. These include
endogenous sex hormones, metabolic hormones, inflammatory adipokines, and
immune function.

Chapter 11 presents evidence regarding the association between sedentary
behaviour and depression based largely on observational data. It includes a review
of hypotheses regarding the impact of sedentary time on psychobiological mecha-
nisms, such as inflammation and the acute phase response, the hypothalamic—
pituitary—adrenal axis, and neurotransmitter function.

In Chap. 12, the understudied area of sedentary behaviour in relation to psycho-
social health is reviewed, with particular attention being paid to bullying/victimi-
zation, self-esteem, prosocial behaviour, and mental conditions such as bipolar
disorder, anxiety, and stress. The chapter includes a discussion of the possibility
that observed associations may be confounded by factors such as physical activity
and socio-economic status.

Chapter 13 presents the association between sedentary behaviour and ageing,
covering a broad range of functional limitations and distinguishing between indi-
viduals who live independently and those who live in residential settings or in
hospital. The relevance of conducting interventions aimed at reducing sedentary
behaviour rather than increasing physical activity in the elderly is discussed.

In Chap. 14, the relations of domain-specific sedentary behaviours to all-cause
mortality, cardiovascular disease mortality, and cancer mortality are presented. The
data originate from prospective cohort studies and meta-analyses. The chapter also
includes a discussion of whether observed associations with mortality risk are
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independent of physical activity level and whether they are mediated by body
fat mass.

Part III. Understanding Sedentary Behaviour and Promoting Reductions in
Time Spent Sedentary

Part IIT uses theories and models of sedentary behaviour as a framework to develop
effective and evidence-based strategies to reduce the time spent sedentary at the
individual, community, environmental, and policy levels. Individual chapters focus
on interventions directed at children and adolescents, the workplace, the elderly,
persons with pre-existing disease or disability, overweight and obese individuals,
and ethnic minorities and immigrants. The final chapter discusses challenges and
opportunities in sedentary behaviour research, including new paradigms to better
understand sedentary behaviour and the genetics of sedentary behaviours.

Chapter 15 outlines how the behavioural epidemiology framework and an eco-
logical model of sedentary behaviour can be utilized to provide an enhanced under-
standing of the multifaceted determinants of sedentary behaviour. An example of an
intervention study designed using an ecological model of sedentary behaviour that
targets sedentary behaviour in the occupational setting is presented.

In Chap. 16, individual level approaches to reduce sedentary behaviour are
reviewed. The chapter opens with a discussion of correlates of sedentary behaviour
and barriers to sedentary behaviour change. In addition to covering current behav-
ioural theories and theoretical models, the chapter introduces alternative perspec-
tives that include concepts of behavioural economics, habit, and nudging.

Chapter 17 examines interventions targeting sedentary behaviour in children and
adolescents. The chapter provides a conceptual framework for sedentary behaviour
interventions and discusses interventions that have focused on reducing
screen time, sedentary transport, and sitting in the school and home settings. Exam-
ples of real-world translatability of intervention programmes are given.

In Chap. 18, the focus is on workplace programmes to reduce occupational
sitting. The chapter provides a summary of the amount of time workers sit. Best
practice programmes for addressing extended workplace sitting time are given.
Interventions directed at reducing workplace sitting time are discussed. Limitations
and future research needs in the area of occupational sitting are highlighted.

Chapter 19 presents approaches to decrease sedentary behaviour among the
elderly. The design characteristics of intervention studies and the methodologies
employed to assess sedentary behaviour intervention response are discussed. In
addition, the chapter examines the effectiveness of interventions that focus on
increasing physical activity but also decrease sedentary behaviour.

In Chap. 20, the evidence from intervention studies to decrease sedentary behav-
iour among persons with pre-existing disease or disability is reviewed. The chapter
also contains a brief synopsis of interventions that have been registered, and it
provides concepts for developing future trials. The remainder of the chapter focuses
on potential areas of future investigation and associated methodological issues.

Chapter 21 summarizes the information from the small number of available
studies on sedentary behaviour reduction in individuals with overweight and obe-
sity. In addition, qualitative studies exploring facilitators and barriers to sedentary
behaviour reduction in overweight and obese individuals are described, and
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methodologic issues regarding the measurement of sedentary behaviour outcomes
are presented.

In Chap. 22, the focus is on interventions targeting sedentary behaviour among
racial/ethnic minority groups. Information on the prevalence and correlates of
sedentary behaviour in racial/ethnic minorities is provided, along with strategies
on how to make future progress in successfully reducing sedentary behaviour using
culturally appropriate approaches.

Chapter 23 presents sedentary behaviour interventions across multiple commu-
nity settings, such as schools, workplaces, and local neighbourhoods. Within each
of these settings, the chapter elaborates on the correlates of sedentary behaviour,
discusses factors that impact upon sedentary behaviour, summarizes intervention
studies that target sedentary behaviour, and provides recommendations for
future steps.

In Chap. 24, social and physical environmental correlates of sedentary behaviour
are described. The evidence for the effectiveness of environmental interventions on
sedentary behaviour is evaluated. The chapter addresses potentially relevant theo-
retical perspectives, such as social cognitive theory, habit theory, social network
analysis, and systems theory.

Chapter 25 presents policy level approaches to reduce sedentary behaviour. This
involves an evaluation of numerous settings where sedentary behaviour reduction
can be addressed at a policy level. Current sedentary behaviour recommendations
and stakeholder guidelines are summarized. An example of a successful policy
initiative influencing sedentary behaviour reduction is provided.

In Chap. 26, new paradigms combining a life course perspective and complexity
science to better understand sedentary behaviours are introduced. The chapter
presents novel methodologies for data collection (Big Data) and analysis (probabil-
istic modelling techniques) as well as innovative interventions including natural
experiments and solutionist and participatory approaches.

Chapter 27 reviews the genetics of sedentary behaviour. The potential for
family and twin studies and molecular genetic studies to uncover causal relations is
outlined. The challenges of conducting genetic studies of sedentary behaviour are
highlighted, including limited sample sizes, heterogeneity in the age ranges studied,
and imperfect measures of sedentary behaviour.

Chapter 28 uses a behavioural epidemiology framework to outline gaps in
sedentary behaviour research and to highlight future research opportunities. This
includes improving current knowledge about sedentary behaviour and health,
enhancing sedentary behaviour measures, better characterizing correlates and
determinants of sedentary behaviour, refining interventions of sedentary behaviour,
and translating results into practice.

Regensburg, Germany Michael F. Leitzmann
Carmen Jochem
Daniela Schmid
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Chapter 1
Introduction to Sedentary Behaviour
Epidemiology

Carmen Jochem, Daniela Schmid, and Michael F. Leitzmann

Abstract Sedentary behaviour epidemiology is the study of the distribution, deter-
minants, and health consequences of sedentary behaviours in the population. It
seeks to identify biological, psychosocial, environmental, and genetic factors that
affect sedentary behaviour. The term sedentary behaviour describes any waking
behaviour characterized by an energy expenditure <1.5 metabolic equivalents
(METs) while in a sitting or reclining posture. From an evolutionary perspective,
sedentary behaviour is a relatively new phenomenon in human history, and it is
strongly linked to the technical advances of the Industrial Revolution. In addition,
sociocultural aspects fundamentally influence our understanding and perception of
sedentary behaviours. Understanding these influences on modern sitting behaviour
is crucial for successfully developing and implementing sedentary behaviour rec-
ommendations. Several countries have provided guidelines on sedentary behaviour
for health. However, existing recommendations target mostly children and young
people and do not provide specific information for adults and the elderly. Strength-
ening the evidence base regarding the relation between sedentary behaviour and
health is critical for successfully developing and implementing comprehensive
sedentary behaviour recommendations that include provisions for specific popula-
tion subgroups, such as persons with pre-existing diseases or the elderly.

1.1 Definition of Sedentary Behaviour

1.1.1 Introduction

Sedentary behaviour (Latin: sedere: “to sit””) comprises sitting during leisure time,
commuting, and in the workplace and household. Examples of sedentary behav-
iours are television (TV) viewing, video game playing, computer use, reading,

C. Jochem ¢ D. Schmid ¢« M.F. Leitzmann (<)

Department of Epidemiology and Preventive Medicine, University of Regensburg,
Regensburg, Germany
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talking on the telephone, and sitting while commuting by automobile, bus, train,
plane, ferry, etc. Those activities show an energy expenditure between 1.0 and 1.5
metabolic equivalents (METs) [1]. Hence, sedentary behaviours comprise those
that involve sitting and a low amount of energy expenditure. Sedentary behaviour
epidemiology is the study of the distribution, determinants, and health conse-
quences of sedentary behaviours in the population. It examines the relations of
sedentary behaviour to diseases and other health conditions and seeks to identify
biological, psychosocial, environmental, and genetic factors that affect sedentary
behaviour. The knowledge acquired from sedentary behaviour epidemiology is
applied to intervention programmes for disease prevention and health promotion,
including population surveillance. The current section provides a conceptual defi-
nition of sedentary behaviour, making clear the distinction between sedentary
behaviour (too much sitting) and physical inactivity (too little exercise).

1.1.2 Is Too Much Sitting the Same as Too Little Exercise?

The past decade has witnessed a sizeable increase in research associated with the
health effects of sedentary behaviour. A growing body of epidemiologic evidence
now shows that persons who engage in a high volume of sedentary behaviour
exhibit increased risks of morbidity and mortality irrespective of their level of
moderate-to-vigorous physical activity [2]. In addition, it has been recognized that
the correlation between sedentary behaviour and moderate-to-vigorous physical
activity is low [3] and that an individual can accumulate substantial amounts of both
sedentary behaviour and moderate-to-vigorous physical activity in the course of a
day [4]. For example, an office worker may spend long, uninterrupted blocks of
time sitting at a computer but then engage in a vigorous workout at the gym after
work. Also, time spent in sedentary behaviours shows correlates that are distinct
from those related to moderate-to-vigorous physical activity [5]. Thus, too much
sitting and too little physical activity represent fundamentally distinct concepts.

However, there have been inconsistencies in the literature regarding the defini-
tion of the term sedentary. In the sedentary behaviour literature, the term sedentary
typically describes “any waking behaviour characterized by an energy expenditure
<1.5 metabolic equivalents (METs) while in a sitting or reclining posture”
[6]. Thus, an individual may be defined as sedentary if they exhibit a large volume
of sedentary behaviour. By comparison, in the exercise literature the term sedentary
has often been used to characterize the lack of some threshold of moderate-to-
vigorous physical activity [7]. In that context, researchers frequently describe a
subject as sedentary because they do not achieve the physical activity recommen-
dations. For example, exercise studies may contain a “sedentary” control group
because of their absence of physical activity without having formally assessed their
amount of sedentary behaviour.

Acknowledging the divergent characteristics of sedentary behaviour and phys-
ical activity is particularly relevant for appropriate planning and implementation of
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intervention studies [8]. Sedentary behaviour typically takes place in regular
prolonged bouts with infrequent breaks, typically in the evening and on weekends
(for domestic sedentary behaviour such as TV viewing) and on weekdays (for
occupational sedentary behaviour such as workplace sitting). It tends to be of
long duration, in bouts of 2-3 h for TV viewing and 6-7 h for workplace sitting.
It involves a low level of effort or conscious planning and is highly habitual.
Important determinants include social norms and the physical environment, such
as domestic and workplace furniture arrangements. By comparison, moderate-to-
vigorous physical activity often takes place in irregular intervals of short duration,
and it involves some level of effort and conscious planning. Determining factors
include individual-level motivation and a supportive physical environment. Thus,
while physical activity interventions typically place a focus on conscious decision
making, sedentary behaviour interventions might benefit from focusing on uncon-
scious decision making [9]. Although interventions aimed at decreasing sedentary
behaviour and those targeted at increasing physical activity both share a common
objective of reducing the burden of chronic diseases in the population by promoting
enhanced levels of physical activity, sedentary behaviour interventions focus on
shifting a certain amount of participants’ time spent sedentary to activities of light
intensity, whereas physical activity interventions are designed to encourage study
subjects to increase their amount of activities of moderate-to-vigorous intensity.
More detail on the differences between sedentary behaviour and physical activity is
provided in Sect. 15.2.

1.1.3 Summary

The current section provides a conceptual definition of sedentary behaviour,
emphasizing the distinction between sedentary behaviour (too much sitting) and
physical inactivity (too little exercise). A high amount of sedentary behaviour may
coexist with high levels of moderate-to-vigorous physical activity, and correlates of
time spent sedentary are distinct from those related to moderate-to-vigorous phys-
ical activity. However, these two entities may nevertheless mutually impact upon
each other in terms of their behavioural and biological effects. Acknowledging the
divergent characteristics of sedentary behaviour and physical activity is particularly
relevant for appropriate planning and implementation of intervention studies.

1.2 Human Evolution and Sedentary Behaviour

1.2.1 Introduction

Research on human sedentary behaviour is a relatively young scientific discipline. It
evolved as a consequence of the increasing prevalence of sedentary behaviour—
which, likewise, is a fairly new phenomenon. When considering the long evolutionary
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history of Homo sapiens, sedentary behaviour makes up only a small fraction of time.
Even though sitting was prevalent among our early ancestors, it became an omnipres-
ent mass phenomenon only in the past few centuries. Changes in our recent environ-
ment that are mainly due to advances in communication, media and entertainment
technologies, altered workplace settings, and passive modes of transportation now
contribute to a predominantly sedentary lifestyle. This contrasts sharply with the
lifestyle of our hunter-gatherer ancestors, whose activity patterns were driven by
motivating factors such as hunger and thirst. The current section briefly describes
sedentary behaviour from the viewpoint of human evolution and within the context
of specific sociocultural aspects.

1.2.2 An Evolutionary Perspective on Human Sedentary
Behaviour

How Sedentary Were Our Ancestors?

We do not know how sedentary our early ancestors really were. When searching the
internet and biomedical databases such as PubMed or Web of Science for “seden-
tary behavio(u)r”, “sedentariness”, “sitting”, or “sedentary” in human history, these
terms appear primarily in the context of sedentary versus mobile (population)
groups. In contrast, the physical activity patterns of our ancestors are well under-
stood. The following section briefly describes how and when sitting became an
omnipresent mass phenomenon in Western societies. We take two perspectives: an

evolutionary viewpoint and a sociocultural viewpoint.

A Brief Overview of Human Evolution: The Genus Homo

More than 1.8 million years ago, the genus Homo appeared in the East African Rift
Valley [10]. In comparison with that early ancestor, the evolution of Homo erectus
was characterized by a large increase in brain size, changes in anatomy which
favoured hunting and long-distance running, and the ability to make tools
[10]. Although the sedentary behaviour of our ancestors is not well studied, we
know that being physically active was crucial for their survival and that their body
was therefore adapted to a high degree of physical activity. Several anatomic
characteristics such as long legs, relatively small feet with short toes, long spring-
like tendons, and large gluteus maximus muscles provided stabilization and enabled
bipedalism [11]. Meeting basic needs such as hunger and thirst or reacting to threats
such as danger were the principal motivating factors for members of the early Homo
to be physically active. The evolution of Homo sapiens about 100,000 years ago
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was characterized by changes in social and cultural behaviour and improved
locomotion. Thus, the life of our early ancestors during the Palaeolithic Era was
characterized by a highly physically active lifestyle based on gathering and hunting,
the use of tools, and a predominantly mobile lifestyle. However, with begin of the
Neolithic Era about 10,000 years ago, human lifestyle changed substantially.
Humans gave up their mobile lifestyle and began domesticating animals and plants
to produce food. Although physical activity patterns changed and hunting was
replaced by agricultural activities, it was still a predominantly physically active
lifestyle.

The Industrial Revolution or The Origins of Sedentary Behaviour

Food acquisition and a physically active lifestyle were strongly linked until the end
of the eighteenth century when the Industrial Revolution started. Technological
developments and innovations dramatically changed the environment and the
ordinary lives of people. Machines replaced the tools that were previously used.
The Industrial Revolution fundamentally changed the modes of manufacturing,
transportation, and communication and introduced mechanical power—all of
which gave rise to an increasingly physically passive lifestyle and sedentary
behaviour in all domains of human life. To give an example, nowadays we cannot
imagine life without cars or computers. Nevertheless, the invention of the car took
place less than 150 years ago, and modern digital computers have only been around
for less than 100 years—a small fraction of the large time frame during which our
human species developed. As outlined above, our body is designed to walk, to move
and to be physically active, and it is not designed to sit—at least not for extended
periods of time (Fig. 1.1).

',
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Fig. 1.1 The evolution of Homo sedens. Homo erectus replaced the quatripedal posture with an
upright and bipedal locomotion. Modern Homo sapiens spends a large amount of his waking time
in sedentary behaviours and increasingly becomes a Homo sedens. Figure from Simone Thiemer
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1.2.3 Sociocultural Aspects of Human Sitting Behaviours

“Unruliness consists in independence of law. By discipline men are placed in subjection to
the laws of mankind, and brought to feel their constraint. This, however, must be accom-
plished early. Children, for instance, are first sent to school, not so much with the object of
their learning something, but rather that they may become used to sitting still and doing
exactly as they are told. And this to the end that in later life they should not wish to put
actually and instantly into practice anything that strikes them”. Immanuel Kant, Kant on
Education (1803)

The evolution of human sedentary behaviour should perhaps be considered in
the context of specific sociocultural aspects rather than in the framework of
biologically centred human evolution. Indeed, one may ask if sedentary behaviour
is equally present across the entire life span of an individual and if it was equally
present across human history. Chapter 4 highlights the descriptive epidemiology of
sedentary behaviour in children and adolescents.

Even though the amount of time spent sedentary—especially screen-based media
time—is large in children and adolescents, it is obvious that sitting time per day
increases sharply when children enter school. When observing the natural behaviour
of young children before they enter school, they are physically active and move about
most of the time, and periods of sitting—for example, when playing on the ground—
are frequently interrupted by short intervals of standing or walking. It is only during
very short periods of time, when children engage and concentrate in playing games or
reading, that they are able to sit without interruption. Prolonged sitting is present
when children watch television or when they are placed in child seats for transpor-
tation—activities which do not reflect the natural behaviour of children.

Thus, it can be questioned why sitting—and especially sitting quietly—is intro-
duced as the predominant posture in schools (and subsequently in universities and
workplaces) that needs to be adopted by all those attending a class, listening to a
lecture, or doing any other kind of concentrated work. From a sociocultural point of
view, sitting on a chair (a) during defined periods of time, (b) with a predetermined
spatial order of chairs and (c) relatively limited scope for the sitting posture represents
some kind of institutional discipline and disciplining [12]. As we get older, we get
more and more adapted to this kind of institutional sitting and mostly do not even
question it. Certainly, the predominant acceptance without resistance of (institutional)
sitting is reinforced by social norms and the omnipresence of chairs and other seats.

Nevertheless, sitting on seats is a relatively new habit when considering the long
period of human evolution. Compared to a period of almost 2 million years of human
evolution, the history of sitting comprises only the past 5000 years [13]. Prior to the
French Revolution (1789-1799), sitting on chairs was primarily a privilege of
aristocracy and clergy. People kneeled or crouched on the floor—a posture that is
still present in young children and in many indigenous peoples as well as in people
living in rural areas of several low and middle income countries. It was only since the
early nineteenth century that sitting on chairs was secularized in Europe and became
a social mass phenomenon which was continuously introduced into various aspects
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of peoples’ lives. Since then, it was discussed how chairs and seats can be designed to
be more comfortable and ergonomic. Their general use was no longer questioned.
Nowadays, workplaces, conference rooms, class rooms, lecture halls, private
homes, churches, cinemas, train and bus stations, waiting rooms, public and private
transportation, and many other areas of public and private use are hard to imagine
without seats. Humans can work, talk, play, interact, think, and even travel while
sitting. According to Eickhoff, modern media and communication technologies
allow people to be highly “mobile” and to overcome sedentariness on a technolog-
ical level while simultaneously being very sedentary on a physical level [13]. Thus,
understanding the influence of sociocultural aspects on modern sitting behaviour is
crucial for the successful development and implementation of sedentary behaviour
recommendations. Changing social and cultural habits that are associated with
sitting is essential for effectively reducing sedentary behaviour—for health.

1.2.4 Homo Sapiens or Homo Sedens?

Our recent environment has little in common with the environment in which our
human species evolved during the course of the past millions of years. Western
societies live in an environment that is characterized by urbanization, passive forms
of transportation, sedentary jobs, and media and communication technologies that
encourage a sedentary lifestyle. Most of us spend a vast majority of our waking
hours in a seated position: we go to work by car or public transportation (hoping for
a seat); at work we move our fingertips on a keyboard, but our body is still in a
seated position; and after going home (by car again) we take a seat on the sofa and
relax (Fig. 1.2). Research data provides an overview of the prevalence of sitting
time in several countries. For further details on the descriptive epidemiology of
sedentary behaviour, please refer to Chap. 4.

Data from the cross-sectional Eurobarometer surveys that were collected in
28 European Union member states in 2013 show the prevalence of sitting time of
26,617 Europeans aged 18 years and older [14]. A total of 15.4% reported sitting
3.5-4.5 h per day and 18.5% reported sitting 7.5 h or more per day (including time
spent sitting at a desk, visiting friends, studying, or watching television). However,
the distribution of reported daily sitting time of more than 7.5 h varied widely
across countries, with 8.9% in Spain to 32.1% in the Netherlands. Even after
adjustment for socio-demographic variables, a north-south gradient was observed
across Europe, with citizens of southern European countries reporting less sitting,
while northern Europeans reported sitting more. The median reported sitting time
per day was 300 min (interquartile range: 180-420), ranging from a median of
180 min in Portugal to 360 min in Denmark and the Netherlands.

These findings fit with the results of an international study that compared the
prevalence of sitting time in 20 countries across the world [15]. In total, 49,493
adults aged 18-65 years reported on how much time they usually spend sitting on a
weekday. In the overall sample, a median sitting time of 300 min per day
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(interquartile range: 180-480) was reported. However, median sitting time varied
widely across countries. Adults in Portugal, Brazil and Columbia reported the
lowest sitting times (median < 180 min/day), whereas countries reporting the
highest daily sitting times included the Czech Republic, Hong Kong, Lithuania,
Norway, Taiwan, Japan, and Saudi Arabia.

Data from the National Health and Nutrition Examination Survey (NHANES)
2009/2010 provides information about self-reported sitting time among 5911 US
adults aged >20 years [16]. Participants reported how much time they usually
spend sitting on a typical day. Mean reported sitting time was 285 min/day (95%
confidence interval (CI): 278-292) for men and 281 min/day (95% CI: 272-289) for
women. Mexican-Americans reported significantly less sitting than non-Hispanic
Whites and Blacks. However, findings need to be interpreted with caution because
sitting time was based on self-reports, which are prone to measurement error.

Although the amount of time spent sitting varies across countries and population
subgroups, it can be concluded that sitting is an omnipresent behaviour in modern
society and that most individuals spend several hours per day in sedentary behaviours.

Fig. 1.2 Different domains of sedentary behaviour
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1.2.5 Summary

Although we do not know how much daily time our ancestors spent sedentary, we
can assume that it was less than we currently spend in sitting behaviours. From an
evolutionary perspective, we can presume that our body is designed to move and to
be physically active—it is not designed to sit. However, innovations in technology,
transportation, and other domains have enabled a more sedentary lifestyle, which is
enhanced by socio-cultural influences such as institutional sitting in schools. Even
though information on sedentary behaviour is not abundant, data show a high
prevalence of sedentary behaviour across all age groups.

1.3 Recommendations on Sedentary Behaviour for Health

1.3.1 Introduction

Compared to the research area of physical activity, research on sedentary behaviour
is a relatively new scientific field. However, as this book shows, there is increasing
evidence that sedentary behaviour is associated with ill health and that reducing the
amount of time an individual spends sedentary reduces the risk for adverse health
outcomes. In order to address the existing evidence and to make sedentary behav-
iour a public health issue, several countries have provided recommendations on
sedentary behaviour for health, either by incorporating them into their guidelines
for physical activity or by issuing specific sedentary behaviour guidelines. Whereas
most countries provide general recommendations to reduce sitting time, only few
countries have quantified the maximum daily amount of time individuals should
spend sedentary. Existing sedentary behaviour recommendations mainly target
children and young people. Table 1.1 provides an overview of existing recommen-
dations on sedentary behaviour for health. This section aims at summarizing those
recommendations, discussing their shortcomings and emphasizing the need for
additional national and international guidelines.

1.3.2 Importance of National and International
Recommendations on Sedentary Behaviour for Public
Health

The main aim of sedentary behaviour recommendations is the primary prevention
of health outcomes that are associated with sedentary behaviour. The high preva-
lence of sedentary behaviour (as described in Chap. 4) and its public health
significance requires a population-based approach to decrease levels of sedentary
behaviour. The development, dissemination, and implementation of national and
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1 Introduction to Sedentary Behaviour Epidemiology 19

international guidelines on sedentary behaviour for health are essential for reducing
the amount of time spent sedentary in the population. Goals and aims of sedentary
behaviour recommendations are listed in Box 1.1.

Box 1.1 Goals and Aims of Sedentary Behaviour Recommendations
The development, dissemination, and implementation of sedentary
behaviour recommendations can:

» Provide an evidence-based document with public health relevance

 Increase the proportion of health professionals, policy makers, and other
relevant stakeholders who are aware of the recommendations

« Inform national policies and other public health interventions targeting
sedentary behaviour

» Lead to a strategy for inter-sectoral collaboration and joint action includ-
ing all relevant stakeholders (such as policymakers, health professionals,
the media, etc.)

» Lead to the development of programmes and interventions targeting sed-
entary behaviour at the individual level

e Lead to the development of programmes and policies targeting sedentary
behaviour at the community level, the social and physical environmental
level, and the policy level

» Justify the allocation of resources to interventions targeting sedentary
behaviour

» Lead to a decreased prevalence of sedentary behaviour

» Provide a standard for (national) surveillance to monitor population levels
of sedentary behaviour

» Provide a foundation for future research

1.3.3 Historical Outline: From Screen Time Limits
to Recommendations on Sedentary Behaviour

The American Academy of Pediatrics (AAP) in 1984 was one of the first organi-
zations to provide recommendations aimed at reducing childrens’ television view-
ing time [47]. The Committee on Communications recommended that
“paediatricians should advise parents to limit their children’s television viewing
to 1-2 h per day”. In 2001, the Committee on Public Education of the AAP
provided an update of that recommendation [44]. Paediatricians should advise
parents to limit their children’s total media time to no more than 1-2 h per day
and to avoid television viewing in children <2 years of age.

These recommendations were made in order to reduce the potential negative
effects of television viewing such as “violent and aggressive behaviour, obesity,
poor body concept and self-image, substance use, and early sexual activity”, and
not with the primary aim of reducing the adverse health outcomes that are
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associated with prolonged sitting time—as research in this field was still in its
infancy. Since 2000, research on sedentary behaviour increased and its association
with health-related outcomes was investigated in a large number of observational
and intervention studies (for more details, please refer to Chap. 4).

Increased knowledge about the high prevalence of sedentary behaviour and its
adverse relationship with health outcomes led countries such as Canada and
Australia to initiate a guideline development process. In 2009, the Physical Activity
Guidelines International Consensus Conference in Kananaskis, Alberta, Canada,
decided to develop a guideline for the “gap” area of sedentary behaviour for
children and young people [48]. The guideline development process was based
on evidence from a systematic review of the association between sedentary behav-
iour and health indicators in school-aged children and youth [49]. A widely
accepted instrument for guideline development, the Appraisal of Guidelines for
Research Evaluation (AGREE) II [50], was used as a framework for the develop-
ment of the Canadian Sedentary Behaviour Guidelines for Children and Youth.
Following a guideline development process of 2 years and the involvement of
various stakeholders (including scientists, guideline developers, and potential
guideline users), the guidelines were released in February 2011 [48].

A similar guideline development process was conducted in Australia, which was
based on a “systematic review to inform the Australian sedentary behaviour
guidelines for children and young people” by a group of researchers that used the
AGREE 1II instrument for the guideline development process, resulting in the
release of the Australian sedentary behaviour guidelines [51].

Box 1.2 The Appraisal of Guidelines for Research Evaluation (AGREE)
[50, 52]

The AGREE instrument was developed and validated in 2003 by the AGREE
collaboration, an international group of scientists, to provide a generic instru-
ment to “assess the process of guideline development and how well this
process is reported” [52]. The original AGREE instrument comprised
23 items in the following six quality-related domains:

* Domain 1: Scope and purpose (3 items)

* Domain 2: Stakeholder involvement (4 items)
e Domain 3: Rigour of development (7 items)

e Domain 4: Clarity and presentation (4 items)
» Domain 5: Applicability (3 items)

+ Domain 6: Editorial independence (2 items)

1.3.4 Guideline Development Process

For a comprehensive guideline development process, several stages need to be
completed (Fig. 1.3). The formulation of clear and targeted research questions is
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Existing evidence
on the relationship between sedentary behaviour and health

l

Guideline question? Target population? Target users?

Development of evidence-informed recommendations on sedentary behaviour (draft)

l

Stakeholder review

y

Finalization of recommendations

l

Communication, dissemination & implementation

l

Primary prevention of health outcomes related to sedentary behaviour

Fig. 1.3 Main steps of the guideline development process

crucial for successful guideline development. The following questions need to be
asked: (a) Is the guideline for primary/secondary/tertiary prevention; (b) Who is the
target population of the recommendations (children; young people; adults; older
adults; etc.); (c) Will the guidelines include recommendations for specific popula-
tion subgroups (such as persons with pre-existing disease or disability, ethnic
minorities or immigrants, etc.); (d) Who are the target users (policymakers, prac-
titioners, parents, caregivers, etc.).

A systematic review of the literature on the existing evidence regarding the
relationship between sedentary behaviour and health outcomes needs to be
conducted by an interdisciplinary team of researchers and guideline developers.
Consecutively, findings of existing literature are summarized and interpreted, and
an evidence-informed draft of sedentary behaviour recommendations is developed.
Furthermore, research gaps identified during the literature review and resulting
strengths and limitations of the draft recommendations should be provided. Key
stakeholders, including sedentary behaviour researchers, medical practitioners,
public health organizations, governments, and others should be consulted to review
the recommendations. Finally, guideline finalization should be based on consensus
between all stakeholders involved. Obviously, the final guidelines need to be
comprehensible for the target users, and often knowledge needs to be translated
into practicable and clear guidelines. Subsequently, guidelines have to be commu-
nicated, disseminated and implemented, and evaluated. Therefore, well-prepared
strategies for communication and dissemination—developed with the collaboration
of marketing, media and communication experts—are crucial. Both the guideline
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development process and the implementation of guidelines need to be evaluated
periodically. The overall guideline development process takes approximately
2 years.

1.3.5 Recommendations on Sedentary Behaviour for Health
Specific Recommendations on Sedentary Behaviour

Table 1.1 provides a summary of existing recommendations on sedentary behav-
iours. Table 1.2 summarizes practical advice provided by recommendations on how
to reduce sedentary behaviour in different age groups and in different domains such
as work or leisure time (Fig. 1.4).

Australia provides specific recommendations on sedentary behaviour by quan-
tifying the amount of time children and young people should spend sedentary, as
well as the maximum amount of screen time per day [17-19]. Parents and care-
givers are provided with information on how to reduce sitting time and screen time
of their children, such as setting “no screen time” rules at specific periods of the day
or making the children’s bedroom a screen-free zone. Tips on active transportation
and suggestions how to reduce sitting time in children and adolescents are given.
For adults, general recommendations on how to reduce sitting time and interrupt
prolonged sitting are provided. For older adults, no specific recommendations on
sedentary behaviour are supplied.

The Canadian Society for Exercise Physiology (CSEP) provides specific recom-
mendations on sedentary behaviour for children and young people, with quantified
time limits for sitting and screen time [23]. The CSEP suggests active transporta-
tion, active play, and active family time as key means of how to reduce sedentary
behaviour. However, for adults and the elderly, there are no recommendations
targeting sedentary behaviour.

Other countries and institutions that currently provide quantified recommenda-
tions on the maximum amount of screen time and time spent sedentary are Austria
[21], Germany [24], New Zealand [31, 32], Qatar [35], Singapore [36], Spain [37],
Turkey [42] and the American Academy of Pediatrics [44] as well as the
U.S. Expert Panel on Integrated Guidelines for Cardiovascular Health and Risk
Reduction in Children and Adolescents [45].

In sum, quantified recommendations are largely consistent in recommending
that screen time in children and young people should be less than 2 h per day.
Furthermore, there is consistency that screen time for children aged <2 years is not
recommended at all [17, 23, 24, 37, 45]. However, specific recommendations for
adults and the elderly are sparse.



1 Introduction to Sedentary Behaviour Epidemiology

Table 1.2 Practical tips on how to reduce sedentary behaviour

23

Age
group How to reduce. . .
Sedentary behaviour (sitting Screen time Sitting during
time) transport
Children | Limit the use of baby seats, Make mealtimes family times | Interrupt long
and strollers, and high chairs dur- and turn off the TV [17, 18] car trips and
young ing waking hours [23, 43] Switch off the TV after a take a break at
people programme has finished [17] a park or rest
Define rules and set limits area for active
around screen time [17, 23] play [17, 23]
Make the children’s room a Let children
zone free of televisions and walk instead of
computers [18, 23] moving them
Reward children with outdoor | all the way with
activities instead of screen the pushchair
time [18] [17]
Give presents that can be used | Let children
for active play (such as skip- walk or cycle
ping ropes, balls) [18] or use the
Set an alarm on the computer | skateboard or
as a reminder for regular the scooter [17]
standing up [19]
Stand up and move during
watching TV [19]
Meet friends in person instead
of online [19]
Play active family games
instead of video games [23]
Occupational sitting Screen time Sitting during
transport
Adults Stand up whenever possible Switch off the TV during the Go by bicycle
[53] day and get out in the garden | or walk instead
Visit your colleagues to [20] of taking the
deliver a message instead of Set an alarm on the computer | car or bus—at
emailing and phoning them as a reminder for regular least for part of
[20, 26] standing up [20] the way [20, 26,
Stand up for phone conversa- | Meet your friends for a walk 29, 43]
tions [53] instead of sitting to chat [20]
Prefer “walk and talk” meet- Instead of using the remote
ings instead of sit down meet- | control, get up and change the
ings [20] channel on the TV [54]
Stand up for reading [54] During TV time, do muscle
Stand up when you drink water | training and stretching [29]
[53]
Place your rubbish bin at the
other end of the office and get
up to go there [54]
Older Screen time
adults

During TV time, do muscle
training or balancing exercises
[26]
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General Recommendations on Sedentary Behaviour

Most countries and organizations that provide recommendations on sedentary
behaviour issue non-specific guidelines. Those countries and institutions include
Hong Kong [25, 26], Japan [29], the Nordic co-operation [34], Sweden [38],
Switzerland [39-41], the UK [43], and the World Health Organization of the
Western Pacific Region [46], among others. They recommend reducing or mini-
mizing the amount of time spent sedentary or frequently interrupting periods of
prolonged sitting. Table 1.2 summarizes practical tips that are part of recommen-
dations on sedentary behaviour.

1.3.6 From Recommendations to Action: Implementing
Guidelines into Practice

The goals and aims of sedentary behaviour recommendations—summarized in Box
1.2—are of public health importance. However, in reality, effective dissemination
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and implementation of guidelines often faces several barriers. After the release of
the Canadian physical activity and sedentary behaviour guidelines in 2012 [23], a
study was conducted to “examine the awareness of, agreement with and use of the
new [..] guidelines for children and youth zero to 17 years of age among a sample of
Canadian paediatricians” [55]. The study showed that only 5% of 331 paediatricians
reported being “very familiar” with the sedentary behaviour guidelines. Twenty-
seven percent and 32% of paediatricians reported being “somewhat familiar” with
the guidelines for the early years (0—4 years) and children/youth (5-17 years),
respectively. The majority reported being “a little familiar” or “not at all familiar”
with the guidelines. When made aware of the guidelines, the vast majority of the
study sample reported that they “strongly agreed” (69%) or “agreed” (26—-28%)
with the sedentary behaviour recommendations. Of the paediatricians who
performed well-child visits, approximately two-thirds reported providing sedentary
behaviour recommendations to parents, caregivers, or children “almost always” or
“often”. The barriers for recommending the guidelines to parents, caregivers, or
youth during a well-child visit included insufficient motivation, inadequate support
from parents, caregivers, or youth, and lack of time [55]. This study reflects the
importance of increasing the awareness of paediatricians and medical practitioners
of other disciplines for (a) the existing evidence on the association between
sedentary behaviour and health; (b) the existing guidelines targeting sedentary
behaviour; and (c) the consecutive use of the guidelines for counselling and
promoting them to individuals of all ages. Practitioners should educate their
patients about the potential health risks associated with sedentary behaviour and
provide specific strategies on how sedentary behaviour can be limited and
interrupted in different settings and in different age groups (Table 1.2). Further-
more, it is crucial to overcome perceived and existing barriers in practitioners.
Please refer to Chap. 25 for more detailed information on how sedentary behaviour
can effectively be targeted at the policy level.

1.3.7 Limitations of Existing Guidelines and Future Needs

Although several countries and institutions have developed guidelines on sedentary
behaviour, there are a number of limitations concerning the guideline development
process, the guidelines themselves, and their implementation. The guideline devel-
opment process is often not fully transparent and comprehensible. Whereas some
sedentary behaviour recommendations were developed relying on existing system-
atic reviews, others have followed recent best-practice recommendations and have
applied validated tools to assess the quality of the guideline development process.

Several limitations of sedentary behaviour guidelines are worth mentioning.
First, not all recommendations target sedentary behaviour specifically. Some rec-
ommend avoiding physical inactivity, which can be misinterpreted as reflecting the
opposite of physical activity and does not represent the equivalent of sedentary
behaviour. In line with this, recommendations on sedentary behaviour are often
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incorporated into physical activity guidelines. Sedentary behaviour recommenda-
tions may gain more importance if they existed as standalone recommendations.
Second, most existing recommendations target sedentary behaviour in children and
young people, and specific recommendations for adults are still sparse. However,
the high prevalence of sedentary behaviour is not limited to younger population
subgroups but rather, it is highly prevalent across all age groups (as outlined in
Chap. 4). Therefore, it is essential to include recommendations targeting sedentary
behaviour in adults and the elderly—and in adults with pre-existing diseases or
special conditions (e.g. pregnancy)—in existing and upcoming sedentary behaviour
guidelines. Third, most recommendations target “traditional” forms of TV viewing
or recommend not having a TV in the bedroom. However, advances in media and IT
technology have led to the opportunity to “watch TV” on tablets, smartphones, or
PCs. These changes need to be taken into account when formulating new recom-
mendations. Furthermore, some countries, such as Spain, Sweden, and Switzerland,
publish their recommendations in their respective language only, which makes it
difficult to locate them. Therefore, the list of recommendations provided in
Table 1.1 may not be comprehensive. In addition, guidelines that are currently in
the development or implementation process cannot be accessed prior to publication.

In general, there is a need for scientifically informed recommendations on
sedentary behaviour on a global level. In 2010, the World Health Organization
(WHO) published the Global Recommendations on Physical Activity for Health
[56], which provide age-specific recommendations for the duration, intensity, and
frequency of physical activity, but do not include recommendations on reducing
sedentary behaviour. Neither do the EU Physical Activity Guidelines provide any
recommendation on sedentary behaviour [57]. The Physical Activity Guidelines for
Americans (2008) do not include sedentary behaviour recommendations—aside
from the sentence “All adults should avoid inactivity” [58]. The “Report of the
Commission on Ending Childhood Obesity” published in 2016 by the WHO
includes a recommendation that aims at “implement[ing] comprehensive
programmes that promote physical activity and reduce sedentary behaviours in
children and adolescents” [59]. However, screen-based entertainment is the only
target of that recommendation.

A systematic and extensive web search failed to identify recommendations on
sedentary behaviour for low and middle income countries. There is a need for
sedentary behaviour recommendations in those countries because they are facing a
high burden of non-communicable diseases resulting from the epidemiologic
transition [60].

1.3.8 Summary

This section shows that several countries and organizations developed recommen-
dations on sedentary behaviour for health to address the public health relevance of
sedentary behaviour across all age groups. However, most recommendations target
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children and young people and do not provide specific guidelines for adults and the
elderly. Thus, there is a need for evidence-based, quantified recommendations for
adults and the elderly that extend beyond guidelines for TV watching. For guide-
lines to be successfully implemented, an emphasis on public health and prevention
policies is required.
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Chapter 2
Measurement of Sedentary Behaviour
in Population Studies

Barbara Ainsworth, Fabien Riviere, and Alberto Florez-Pregonero

Abstract Measurement of sedentary behaviours in surveillance systems and in
population studies involves the use of subjective and objective methods. Subjective
methods have traditionally included questionnaires to provide a snapshot of seden-
tary behaviours and to quantify the time spent in sedentary behaviours as catego-
rized by energy expenditure and posture. New horizons for subjective
methodologies include smartphone applications that allow measurement of the
facets and sub-categories of the Consensus Taxonomy of Sedentary Behaviours.
Objective methods have used pedometers to determine the proportion of the
populations with <5000 steps/day as defined by the Step-defined Sedentary Behav-
iour Index and accelerometers to determine the time spent in sedentary behaviours
defined as <100 acceleration counts per minute. New horizons for objective
methodologies include integrated motion- and posture sensors to assess time
spent in metabolic intensities <1.5 metabolic equivalents (METs) and sitting or
reclining postures. Innovative ways to score accelerometer outputs to allow pattern
recognition of types of sedentary behaviours also are on the horizon. Selection of a
sedentary measurement method should include considerations of the validity,
reliability, and responsiveness of a method to reduce measurement error. Methods
also should be selected that allow evaluation of Hill’s Criteria for Causality to
advance the understanding of the effects of sedentary behaviours on health
outcomes.

2.1 Relevance of Accurate Exposure Assessment

When measuring sedentary behaviours as an exposure in epidemiologic studies,
investigators must consider which assessment method is best able to assess the
frequency, duration, and volume of the exposure while minimizing bias. Epidemi-
ologic studies have traditionally relied on subjective methods to measure sedentary
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behaviours (e.g. job classification and questionnaires), whereas more recent of
studies have used questionnaires and objective methods (e.g. motion sensors).
The rationale for using objective measures to measure sedentary behaviours is to
reduce the potential for bias due to measurement error in the exposure.

Measurement errors may be systematic (differential) or random (non-differential).
Systematic or differential errors are often related to questionnaires or monitors used
to measure sedentary behaviours, whereas non-differential errors are often related to
other factors. Questionnaires are prone to systematic errors through an incorrect
classification of sedentary behaviours or an inability of respondents to estimate
their frequency and duration of sedentary behaviours performed. These errors are
often referred to as information or misclassification bias and may cause an
overestimate or an underestimate of true associations between exposures and out-
comes. On the other hand, random or non-differential error may occur if all respon-
dents are subject to the same source of error. This error could arise if pedometers vary
in their ability to record steps or if an interviewer transposes values when recording
data. Non-differential errors can result in an underestimate of the true strength of an
association between the exposure and the outcome; however, statistical procedures
often can adjust for the errors. Sources of error can be minimized by standardizing
testing conditions to avoid participant fatigue, enhance motivation to recall informa-
tion, and by using a questionnaire administration style that fits the respondent.

To advance the understanding of causality between sedentary behaviours and
health outcomes, the ideal measurement method would have the capacity to aid in
satisfying Sir Bradford Hill’s criteria for causality [1]. For example, to identify
dose-response, a sedentary behaviour measure should be able to identify three or
more levels of some indicator of sedentariness (e.g. watching television <2 h/day,
2-4 h/day, >4 h/day). For a basic description of the Bradford Hill criteria, please
refer to Chap. 3. The measure also should have sufficient psychometric properties
of validity, reliability, and responsiveness to compute the strength of the association
between the sedentary behaviour measure and the outcome. Further, measures
should reflect the construct of sedentary behaviours to enhance comparison of
studies when evaluating consistency of results.

2.1.1 Psychometric Properties

Knowing the psychometric properties of a questionnaire is essential to know how to
use it and to interpret the results. Psychometric properties of a questionnaire refer to
the validity, reliability, and the responsiveness of the questionnaire [2].

Validity

A questionnaire is valid if it measures what it purports to measure. Validity has
several forms that relate to questionnaires and objective monitors. Logical or face
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validity refers to types of information one seeks to identify in a straightforward
manner, such as asking a respondent if they mostly sit, stand, or walk at work.
Cognitive interviews are commonly performed to ensure the face validity. Content
validity is the degree to which the content of the questionnaire is relevant to the
measurement of the construct it is supposed to measure. It is determined by the
amount and quality of information supplied to assess a behavioural domain of
interest. If one is interested in identifying the frequency and duration of sitting
during a day with a questionnaire, items would need to address sitting during
transportation, work, during leisure time, and in other relevant areas. To address
the content validity, the questionnaire is usually reviewed by a group of experts,
which agree that the questionnaire includes all the relevant questions required to
measure the construct of interest. On the other hand, construct validity relates to
how well an assessment methods fits into a construct of interest. Ideally, for
sedentary behaviours, construct validity would be obtained by comparing sedentary
behaviour questionnaires with a gold standard. As there is no such gold standard for
sedentary behaviours, direct observation or objective monitors are considered to be
good options. Assuming the construct of sedentary behaviours is defined as waking
behaviours characterized by an energy expenditure of <1.5 metabolic equivalents
(METs) while in a sitting or reclining posture, then an objective assessment method
would need to capture all movements less than <1.5 METs, including all reclining
and sitting activities [3]. Similarly, a questionnaire would need to have a sufficient
number of items to reflect relevant behaviours <1.5 METSs within the construct of
sedentary behaviours. Most often, investigators are examining criterion validity
when they want to know if an assessment method is measuring what it is supposed
to measure or if the sedentary behaviour assessment can predict desired outcomes.
Concurrent validity is a type of criterion validity that compares scores from one
assessment method with another. It is common for investigators to compare ques-
tionnaires with objective monitors and other validated questionnaires. Predictive
validity often is used in epidemiologic studies to identify the ability of an assess-
ment method to classify dose—response relations in a health outcome or determine
relative risks. A good example of predictive validity is in the Nurses’ Health Study
where a questionnaire assessment of sedentary behaviours showed that for each 2 h
per day increment in television watching, the risk for obesity increased by 17% to
30% and the risk for diabetes increased by 5% to 23% [4].

Reliability

Reliability refers to the capacity of a questionnaire to obtain consistent results for
repeated measurements. It ensures that the questionnaire is free from measurement
errors. A common way to measure reliability is to administer a questionnaire or
have individuals wear an objective measure 1 week or 1 month apart. Correlations
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between the two measures with » > 0.70 are deemed to have high reliability.
Referred to also as consistency, reliability is important for use in multi-year cohort
studies to determine the influence of sedentary behaviours on health outcomes.
Clinical studies also rely on having reliable sedentary behaviour assessment
methods to determine the effects of an intervention on behavioural and health
outcomes. Failure to establish high reliability of an assessment method produces
systematic errors that negate the validity of the method.

Responsiveness

Responsiveness is the capacity of a questionnaire to detect change over time in the
scores of respondents. It is of prime interest in intervention studies where the aim is
to modify sedentary behaviours. Responsiveness can be assessed by comparing the
change in a sedentary behaviour score obtained from the questionnaire with direct
observation or objective monitors. Responsiveness studies usually are performed
prior to a questionnaire or objective monitor being used in surveillance system or
population studies.

2.1.2 Conforming to a Consensus Taxonomy of Sedentary
Behaviours

In 2013, Chastin et al. presented a taxonomy of sedentary behaviours that was
developed in collaboration with others and named The Sedentary behaviour Inter-
national Taxonomy project (SIT) [5]. The taxonomy was developed to establish a
system to classify categories, facets, and sub-domains of sedentary behaviours for
use in surveillance and research settings. Under the construct of sedentary behav-
iours, facets (and sub-domains of the facets) of the taxonomy include: purpose of
the behaviour (e.g. work, education, transport, etc.), environment (e.g. location,
physical and social factors), posture (i.e. sitting, reclining), social setting
(i.e. behaviour performed alone or with others), type of measurement
(i.e. subjective or objective measurement method), associated behaviours
(e.g. concurrent behaviours such as snacking, smoking, or drinking), state
(e.g. one’s functional or psychological state), time (i.e. time of day or year), and
type (i.e. screen-based or not screen-based). The taxonomy is useful in evaluating
the ability of subjective and objective measurement tools to provide a comprehen-
sive assessment of sedentary behaviours. As a relatively new taxonomy, instru-
ments used to assess sedentary behaviours may reflect one or more of the facets, but
it is unlikely that a single instrument measures all facets.
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2.2 Subjective Methods of Sedentary Behaviour
Measurement

Subjective methods that exist to measure sedentary behaviours include question-
naires, ecological momentary assessment (EMA), and sedentary behaviour logs.
Most surveillance systems and population research studies historically have used
questionnaires. Questionnaires are a subjective assessment method composed of a
number of selected items intended to standardize the collection of specific infor-
mation about facts or opinions of a person. Due to their low cost and ease of use,
questionnaires are the most frequently used instruments to measure sedentary
behaviours. Two types of questionnaires exist that can be differentiated and used
for different purposes: global questionnaires and quantitative recall questionnaires.
Questionnaires often are tailored for use by settings (e.g. surveillance, population
studies, and intervention studies) and by the types of information obtained
(e.g. global impressions of sedentary behaviours and quantification of sedentary
behaviours in specific behaviours). Logs are checklists of behaviours or character-
istics of behaviours (e.g. intensity of an activity) that can be recorded throughout
specific periods of the day to provide an estimate of the time spent in sedentary
behaviours and an energy expenditure of daily physical activities [6].

With advancements in smartphone technology, EMA methods may become
more feasible in population settings. EMA involves repeated sampling of a person’s
behaviour to include many of the facets of the Consensus Taxonomy of Sedentary
Behaviours: purpose, environment, posture, social setting, associated behaviours,
and types of sedentary behaviours performed throughout a period of time [7]. Since
EMA and logs are not feasible for use in surveillance settings and population
studies at the current time, the focus of this section will be on questionnaires.

2.2.1 Types of Questionnaires
Global Questionnaires

Global questionnaires aim to provide a general categorization of an individual’s
sedentary behaviour level. They are short (1-3 items) and designed for use in
population health surveys or studies where questions are limited by space con-
straints. Many countries have a module measuring sedentary behaviour in their
national surveillance surveys to support the development of policies promoting
physical activity and preventing sedentary lifestyles. Responses can require a
respondent to select a category, such as the hours spent watching television per
week (0, 1-3, or >3 h/week), provide a binary response to a question such as: “do
you sit at work for more than 5 h per day?” (yes, no), or give an estimate of the
hours one performs a behaviour (how many hours do you watch television per
day?). An example of a global questionnaire is in the 2014 Eurobarometer survey.
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Here a single item question assesses sitting time in 27,919 respondents from the
28 European Member States [6]. Respondents were asked about the time they spent
sitting on a usual day, including time spent at a desk, visiting friends, studying, or
watching television. On a usual day, about two-thirds (69%) of respondents spent
between 2.5 and 8.5 h sitting (an increase of 5% as compared with 2002), while
11% sat for more than 8.5 h and 17% for 2.5 h or less [7]. Various epidemiologic
cohort studies also have used global questionnaires to assess sedentary behaviours
as an exposure for health outcomes. In the European Prospective Investigation into
Cancer and Nutrition (EPIC)-Potsdam Study on television viewing time and inci-
dent diabetes, sitting time was measured by the average hours per day watching
television during the past 12 months. Among the 23,855 participants, those who
watched television >4 h per day had a 1.63 (95% CI, 1.17-2.27) increased risk of
developing diabetes as compared with participants who watched television <1.0 h
per day [8]. The advantages of using global questionnaires to assess sedentary
behaviours are that they are short, simple, and easy for respondents to answer. A
disadvantage is that they provide only limited information about a behaviour that
may increase chances for misclassification.

Quantitative Recall Questionnaires

Quantitative recall questionnaires are designed to obtain the frequency, duration,
mode, and types of sedentary behaviours. The questionnaires purport to character-
ize the patterns of sedentary behaviours during specific periods of the day or week.
They range in length from as few as 5 items that capture details about a specific
behaviour to a detailed list with 68 items that capture detailed information about
many sedentary behaviours. Examples of two popular questionnaires are the Sed-
entary Behaviour Questionnaire (SBQ) and the Last 7-day Sedentary Time Ques-
tionnaire (SIT-Q-7d). The SBQ is a relatively short, self-administered instrument,
with 9 items designed to assess time spent sitting at home and at work (television,
computer games, sitting activities, office/paper work, reading, playing musical
instruments, arts and crafts, driving a car). It has been used in randomized con-
trolled trials and a prospective study [9] investigating change in weight and health
behaviours during the transition from high school to college/university in 291 stu-
dents. The prospective study found a decrease in some sedentary behaviours
(television (TV)/digital video disk (DVD) viewing, playing computer games) and
an increase in other sedentary behaviours (internet use, time spent studying). The
SIT-Q-7d is a comprehensive recall of 68 items designed to measure the time spent
in different sedentary activities for work, transportation, domestic, education, social
eating and care giving behaviours, during both a weekday and a weekend day. The
SIT-Q-7d has been used in a recent one-year follow-up study with 301 adults to
examine the relationships of intrapersonal, social-cognitive, and physical environ-
mental variables with context-specific sitting time [10]. The study revealed differ-
ent correlates of the variables studied depending on the sedentary behaviours,
highlighting the interest of using such a questionnaire.
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2.2.2 Characteristics of Sedentary Behaviour Questionnaires

A growing number of sedentary behaviour questionnaires with acceptable validity
and reliability are currently available (see Tables 2.1 and 2.2). The questionnaires
differ in their mode of administration, content (including facets of the sedentary
behaviour taxonomy), and psychometric properties as described below. These
characteristics should be considered when selecting a questionnaire to assess
sedentary behaviours.

Mode of Administration

The administration style for sedentary behaviour questionnaires may differ for self-
administered (paper or computer forms) and for interviewer-administered (face-to-
face or telephone interview) modes. In adults, most sedentary behaviour question-
naires used in epidemiologic studies are self-reported. This differs from surveil-
lance system questionnaires which are often interviewer-administered [23]. Proxy-
reported responses may be used for children and for persons with intellectual
disabilities due to their limited cognitive capacity. While proxy responses may
restrain the accuracy of the recall, proxy reports from parents, relatives, or profes-
sional healthcare workers are likely to provide the most accurate responses
[24]. The mode of administration also may impact the cost of the study and the
responses provided by respondents [25].

Content of Sedentary Behaviour Questionnaires

Depending on the population and purpose of the study, questionnaires focus on the
characteristics of sedentary behaviours of interest and the types of information
sought, such as the frequency and duration of selected behaviours and interruptions
in sedentary behaviours. The desired recall frame for sedentary behaviours also
must fit the study needs. The reader is referred to Ainsworth et al. [26] for a
discussion of the factors to consider when selecting a questionnaire for use in
physical activity and sedentary behaviours research.

Characteristics or Domains of Sedentary Behaviours

Considering which characteristics or types of sedentary behaviours to be measured
is a first step in the process of selecting a questionnaire. Most sedentary behaviour
questionnaires measure sitting time spent watching television during a day. Others
also assess sedentary modes of transport, time spent being sedentary at work, and
engagement in sedentary leisure-time pursuits. Very few questionnaires measure
sedentary behaviours related to cooking, household chores, or the associated
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Table 2.2 Measurement qualities of a sample of sedentary behaviour questionnaires

Name Validity Reliability
Test-
retest
recall
Criterion measure Coefficient frame Coefficient
International ActiGraph CSA 7164 | Spearman’s 3-7 days | Spearman’s
Physical Activ- | worn for 7 days r=0.34" r=0.81*
ity Question-
naire Short
Form [11, 12]
Workplace Sit- | ActiGraph GT1M Total sitting time Not Not measured
ting Time worn for worn 7 days | Spearman’s measured
Questionnaire r=0.29
[13] 95% CI (0.22, 0.53)
Breaks in sitting
Pearson’s r = 0.26
95% CI (0.11, 0.44)
Self-Reported | ActiGraph GTIM Total sitting time 1 week Spearman’s r =
Sedentary worn for 7 days Spearman’s 0.56
Time Question- r=0.30 95% CI” (0.33,
naire [14] 95% CI (0.02, 0.54) 0.73)
Past-day Adults | activPAL® version activPAL® total 6 months | ICC = 0.50
Sedentary 3 and ActiGraph Pearson’s r = 0.58 95% CI (0.32,
Time Question- | GT3X+ worn for 95% CI (0.40, 0.72) 0.64)
naire [15] 7 days, counts < 100 | ActiGraph <100 cts
Pearson’ r = 0.51
95% CI (0.29, 0.68)
Sedentary ActiGraph 7164 worn | ActiGraph <100 cts |2 weeks | Weekday
Behavior Ques- | for 7 days, counts < Males, r = —0.01 Spearman’s
tionnaire [16] 100 (p =0.81) r=20.79
IPAQ total sitting time | Females, r = 0.10 95% CI (0.58,
(p=0.07) 0.85)
IPAQ total sitting Weekend day
Males, r = 0.31 Spearman’s
(p = 0.00) r=20.74
Females, r = 0.28 95% CI (0.65,
(p =0.00) 0.78)
Sedentary Not reported Not reported 3 months | Sedentary Time
Time and ICC =0.53
Activity 95% CI (0.37,
Reporting 0.66)
Questionnaire
[17]
Multi-context ActiGraph GTIM Pearson’s r = 0.61, |1 week Total sitting on

Sitting Time
Questionnaire
[18]

worn on a workday and
a non-workday

p =0.01 on
non-workdays and
r=0.34,p=0.13

on workdays

non-workdays
and workdays
ICC =0.72 and
0.76

(continued)
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Table 2.2 (continued)
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Name Validity Reliability
Test-
retest
recall
Criterion measure Coefficient frame Coefficient
Recent Physi- Actiheart, CamNtech Spearman’s correla- |2 weeks | Sedentary time
cal Activity Ltd, Cambridge, UK tion r = 0.21 and ICC = 0.76,
Questionnaire worn a minimum of r = 0.18 in women p < 0.001
[19, 20] 4 days and men (both p <
0.001)
Last 7-day ActivPAL worn on Spearman’s correla- | 3 weeks | Total sedentary
Sedentary 7 days (Dutch speak- tion r = 0.52 (DsP) time ICC =
Time Question- | ing population-DsP) or |and r = 0.22 (EsP) 0.68
naire [21] ActiHeart for 6 days (p < 0.001) 95% CI (0.50,
and nights (English 0.81) (DsP) and
speaking population- ICC =0.53
EsP) 95% CI (0.44,
0.62) (EsP)
Older adults’ ActiGraph GT3X+ Spearman’s correla- | 10 days Total sitting
reporting of worn 7 consecutive tionr =0.30 (p < time ICC =
specific seden- | days 0.001) 0.77 95% CI
tary behaviours (0.57, 0.89)
[22]

“Standard deviation or confidence interval not reported
°CI confidence interval

sedentary behaviours such as snacking while doing a sedentary behaviour
[27]. Table 2.3 presents the types of data available for subjective measurement
methods as they conform to the Consensus Taxonomy of Sedentary Behaviours.

Recall Frame

The recall frame relates to the number of hours, days, or weeks one recalls a
behaviour in the past. Most quantitative recall questionnaires ask respondents to
recall 1 week or 1 or more days in the past. Relatively short recall frames are used to
enhance the recall of details about sedentary behaviours. More accurate recall
increases the reliability and validity of the questionnaire. Alternatively, long recall
frames (1 month, 1 year) are often used with a questionnaire that is designed to
measure usual patterns of sedentary behaviours. Because long recall frames have
high cognitive demands and specific details about one’s behaviour are difficult to
recall, questionnaires that query sedentary behaviours during the past year or over a
lifetime have a high potential for information bias [26].
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Table 2.3 MET values for sedentary behaviours classified by posture from the 2011 Compen-
dium of Physical Activities [28]

Posture
Category Reclining METs | Sitting METs
Inactivity Lying quietly and watching 1.0 Sitting quietly and watching | 1.3
television television
Writing 1.3 Sitting quietly, general 1.3
Lying quietly, doing nothing, | 1.3 Sitting quietly, fidgeting, 1.5
lying in bed awake, listening fidgeting hands
to music (not talking/reading)
Talking or talking on the 1.3 Sitting smoking 1.3
phone
Reading 1.3 Sitting at a desk, resting 1.5
head in hands
Meditating 1.0 Meditating 1.0
Sitting, listening to music 1.3
(not talking or reading), or
watching a movie in a
theatre
Conditioning ‘Whirlpool 1.3
Home activity | Reclining with baby 1.5
Knitting, sewing, wrapping | 1.3
presents, sitting
Miscellaneous Card playing, chess game, 1.5
board games, traditional
video game, computer game
Reading book or newspa- 1.3
per, etc.
Writing, desk work, typing | 1.3
Talking in person, on the 1.5
phone, computer, or text
messaging
Studying, including reading | 1.5
and/or writing
Spectator at a sporting event | 1.5
Occupation Police, riding in a squad car | 1.3
Light office work, general 1.5
Meetings, talking, eating 1.5
Typing, computer, electric, | 1.3
manual
Self-care Eating 1.5
Bathing 1.5
Taking medication 1.5
Having hair or nails done by | 1.3
someone else
Sexual Kissing and hugging 1.3 Kissing and hugging 1.3
activity

(continued)
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Table 2.3 (continued)

Posture

Category Reclining METs | Sitting METs

Transport Riding in car, truck, on a 1.3
bus, train, or plane

Religious Kneeling in church or at 1.3
home, praying

Water Boating, power, passenger | 1.3

activities

Frequency of a Behaviour

Frequency refers to the number of times one performs a behaviour over a specific
period (e.g. days/week, weeks/month, and months/year). The most common fre-
quency is the number of days per week the respondent engages in sedentary
behaviours.

Duration of a Behaviour

Duration refers to the hours or minutes spent in a sedentary behaviour. Most
questionnaires ask about the duration per day spent in sedentary behaviours.
Depending on the questionnaire, the duration may be recalled as a continuous
variable that queries hours and minutes or as a discrete variable that has respondents
select from a 1-5 numbered responses to represent different periods of time.

Interruption

Interruption refers to the number of breaks in sedentary time during a prolonged
sedentary bout. This might be the number of times one gets up from his or her desk
while working or standing breaks taken while travelling distances in a car or train.

Scoring Sedentary Behaviour Questionnaires

Recall questionnaires require calculation of a summary score to reflect time spent in
sedentary behaviours. The summary units usually include hours and minutes per
day, hours and minutes per week, or a combination of the time spent in sedentary
behaviours and the intensity score in METs. A MET refers to the metabolic
equivalent and is defined as the ratio of the activity metabolic rate divided by the
resting metabolic rate of 1 MET. MET values for sedentary behaviours range from
1.0 to 1.5 and differ by posture and types of activities performed. Multiplication of
MET intensity by the time spent in sedentary behaviours can be expressed as



44 B. Ainsworth et al.

MET-minutes or MET-hours. Because the range of MET values for sedentary
behaviours is so narrow, few sedentary behaviour questionnaires have summary
scores expressed as MET-minutes or MET-hours; instead most questionnaires sum
the frequency and duration of sedentary behaviours as minutes and hours per day or
as minutes and hours per week. Table 2.3 provides an example of the MET values
for selected sedentary behaviours [11].

Overall, questionnaires are easy to use and give useful information to charac-
terize sedentary behaviours. It should be noted, however, that for most question-
naires available, the psychometric properties and quality of the validation studies
are limited. While the perfect questionnaire will never exist, investigators are
encouraged not to develop a new questionnaire for every new setting as numerous
questionnaires are available to measure sedentary behaviours. That said, one should
take care to use a questionnaire that fits best the purpose of the study with the
characteristics mentioned above taken into consideration.

2.3 Objective Methods of Sedentary Behaviour
Measurement

Objective methods used to assess sedentary behaviours include pedometers, accel-
erometers/inclinometers (for motion and posture), physiological sensors, direct
observation, and context awareness (using cameras and GPS). This discussion
will focus on pedometers and accelerometers/inclinometers as they are suitable
for use in surveillance and population studies. Collectively, pedometers and accel-
erometers are referred to as activity monitors. Monitors are small portable elec-
tronic devices that measure and record specific physiological or physical signals
that are used to estimate physical activity and sedentary behaviour parameters.
Older generations of monitors included spring-loaded pedometers and accelerom-
eters without the capacity to download data. Modern generations now have sophis-
ticated electronic sensors that can assess movement in multiple planes, assess
physiologic and environmental parameters, and store data for months with easy
downloading to a computer. These newer features allow investigators to integrate
motion, physiological, and contextual information in the study of sedentary behav-
iours [29]. Table 2.4 presents the types of data available for objective measurement
methods as they conform to the Consensus Taxonomy of Sedentary Behaviours.
Monitors are being used with greater frequency in surveillance [30-32] and
epidemiologic [33-36] settings to quantify physical activity and sedentary behav-
iours. Two approaches (single-unit and multi-unit) to using activity monitors can be
used to estimate time spent in sedentary behaviours. With single-unit approaches,
individuals wear only one monitor at some location on their body. Pedometers and
accelerometers are the most common monitors used for single-unit estimates of
sedentary behaviours. Data from a single-unit approach includes steps, hours, or
minutes per day spent in sedentary behaviours. Most surveillance and
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epidemiologic studies use a single-unit approach because it is easy for study
participants to wear only one monitor and the scoring methods used to determine
the sedentary behaviour score are relatively easy to compute.

Multi-unit approaches are used in settings that aim to identify patterns of
behaviour (behavioural recognition) to assess multiple types of information
(e.g. body position, physiologic data, and context of the behaviour) [37]. For
example, the activPAL has demonstrated high accuracy for estimating sitting,
standing, and stepping time; however, it does not discriminate between sitting
and lying postures because its location on the thigh is horizontal in both postures.
New approaches have placed a second activPAL on the torso allowing accurate
detection of seated versus lying postures [38]. Another example of a multi-unit
approach is pairing the activPAL with a time lapse camera (Vicon Revue™
formerly known as SenseCam) used to obtain information about sedentary behav-
iour and the context where the activity is performed [39]. This latter approach may
be useful for surveillance settings if information about the location and purpose of
behaviours are desirable [40]. Since most surveillance and epidemiologic studies
use accelerometers and/or pedometers, this discussion will focus on single-unit
approaches.

2.3.1 Pedometers

Pedometers are low-cost, battery-operated digital step counters that have gained
popularity in surveillance and population study settings [41-45]. Pedometers gen-
erally are worn at the waist or wrist; however, some models can be worn in the
pocket or on a chain around the neck. In pedometers manufactured prior to 2000
(e.g. Yamax Digiwalker SW2000), step counts were triggered by vertical acceler-
ations that cause a horizontal spring-suspended level arm circuit. Later models
included a horizontal cantilevered beam with a weight on the end which compresses
a piezo-electric crystal when subjected to acceleration. Several studies have shown
variation in accuracy of these older models in counting steps in free-living
populations and in older adults [46—49]. A major drawback of most of the early
pedometer models is that they lacked the ability to store data nor did they have the
capacity for downloading steps into a computer database. Such features limited
their use in population settings. Most of the newer model pedometers are sold
commercially (e.g. Fitbit, Omron, Striiv, Garmin, Jawbone, Polar, Nike, and inte-
gration in smart phones) and have varied features that increase their utility for use in
population studies. Newer pedometers use microelectromechanical system
(MEMS) inertial sensors that can detect acceleration in 1-, 2-, or 3-axes. This
permits more accurate detection of steps and fewer false positives than older
models. Depending on the model, pedometers now use sophisticated, proprietary
software that allows users to store steps for nearly 30 days and download data using
Bluetooth® technology to sync with computers and smartphones. In an evaluation
of newer model commercial pedometers worn on the hip (Omron HJ-720I, Fitbit
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One, Fitbit Zip) and the wrist (Fitbit Flex, Jawbone UP24), Nelson et al. [50]
observed that all pedometers estimated energy expenditure during sedentary behav-
iours within 8% of measured oxygen uptake. All waist-worn pedometers recorded
zero steps during sedentary behaviours, and wrist-worn pedometers recorded a
small number of steps associated with moving the arms. While waist-worn pedom-
eters may provide a more accurate assessment of sedentary behaviours, the trade-
off of small errors associated with wrist-worn pedometers should be considered in
relation to compliance for wearing the monitor during daily activities.

In a series of publications, Tudor-Locke identified step cut-points that are
associated with meeting physical activity recommendations [51-53], adverse health
outcomes [54], and overweight and obesity [55, 56]. In 2013, Tudor-Locke and
colleagues [57] identified a Step-defined Sedentary Lifestyle Index of <5000 steps/
day. This is characteristic of one who moves very little and spends more accumu-
lated time in sedentary behaviours. Readers are referred to Tudor-Locke et al. [57]
for a detailed explanation of the research leading to the recommendation of the step-
defined sedentary lifestyle index.

Benefits of using pedometers for surveillance and population studies of seden-
tary behaviours are that the instruments are relatively inexpensive depending on the
features included in the pedometer, and that they are easy for participants to wear
and for staff to interpret. However, if the step-count data can be viewed by the
participant, merely wearing the monitor may serve as a motivational device to
increase steps taken.

2.3.2 Accelerometers/Inclinometers

Accelerometers are small, battery-operated electronic motion sensors that measure
the rate and magnitude of displacement of the body’s centre of mass during
movement [53]. The placement of accelerometers varies with the brand and
model. Most are worn on the waist, wrist, or upper arm. Types of accelerometers
include uniaxial models that detect movement in the vertical plane and tri-axial
models that detect movement in the vertical and horizontal planes. The value of
tri-axial models is that movements in a vertical plane (standing, slow walking) and
horizontal plane (moving up an incline) can be assessed whereas uniaxial acceler-
ometers are unable to detect the added energy cost of such activities. The most
common type of accelerometers used to assess movement and sedentary behaviours
in population-based settings is the ActiGraph (ActiGraph LLC, Pensacola, FL,
USA). As an example, the ActiGraph accelerometer was first marketed in the
1990s under the name Computer Science Applications (CSA). This early uniaxial
accelerometer detected movement intensity, duration, and steps taken but had
limited battery life and memory to store data. With advances in technology, the
ActiGraph in use today uses a microelectromechanical system tri-axial accelerom-
eter (WGT3X-BT and ActiGraph GT9X Link) with a 14-25 day battery life and
memory capable of storing raw movement data for 240 days. The ambulatory data
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are sampled at a user-specified rate up to 100 Hertz that can be aggregated and
stored in epochs (sampling intervals) as frequent as 1 s or longer. Objective
measures include raw acceleration of movement (G’s), sedentary- and activity
bouts, body position, steps taken, activity counts, energy expenditure, sleep metrics,
and heart rate R—R intervals that can be used to assess heart rate. Output data are
downloaded using Bluetooth® Smart technology, scored using proprietary software,
and stored in a computer database. The ActiGraph uses counts to express movement
intensity, with higher counts reflecting higher intensities. Examples of count
cut-points for sedentary behaviours are presented in Table 2.5. Adult population-
based studies utilizing accelerometer-based activity monitors typically use a 1-min
epoch [64] and 100 counts per minute as the threshold for sedentary
behaviours [61].

In addition to the selection of cut-points, the determination of the time that the
monitor is worn during the monitoring period of the study is a major analytic
decision. Population-based studies utilizing accelerometer-based activity monitors
typically monitor the behaviour for 7 days during waking hours. Wearing the
monitor for at least 4 days/week (including a weekend day) with a minimum
wear time of 10 h/day are usually required for data analysis [64]. Wear time is
determined by subtracting non-wear time from total time in the day (wear time =
24 h minus non-wear time). Non-wear time can be estimated by automated

Table 2.5 Accelerometer cut-points for sedentary behaviours in adults

Activity

Cut-point value for Epoch | monitor Number Placement

sedentary behaviours | length | used of axis site Precision/accuracy

Counts = 50 [58] 1 min | ActiGraph | One axis | Hip Not reported
(vertical)

Counts = 8 [59] 10s ActiGraph | One axis | Hip Not reported
(vertical)

Counts = 77 [60] 1 min | GENEActiv | Three Hip AUC* (95% CI) =
axes 0.97 (0.96-0.98)

Counts = 217 [60] 1 min | GENEActiv | Three Left wrist | AUC* (95% CI) =
axes 0.98 (0.98-0.99)

Counts = 386 [60] 1 min | GENEActiv | Three Right wrist | AUC* (95% CI) =
axes 0.98 (0.97-0.99)

Counts = 100 [61] 1 min | ActiGraph One axis Not reported
(vertical)

Counts = 150 [62] 1 min | ActiGraph One axis | Hip Bias® =—0.9 min
(vertical) SE® = 7.7 min

Counts = 500 [63] 1 min | ActiGraph One axis | Hip Not reported
(vertical)

#Area under a ROC curve (AUC) quantifies the overall ability of the monitor to discriminate
between activities that are sedentary behaviours and those that are not. An AUC value of
1 represents a perfect test; an area of 0.5 represents a worthless test

"Bias refers to the extent that each monitor overestimated or underestimated sedentary time

°SE is the random error that indicates how far the estimate of sedentary minutes randomly
fluctuates above and below its average value for each person on each day
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processes using published algorithms [30, 65] or by asking study participants to fill
a log with times when they wore or did not wear the accelerometers.

The ActiGraph was used first for surveillance in the 2003-2004 National Health
and Nutrition Examination Survey (NHANES) [30]. Nearly 15,000 individuals,
aged 6 years and older, wore an accelerometer during non-sleeping hours for 7 days
with a goal to assess the proportion of the US population meeting physical activity
recommendations [30]. Using the same data, Matthews et al. [61] reported seden-
tary time in US adults, with older adolescents and adults >60 years spending nearly
60% of their waking time in sedentary pursuits. Based on the success of the US
experience, accelerometers have been used in surveillance systems in multiple
countries [32, 66].

The NHANES accelerometer data has been used to study associations between
sedentary behaviours and health outcomes to include the metabolic syndrome [67],
mobility disabilities [68], type 2 diabetes [69], sleep outcomes [70], and diabetic
peripheral arterial disease [71] among other outcomes. Other studies that have used
the ActiGraph accelerometer to assess exposure-outcome relations include the
10-country International Physical activity and the Environment Network (IPEN)
Adult study [72], Women’s Health Study [34], Women’s Health Initiative (WHI),
Objective Physical Activity and Cardiovascular Health (OPACH) Study, an ancil-
lary study of the WHI 2010-2015 Long Life Study [73], and the British Regional
Heart Study [74], among others.

In addition to the cut-points approach with the ActiGraph, there are other
accelerometers (activPAL, GENEActiv) that use linear approaches to determine
time spent in sedentary behaviours. The activPAL® is a uniaxial accelerometer
worn midline on the anterior aspect of the thigh that measures time in different
postures (reclining, sitting, standing) and activity (stepping) using proprietary
algorithms. While the activPAL® has demonstrated to be a valid and reliable
instrument to assess sedentary behaviours [62, 75], it has not been used in
population-based studies. Another accelerometer gaining interest among sedentary
behaviour researchers is the GENEActiv®. The GENEActiv® is a wrist-worn
triaxial accelerometer that estimates a person’s posture using the gravitational
component of the acceleration signal from the wrist orientation of the monitor
[76, 77]. To date, the GENEActiv® has not been used in population-based studies.

Machine learning is an emerging technique used to identify the types of seden-
tary behaviours performed from the movement acceleration data obtained from
accelerometers (either a single-unit or multi-unit). The statistical models used with
machine learning provide activity recognition of the raw acceleration signals to
estimate the types of movements performed. The machine learning approach to
scoring and interpreting accelerometer data has shown substantial reductions in the
error estimates of measuring sedentary behaviours, especially when multiple mon-
itors are used as compared to using counts methods to estimate intensity
[78, 79]. However, due to the high investigator burden in scoring and interpreting
the data, machine learning methods have not been used in population studies to
identify sedentary behaviours. For more details on machine learning, please refer to
Chap. 3.
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Many investigators use objective methods in population studies to measure
sedentary behaviours because they provide data that are free of the systematic
errors associated with self-report [40]. Accelerometer-based activity monitors
have demonstrated feasibility and utility to assess sedentary time in large-scale
surveillance studies [64] and because the information is time-stamped, it allows the
extraction of data for specific segments of the day, including differentiating
between weekdays and weekend days [24]. Further, with suitable techniques,
obtaining raw data from tri-axial accelerometers makes it possible to perform
activity recognition analyses [80].

While growing in popularity for use in population studies, single-unit methods to
measure sedentary behaviour have limitations which should be considered. Most
notably, the management of large volumes of data obtained with objective monitors
can be a challenge for research staff. Initializing units, assuring participants wear
the monitors correctly, downloading, cleaning, and scoring the data are very time
consuming. For use in studies of sedentary behaviours, other challenges exist.
There continues to be a lack of consensus about monitor initialization, monitoring
period, and the most appropriate data-processing protocol, despite consensus doc-
uments published on this topic [24, 40]. There also is a lack of field standards for
factors affecting the accuracy of estimations such as the location an accelerometer
is worn on the body and how it is attached [40]. That said, wrist-worn accelerom-
eters are gaining in popularity for objective, long-term measurement of sedentary
behaviours in free-living environments with minimum obtrusiveness [81]. Another
concern is that studies using the cut-point method to determine time spent in
sedentary behaviours rely on the most commonly used cut-point of 100 counts/
minute. However, this cut-point was not empirically derived [62]. Healy and
colleagues [64] note that the most accurate cut-point to determine time spent in
sedentary behaviours has yet to be established. Further, there is an inability to
compare accelerometer outputs across brands due to manufacturer proprietary
algorithms used to process the raw data into a score. This can limit the monitors
used to a single brand (usually the ActiGraph). While use of the ActiGraph
enhances the ability to compare results among studies, it also limits comparability
among different activity monitors [82]. Perhaps one of the greatest limitations of
most accelerometers, except the activPAL®, is the inability to distinguish between
postures of reclining, sitting, and standing inclusive of most sedentary behaviours
[29]. This latter point underscores the need to improve activity recognition tech-
niques in the use of accelerometers to assess sedentary behaviours. For more details
on the analysis and interpretation of sedentary behaviour data, please refer to
Chap. 3.
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2.4 New Horizons in Measurement Technology

In the short term, agreement of the construct of sedentary behaviour will generate
innovative ways to assess sedentary behaviours. Investigators and research groups
have introduced definitions for sedentary behaviour which will guide assessment
methods to assure the instrument has good construct validity. The Sedentary
Behaviour Research Network defines sedentary Behaviour as,

...any waking activity characterized by an energy expenditure <1.5 metabolic equivalents
and a sitting or reclining posture. In general this means that any time a person is sitting or
lying down, they are engaging in sedentary behaviour. Common sedentary behaviours
include TV viewing, video game playing, computer use (collective termed ‘screen time’),
driving automobiles, and reading. [83]

This definition calls for use of questionnaires that classify time spent in seden-
tary behaviours by intensity and postures while performing the activity. Riding a
bicycle fulfils the notion of a sitting posture; however, the intensity of the behaviour
exceeds 1.5 METs. Likewise, standing quietly is assigned a MET value of 1.3 in the
2011 Compendium of Physical Activities [28], but the standing posture excludes it
from being classified as a sedentary behaviour. Thus, investigators will need to
asses carefully the types of questionnaires they wish to use to comply with the
definition of sedentary behaviours and develop innovative methods to obtain data
using activity monitors.

The use of objective monitors to assess sedentary behaviours will grow in
popularity as the costs for monitors decrease and the monitors are easier to use.
Innovative methods will be developed to evaluate data that meet the definition of
sedentary behaviour. In 2013, Rowlands et al. [77] introduced the concept of the
sedentary sphere as a new name used to describe the energy cost (<1.5 METs) and
postures (sitting and reclining) of sedentary behaviours. On the webpage developed
by the Leicester-Loughborough Diet, Lifestyle and Physical Activity Biomedical
Research Unit [3], researchers have provided open access, custom built Excel
spreadsheets to calculate posture using the GENEActiv® accelerometer. Over the
long term, machine learning techniques will be used more frequently to measure
time spent in sedentary behaviours as data processing methods simplify scoring
process and computational power needed to analyse large volumes of raw data are
more available. Until then, innovative single-unit [76, 77] and multi-unit [38]
methods will continue to be used to obtain objective measures of sedentary
behaviours.

No doubt, the future of physical activity and sedentary behaviour measurement
will rely on the combination of both subjective and objective methods and on the
development of connected devices. Smartphone applications (apps) will continue to
be developed that use sensor-assisted devices to measure sedentary behaviours.
Dunton et al. [84] have developed a sensor-assisted, context-sensitive ecological
momentary assessment (CS-EMA) app that allows for self-report of sedentary
behaviours to record periods of motion, inactivity, or no-data from the phone.
The app highlights the power of smartphones to assess movement and sedentary
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behaviours. This permits recording aspects of the Consensus Taxonomy of Seden-
tary Behaviours to include real-time measuring of the type and purpose of activity
performed, enjoyment, and social and physical features of the activity setting.
Smartphones with built-in inclinometers, GPS, and accelerometers that are worn
all day will provide multiple sources of information about posture, movement-
types, context of the movement, and travel patterns. Smartphones also can be
connected with other devices such as watches that are able to measure heart rate
and movement. Accordingly, smartphones likely will be at the centre of technolo-
gies to assess sedentary behaviours. For more examples of smartphone applications
for the assessment of sedentary behaviour, please refer to Chaps. 6, 21, and 23.

2.5 Summary

The measurement of sedentary behaviours in surveillance and in population studies
is a relatively new practice. The definition of sedentary behaviours has matured
from merely being the opposite of physical activity to a combination of energy
expenditure <1.5 METSs and sitting or reclining postures. Questionnaire and mon-
itor methods have been developed to assess sedentary behaviours, some with higher
validity and reliability than others. Use of a consistent definition and measurement
methodologies to assess sedentary behaviours enhances the opportunities to com-
pare data from surveillance systems across demographic groups and to conduct
population studies designed to establish relationships between sedentary behaviour
exposures and health-related outcomes.
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Chapter 3
Analysis and Interpretation of Sedentary
Behaviour Data

Weimo Zhu

Abstract Never before, perhaps due to widely available wearable devices and the
ubiquity of mobile phones, has it been so easy and convenient to collect physical
activity and sedentary behaviour data. Yet, the available big and rich data sets do
not guarantee that the correct information will be generated from them. For
example, many inappropriate, p-value based conclusions were made based on the
available mass data. To address these problems and challenges, this chapter is to
help readers understand key characteristics of sedentary behaviour data, become
aware of common problems and challenges in analysing sedentary behaviour data,
become familiar with methods that could address these problems and challenges,
appropriately interpret statistical findings, and understand the principles to establish
causality in sedentary behaviour research.

3.1 Introduction

After any data have been collected, the next set of questions to a researcher
naturally will be:

¢ “How should the data be analysed so that accurate and meaningful information
can be generated?”

* “Can conventional statistical methods, such as correlation, #-test, ANOVA, etc.,
be applied directly to the data?”

¢ “How can the results of the data analysis be correctly and appropriately
interpreted?”

This is especially true in sedentary behaviour research. Therefore, this chapter
addresses these questions concerning using sedentary behaviour data. After a
review of the characteristics of sedentary behaviour data, the challenges in
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analysing sedentary behaviour data will be described. Specifically, the limitations
of conventional statistical methods in analysing these data and inconsistencies in
defining sedentary behaviour will be outlined and described. New and appropriate
statistical methods will then be introduced. Thereafter, some practical suggestions
on how to analyse and report sedentary behaviour data will be explained. Finally,
how to establish causality in sedentary behaviour research will be discussed.

3.2 Sedentary Behaviour Data Characteristics

Understanding the characteristics of a data set is essential in any data analysis
procedure. Without knowing the specific aspects of a data set, statistical methods
for the data analysis may not be appropriately selected. As a result, the information
generated will likely be inaccurate or even misleading. What then are the charac-
teristics of sedentary behaviour data?

One of the features of sedentary behaviour data is that the data belong to a class
of compositional data, which is defined as data with relative portions summing up to
1 or 100%. Compositional data are common: proportion of allocated time of a day
for certain activities, proportion of energy provided by different meals, percentages
of students in a class from different geographical areas are just a few examples.
Physical activity data are compositional data, in which total physical activity,
depending on how operationally defined, may be seen to consist of light, moderate,
and vigorous physical activity. This same principle also applies to sedentary
behaviour data, which can be further broken down as television (TV) viewing,
reading, computer and video game times, etc. Please note that current physical
activity research literature often considers sedentary behaviour to be on the physical
activity continuum. To distinguish “sedentary behaviour” from “physical activity”,
sedentary behaviour was intentionally not placed on the physical activity contin-
uum in this chapter. For future research including sedentary behaviour on such a
continuum, the continuum would be better called the “physical- and sedentary-
activity continuum”.

According to van den Boogaart and Tolosana-Delgado [1], each part of a
compositional construct is called a component, which has an amount representing
its contribution to the total. The amount could be presented in its original measure-
ment units, e.g. time, weight, size, or the proportion or percentage, which can be
determined by the component amount divided by the total. Depending on the units
of interest chosen for the composite measure, the actual portions of the parts in a
total can vary. For example, percentages of time spent on different types of physical
activity or sedentary behaviour could be different from the percentages of energy
spent in different behaviours during the same time period. A portion can be further
broken down by sub-portions. For example, sedentary behaviour is a proportion of
the total of the actions performed during waking hours, and it can be further broken
down into different types of sedentary behaviours, e.g. watching TV, playing video
games, using a computer, driving, and reading.
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Fig. 3.1 Illustration of Occasions
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The second known characteristic of sedentary behaviour data is that the data are
often collected, especially for device-derived data, in continuous time-stamped
series for each person. As a result, large and rich time-series data are generated.
A time series is a sequence of observations that are ordered by time of occurrence. It
should be pointed out that, although most sedentary data are continuous, they can
also be discrete, e.g. if a specific behaviour, such as playing video games, occurs in
a specific time interval. There are two ways to look at time-series data from a data
structure point of view.

First, according to Cattell’s well-known data box [2, 3], time-series data inte-
grate three primary dimensions, those of persons, variables (e.g. physical activity
and sedentary behaviour time), and occasions (see Fig. 3.1), from which at least six
different structural relationships can be utilized to address specific research ques-
tions: (1) variables over persons, fixed occasion; (2) persons over variables, fixed
occasion; (3) persons over occasions, fixed variables; (4) occasions over persons,
fixed variables; (5) variables over occasions, fixed persons; and (6) occasions over
variables, fixed persons.

Second, time-series data can also be considered as a multi-level data structure,
with occasion-related variables at the within-person level and persons’ demo-
graphics or group membership at the person level ([4], pp. 27-39; [5]). An example
may be helpful to explain this structure. Below listed are hypothetical time-series
data with four time points and n persons:

ID; Oi Xij Y Wi
1 0 X11 Y11 wi
1 1 X21 Y21 w1
1 2 X31 Y31 w1
1 3 Xq1 Y41 Wi
2 0 X12 Y12 wa
2 1 X22 Y22 w2
2 2 X32 ya2 W)

(continued)
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1D, O Xij Y W
2 3 X42 Y42 wa
n 0 Xin Yin Wa
n 1 X2p Yn Wa
n 2 X3n Y3n W
n 3 Xan Yan W

where ID is the identification of the individual person, O is the occasion or time
points (it is common to use a code “0” for the first observation), X is an independent
variable (e.g. physical activity and sedentary behaviour), Y is a dependent variable
(e.g. heart rate or energy expenditure), and W is a predictor variable that varies
between persons only (e.g. seX, exercise intervention vs. control). Thus, the X and
Y variables belong to the within-person level variables and W belongs to the
between-person variables.

In addition, several other specific features are related to time-series data. First,
there is usually a trend component in the time-series data, which is often
represented by the changes in a dependent variable (DV) over time in relation to
the independent variable (IV) individually or jointly with other IVs. The changes
further include the underlying direction (e.g. an upward or downward movement)
and the rate of change. Second, there is often a cyclical component, which describes
a DV’s regular fluctuations or cycle in relation to the IV. Weekday and weekend
physical activity is a recognizable cycle that is a good example of this component.
Third, there could be a seasonal component, which indicates that the variations in
the time-series data are related to the time of year. An increase or decrease in
outdoor physical activities or indoor sedentary behaviours across seasons is a good
example of this component. Conceptually, the seasonal component can be consid-
ered as a special case of the cyclical component since the former is the cycle only
related to seasons while the latter is related to any cycles in the data. Finally, the last
component in studying time-series data is called the irregular component. Also
known as “noise”, this component accounts for the variation in the remaining data
after taking into account other components. The third characteristic is related to the
variation of the data. While this characteristic has not been well studied and many
physical activity and sedentary behaviour researchers are not aware of it, we
learned from the field’s physical activity and sedentary data analysis experiences
that both low-intensity physical activity data and sedentary behaviour data may
have larger variation than moderate and vigorous intensity data, which is true in
both total physical activity time or total minutes and in the proportion of the total
time (see Table 3.1). Researchers have learned, when running statistical analysis, a
large variation, expressed in standard deviation for example, often has led to a
“non-significant” result or a smaller effect size even if there is an obvious difference
between groups. This characteristic means that even if an intervention already has
resulted in a reduction in sedentary time, our statistical analysis may not be able to
detect it or even allow for its detection.
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Table 3.1 Descriptive statistics of physical activity (PA) and sedentary behaviour in the
2005-2006 National Health and Nutrition Examination Survey (NHANES) Data

Activity type and ratio Sex

to total N Mean |SD Maximum | Minimum | ratio
Total Sedentary min/day 6344 |459.20 | 125.72 | 1044.86 67.50 48.22%

Light PA min/day 6344 |344.731100.30 | 769.43 16.00 male

Moderate PA min/day | 6344 | 25.53| 22.90| 307.00 0.00
Vigorous PA min/day | 6344 504 9.96| 115.00 0.00

MVPA min/day 6344 | 30.57 | 28.61| 331.00 0.00

Sedentary min/day/ 6344 055 0.13 0.98 0.10

Total

Light PA min/day/ 6344 0.41| 0.11 0.79 0.02

Total

Moderate PA min/day/ | 6344 0.03| 0.03 0.32 0.00

Total

Vigorous PA min/day/ | 6344 0.01| 0.01 0.15 0.00

Total

MVPA min/day/Total | 6344 0.04| 0.03 0.39 0.00
Adults > | Sedentary min/day 4130 |478.29 | 124.97 | 1044.86 67.50 47.77%
18 Light PA min/day 4130 |333.65|105.19 | 769.43 16.00 | male

Moderate PA min/day |4130 | 22.97| 24.71| 307.00 0.00
Vigorous PA min/day | 4130 098 | 3.53| 53.00 0.00

MVPA min/day 4130 | 23.95| 26.23| 331.00 0.00

Sedentary min/day/ 4130 0.57| 0.13 0.98 0.10

Total

Light PA min/day/ 4130 0.40| 0.12 0.79 0.02

Total

Moderate PA min/day/ | 4130 0.03| 0.03 0.32 0.00

Total

Vigorous PA min/day/ |4130 0.00| 0.00 0.08 0.00

Total

MVPA min/day/Total | 4130 0.03| 0.03 0.39 0.00
Children | Sedentary min/day 2214 |423.61|119.25| 965.20 |110.71 49.05%
<18 Light PA min/day 2214 |365.40| 86.78 | 639.43 22.50 male

Moderate PA min/day |2214 | 30.30| 18.13| 159.14 0.00
Vigorous PA min/day | 2214 | 12.61| 13.14| 115.00 0.00

MVPA min/day 2214 | 4291 | 28.78| 252.14 0.00
Sedentary min/day/ 2214 0.51 0.12 0.97 0.14
Total
Light PA min/day/ 2214 0.44 0.10 0.74 0.03
Total
Moderate PA min/day/ |2214 0.04 0.02 0.21 0.00
Total
Vigorous PA min/day/ |2214 0.02 0.02 0.15 0.00
Total
MVPA min/day/Total 2214 0.05 0.03 0.33 0.00

MVPA moderate-to-vigorous physical activity
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In addition to all the above characteristics, another critical issue in analysing
sedentary data is related to its operational definition. While sedentary behaviour
itself has been well described and defined in the literature [6, 7], how to measure it
using a specific device is individually defined and can be done so inconsistently. As
described by Cain et al. [8], for the youth population alone, there are already
11 sedentary behaviour cut-off scores for the ActiGraph accelerometer, the most
popular accelerometry device being used for physical activity and sedentary behav-
iour research. It is to be expected that more cut-off scores are being set. In addition,
not all sitting is alike in terms of health impact (e.g. TV view sitting vs. Zen
meditation sitting, which differ greatly in terms of the use of postural muscles),
and most of the current measures of sedentary behaviour have ignored the distinc-
tive natures of different types of sitting and are actually incapable of being able to
distinguish them from each other.

3.3 Statistical Analysis of Sedentary Behaviour Data

Currently, most sedentary behaviour data have been analysed using conventional
parametric statistics, such as correlation, regression, ¢-test, ANOVA, MNOVA, etc.
Unfortunately, due to the structure and characteristics of sedentary behaviour data
as described above, these statistics are sometimes not appropriate or do not take full
advantage of what information the data could provide. This is because one of the
fundamental assumptions of all of these conventional statistics is that the data
should be independent of each other. Sedentary behaviour and physical activity
data belong to compositional or sub-compositional data, which means the data can
be correlated to each other. In addition, these conventional statistical methods
assume normal distributions for estimates and estimation errors, which conflicts
with the bounded frequency distributions of composition data. Therefore, simply
applying conventional statistical methods to compositional data may not be appro-
priate and could lead to problems such as spurious correlation, constant-sum,
negative-bias, null-correlation, and closure problems [9]. Another common inap-
propriate practice in analysing sedentary behaviour data is to ignore the rich
information embedded in continuous data that can be derived, for example, from
accelerometers. Too often, only the daily average of sedentary time have been
computed and analysed in reported research studies. In contrast, recent physical
activity and sedentary behaviour research indicate that examining patterns of
physically active and sedentary behaviour can be more informative and can identify
attributes critical to health. According to Owen et al. [6], for example, someone
could be both “physically active, but also highly sedentary” and “move often” could
be as important as “move more”, i.e. a “breaker” person who has more breaks from
prolonged sitting, will likely be healthier than a “prolonger”, who has less breaks
[10-12]. Accordingly, the traditional way of analysing physical activity data, in
which only a specific type of activity, e.g. moderate and vigorous physical activity
or sedentary behaviour time, is analysed individually, clearly cannot take advantage
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of the rich information embedded within physical activity and sedentary behaviour
time-series data.

Finally, as pointed out earlier, inconsistencies in setting cut-off scores is a
concern. While a great deal of attention has been devoted on how to set cut-off
scores for accelerometers or similar devices (most often, these correlate with
signals generated from the devices with an intensity measure, such as VO, con-
sumption, % of VO,max, and % maximal heart rate), there remains the need to
further validate the developed cut-offs.

Fortunately, a set of methods and solutions are already available to address the
problems and challenges described above. They will be briefly addressed in this
section. More specific details can be found in the cited references.

3.3.1 Matching Data Structure, Research Questions,
and Methods

With a theoretical framework and understanding of a specific data structure,
statistical methods can be appropriately selected for specific research questions.
As an illustration, under the framework of Cattell’s data box [2, 3], R-technique
(e.g. a commonly used approach to factor analysis) can be used for the data
dimension of “variables over persons, fixed occasion”; Q-technique (e.g. cluster
analysis for subgroups of persons) for the dimension of “persons over variables,
fixed occasion”; S-technique (e.g. persons clustering based on growth patterns) for
the dimension of “persons over occasions, fixed variables”; T-Technique (e.g. time-
dependent clusters based on persons) for the dimension of “occasions over persons,
fixed variables”; O-Technique (e.g. time-dependent [historical] clusters) for the
dimension of “variables over occasions, fixed persons”; and finally, P-Technique
(e.g. intra-individual time-series analyses) for the dimension of “occasions over
variables, fixed persons”. In fact, many modern statistical methods are either
derived from these techniques (e.g. Dynamic P-technique, which is useful in
examining relationships among dynamic constructs in a single individual or small
group of individuals over time [13]) or can be interpreted under the framework of
Cattell’s data box (e.g. growth curve modelling and longitudinal factor analysis
[14]).The multilevel structure of time-series data provides another useful aspect to
help select the appropriate statistical method for analysis. For example, if the
research interest is to determine if there is a change or pattern at within-person
level variables (X, Y, or the relations between X and Y) and, if there is, the change
or pattern caused by between-person variables, in this case multilevel statistical
methods, such as the hierarchical linear models [15, 16], can be employed for the
data analysis. If the interest is at when the Y variable varies at both levels, or X-to-Y
relations exist at both levels, and time as a third variable, or in the random effects
(i.e. between-subjects heterogeneity) and auto-correlated errors, a set of intensive
longitudinal methods are available [4].
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3.3.2 Compositional Data Analysis

That there are problems that occur when applying conventional statistical methods
to compositional data is not a new revelation. In fact, Karl Pearson [17] pointed out
such problems in his well-known paper on spurious correlations more than
100 years ago. Then, the geologist Felix Chayes [18] took up the problem and
warned against the application of standard multivariate analysis to compositional
data. But it was John Aitchison, whose works in the 1980s [19-23] made compo-
sitional data analysis a sub-discipline in statistical data analysis, who proved that
log-ratios are easier to handle mathematically than ratios, and after the log-ratio
translations, standard unconstrained multivariate statistics can be applied to the
transformed data and statistical inferences can be made subsequently. Around 2000,
a new set of statistical methods based on the principle of working in coordinates
were further developed and applied (e.g. Billheimer et al. [24]; Pawlowsky-Glahn
and Egozcue [25]; for more information of the development of compositional data
analysis, see the good summary by Pawlowsky-Glahn et al. [26]). In addition, a
number of text books on compositional data analysis have been published:

o The Statistical Analysis of Compositional Data by J. Aitchison [27]

» Compositional Data Analysis in the Geosciences: From Theory to Practice by
A. Buccianti, G. Mateu-Figueras, and V. Pawlowsky-Glahn [28]

o Compositional Data Analysis: Theory and Applications by V. Pawlowsky-Glahn
and A. Buccianti [29]

* Modeling and Analysis of Compositional Data (Statistics in Practice) by
V. Pawlowsky-Glahn, J.J. Egozcue, and R. Tolosana-Delgado [26]

Finally, R-based computational analytical procedures have been developed for
compositional data analysis as presented in the book “Analyzing Compositional
Data with R” by van den Boogaart and Tolosana-Delgado [1].

3.3.3 Machine Learning

Machine learning is a subset of artificial intelligence, which utilizes a collection of
algorithms that help computers learn from data. Through machine learning, pre-
diction gets better with experience, and it is a method useful often for analysing
large volumes of data since it allows recognizing of patterns and classifying out-
comes [30]. Machine learning algorithms are based on “supervised” or
“unsupervised” approaches. Supervised learning occurs when the outcomes are
known and the machine learns to predict outcomes given new cases. A set of
training data, where both inputs and outcome variables are known, is used to
build a model. The model is then applied to a set of new test data where the input
variables are classified and compared to actual outcome variables. Supervised
learning algorithms include regression (for continuous variables) and classification
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(for discrete variables) problems. Unsupervised learning problems do not assume a
set of specific outcome variables, and the algorithms used are aimed at finding
patterns and clusters in the input variables.

Machine learning algorithms have been in fact successfully used for the analysis
of accelerometer-derived physical activity data mainly focusing on the physical
activity mode prediction [31-34]. Some studies to connect physical activity pat-
terns to posture recognition and fall detection were conducted in a controlled
environment with known activities [35, 36]. Others focused on activity recognition
have been conducted in realistic conditions outside of a clinical environment
[31, 37]. Accelerometer-derived physical activity patterns in cattle, data that was
collected in a free-living environment, have also been studied using machine
learning algorithms with the main focus of classifying cattle movements into
lying, standing, grazing, etc. [38—40]. A study by O’Connell et al. [41] aimed to
connect cattle behaviour monitored by accelerometers with reproductive status
based on progesterone levels, which suggests that machine learning methods may
successfully be applied not only for classifying accelerometer-derived physical
activity into activity types but also for recognizing patterns in movement that
help predict health status. In addition, machine learning algorithms have also
been applied to accelerometer data for diagnosis of tremor-related disease such as
Parkinson’s, the classification and assessment of severity of levodopa-induced
dyskinesia, and recognition of involuntary gestures in babies with cerebral palsy
[42]. Thus, machine learning methods show promise in recognizing unique move-
ment patterns for classification of disease status.

3.3.4 Error-Grid Analysis for Real-Time Monitoring

With a few exceptions (e.g. a reminder to people when sitting too long), most
physical activity and sedentary behaviour monitors currently are employed to
provide summary information (e.g. the minutes of moderate-to-vigorous physical
activity time) although long-term, real-time physical activity and sedentary behav-
iour wearable devices are already widely used in practice. For effective training,
intervention, or rehabilitation, the ability to control exercise intensity or behaviour
within a targeted zone is extremely important and valuable. For similar purposes, a
set of variability control methods has been developed in diabetes care for the
purpose of glucose monitoring. Among them, Clarke’s error grid analysis (EGA
[43]) is mostly studied and applied. EGA breaks down a scatterplot of a reference
glucose monitor and an evaluated glucose meter into five areas (see Fig. 3.2):

(a) Where the values are within 20% of the reference sensor

(b) Where the values are outside of 20%, but would not lead to inappropriate
treatment

(c) Where the values could lead to unnecessary treatment
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(d) Where the values indicate a potentially dangerous failure to detect hypoglyce-
mia or hyperglycemia

(e) Where the values could confuse treatment of hypoglycemia for hyperglycemia
and vice versa

Many new methods and useful information have been generated since then (see,
e.g. [44-47]). Physical activity and sedentary behaviour research and practice
would benefit from taking greater advantage of these methods and the novel
information that they can generate.

3.3.5 Validating Cut-Off Scores

Because of differences in samples and criterion measures employed in validation
studies, it is expected that inconsistency in setting cut-off scores for physical
activity and sedentary behaviour data derived from accelerometers and related
devices will continue. Meanwhile, a systematic effort should be made after a
cut-off score is set up so that additional validity evidence can be accumulated and
the credibility of the cut-off scores can be further evaluated. When validating a
cut-off score or standard, Kane ([48, 49], p. 59) proposed collecting four kinds of
validity evidence, including (1) the conceptual coherence of the standard setting
process (e.g. if the standard-setting method and related assessment procedure are
consistent with the conception of achievement underlying the decision procedure,
such as if a new device can correctly distinguish sitting that involves purposeful
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task performance, from more passive forms of sitting such as television viewing);
(2) procedural evidence for the descriptive and policy assumptions (e.g. if the
standards were set up in a reasonable way by persons who are knowledgeable
about the purpose of the standards and familiar with the standard setting procedure);
(3) internal consistency evidence (e.g. if the presumed relationship between a
performance standard, which could be very important in real-time long-term mon-
itoring, and a cut-off score can be confirmed); and (4) agreement with external
criteria (e.g. if the decision made is consistent with other assessment-based decision
procedures or outcome variables). One should expect some differences when
different health outcome variables (say cardiovascular health vs. bone health)
were employed to examine the external validity [50]. In addition, the role of
consequences in standard setting and associated arbitrariness in standards must be
examined (see also Zhu [51] for a discussion from the kinesiology’s view on
standard and cut-off score setting).

3.4 Interpretation of Sedentary Behaviour Data

There is never any guarantee that the findings will be interpreted correctly even
when the appropriate analytical methods were employed. One ongoing problem in
all areas of research is that statistical findings in physical activity and sedentary
behaviour research have often been interpreted based on p-values only; therefore,
the data were incorrectly interpreted. As an example, when validating a physical
activity measure, many low correlations were called “significant” simply because a
less than .05 p-value was achieved. Even though the interpretation of statistical
finding based only on p-values has long been criticized [52], this practice continues
in the field of physical activity and sedentary behaviour research [53]. For correla-
tional and regression research, statistical interpretation should be based on either
absolute criteria or the variance percentages explained by the predictors; for
inferential statistical findings, the interpretation should be based on the effect size
or the confidence intervals [53, 54]. In addition, the true meaning of the statistics
and practical significance of the outcome variables should be studied (e.g. for a
specific age range and sex group, how many sedentary minutes should be reduced to
result in a meaningful change in health?). For real-time, long-term monitoring, rich
“baseline” information should be taken into consideration so that real or meaningful
individual change can be determined from a person’s baseline information.

3.5 Causality in Sedentary Behaviour Epidemiology

Understanding cause—effect relations is essential to any scientific research, which is
also true for all epidemiologic studies. Lazarsfeld [55] established three criteria for
causal relations: (1) there is a temporal order, i.e. for A caused B, A must occur
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before B; (2) there is an empirical relationship; and more importantly (3) the
observed empirical relationship between two variables cannot be explained away
as the result of a third variable that causes both A and B. A number of criteria have
also been set specifically for causal inference in epidemiology and among them,
Hill’s yard stick [56] is the perhaps most popular one, which includes nine specific
criteria:

1. Strength (e.g. Is there a strong relationship between prolonged sitting time and
obesity?)

2. Consistency (e.g. Has the relationship between sedentary behaviour and cancer
been confirmed in many studies?)

3. Specificity (e.g. Is low-back pain found only in certain professionals with
prolonged sitting?)

4. Temporal relationship (e.g. Low back pain did not occur until one change to a
prolonged sitting job)

5. Biological gradient (e.g. Is there a dose-response relationship between
prolonged sitting and increased incident rates of high-blood pressure?)

6. Plausibility (e.g. Can we explain from our biological knowledge why prolonged
sitting could cause low-bone mineral density?)

7. Coherence (e.g. Is the relationship between sedentary behaviour and health
supported by existing theoretical, factual, biological, and statistical reasoning
and evidence?)

8. Experiment (e.g. Can low back pain be reduced if a standing desk intervention is
introduced in office settings?)

9. Analogy (e.g. If prolonged sitting can cause obesity, it will likely lead to
diabetes)

It should be pointed out that although these criteria were received and applied in
practice, they were also questioned and criticized. Interested readers are referred to
Kundi [57] for more detail.

A well-controlled experimental design is also very important to establish cau-
sality. In epidemiologic studies, the randomized clinical trial (RCT) is the gold-
standard research design to provide the most convincing evidence of a relationship
between a cause and an effect. The RCT, however, is very expensive to run and is
not appropriate to answer certain types of questions and may be unethical (e.g. to
assign persons to certain treatment or comparison groups) in clinical settings.
Instead, non-experimental or observational study designs in which persons are
observed currently, prospectively, or retrospectively are often employed in research
practice. The effect of the “third variable”, i.e. other covariates or confounding
variables, however, is often unavoidable due to non-random selection when
forming the study groups. This is perhaps the reason that we often hear about
inconsistent, confusing findings covered by the media. Fortunately, a set of new
statistical methods known as propensity score analysis [58, 59], in which selection
bias is removed, or the covariates are balanced, have been introduced and applied to
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epidemiologic studies. Sedentary behaviour researchers, however, have not taken
the full strength and advantage of this method.

3.6 Summary

With the increased awareness of the adverse impact sedentary behaviour has on
health, and the availability and greater use of wearable physical activity monitoring
devices, the “big data” era for physical activity and sedentary behaviour research
has arrived. Yet, the field of physical activity and sedentary behaviour research and
practice has not taken full advantage of new statistical methods and practices that
can better analyse physical activity and sedentary data. In fact, some current
practices are either inappropriate (e.g. using the wrong methods to analyse compo-
sitional data) and/or incorrect (e.g. interpretation of statistical findings based only
on p-values, which are biased by the sample size). To address these problems and
challenges, the structure of real-time, long-term physical activity and sedentary
behaviour data was explained, and how to select the appropriate statistical method
based on the data structure and research interest was described in this chapter.
Finally, a number of new statistical methods that could address these problems were
introduced, and the principles to establish causality in sedentary behaviour epide-
miology were described. The application of these methods and concepts will
increase our understanding of physical activity and sedentary behaviour as their
data are correctly analysed.
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Chapter 4
The Descriptive Epidemiology of Sedentary
Behaviour

Adrian E. Bauman, Christina B. Petersen, Kim Blond, Vegar Rangul,
and Louise L. Hardy

Abstract Relative to the overall increase in sedentary behaviour and sitting-
related publications, only a small proportion has focused on estimating the pre-
valence of sedentary behaviour in populations. Although several studies examined the
correlates or factors associated with sedentary behaviours, few consistent correlates
have been reported. This chapter summarizes recent evidence on the prevalence of
sedentary behaviour among adults and children, comprising 39 large and
population-representative studies published between 2012 and 2016 for adults
and 30 studies for children. Moreover, this chapter describes the correlates of
sedentary behaviour for adults, older adults, and children derived from cross-
sectional studies.

The median self-report of sedentary behaviours among adults was 5.5 h/day, but
was more than 2 h/day longer for objectively measured sedentary behaviours
(median 8.2 h/day). Reported television (TV) watching time showed a median of
2.2 h/day. The prevalence of sedentary behaviours among older adults was higher
than among adults overall, especially when objectively measured. For children/
adolescents, the total time averaged 8.1 h/day and increased from early childhood
through adolescence. The average screen time was 2.9 h/day, exceeding
recommended levels.
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Studies on correlates of sedentary behaviour among adults showed that time
spent sedentary increased with age, full-time occupation, and higher education. An
inverse association was noted with TV time, which was more often reported by least
advantaged adults. Sedentary behaviour also showed an inverse association with
physical activity time and, for older adults, was associated with current
co-morbidity and with perceived safety. Among children, sedentary behaviour
increased with age, showed inverse associations with sleep time and physical
activity, and was associated with domestic factors, such as parental regulation of
screen time and the presence of a TV in the child’s bedroom.

In summary, high levels of sedentary behaviour are reported in populations of
adults and children, with between a third and two-thirds in the presumed “high
sitting” or at-risk sedentary behaviour level. Trend data are limited, but in 27 -
European countries, sedentary behaviour declined slightly between 2002 and 2013,
indicating that, although high in prevalence, the problem may not be necessarily
increasing in high income countries. Self-report estimates tend to underestimate
sedentary behaviour time, suggesting the need for consistent objective measures in
population studies. The distribution of, and correlates of sedentary behaviour are
different to those for physical activities, which means that different population
targets and strategies are needed to reduce sedentary behaviour time.

4.1 Introduction

There is increased interest in the relationship between exposure to sedentary
behaviour and health and metabolic outcomes. Sedentary time appears to have
increased in many countries since the 1960s [1-3]. In the occupational setting in
particular, there has been a gradual transition from physically demanding job types
to more sedentary occupations [4—6]. In addition to sitting at work or school, adults
and children have increasing amounts of discretionary sedentary time, through
sitting in their leisure time and during passive transport, the latter especially sitting
in the car. The exposure measurement, sedentary behaviour, is usually expressed as
total sitting time throughout the day; alternatively, domain-specific sitting time can
be estimated for sitting at work, at home, or in travelling from place to place. In
addition, some studies used television time as a proxy measure for discretionary
domestic sitting time and assessed the relationship between reported TV watching
time and health outcomes.

Since 2008, substantial increases have been noted in the published literature on
sedentary behaviour (see Fig. 4.1, showing the number of publications with “sit-
ting” or “sedentary behavio(u)r” in the title by year). Data show a marked increase
in publications especially from 2008 onwards. In fact, misclassification is likely in
the early 2000s, as “sedentary behaviour” was a term then used to describe “low
physical activity levels not meeting recommendations or guidelines”, but in recent
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Fig. 4.1 Trends in sitting and sedentary behavio(u)r (Title, Scopus database). Note that data for
2016 are extrapolated from the first 11 weeks of 2016 and are a likely underestimate

years has almost always described sitting time (< 1.5 metabolic equivalents (METSs)
activity of sitting or reclining). In particular, epidemiologic and physiologic studies
have proliferated, which examined the health consequences of prolonged and
uninterrupted sitting, and in addition, many papers have provided policy commen-
taries on sedentary behaviour. Only 6.2% of the 1197 published sedentary behav-
iour papers had “prevalence” or “correlates or determinants” as title words,
suggesting that limited research has reported on the prevalence or distribution of
sedentary behaviours in populations.

In order to obtain an overview of the prevalence and distribution of sedentary
behaviours, this chapter summarizes recent estimates of sedentary behaviour (sit-
ting) prevalence and explores factors typically associated with sedentary behaviour
time in large and population-representative studies. Identifying prevalence and
correlates of sedentary behaviour is an important component of population health
planning, as it identifies the magnitude of the problem in populations and focuses on
identifying characteristics of those that report sitting for prolonged periods.

4.2 Surveillance and Prevalence of Sedentary Behaviour

4.2.1 Surveillance and Population Measurement

Sedentary behaviour is a distinct set of behaviours, not a measure of physical inacti-
vity. It is important to capture the dimensions of sedentary behaviour in the
measures used, including low energy expenditure (below 1.5 METs); the sedentary
behaviour-relevant posture and position (sitting or reclining); and the different
domains of sitting behaviour (at school/work, at home, during transport, and in
leisure time) [7].
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The descriptive epidemiology of sedentary behaviour requires an assessment of
population prevalence, defined as the proportion of people who report information
on specific domains or on total sedentary behaviour. Sedentary behaviour in
populations is usually measured by self-report or sometimes using objective mea-
sures. The aim is to measure sedentary behaviour in the most pragmatic ways for
large samples, but to obtain as valid an estimate as possible. Additional measure-
ment information may be obtained by characterising the duration of sedentary
behaviours, frequency of interruptions to sedentary behaviour, and the setting or
context in which the sedentary behaviours are carried out. These are needed as part
of a surveillance system to estimate and monitor sedentary behaviours over time
and to identify subgroups at high risk of increased sedentary behaviour.

4.2.2 Measuring Sedentary Behaviours in Populations
of Adults and Children

The population prevalence of sedentary behaviours is measured in adults and
children using diverse methods, as summarized in Table 4.1. The initial decision
is to determine the form of data that are required, whether information is needed on
total sedentary time, episodes of sitting time, or on a specific domain of sedentary
behaviour, such as work-related sitting, transport-related sitting, or total screen
time.

Self-report measures are the most feasible and scalable measures used in large
studies and can be incorporated into routine surveillance systems. Questions can be
short single items assessing total sitting [12] or can assess domain-specific sitting
[13, 14]. Modes of administration include self-report questionnaires, face-to-face
interviews, or online surveys. Self-recorded diaries provide better quality informa-
tion, as behaviour is recorded at regular intervals throughout the day, but a high
respondent burden limits their population use for assessing sedentary behaviours.
For children aged less than 11 or 12 years of age, proxy reporting of their sedentary
behaviour by their parent or teacher is necessary [11].

Objective measures include motion-sensing devices such as accelerometers and
inclinometers, and algorithms are used to translate raw movement count data into
sedentary time. Accelerometers, which continuously measure movement in one or
more planes, can quantify the duration of total daily sitting and the number of
breaks in sitting time. More recent advances have included new accelerometers
with the capacity for postural measurement which help to identify sit—stand transi-
tions and to differentiate time spent sitting down from time spent standing still
[8]. Pedometers, although inexpensive and accurate, only assess step counts and
cannot assess sedentary time. Direct or video observations of sedentary behaviours
can be used, but are usually limited to small studies. New technologies for obser-
vational measurements, such as ecological momentary assessments (EMAs) [15] or
direct or video observations, provide precise information but are not yet feasible in
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large population studies. Wearable technologies, including rapidly evolving wrist
worn devices and smart watches, provide access to data from large numbers of
people, but their sedentary behaviour algorithms have not yet been validated [16].

The advantages and disadvantages of different population measures of sedentary
behaviour are shown in Table 4.1. Most large studies that assess the prevalence of
sedentary behaviours have used self-report measures, although a few have piloted
the use of objective motion sensors in population samples. For further details on
subjective and objective measurements of sedentary behaviour, please refer to
Chap. 2.

4.2.3 Compiling the Prevalence Estimates of Sedentary
Behaviour

In order to estimate prevalence of sedentary behaviours across studies, PubMed,
EMBASE, and Scopus were searched for articles published in English from the
1 January 2012 through to 27 January 2016. These were used as the most recent
years, during which 77% of sedentary behaviour papers to date were published
(Fig. 4.1).

The syntax used for searching in PubMed was:

((sitting(Title) OR sedentary(Title)) AND (Prevalence(Title/Abstract) OR public
health(Title/Abstract) OR population*(Title/Abstract) OR epidemiology(Title/
Abstract) OR risk(Title/Abstract) OR correlate*(Title/Abstract) OR association*
(Title/Abstract)) AND (“2012” (Date—Publication): “2016” (Date—Publication))).

This resulted in 1197 publications. Two of the authors reviewed the publications
to identify studies that provided prevalence estimates, and only large population-
based studies with at least 2000 participants for cross-sectional studies and 500 for
analytical studies were included, as these studies were more likely to have more
generalizable estimates of sedentary behaviours. Further, we excluded studies that
did not report an appropriate and comparable estimate of sedentary behaviour time,
defined as providing means and standard deviations (SD) or medians and inter-
quartile ranges (IQR) for total sitting time or selected domains of sedentary behav-
iour. Studies not reporting prevalence measures on the total population
(e.g. estimates for men and women separately or in clinical populations) were
also excluded.

Prevalence data from the selected studies were examined to produce an overall
range and median estimates of sedentary behaviour time. The studies among adults
are shown in Table 4.2 (n = 39 studies) and among children in Table 4.3 (n =
30 studies). For each paper, the lead author is reported as well as the country and
year of study, age group, and sample size. The prevalence of sedentary behaviour
was extracted in three contexts for adults: total sitting time, TV viewing/screen time
and work, and in four contexts for children and adolescents: total sitting time, TV
viewing, computer use, and screen time. The prevalence of sedentary behaviour is
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expressed as total sitting time (hours/day) or as time spent in specific sitting
activities (hours/day).

4.2.4 The Prevalence of Total Sitting Time Among Adults

The purpose of descriptive epidemiology of sedentary behaviour is to estimate the
prevalence of sitting time. As can be seen from Table 4.2, the estimates were mostly
from high income countries. Across all these studies, the median of the estimates of
average total daily sitting time was 6.4 h/day, ranging from a mean of 3.8—-11.9 h of
sitting/day. When stratifying by studies measuring sitting time that used objectively
measured methods, the median was 8.2 h/day (range 4.9—-11.9 h/day). This is 2 h
more than the median sitting time extracted from studies using self-report measures
of sitting, where the median sitting time was 5.5/day (range 3.8—7.6 h/day). Around
a third (32%) of the estimates reported sitting for more than 7-8 h/day and one out
of four were sitting for 114 h/day.

The socio-demographic correlates of sedentary behaviours are reasonably con-
sistent across studies. Across studies, those from higher social groups or with higher
achieved education are likely to spend more time sitting, mostly driven by high
rates of work-related sitting time [18, 30], with highest rates of sitting among
working-aged populations. This contributes to the generally higher time spent
sitting by men, compared to women, in many countries. The association in adoles-
cents from multiple countries studied also showed similar associations, with
higher maternal education associated with higher sitting time among adolescents
[80]. However, an inverse association is seen with the component of sedentary time
that is time spent on television watching; this is consistently higher among lower
socio-economic groups, among migrant populations, and among older adults [83],
indicating that different domains of sedentary behaviour show different correlates.
Further, multi-country studies indicate geographic differences, with a European
north-south gradient noted, demonstrating higher rates of sitting in Northern Europe
compared to Mediterranean countries [18, 32]; this is the inverse of leisure time
physical activity patterns, which are higher in Scandinavia and Northern Europe. It
is not clear whether these differences are true, or result from reporting and language
differences across Europe, but warrant further investigation.

The observation that objective measures showed higher sitting estimates was
noted in earlier population research [84]; data from the National Health and Nutri-
tion Examination Survey (NHANES) 2003 in the USA showed a mean of 7.7 h of
daily sitting when objectively measured. Even higher levels of sedentary behaviour
were reported among adult Canadians, showing objectively measured sedentary behav-
iour for an average of 9.5 h/day, representing 68% of their waking hours [85].

For many adults, three key domains contribute to total sitting time: work, leisure
time, and transportation [2, 86]. For working adults, occupational sitting time
contributes largely to the total amount of sitting time accumulated during the day.



4 The Descriptive Epidemiology of Sedentary Behaviour 89

Today, many adults have sedentary jobs [6, 87]. Based on the estimates in
Table 4.1, the overall median occupational sitting time was 4.2 h/day (range
3.0-6.3 h/day). Thus, most working adults spent more than half of their working
day sitting. For further details on occupational sitting and interventions targeting
sedentary behaviour at work, please refer to Chap. 18. In addition to sitting at work,
adults also engage in sedentary activities outside work. Both TV time and screen
time have been used as proxy measures of sedentary behaviour in the domestic
setting. In studies where TV time or screen time was reported, the median of the TV
time estimates was 2.2 h/day (range 1.5-2.9 h/day) and overall, 26% reported
watching TV for more than 3—4 h/day. Only a few studies have estimated the
prevalence of sitting for transportation. In a large sample of the French working
population, the mean time spent sitting for transportation was 1.1 h/day [38]. Clearly
the amount of time spent sitting for transportation depends on urban and transport
planning as well as the transport culture [2]. In Australia, around 60% people drive
to work every day with an average driving time of approximately 80 min, which
means that the average time spent sitting in a car would be around 50 min/day in the
population when including those not driving [88]. Assuming that driving time is
normally distributed, roughly, 20% in the general population would spend more
than 2 h in the car each day.

4.2.5 Sedentary Behaviour in Older Adults

Few large population-based studies have been conducted in older adults (i.e. >60
years old). Here, we summarize the findings of a comprehensive review reported by
Harvey et al. [89]. That review identified 18 studies from 7 countries published to
2012 and used slightly different criteria to the adult review above. Harvey and
colleagues used sample sizes of at least 200 older adults, reduced data to hours per
day as a common metric, and pooled data by gender to arrive at a total sample
average among adults over 60 years. Their paper showed that there was a slight
increase in the prevalence of sedentary time with age [89]. Approximately, 60% of
older adults report sitting for more than 4 h/day and around a quarter reported more
than 7 h sitting per day; further, more than 54% report watching TV for more than
3 h/day. When objectively measured, 77% of the older population were sedentary
for more than 8.5 h/day. These pooled estimates are similar to those from repre-
sentative surveys of American and Canadian older adults. The U.S. NHANES
survey showed a mean sitting time of 8.5 h/day for adults aged over 60 years
[90], and the Canadian Health Measures Survey showed even higher rates, with a
mean of 10 h/day of sedentary behaviour among Canadians aged 6079 years [91].
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4.2.6 Sedentary Behaviour Prevalence Estimates in Children
and Adolescents

Table 4.3 shows the prevalence of sedentary behaviour among children and ado-
lescents aged up to 19 years. The average total daily sitting time was 8.1 h and
ranged from 4.4 h/day for children age 2—6 to 9.3 h/day for adolescents age 12—-18
years. The lower half of Table 4.3 shows estimates of children’s sedentary behav-
iour using accelerometers, where a cut-point of <100 counts/minute was used to
define sedentary time.

Unlike physical activity, there has been a lack of a specific guideline for seden-
tary behaviour, and currently there are no evidence-based international guidelines
for limiting sedentary behaviour. In 1986, the American Academy of Pediatrics
introduced the first guidelines for sedentary behaviours in children. These were
revised by Strong et al. [92] who suggested reducing sedentary behaviours to less
than 2 h/day. This was followed by the first evidence-based Sedentary Behaviour
Guidelines for Children and Youth in Canada [93], which recommended for
children (aged 5-11) and youth (aged 12—-17) that they minimize time spent being
sedentary each day by limiting the recreational screen time (watching television,
computer use, playing video games, etc.) to no more than 2 h/day. For further
details on recommendations for sedentary behaviour, please refer to Chap. 1. For
the individual studies reviewed in Table 4.3, screen time ranged from 1.6 to 5.6
h/day. The average screen time for the studies that presented prevalence estimates
(7 studies) was 2.9 h/day among children and adolescents. One of the studies
reported that 28.4% of children aged 9 to 12 years reported more than 3 h/day of
screen time. The screen time prevalence was limited to TV watching and computer
use, and varied from 0.3 h to 3.5 h/day, and average time for TV watching was 2.1
and 1.1 h/day for computer use.

Few studies have specifically looked at sedentary behaviour in preschool-aged
populations. Studies of preschool-aged children report that most of the measureable
sedentary behaviour is assessed as TV/video time; a systematic review of 3- to
5-year-old children in childcare suggested that they viewed 0.1-1.3 h/day of tele-
vision in childcare centres, less than those in home-based child care (1.8-2.4 h/day;
[94]). This was similar to estimates in a large Melbourne study of preschoolers, who
demonstrated 127 min/day of screen time. [95]. Younger children, aged 0-2 years,
were more variable, but a review of 30 estimates from 24 studies in 6 countries
found that typically this infant age group had 80-90 min/day of screen time [96].
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Fig. 4.2 Pooled prevalence of mean sitting time in studies using self-reported and objectively
measured methods to estimate sitting time. The estimates present the median of the mean values
presented in Tables 4.2 and 4.3, showing the range of mean estimates obtained from the reported
studies

4.2.7 Discussion of Sedentary Behaviour Prevalence
Estimates

The current review examined sedentary behaviour in studies published between
2012 and 2015 and showed that sedentary behaviour comprises a substantial part of
the total day for adults and children. For adults, self-report estimates were just
under 6 h/day, which was 2.5 h less than estimates obtained by objective measures
(the data are summarized in Fig. 4.2). Although samples were not directly compar-
able, it suggests that self-report substantially underestimates total sitting time. If the
data were normally distributed, the self-report estimate would imply that a quarter
of adults sat for 7 or more hours, and the objective measures would suggest that
around three quarters sat for 7 or more hours a day. This indicates that there are
differences according to the mode of measurement and suggests the need for
objective assessments to refine population estimates of sitting time. Rapid changes
in technology may improve the measurement of sedentary behaviour and active
time, and this may provide better estimates of the distribution of sedentary time in
future years. Further, there may be variation in sitting time by weekend and
weekday. For example, among working adults, greater sitting time is reported on
workdays. Days of the week that are recalled or objectively assessed need to be
considered in estimating total weekly sitting time [97].

In addition to these individual sample studies in Tables 4.2 and 4.3, several
multi-country studies have compared sedentary behaviour prevalence. These were
not included in the single estimate tables earlier. In a 20-country comparison,
Bauman et al. [98] presented data on 49,493 adults aged 18—65 years and reported
a total sitting median of 5 h/day (interquartile range, 3—6 h; mean of 5.8 h/day).
Twenty-five percent reported at least 8 h/day of sitting, with the highest rates of
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sitting reported in Taiwan, Hong Kong, Saudi Arabia, Japan, Lithuania, and Japan
and the lowest rates in Portugal, Brazil, Colombia, India, and China. More recent
studies examined total sitting time in the population-based Eurobarometer surveys
from Europe [18, 99]. Data from the most recent survey in 2013 indicated a median
sitting time of 5 h/day, with 25% reporting more than 7 h/day [99]. Trend data were
examined across Eurobarometer surveys in 2002, 2005, and 2013 using comparable
sitting measures in 27 countries [32]. “High levels of sitting” were defined as
reporting at least 7.5 h of sitting per day. The prevalence of “high sitting” declined
across this 11-year period in most countries and, overall, declined from 23% in
2002 to 22% in 2005 and 18% in 2013. This suggests that sitting rates, at least by
self-report, are not increasing and may be declining over time in European
countries.

For older adults, prevalence data were similar, with a quarter sitting for 74 h/day
and subjective estimates more than 2 h/day lower than objective estimates. Tele-
vision watching averaged 2.2 h among adults, and appeared to increase through
older adult years, contributing to domestic sitting time.

Among children and adolescents, the majority of preschoolers, children, and
adolescents in middle and high income countries exceeded the guideline of 2 h of
screen time daily. One multi-country estimate reinforced this, using international
health survey data [100]; that report noted that globally around two-thirds of adol-
escents aged 13-15 years exceeded the guideline of watching 2 h/day of
screen time.

There are challenges in estimating sedentary behaviour prevalence in adults and
in children. These include lack of clear thresholds of prolonged or uninterrupted
sitting that pose a health risk. Guidelines for adults refer only to reducing sitting,
and for children and adolescents, refer to limiting screen time to less than 2 h per
day. For adults, mortality risk seems to increase for sitting times greater than 7 or
8 h/day [101], but the quality of sitting (whether sitting time is broken up, or
prolonged continuous sitting) is not reported, which may influence the physiology
of sitting-related risk [102]. Additional challenges for estimating sitting time
include survey and sample differences, as some were estimates from population-
representative data and others from more selected but large samples. For children
and adolescents, screen time measures currently are limited to video games, tele-
vision, and computer time and summed to a measure of total sedentary behaviour.
New sedentary technologies, including time on smart phones, games, tablets, and
other new screen-based devices, may contribute to additional, and currently unmea-
sured, sedentary time.
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4.3 Correlates of Sedentary Behaviour and Sitting

4.3.1 Correlates of Sitting in Adults

Numerous studies have examined factors associated with sitting time amongst
working age adults. The contexts and types of sitting vary, as do the factors
associated with them, but broadly, studies have examined the correlates of sitting
at work, TV time, and the correlates of total sitting time [2]. The largest study of
sitting correlates was carried out in serial multi-country studies of European adults
[18, 99]. Consistent correlates of high sitting time across countries were being a
white-collar worker, self-employed, and having higher educational attainment or
still being a student [99].

Other correlates were high internet usage, low life satisfaction (depression), and
both financial insecurity and unemployment [99]. The inverse, low rates of sitting
time were noted for those who were regularly physically active, those with three or
more children, and rural or small town residents (compared with those in large
cities).

In most research, a strong and consistent positive association is noted between
sitting and education attainment, income or measures of social position, or socio-
economic status (SES). Those with higher education or SES report sitting for
longer, especially at work; this has been noted in German men and women [103];
among Australian adults of middle age [24, 104], and in broader reviews of adults
sitting time [98, 105]. Full-time employment is a consistent correlate of prolonged
sitting [104], although some studies have reported reduced productivity among
those who sit too long [106]. For women, total sitting time was higher among those
in full-time employment, in higher income occupations, and those who chose
passive recreational pursuits [97]. This direct association between workplace sitting
time and higher education is reversed for domestic sitting as measured by television
time, which is higher among low SES and least educated populations [107, 108].

There are consistent associations between prolonged sitting and obesity
[109, 110] and between prolonged sitting and depression and mental health
[40, 106, 111], but these may be merely associations, and the true relationship
may be bidirectional [111, 112]. One aspect of the sitting and obesity relationship is
the interesting observation among car users who sit in the car for prolonged periods.
Previous well-cited studies only examined cross-sectional associations, but more
recent research has shown weight gain among daily car commuters; the magnitude
of this effect is around 0.2 kg/year, compared to those not engaged in lengthy car
commutes or not travelling to work [110]. As with elderly adults, the presence of
co-morbidity and chronic health conditions is consistently associated with
increased sitting time throughout adult life [104]. The concomitant pattern of
both high sitting and low physical activity is more strongly associated with obesity
in young adults and may be a better marker of obesity risk [108].

Researchers have investigated environmental correlates of prolonged sitting and
identified housing type and size in Denmark [36] and less walkable neighbourhoods
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and lower community engagement in Western Australia [113]. Bennie et al. [18]
showed geographic differences in 2003 in sitting time across Europe, with some
evidence of greater reported sitting time in Northern European countries compared
to those (with warmer climates and on average, slightly less income) in the southern
parts of Europe. Similar surveys repeated in 2012 showed Switzerland, Denmark,
and the Netherlands as having the highest sitting rates in both surveys; further, there
was up to a three-fold variation in the proportions reaching 7.5 h/day of sitting time
across European countries [99].

Finally, psychological factors have been examined, and the psychological habit
of usually sitting and intention to sit are both related to sitting behaviour [114];
further, self-efficacy or confidence in being able to build non-sitting behaviours into
daily life is also associated with lower sitting time [115].

4.3.2 Correlates of Sitting in Older Adults

Older age groups usually refer to adults approaching or beyond retirement age,
typically aged 60 years and older. This section reviews correlate studies among
older adults mostly from the period 2012 to 2015. One consistent factor through
older adulthood is increased time spent on watching television, partly as a conse-
quence of increased free time and partly contributed to by decreased mobility or
increased co-morbidity [116].

Chastin and colleagues [117] carried out a systematic review of 22 studies of
sedentary behaviours among older adults and identified that sitting time increased
with age and with low neighbourhood safety. In addition, those who were retired or
had substantial co-morbidity (including obesity) were more likely to spend time in
prolonged sitting. A national health survey of Canadians showed that older adults
sat more if they were completely retired (as a proxy for older age), lived in
apartments (compared with living in houses or separated dwellings), or if they
felt disconnected from their community. Increased rates of prolonged sitting were
also seen among widowed or divorced older adults, but showed no clear asso-
ciations with income or attained education in older age [118]. Co-morbidity was
repeatedly associated with prolonged sitting, especially chronic cardiac or pul-
monary disease, obesity, low physical activity, or poor self-rated health. Similar
associations were seen in a large sample of older adults in southern Brazil, where
co-morbidity and low physical activity were correlates of prolonged sitting time
[119], as well as in studies of colon cancer patients [120] and older Canadians
[121]. An objectively measured sedentary behaviour study of older Canadians
showed significant correlates included poor self-rated health status, obesity,
smoking, and low physical activity [91]. A study of older Canadians suggested
that total sitting was correlated with obesity and with home internet availability
[122]. By contrast, an Australian population study did not find specific correlates of
sitting in the elderly, except negative associations for those with social supports and
friends who discouraged sitting [123].
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Kesse-Guyot et al. [124] examined the relationship between sedentary time and
cognitive function in a large French cohort aged over 65 years and followed
between 2001 and 2007. Increased computer use was associated with improvements
in cognitive performance, but increased TV time showed the opposite association.
This longitudinal study showed the different health relationships of different
contexts and types of sitting. Changes in sitting time, in longitudinal studies, may
better characterize epidemiological exposure and are more useful in understanding
correlates/determinants than simple associations from cross-sectional studies [125].

4.3.3 Correlates of Sitting and Sedentary Behaviours Among
Children and Adolescents

The majority of children and adolescents attend school; hence, measurement of
their sedentary behaviour focuses on their discretionary (outside of school) time.
The proliferation of screen-based devices, including smart phones and tablets, has
led to concerns that contemporary generations of young people spend a large pro-
portion of their awake time sedentary. Information on the correlates of sedentary
behaviour in children and adolescents, screen time in particular, can inform inter-
vention efforts for children at greatest risk of sitting for periods of time that may
impact on their health.

Our understanding of the correlates of sedentary behaviour among children and
adolescents is limited by the differences in the measurement across surveys includ-
ing a failure to measure new small screen devices, which are popular among
children and adolescents. Although better measures of sedentary behaviour are
required, there have been a number of reviews of sedentary behaviour correlates
in children and adolescents which consistently show that socio-demographic and
environmental factors influence sedentary behaviour. Temmel and Rhode’s recent
review [126] based on 181 studies published between 2001 and 2011 shows that
age, gender, and socio-economic status are consistently associated with children
and adolescent sedentary behaviour.

Age has been the most consistent correlate, with most studies indicating that
sedentary behaviour increases as children move into adolescence [126]. There are,
however, gender differences in sedentary behaviour, with boys more likely to have
higher screen time compared with girls and girls more likely to spend time in
non-screen time sedentary behaviour activities such as reading, compared with boys
[126, 127].

High socio-economic status or high parental education was associated with
lower levels of some aspects of sedentary behaviour, including children and adol-
escent’s television and video watching time [56, 128]. Some of these aspects of
sedentary behaviour were more common among boys than girls [56]. Even within
categories of screen time, cultural differences occur, with more television time
reported by African American adolescents from low socio-economic backgrounds,
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and more screen time (computers in particular), more likely among Asian Ameri-
cans from higher income backgrounds who also reported less physical activity [56].

Globally, social and economic correlates are less clear, with some evidence of
increased sedentary behaviour in urban environments, compared with rural children
in low and middle income countries [129]. There are added seasonal differences in
some countries, with increased sedentary behaviour in the coldest or warmest
months [130]. Higher screen time has been reported among migrant children in
developed countries, compared with non-migrant children, although this may be
due to low socio-economic circumstances, a lack of access to other leisure time
facilities, and urban crowding [126].

Psychosocial correlates have been examined in several studies. Self-esteem has
been shown to be inversely related to screen time [131], and overall measures of
sedentary behaviour are associated with reduced quality of life, and measures of
emotional health and well-being [60]. Behavioural correlates of sedentary behav-
iour also show a mixed pattern. One study of adolescents in eight African countries
showed a consistent positive association between increased sedentary behaviour
and tobacco, alcohol, and substance use [132]. This was noted in several studies
reviewed by Temmel [126], as were inverse associations between healthy diet,
measured through indicators of fruit and vegetable consumption and sedentary
behaviours.

Sleep is more consistently and inversely associated with sedentary behaviour, as
there is a displacement effect of more sedentary behaviour encroaching on sleep
time; this was demonstrated in a substitution modelling paper using accelerometer
data on American adolescents [133]. There were adverse metabolic consequences if
sleep was reduced and compensated for by increased sedentary behaviour time.
There are clear and inverse associations between physical activity and sedentary
behaviour time, with these associations present for both children and adolescents
[126, 134, 135]. Increased sedentary behaviour was also associated with lower
participation in physical education classes [136]. The association between seden-
tary behaviour and obesity may be stronger for TV time compared to other settings
for sedentary behaviours [137] and is partly a consequence of food advertising to
children on television and the displacement of time that could be spent in physical
activity.

Environmental and social factors influence sedentary behaviours and sitting time
and may be moderated by culture and economic influences. Outdoor environmental
factors such as accessible play spaces and playground density may be associated
with decreases in sedentary behaviours and concomitant increases in physical acti-
vity [138]. By contrast, low neighbourhood safety is associated with increased
sedentary behaviour [126]. Dog ownership and a walkable environment were asso-
ciated with increased walking, but made no difference to sedentary behaviour or
screen time [139].

A longitudinal study of Vietnamese adolescents followed from age 11 to age
16 showed marked increases in screen time through adolescence, especially those
from more affluent families, showing a different pattern to developed countries
[81]. More important contributions come from indoor and family environments,
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which influence and regulate sedentary behaviour among adolescents through the
presence of a television in the child’s bedroom, through parental modelling of
sedentary behaviours and physical activity, and through behaviours such as being
allowed to eat meals in front of the television [140, 141]. Studies in 2011 were
remarkably consistent in this area, with all 19 studies showing associations between
television viewing in the bedroom and increased sedentary behaviour [126].

Information on the prevalence and correlates of sedentary behaviour among
preschool age children is limited. In this age group, sedentary behaviour is reported
by parents who can only report on their child’s behaviour whilst in their care. There
is some information on screen time in this age group, and a recent review estimated
that preschoolers’ screen time ranges from 37 min to almost 6 h a day and the
proportion meeting the zero screen time recommendation ranged from 2.3% to 83%
[96]. Further, sedentary behaviours among preschool age children differ from
sedentary behaviour in older children. For example, no studies have examined
time spent in strollers/prams and other child restraint devices (e.g. play pens, car
seats). Accelerometers have been used in this age group; however, these devices
provide no contextual information on the child’s sedentary behaviour, and the
information that is collected is hampered by the lack of consensus on cut-points
for sedentary behaviour.

4.4 Implications of Current Prevalence and Correlates
of Sedentary Behaviour

Given the proliferation of research in the area of sedentary behaviour and sitting
time, it is interesting to note that relatively little of the published research describes
the magnitude of the problem, and its distribution in populations. Although diverse
measures are used in assessing sedentary behaviour, these different measures may
be needed in different research projects, to assess sedentary behaviours in different
contexts, and for population surveillance. We reported on two recent period-defined
systematic appraisals of the prevalence of sedentary behaviours in large sample and
population studies. Although total sitting was reported for around 6 h/day by adults
in many studies, this self-report estimate seemed at least 2 h less than that measured
by objective assessment. This indicates the need for objective assessments in
population surveillance systems, so that a better estimate of prevalence can be
ascertained and be used to identify population groups at risk and inform public
health policy and programmes in this area.

For older adults, rates of sedentary behaviour are even higher, with increases in
sedentary behaviour in the domestic setting, mostly through TV watching, which
consumes more time in the non-working elderly. Objective assessment is again
substantially higher than self-report sitting, with estimates from the USA and
Canada ranging from 8.5 to 10 h/day of sitting time. Some of this increased sitting
time is related to increased co-morbidity (and decreased physical activity with
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increasing age), suggesting that reducing or interrupting prolonged sitting time may
be particularly important for older adults.

A diverse set of sedentary behaviours increase throughout childhood and ado-
lescence, as active play time is replaced by sedentary screen time. This is one area
where there are established population guidelines regarding sedentary behaviour,
with recommendations to limit screen time to 2 h or less per day. Most children
exceed this in countries where it has been measured, as the average time spent in
sedentary behaviours is around 3 h, so there are many countries where population-
wide efforts are warranted. Increasing numbers and types of screen-oriented
devices are pervasive, pointing to sociocultural trends that will make sedentary
behaviours more prevalent in many countries unless population-level programmes
target reductions in recreational screen time. Increases in sedentary behaviours also
reduce physical activity opportunities in children and adolescents, but also in
adults, so that efforts to maintain physical activity levels are important.

A fundamental need is for surveillance systems to monitor the prevalence of
sedentary behaviours over time, using identical measures and methods to identify
population trends. The only trend data available suggest that European adults are
reporting less sitting time in 2013 than 12 years earlier [32], but these self-report
data may show social desirability bias as the general community becomes aware of
the sedentary behaviour and health nexus. Using objective measures is desirable,
but would need to be future-proof, to prevent technical advances creating
non-comparable objective sedentary behaviour population measurements [142].

The factors associated with sedentary behaviours are somewhat different to
those associated with physical activity. In particular, high education and full-time
employment are associated with higher work-related sedentary behaviour, and in
these groups, physical activity shows the inverse pattern. Nonetheless, some sed-
entary behaviour settings, such as TV time at home, are inversely related to socio-
economic grouping, for both adults and adolescents. For children, the gender, SES,
and environmental correlates are different across subgroups. Some correlates are
modifiable and therefore of particular policy relevance, such as parental rules about
screen time and having TVs and other screen-based devices in the child’s bedroom.
Overall, the research that has produced many correlate studies is limited by the
usual cross-sectional research design, and more longitudinal research will better
clarify which factors are more likely to lead to sedentary behaviour in adults and
children.

In conclusion, sedentary behaviours are pervasive, especially in the most affluent
countries, and need careful measurement and monitoring and better understanding
and subgroup identification in the population. This is needed so that public health
strategies can be implemented to reduce hazardous amounts of sitting at all ages.
Given the high proportion of the waking day that is spent in sedentary behaviours,
accurate identification of population prevalence and trends area merits greater
research attention than it currently receives.
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Chapter 5
Physiological Responses to Sedentary
Behaviour

Paddy C. Dempsey and John P. Thyfault

Abstract Sedentary behaviours—too much sitting as distinct from too little exer-
cise—are emerging as a ubiquitous, modern-day health hazard. Epidemiological
evidence is accumulating that indicates greater time spent in sedentary behaviour is
associated with increased cardiometabolic risk, even when controlling for the
influence of leisure time moderate-to-vigorous physical activity. Based on these
observations and preliminary experimental work, it has been proposed that seden-
tary behaviour influences health risk in part through some distinct mechanisms that
act independently of lack of physical activity. However, the observational evidence
is well ahead of evidence on physiological responses and potential biological
mechanisms that may underlie the observed associations. Here, we summarize
and discuss experimental evidence to date on the physiological effects of sedentary
behaviours (prolonged sitting), including potential countermeasures aiming to
address too much sitting as a health risk. We also highlight future research that is
needed to further ascertain the impact of sedentary behaviour on altering
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5.1 Introduction

Regular moderate-to-vigorous intensity physical activity, generally 30—60 min
continuous exercise (or accumulated in bouts >10 min) on 3-5 days/week, provides
numerous health benefits, with the greatest improvements occurring when seden-
tary/inactive individuals become more physically active [1]. However, while phys-
ical activity recommendations are based on strong and consistent evidence, the
potential health benefits of increasing moderate-to-vigorous physical activity
remain largely unrealized at the population level. Indeed, the majority of affluent
populations now spend increasing amounts of time in environments that not only
limit physical activity but also necessitate prolonged periods sedentary.

Time spent in sedentary behaviours, defined as any sitting or reclining behaviour
during waking hours with low energy expenditure (<1.5 metabolic equivalents
(METsS); [2]), has emerged as an additional element within concerns about physical
activity and health [3, 4]. Consistent epidemiological evidence has reported dele-
terious associations of sedentary behaviour with cardiometabolic risk and all-cause
mortality in adults. Moreover, these associations appear to be largely additional to
the risks associated with lack of moderate-to-vigorous intensity physical activity
during leisure time [35, 6].

As a result, researchers are now studying moderate-to-vigorous intensity phys-
ical activity and sedentary behaviour as distinct but interrelated behavioural attri-
butes (Fig. 5.1), with unique determinants and health consequences [7]. However,
relative to our knowledge on the acute and longer-term effects of moderate-to-
vigorous intensity physical activity, much less is known about the specific physi-
ological responses to prolonged sitting, or the potential biological mechanisms
underlying the associations of sedentary behaviour with adverse health and mor-
tality outcomes. Such knowledge is essential to inform future intervention efforts

ey
Differential, additive and/or interacting physiological effects?? H

Iy AR J

Sedentary Light-Intensity Moderate-Vigorous
Behaviours Activities Intensity Activities (MVPA)
~
Qe £ F A A S4%X
L J \ J
Y Y
‘Real life’ behaviours: most variable ‘Exercising’ behaviours: least
and most prevalent during waking hours variable and least prevalent during
(Sedentary ~60%; Light activity ~35%) waking hours (MVPA ~5%)

Fig. 5.1 The human movement spectrum—sedentary behaviour, light, and moderate vigorous
intensity activities—and their relative contributions to activity levels during waking hours (based
on accelerometer data in overweight adults from the National Health and Nutrition Examination
Survey). Note that, on average, sedentary and light-intensity activities comprise a much larger
proportion of total waking time (~95%) compared to moderate-to-vigorous intensity physical
activity (~5%). Adapted from Tremblay et al. [7]
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aimed at ameliorating the potentially detrimental health impact of prolonged
sedentary behaviour.

In this chapter, we focus on the physiological responses to sedentary behaviour
in adults—in particular—the prolonged periods of unbroken sitting that occur on
a daily basis in large segments of the population. We highlight:

» The merits of differentiating sedentary behaviour from physical inactivity

¢ The nuances of difference between experimental models of sedentary behaviour
and inactivity physiology, and how they can further inform our knowledge on
physiological responses, potential mechanisms, and health outcomes

« Experimental evidence on the physiological responses to prolonged periods of
sedentary behaviour and the potential benefits of reducing and interrupting these
sedentary exposures

¢ Future research needs and opportunities in the field of sedentary behaviour

5.2 The Physiology of Sedentary Behaviour: An
Operational Framework

From a physiological perspective, differentiating between “sedentary behaviours”
and “physical inactivity” may initially seem to be a rather semantic process. Indeed,
recent reviews have already summarized the evidence to date on numerous phys-
iological responses as they relate to imposed physical inactivity [8, 9]. These
include: muscle atrophy, bone demineralization, reduced cardiovascular function,
a reduced capacity to utilize fat as a substrate for adenosine triphosphate (ATP)
production, a shift in muscle fibres towards fast-twitch glycolytic type, skeletal
muscle insulin resistance, ectopic fat storage, and increased central and peripheral
adiposity. However, one must realize that physical activity, light-intensity
(non-exercise) physical activity, and sedentary behaviour can all coexist within
the spectrum of activities that constitute the waking day [7]. Thus, examining the
physiological responses and adaptations (i.e. acute and longer-term) within and
across each behavioural construct is informative, as there may be differential,
additive, and/or interacting effects to consider (Fig. 5.1).

Focussing on sedentary behaviours as distinct from physical inactivity also
offers some unique opportunities. A key feature being a renewed emphasis on
shifting the balance of sedentary behaviours towards more light-intensity physical
activities, rather than solely focussing on increasing moderate-to-vigorous intensity
physical activity. This has included the development of countermeasures to specif-
ically address sedentary behaviours, with recent experimental studies aiming to
reduce and interrupt prolonged sitting time providing some important insights.
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5.3 Experimental Models Used to Study Sedentary
Behaviour and Inactivity Physiology

Physical inactivity and sedentary behaviour-induced physiological changes have
been studied under a variety of different models and contexts (see Table 5.1 for
human models). Each of these approaches (i.e. animal models, detraining, bed rest,
imposed physical inactivity, and prolonged sitting time) are justified depending on
the question at hand and can provide complimentary information. However, it is
important to recognize and understand the different goals, methodologies, and
assumptions made under these models when attempting to interpret and generalize
their findings.

5.3.1 Animal Models

Animal models ensure compliance with interventions while controlling for envi-
ronmental confounders (e.g. diet, circadian rhythms, and environmental stimuli)
over longer periods of time, while also enabling more in-depth analyses and
invasive procedures (e.g. to examine tissue-specific mechanisms). Research in the
“inactivity physiology” context is examined primarily using wheel lock and hind
limb unloading methodologies. The key objective of these studies is to better
understand how physical inactivity (or immobility) initiates maladaptations linked
to chronic disease. Here, we provide a condensed summary of these models and of
key findings most pertinent to sedentary behaviour physiology.

Wheel lock models involve periods of habitual or voluntary activity (3—6 weeks;
typically 5-10 km/day of running) which is suddenly restricted (running wheel
locked) to cage movement only for up to 7 days. In a series of rodent studies
conducted by Booth and colleagues, while daily wheel running increased insulin-
stimulated glucose uptake in isolated skeletal (epitrochlearis) muscle, a rapid
decrease in insulin sensitivity to sedentary levels was reported within 2 days of
wheel lock and reduced activity [10]. This reduction in insulin-stimulated glucose
transport was linked to reduced activation of the insulin-signalling pathway and
reduced GLUT4 protein content. Rapid gains (25-48%) in intra-abdominal
(ectopic) fat mass were also reported within 1 week of wheel lock [11, 12]. Interest-
ingly, lowering food intake immediately after the wheel lock protocol did not
significantly change fat mass enlargement compared to the rats that were fed ad
libitum, suggesting that the fat storage was the result of physical inactivity per se,
rather than overfeeding or positive energy balance [11].

Hind limb unloading models (or simulated weightlessness) involve suspending
rats by their tail, preventing any weight-bearing activities of the lower limbs and
allowing researchers to tightly control when immobilization in those limbs begins
and ends. Similar to wheel lock, hind limb unloading studies of “inactivity phys-
iology” have also reported on the rapid development of insulin resistance after
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1 day of unloading [13]. In addition, Hamilton and colleagues have shown that
distinctive physiological pathways are activated with hind limb unloading (~10
h/day over an 11 day period), particularly the expression and enzyme activity of
lipoprotein lipase (LPL), which seemed to remain largely unaffected by moderate-
to-vigorous intensity physical activity [14].

Using hind limb unloading, Hamilton and colleagues demonstrated that rat
skeletal muscle triglyceride uptake was reduced by 75% and LPL protein mass
and enzymatic activity were rapidly suppressed during acute (1-18 h) and chronic
(~10 h/day over 11 days) periods, an effect which was reversible only with light-
intensity contractile activity. Moreover, while LPL activity associated with exercise
was linked to increases in LPL mRNA levels, LPL mRNA expression was not
changed after 11 days of hind limb unloading—suggesting that the changes in LPL
activity and protein level were likely due to transcriptional or posttranslational
changes [14, 15]. This point was further highlighted in a global gene-expression
profiling study, which identified 38 genes in muscle that were upregulated by just
12 h of hind limb unloading, 27 of which remained above control levels after
returning to normal standing and ambulation for 4 h [16].

Low levels of LPL (the rate-limiting enzyme that facilitates the breakdown of
triglycerides and uptake of free fatty acids into skeletal muscle and adipose tissue)
have been associated with decreased HDL cholesterol, increased circulating tri-
glyceride levels, and an increased risk of metabolic syndrome and cardiovascular
disease (CVD) [15]. The relatively rapid time frame for the LPL protein reductions
is an interesting finding, as this likely rules out any generalized effects that occur in
concert with muscle atrophy or body fat accumulation over longer periods. In
addition, these studies highlight the large and persistent metabolic disturbances
that can occur with reduced contractile activity at the muscle and gene-expression
level. Although confirmation is still required in humans, it is intriguing to consider
what minimum thresholds of acute baseline (or incidental) activity may be required
to prevent maladaptations like these from occurring.

5.3.2 Human Models
Training Cessation and Detraining Models

Training cessation and detraining models assume a relatively extreme level and
capacity of baseline physical activity prior to a discontinuation of exercise train-
ing—usually in competitive athletes (see Table 5.1). Defined by a partial or
complete loss of training-induced adaptations in response to an insufficient training
stimulus [17], detraining is characterized by significant differences in exercise-
induced responses in the cardiorespiratory (maximal oxygen uptake, cardiac output,
and ventilator efficiency) and metabolic (increased reliance on carbohydrate metab-
olism and lowered oxidative enzyme activities, glycogen level, and lactate thresh-
old during exercise and reduced insulin sensitivity) systems that ultimately result in
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compromised athletic performance [17, 18]. Moreover, studies in endurance ath-
letes have provided initial insights into the physiological effects of physical inac-
tivity (or reduced training load). For example, two studies have shown that insulin
sensitivity, as measured by hyperglycaemic—euglycaemic clamps, is reduced to the
level measured in non-exercising age-matched controls after only 2 days of training
cessation [19, 20]. However, as far as we know, no studies have examined other
types of physical activity (i.e. light-intensity) or sedentary behaviour following
training cessation. Thus, these models provide limited evidence on the effects of
sedentary behaviour in the general population.

Enforced Bed Rest and Spaceflight Models

Enforced bed rest and spaceflight models are characterized by a lack of muscle
activity and postural change, accomplished via immobilization and elimination of
gravitational stimuli (head tilt) for extended periods of time (ranging from days to
multiple months). Similar to detraining, these studies typically include young,
healthy-active individuals and impose extreme immobility that is unlikely to be
representative of daily living. Therefore, they require cautious interpretation, as they
can cause distinct physiological changes (such as haemodynamic shifts as a result of
postural change that mimic reduced gravity) that are distinct from sitting interspersed
with incidental movement. Despite this, bed rest models can provide important
mechanistic hints, illustrating the fundamental physiological adaptations and potential
mechanisms to short- or longer-term immobilization. For example, 510 days bed rest
has been shown to induce dysglycaemia and dramatic reductions in whole-body,
muscle, and vascular insulin sensitivity in healthy populations [21-23]. Bed rest
also induces changes in fat oxidation capacity and storage, muscle atrophy, and shifts
towards more fast-twitch muscle fibre type—mimicking the trajectory of pathways
observed in the metabolic dysregulation associated with obesity [8].

Imposed Physical Inactivity Models

Imposed physical inactivity models involve studies whereby participants transition
from high/normal to low daily ambulatory activity (or increased sedentary time).
Changes in physical activity are applied to mimic the range of physical activity
patterns that occur in the human population. For example, participants with habit-
ually high physical activity levels (>10,000 steps/day) are asked to lower their
daily step count to levels around the US average (<5000 steps/day) [9]. Imposed
physical inactivity models are more pragmatic than bed rest and detraining for
studying everyday living in the majority of the population. However, these studies
have typically been conducted in young active individuals, and, thus, assume higher
habitual physical activity patterns than what is commonly observed in population-
based surveys. Moreover, they tend not to measure or focus specifically on seden-
tary (sitting) behaviours per se. Imposed physical inactivity studies have reported
that transitioning from high to low activity patterns for only 3-5 days reduces
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insulin sensitivity, glycaemic control [24, 25], and endothelial function [26], with
notable restorations in insulin sensitivity once activity levels are returned back to
normal. A longer duration study where participants lowered their step count from
>10,000 to <1500 steps/day for 2 weeks showed even more robust changes,
including reduced skeletal muscle insulin sensitivity and signalling, increased
central adiposity, and reduced lower limb muscle mass [27].

For more information on experimental studies that used models of bed rest,
detraining, or reduced activity in order to elucidate the biological mechanisms that
may explain the underlying biological mechanisms linking sedentary behaviour to
poor health outcomes, please refer to Sect. 14.3.

5.4 Physiological Responses to Sedentary Behaviour
in Humans

5.4.1 Characterizing Prolonged Sitting in Humans

Physiologically, sitting postures are associated with low energy expenditure
demand, as measured by indirect [28, 29] and whole-room calorimetry, where the
average energy cost of common sedentary behaviours (reclining, watching televi-
sion, reading, and typing on a computer) are narrowly banded around ~1.0 METs at
various times of the day, even in the postprandial state [30]. In addition, while
contractile activity of skeletal muscles is important for common activities involved
in being upright (i.e. standing and ambulation), this muscle activity largely
“flatlines” during sitting postures—as demonstrated by an unloading of the major
locomotor muscle groups in studies measuring muscle electromyographic (EMG)
activity [15, 31]. These key energetic and postural features of prolonged sitting are
what define the control groups of experimental studies examining the impact of
reducing and interrupting prolonged sitting.

5.4.2 Intervening on Prolonged Sitting Exposures

As highlighted in Table 5.1, interventions that reduce and interrupt sitting time are a
relatively new approach in physical activity and health. In these studies, the focus
has shifted from investigating the effects of increased sedentary behaviour
(or imposed inactivity) in relatively healthy-active individuals, to a treatment
paradigm whereby inactive-sedentary individuals replace or interrupt prolonged
sitting time with brief bouts of non-exercise physical activity. While inactivity
models are conducted with a focus on understanding the physiological effects of
imposed physical inactivity, reducing and interrupting sitting time interventions
have been described as more “solutions focused”. In theory, transitioning partici-
pants from their “normal” sedentary state (sitting) to more active (reduced- or
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metabolic responses pressure (arms & legs)?* meal triglycerides 1 neck & back pain?*
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Fig. 5.2 A conceptual timeline of the various physiological alterations induced by acute and more
prolonged sedentary behaviour. This is based on evidence from a variety of studies and population
subsets that have included prolonged sitting exposures or interventions to reduce or interrupt
prolonged sitting. Changes beyond one day imply approximately >6-8 h/day spent sedentary over
consecutive days. FMD flow-mediated dilatation, indicative of macrovascular dilator function;
Reactive hyperaemia, hyperaemic blood flow responses to cuff occlusion, indicative of microvas-
cular reactivity; TPR total peripheral resistance; VO,,,,., cardiorespiratory fitness

non-sitting) states [32]. Importantly, unlike detraining and bed rest models, and
imposed physical inactivity models to a lesser extent, reducing and interrupting
sitting time interventions target the large proportion of the population in which
sitting time, not active time, is the predominant behaviour [33].

Against this background, and in the interest of keeping the summary of evidence
focussed on prolonged sitting behaviours, rather than intermingling with detraining,
bed rest, and lack of physical activity per se, we aim to concentrate our evidence
synthesis primarily on the following two themes:

1. The physiological responses in adults to experimental models involving
prolonged sitting exposures, and, if addressed:

2. The physiological impact of reducing or interrupting sitting exposures with
various forms of physical activity

As a point of reference based on the evidence to date, Fig. 5.2 provides a
conceptual timeline for the various physiological alterations induced by acute and
longer-term exposures to sedentary behaviour.

5.5 Effects of Sedentary Behaviour on Metabolic Risk
Factors

The strongest and most consistent epidemiological and meta-analytic evidence on
the deleterious associations of sedentary time have been reported for metabolic risk
markers and for risk of developing type 2 diabetes [5, 6]. Moreover, a growing
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number of acute human intervention studies examining metabolic risk outcomes are
being published that have included prolonged sitting exposures in a variety of
population groups. The majority of studies have focused on tightly controlling the
amount and pattern of sitting and activity bouts in a laboratory setting, while
examining participants’ metabolic responses concurrently (i.e. in a postprandial
state) or the day after sitting. The acute duration of these sitting exposures (mostly
<1 day but some up to 5 waking days) provides greater assurances that the meta-
bolic responses are not confounded by longer-term energy surplus and/or associated
changes such as body composition. On the other hand, a small number of studies
have sought to examine participants under more free-living settings [34, 35]. The
studies are summarized in more detail in Table 5.2 and are discussed below.

5.5.1 Glucose and Insulin Responses

Glycaemic benefits have been observed when prolonged sitting is reduced or
interrupted with light-intensity bouts of post-meal walking, ranging from 15 to
40 min in length [48, 53, 57]. More recently, prolonged sitting interrupted by brief
(<5 min) intermittent bouts of light- [37, 39, 40, 47, 49] or moderate-intensity
[40, 54] ambulation have also demonstrated improved glycaemic control in both
active-healthy, overweight/obese-sedentary, and dysglycaemic populations. How-
ever, findings from studies in which sitting was replaced with standing-only bouts
have been less consistent for glucose and insulin responses, with some showing
significant reductions [38, 44, 56] and others not [37, 49]. Interestingly, the studies
showing beneficial glycaemic effects with standing bouts have tended to be in more
office-based environments, in overweight/obese adults, and particularly in those
with impaired glucose regulation.

There is some evidence to suggest that alterations in markers of insulin action
may also be an early response to prolonged sedentary behaviour [34, 35, 55,
59]. This evidence corroborates with reports of reduced glycaemic control and
insulin action observed following longer periods of bed rest [8, 60—62] and 3—14
days of reduced stepping [24, 27]. However, three days of interrupting prolonged
sitting with regular light-intensity activity bouts (2 min every 20 min) showed no
sustained benefit for postprandial glucose and insulin responses beyond the first day
[47]. More recent work has reported differences in the molecular signalling path-
ways in skeletal muscle (vastus lateralis), with one day of interrupting prolonged
sitting associated with an upregulation of the contraction-stimulated, Adenosine
Monophosphate-Activated Protein Kinase (AMPK)-mediated glucose uptake path-
way, while 3 consecutive days of interrupting sitting demonstrated a transition
towards upregulation of the Akt-mediated insulin-sensitive glucose uptake pathway
[59]. These initial mechanistic findings provide a basis by which interrupted sitting
time improves glucose metabolism and insulin sensitivity. However, whether these
acute physiological changes are sustained following several weeks/months of
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sitting displaced by standing or light-intensity physical activity bouts remains
unclear at present.

5.5.2 Lipid Responses

Findings from experimental studies examining the effects of interrupting prolonged
sitting on fasting [34, 35] and postprandial plasma lipid responses [37, 39, 44, 46,
47,49, 51, 54, 56] have been less consistent than that of glucose/insulin responses
(see Table 5.2). In healthy young adults, a 30-min continuous exercise bout in the
morning was more effective for lowering postprandial triglyceride responses than
interrupting prolonged sitting time with regular walking bouts (~1.5 min walking
bouts every ~15-20 min) [51, 54] or with intermittent standing bouts (6 x 45 min)
[49]. This lack of effect on triglycerides for brief activity bouts was also observed in
interventions switching between sitting and standing every 30 min in overweight/
obese sedentary adults [56], or interspersing sitting with brief standing or walking
bouts every 20-30 min in normal-weight adults [37] or overweight/obese sedentary
postmenopausal women [44]. However, Henson et al. [44] also observed that
interrupting prolonged sitting with hourly standing and walking bouts attenuated
the suppression of non-esterified fatty acids. Dempsey et al. [39] and Kim et al. [46]
also showed reductions in postprandial triglycerides when prolonged sitting was
interrupted with brief bouts of light-intensity walking of different durations in
sedentary type 2 diabetes patients and in young healthy individuals, respectively.
Findings from repeated- or multi-day exposures to sedentary behaviours [34, 35, 47,
56] have so far largely observed minimal effects on fasting lipids. Only one of these
studies showed an effect on fasting plasma triglycerides and atherogenic lipoprotein
levels (non-HDL cholesterol and Apo B) in 20 healthy university students [34]. In
this study, participants were instructed to replace 6 h of sitting with 4 h of walking at a
leisurely pace and with 2 h of standing on each of 4 consecutive days.

Discrepancies in results from animal and bed rest studies and between studies
utilizing a prolonged sitting approach for lipid responses are unclear. Findings appear
to be influenced by the populations studied, as well as the experimental designs (i.e.
concurrent vs. next-day effects), meals, and/or interventions utilized, highlighting the
complex interplay these factors may have on lipid metabolism. As mentioned previ-
ously, studies in animals have reported reductions in LPL activity with prolonged
immobility [14], while a significant decrease in LPL activity was accompanied by
increases in plasma VLDL triglycerides and decreases in HDL following 20 days bed
rest in healthy participants [62]. However, in the human studies where prolonged
sitting was interrupted, the activity stimulus (standing vs. regular activity breaks vs. a
continuous bout) or the duration of studies may not have been sufficient to induce
changes in triglyceride metabolism, which can be more delayed and may vary
depending upon the meal composition (i.e. high fat vs. high glucose) [63, 64] or the
population studied (i.e. healthy vs. obese vs. type 2 diabetes) [65].
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5.6 Effects of Sedentary Behaviour on Cardiovascular
Function

Higher sitting time has been associated with an increased risk of cardiovascular
disease and all-cause mortality [5]. For further details, please refer to Chaps. 9 and
14. However, compared to the number of acute experimental studies on postprandial
metabolism, there are far fewer randomized experimental studies that have examined
the physiological effects of prolonged sitting on cardiovascular function or its
antecedent risk biomarkers (see Table 5.3) [37, 42, 43, 66-70]. Nonetheless, exper-
imental studies that have included prolonged sitting exposures are starting to provide
an interesting picture concerning the marked vulnerability of the vasculature to
prolonged sitting.

5.6.1 Haemodynamics

In contrast to standing or lying down, a seated posture creates bends in major blood
vessels, such as the femoral and popliteal arteries in the legs. Bends in these arteries
may exhibit turbulent blood flow patterns that have been linked to atherosclerosis
[72, 73]. Moreover, prolonged sitting does not promote skeletal muscle contractions
(which aid in venous return via the muscle pump), nor does it promote blood flow or
vascular shear stress—physiological stressors that may underlie the health benefits
of activity on the endothelium. Increased hydrostatic pressure within the leg
vasculature due to prolonged gravitational forces may also cause blood to pool
within the venous circulation [68]. Indeed, in healthy populations, brachial artery
shear rate (an estimate of shear stress without adjustment for blood viscosity) is
reduced after only 30 min of sitting [67]. After 1-2 h, thigh blood flow decreases
along with both brachial and popliteal artery shear rate. By ~2 h, blood pools in the
calf and whole-blood leg viscosity are reduced [66]. Greater than 3 h of continuous
sitting has been shown to increase cardiovascular risk markers of total peripheral
resistance, systolic and diastolic blood pressure, and mean arterial pressure (in the
arm and leg) [67, 69, 74]. Increases in lower leg and foot venous pressure/swelling
have also been observed, which has potential implications for the regulation of
capillary fluid filtration and oedema formation in the feet [75]. Interestingly, these
latter effects were shown to be largely attenuated with modest leg activity while
seated for 8 h [76].

Five experimental studies to date have examined the impact of interrupting
sitting time on blood pressure responses [37, 42, 43, 71, 74]. In a young-healthy
population, Younger et al. observed significant increases in mean arterial pressure
and post tibial artery blood velocity over 5 h of prolonged sitting. However, neither
Younger et al. [43] nor Bailey et al. [37] showed significant blood pressure changes
when sitting was interrupted with 2 minute intermittent walking/standing bouts or a
continuous 30 min bout of exercise. In contrast, Larsen et al. [42] recently reported,
in inactive overweight/obese adults, that interrupting sitting time with brief bouts of
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either light- or moderate-intensity walking significantly lowered resting systolic
and diastolic blood pressure by ~2-3 mmHg. Further, overweight/obese adults that
accumulating 2.5 h of standing or light-intensity physical activity during an 8 h
workday equally improved ambulatory blood pressure during and after work hours,
compared to prolonged sitting [71]. Lastly, Dempsey et al. observed marked
reductions in resting systolic and diastolic blood pressure and plasma noradrenaline
levels when sitting was interrupted with light-intensity walking or simple resistance
activities in adults with type 2 diabetes [74]. The latter three studies are suggestive
that interrupting prolonged sitting may disturb the haemodynamic and potentially
hypertensive impact of prolonged sitting in older, more at-risk populations. How-
ever, further studies are warranted, particularly in individuals with hypertension,
type 2 diabetes, and cardiovascular disease.

5.6.2 The Risk of Thrombosis

Deep vein thrombosis is a well-known and potentially life-threatening condition
that has been linked to prolonged sitting, particularly during airplane travel (which
may also be influenced by low humidity, reduced air pressure, and relative hypoxia)
[77-80] and more recently to people in office environments [8§1-83]. The mecha-
nisms for the relationship of prolonged sitting with deep vein thrombosis, while
unresolved, are likely related to alterations in venous haemodynamics, a loss of
plasma volume, increased blood viscosity, and reduced venous return (i.e. venous
stasis)—which can increase the risk of hypercoagulation and blood clot formation
in the lower limbs [84—86]. Venous stasis is also characterized by alterations in key
blood viscosity parameters that influence blood flow, including plasma fibrinogen,
haematocrit, haemoglobin, red blood cell count, and reduced plasma volume
[87, 88]. There is also some evidence in both rats and humans suggesting that
muscle inactivity may contribute to haemostatic disorders, independent of
decreased blood flow, via genes suppressed locally in muscles such as LPP1—a
gene known for its role in degrading pro-thrombotic and pro-inflammatory
lysophospholipids [89]. Interestingly, despite limited evidence of preventive effects
from exercise training per se, recent studies suggest that frequent localized muscle
contractions, simple foot movements [89-93], or brief walking interruptions in
prolonged sitting time [41, 70] may play an important role in improving leg
blood flow, haemostatic gene expression, and pro-coagulant risk factors.

5.6.3 Vascular Function

Endothelial dysfunction (the inability of the blood vessels to dilate appropriately) is
a mechanism that is postulated to unify the aetiology of type 2 diabetes and
cardiovascular disease [94, 95]. Persistent inactivity over time may mediate
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oxidative stress and endothelial dysfunction [50, 96]. Indeed, reduced daily steps
(from >10,000 to <5000 steps) impairs popliteal artery flow-mediated dilatation
(FMD—indicative of macrovascular dilator function) and highlights the beneficial
vascular effects of being physically active [26]. Three recent well-controlled
studies have also provided evidence on the potential effects of prolonged sitting
on vascular function [67, 68, 70]. Padilla et al. [67] observed that 3 h of sitting
attenuated popliteal artery shear; however, this observed reduction in shear rate was
not paralleled by a concomitant reduction in FMD (albeit measured in the supine
position). In contrast, Thosar et al. [70] reported a reduction in FMD (measured this
time in the seated position for all measurements) for the superficial femoral artery
(lower limbs), but not the brachial artery (arms), following 3 h of uninterrupted
sitting. This was paralleled by a decline in mean and antegrade shear rate, and,
notably, the decline in FMD was prevented when sitting time was interrupted each
hour by brief, 5 min bouts of light-intensity walking.

Using both FMD and reactive hyperaemia to isolate the effects on macro- and
microvascular function, Restaino et al. [68] provided further insights, demonstrating
that prolonged sitting differentially influences vascular function in a limb-specific
manner. They showed that 6 h of uninterrupted sitting impairs microvascular dilator
function (via hyperaemic blood flow responses to cuff occlusion—indicative of micro-
vascular reactivity) in both the upper and lower limbs, but that only lower limb FMD
was impaired. This finding may have been related to the fact that participants were
allowed some upper limb movement, or that shear stress of the brachial artery does not
fluctuate dramatically between light activity and sitting conditions. Importantly, mea-
surements were also competed after participants had walked for 10 min at a self-
selected pace. The 10-min walk fully reversed sitting-induced vascular impairments in
the lower limbs; however, no effect was observed for upper limb microvascular
reactivity. This suggests that local increases in blood flow and shear rate to exercising
tissue may be necessary to reverse these microvascular impairments, an important
finding since impaired forearm microvascular function is a predictor of cardiovascular
events in participants, with and without cardiovascular disease [97, 98].

5.6.4 Cardiovascular Structural Adaptations
and Cardiorespiratory Fitness

As previously noted, acute and persistent haemodynamic and vascular responses
may ultimately exert influence on longer-term cardiovascular structural adaptations
and cardiorespiratory fitness (VO,ax) [99, 100]. However, limited interventional
evidence exists for changes in these longer-term cardiovascular outcomes in rela-
tion to prolonged sitting. In a small, 12-week, four-condition, pilot intervention
study in 57 sedentary, overweight/obese men and women, Keadle et al. [101]
uniquely examined the independent and combined effects of exercise training and
reducing sedentary behaviour on cardiometabolic risk factors, including VOj.x.
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The four conditions included: (1) EX (exercise): 40 min moderate exercise session
5 days/week; (2) ST (reduced sedentary time): reduce ST and increase light-
intensity physical activity; (3) EX-rST: a combination of EX and rST; and (4) main-
tain behaviour (control). Compared to control, both the EX and EX-rST signifi-
cantly improved VO,.x (9.3% and 11.8%, respectively); however, the rST group
alone was not significantly improved. For perspective, these improvements in
VOonmax during the EX and EX-rST conditions were similar in magnitude to
reductions observed in young healthy men when asked to drastically reduce their
daily physical activity for a period of 14 days [27, 102]. These findings reinforce the
notion that improvements in VO, are specific to the intensity of the physical
activity employed. However, it was interesting to note that replacing sedentary time
(measured by inclinometer; mean decrease ~50 min/day) with more light-intensity
physical activity (rST) was sufficient to at least maintain VO,,, levels. While
more data are certainly needed, given that VO, is a strong predictor of early
mortality and disease risk [103, 104], these findings may hold important relevance
for the ageing population with low levels of moderate-to-vigorous intensity phys-
ical activity.

In summary, prolonged sitting appears to be linked with a number of factors that
may predispose to thrombotic and cardiovascular disease risk, including a tendency
for low blood flow and vascular shear stress; decreased endothelial dysfunction; and
increased venous stasis/pooling, blood pressure, and pro-coagulation factors. Pre-
liminary evidence highlights the potential importance of replacing prolonged
periods of uninterrupted sitting with regular physical movement to attenuate
some of these factors. However, the majority of studies to date have been acute in
nature, precluding inferences about longer-term exposures. In addition, studies
have mostly been conducted in healthy young male participants to avoid hormonal
influences. Further studies in a range of population groups and in ecologically valid
settings are still required, along with a more detailed examination of the integrated
mechanisms that may underlie the associations between sedentary behaviour and
CVD risk.

5.7 Immunologic and Inflammatory Responses
to Sedentary Behaviour

Chronic low-grade inflammation has been implicated in the pathogenesis of numer-
ous chronic diseases, particularly type 2 diabetes and cardiovascular disease [105—
107]. Observational studies in healthy individuals and those with or at risk of type
2 diabetes have reported associations between self-reported and accelerometer-
derived sedentary behaviour and multiple adipokines (hormones released from
adipose tissue) including C-reactive protein (CRP), interleukin-6 (IL-6), leptin,
leptin/adiponectin ratio, and tumour necrosis factor-alpha (TNF-a) [108-113],
independent of time spent in moderate-to-vigorous intensity physical activity.
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Moreover, higher self-reported screen and sitting time have also been associated
with shorter telomere length [114, 115]. Telomeres (repetitive sequences of
non-coding DNA that protect chromosomes from damage) undergo erosion as a
result of cell division, systemic oxidative stress, and inflammation and thus serve as
a potential indicator of cellular ageing and cardiovascular disease risk.

To date, the reported relationships between sedentary behaviour and inflamma-
tion are complicated by the relatively crude assessments of sedentary time and the
potential mediating influences of numerous other factors (e.g. moderate-to-vigor-
ous intensity physical activity, dietary habits). Accelerated abdominal obesity is a
key potential confounder [116], which has been linked with inactivity and sedentary
behaviour in numerous observational studies [117-120]. Data from bed rest studies
are also somewhat mixed. For example, 14 days of bed rest in young volunteers
resulted in increased circulating levels of CRP and IL-6 [121]; however, 7 days of
bed rest in elderly individuals appeared only to influence local (muscle) pro- and
anti-inflammatory cytokines, but not systemic inflammatory markers [122]. There-
fore, whether there is any meaningful adiposity-dependent or independent link
between sedentary behaviour, immunology, and cardiometabolic health remains
equivocal at present.

Longer-term intervention studies examining sedentary behaviour and inflamma-
tory outcomes are needed to elucidate the mechanisms specifically linking seden-
tary behaviour to chronic inflammatory-related disease, and to help inform the
likelihood of causality. Moreover, determining whether specific modifications in
sedentary time with light-intensity physical activity have distinct anti-inflammatory
effects alongside changes in diet, moderate-to-vigorous intensity physical activity,
adiposity, and other co-inflammatory factors will also be important. These studies
will be challenging to conduct and interpret, particularly given the longer observa-
tion periods required to observe changes, the numerous potential influences on
inflammatory markers over time, and the relatively subtle/variable stimuli of
sedentary behaviours in this context.

5.8 Effects of Sedentary Behaviour on Hormonal
Regulation of Appetite, Dietary Intake, and Energy
Balance

Appetite regulation is complex and highly variable between individuals, involving
psychological factors such as perceptions of hunger and satiety, which interact with
fluctuations in hormones related to energy balance and appetite regulation. On a
meal-to-meal basis, food intake is regulated by several secreted peptide hormones.
These include acylated ghrelin—the only known circulating orexigenic (appetite-
stimulating) hormone—and a number of anorexigenic (appetite-inhibiting) hor-
mones, such as peptide-YY (PYY), glucagon like peptide-1, cholecystokinin, and
oxyntomodulin [123, 124].
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The inter-relationships between sedentary behaviour, physical activity, and
appetite regulation have potentially important implications for weight management.
Physical activity is known to alter hunger and satiety perceptions (termed “exer-
cise-induced anorexia”), as well as suppress acylated ghrelin and increase PYY in
the hours following an exercise bout [125]. A recent meta-analysis [126] indicated
that young-healthy populations tend not to compensate for the energy expended by
altering food intake in the immediate hours after physical activity, suggesting it
subsequently induces a negative energy balance. Further, the authors also observed
that inactive individuals were more likely to experience appetite suppression
immediately after physical activity, suggesting that inactivity may differentially
influence appetite regulation.

There is emerging evidence that sedentary behaviours not only influence appe-
tite and energy intake, but also the hedonic and rewarding aspects of feeding
behaviours. Examples of potential links include television advertisements, snacking
and video games, and food cravings in adolescents [127]. However, again, relative
to studies of physical activity, much less is known about the impact of sedentary
behaviours per se on appetite regulation and energy balance. Granados et al. [128]
showed that 1 day of sitting decreased energy expenditure without a reduction in
appetite, suggesting this would favour a positive energy balance and subsequent
weight gain. This is consistent with Stubbs et al. [129], who observed no compen-
satory decline in ad libitum food intake in response to large reductions in energy
expenditure. However, these findings are contrary to some bed rest studies in lean
adults conducted over 2 weeks, where energy balance was maintained due to a
lowering of energy intake to match lower expenditure [8].

At present, we are aware of only two randomized crossover studies that have
examined appetite and appetite-regulating hormone responses when interrupting
prolonged sitting [45, 130]. In young obese participants with impaired fasting
glucose, Holmstrup et al. [45] compared objective measures of satiety when
participants consumed liquid meals every 2 h over a 12 h period and completed
hourly 5 min bouts of intermittent walking versus an energy-matched 1 hour bout of
walking in the morning. The intermittent bouts of walking lead to lower perceived
hunger and increased satiety in the mid-afternoon hours, but the finding did not
track with changes in PYY levels between conditions. In a shorter duration trial
(5 h) with a single test drink, Bailey et al. [130] observed no significant differences
between conditions for hunger, satiety, or circulating gut hormone concentrations
(total PYY and acylated ghrelin) when sedentary participants interrupted prolonged
sitting time with 2 min bouts of light- or moderate-intensity walking every 20 min.
Interestingly, participants were also provided with a test meal (pasta) at the end of
each condition, but no differences in ad libitum food intake were observed between
conditions, which could have implications for longer-term energy balance. How-
ever, implications with regard to weight management are likely oversimplified.
Longer-term studies would be required to elucidate this.
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5.9 Musculoskeletal Consequences of Sedentary Behaviour

It is easy to assume through anecdote that a strong relationship exists between a stiff
lower back and long-distance travel or a long day at work. This may provide
managerial staff or employees with sufficient incentive to seek alternate arrange-
ments (e.g. sit—stand or treadmill desks) at work for both perceived comfort and
productivity reasons [131, 132] and potential employee litigation issues. In some
cases, this may be reasonable, as musculoskeletal disorders have been linked to
sedentary work, specifically those of the hand and wrist, neck, upper back, and
lower back [132—137]. In addition, greater amounts of sedentary time have been
associated with lower femoral bone mineral content and density levels in older
women when controlling for physical activity, raising the possibility that reducing
sedentary time with light activity could help lessen/maintain ageing-induced bone
loss [138]. However, the evidence on sitting behaviours per se (as opposed to
behaviours associated specifically with office work and computer use) and muscu-
loskeletal issues is largely imprecise, anecdotal, and thus equivocal at present. For
example, despite suggestions of increased spinal loading and risk of disc herniation
during sitting [139], a systematic review found no evidence for an association
between leisure time sitting and low back pain [140].

Findings are also mixed in the occupational setting, with some systematic
reviews [141, 142] showing associations between occupational sitting and muscu-
loskeletal issues (e.g. neck and back pain) while others have shown no association
[143-146]. It may be that static sitting or standing positions impact individuals in a
variety of ways depending on their specific musculoskeletal pain, suggesting that in
many cases transitioning between the two postures may be a preferable option to
avoid musculoskeletal discomfort and fatigue [147—-149]. In summary, there is at
present preliminary but inconsistent observational evidence that prolonged sitting is
associated with musculoskeletal issues. High-quality evidence from longitudinal
and interventional studies using both valid and context-specific measures of sitting
patterns and musculoskeletal health is still required.

5.10 Conclusions: Research Needs and Future
Opportunities

The science of sedentary behaviour, while in its infancy, is beginning to highlight the
potential role that all aspects along the human movement continuum (see Fig. 5.1)
can play in influencing physiology. As illustrated conceptually in Fig. 5.2, prolonged
sitting may exert specific physiological effects; however, much remains to be
understood and clarified. To date, evidence on the physiological effects of prolonged
sitting exposures and the potential impact of reducing and interrupting these periods
raises a number of pertinent questions, research needs, and opportunities. These
include: (1) how sedentary behaviour research models can complement the already
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vast knowledge-base on physical inactivity; (2) the independent effects of sedentary
behaviour on acute/chronic physiological processes or health outcomes, and the
specific mechanisms involved; and (3) how our evolving knowledge about sedentary
behaviour and light-intensity activity can inform innovative and pragmatic inter-
ventions and public health recommendations. Hereafter, we provide a perspective on
some of the priority areas for future work to inform sedentary physiology.

5.10.1 A Need for More Mechanistic Studies and Chronic
Interventions

It has been proposed that sedentary behaviour influences health outcomes through
some mechanisms that are independent from those related to a lack of moderate-to-
vigorous intensity physical activity [15]. Thus, understanding the specific physio-
logic mechanisms underlying the associations between sedentary behaviour and
adverse health outcomes would be informative. Importantly, there remains a critical
need for longer duration studies to improve our causal understanding on both the
acute and longer-term effects of exposures to prolonged sitting and chronic disease
risk. Studies to date illustrate the short-term peripheral effects of engaging in
prolonged sitting and how they may be mitigated even with light-intensity physical
activity. However, more robust data on the underlying molecular mechanisms
associated with prolonged sitting and risk of disease/mortality will be garnered
through the collection of tissue samples (e.g. muscle, bone, adipose tissue), includ-
ing more direct and integrated physiological measurements (e.g. metabolic, vascu-
lar, magnetic resonance imaging), and not only surrogate markers. As examples,
alterations in skeletal muscle insulin signalling [59] and gene expression associated
with tissue-specific and small-molecule biochemistry, cellular development,
growth and proliferation, and carbohydrate metabolism [150] were observed in
overweight/obese adults when prolonged sitting was interrupted with regular activ-
ity bouts. Further analyses of this nature will provide valuable insights on the site-
specific regulatory systems and molecular processes underlying the physiological
effects of prolonged sitting.

5.10.2 A Need for Studies Assessing Novel Outcomes
and Modulators Related to Sedentary Behaviour
and Light-Intensity Physical Activity

Based on acute evidence to date, it is likely that the associations between sedentary
behaviours and health outcomes will be dependent upon the specific outcomes
measured and the populations involved, meaning future sedentary behaviour inter-
ventions and guidelines may have to be specific to the key priorities and needs of
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the target population. With this in mind, it will also be important to move beyond
cardiometabolic health concerns and uncover opportunities for collaborations
between various areas of physiological expertise. These could include integrative
studies across metabolism, vascular physiology, molecular mediators, “omics”
technologies, central and peripheral neural effects, inflammation, musculoskeletal,
bone health, and cognitive effects. Such collaborations would allow for the inte-
grated assessment of novel markers of ageing and musculoskeletal and brain health,
along with other clinically relevant outcomes.

In the initial phases, some investigations of novel outcomes and potential mod-
ulators of sedentary behaviour will probably only be feasible using animal models,
particularly when invasive procedures are required. An intriguing example in the
animal model space involves studies that have focussed on the potential neural
mediators of spontaneous, light-intensity physical activity, such as hypothalamic
orexins (neuropeptides also known as hypocretins). Surgical removal of these
orexin neurons caused narcolepsy and obesity [151], but also decreased spontane-
ous movements [152—154]. Age-related decline in orexin receptor messenger-RNA
levels in rats has also been shown to correlate with decreased ambulatory activity
[155], while biochemically elevated orexin levels increased daily ambulatory
activity [156]. These studies suggest that lower orexin levels may mediate lower
incidental activity, energy expenditure, and obesity. How neuro-mediators interact
with other environmental cues, behavioural factors and relate to humans remains
speculative; however, these investigations illustrate the potential for integrated
mechanistic insights from unique outcomes or paradigms related to health, and
the possibilities for informing or identifying new therapeutic targets.

5.10.3 A Need to Identify Dose—Response Relationships
and Optimal Physical Activity Patterns

While it is often more pragmatic to study specific activities within the physical
activity spectrum in isolation, in day-to-day living, exercise, physical activity, and
sitting do not occur in isolation from each other. Thus, important unresolved
questions at the core of sedentary behaviour research include: (1) what duration
of sitting is too much? And, equally, (2) how often and with what activities should
prolonged sitting time be replaced? Furthermore, do those who fail to meet the
moderate-to-vigorous intensity physical activity guidelines, but who engage in
large volumes of light activity, have more favourable health outcomes than those
who meet moderate-to-vigorous intensity physical activity guidelines but sit for
much of the day?

These questions are inevitably complex, as the “ideal” patterning of sedentary
and physical activity behaviours is likely to be based on the requirements, context,
and activity/health status of the subpopulation, rather than a “one size fits all”
approach. However, in terms of potential countermeasures applicable to the
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population, it may be that certain minimal combinations or criteria of mode or
posture (e.g. active sitting, fidgeting, acute or extended postural changes, standing,
activities involving resistance, and/or sit-to-stand transitions), volume or intensity
(e.g. light-intensity physical activity or moderate-to-vigorous intensity physical
activity), or patterning (e.g. activity bout, active around meals, or standing length/
accumulation) of physical movement are all that is required to derive physiological
benefit.

As examples, given that increasing both time spent in light-intensity activity
(reducing sedentary time) and moderate-to-vigorous intensity physical activity
seem to be acutely beneficial for glycaemic control, a logical next step could be
to establish whether certain combinations of both behaviours has the potential to
optimize glycaemic control [33]. However, one must also be cognizant that each
physiological outcome measure may require different doses and types of inter-
vention. Whereas replacing sitting behaviour with more light-intensity activity
may improve glycaemic control, it seems less likely to influence outcomes that
rely on “working the system” at higher intensities, such as cardiorespiratory
fitness. Integrating such information, ideally from randomized controlled trials
and longer-term interventions, is especially critical for developing an evidence-
base for quantitative and context-specific sedentary behaviour guidelines. Such
information will also provide healthcare professionals with more information to
begin providing personalized lifestyle prescriptions tailored to deliver optimum
health benefit.

5.10.4 A Need to Identify and Consider the Potential
Differential Effects of Sedentary Behaviour

Sedentary behaviour exists in a variety of population subgroups and under different
environmental contexts and personal factors within a spectrum of activity that make
up the 24 hour day. Thus, it will be important to consider how the effects of
prolonged sedentary time vary in relation to key factors, including but not limited
to: gender, medications, menopausal status, age, ethnicity, genetic profiles, dietary
habits, cardiorespiratory fitness and baseline exercise levels, sleep duration and
quality, and populations with or at increased risk of various chronic diseases (see
Fig. 5.1). Identifying whether such factors hold significant importance will also
help identify more “at risk” populations that may derive greater benefits from
reductions in sedentary behaviour.

As an example, acute experimental studies suggest that regular interruptions in
prolonged sitting may be particularly beneficial for postprandial glucose responses
in those with or at high risk of developing type 2 diabetes relative to healthy
individuals [58], suggesting dysregulated metabolic responses to prolonged sitting
in these individuals. Moreover, individuals with type 2 diabetes are more likely to
be overweight/obese, deconditioned and to be managing various complications and
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comorbidities. In this context, while displacing sitting time with brief bouts of light-
intensity activity may be an effective management tool in its own right, it is also
plausible that such activity breaks could provide a further behavioural or physio-
logical stepping stone towards more participation in, or tolerance of, moderate-to-
vigorous intensity physical activity. In the future, delivery of the most appropriate
form of programme, intervention or communication, education, or environmental
and policy change to those who need them most, or who are most likely to derive
benefit, would minimize the likelihood of unhelpful intervention.

5.11 Summary

Excessive sitting is a ubiquitous, modern-day behaviour, co-existing alongside poor
adherence to structured exercise in most of the population. Consistent evidence
from epidemiological and experimental studies suggests that sedentary behaviour
contributes to excess morbidity and mortality. However, as our evidence synthesis
shows, the physiological mechanisms underlying the deleterious effects of seden-
tary behaviour per se (see Fig. 5.2) and the most effective countermeasures to
ameliorating its detrimental effects requires further research.

Reducing and interrupting prolonged sitting with light-intensity activities may
be a practical strategy to improve health outcomes, particularly in those who are
very physically inactive and are at increased risk of type 2 diabetes / cardiovascular
disease. However, further evidence from longer-duration and more ecologically
relevant free-living intervention studies is still required to confirm this. While
recent experimental findings are promising and have provided important physio-
logical insights, they have mostly focussed on changes in glycaemic control, insulin
sensitivity, and vascular function. The integration of physical activity and sedentary
behaviour models, ideally in parallel with high-quality physiological measurements
across a range of populations, will help add further specificity to sedentary behav-
iour and physical activity recommendations. In the meantime, it remains appropri-
ate and prudent for healthcare professionals—in the interest of “doing no harm”—
to promote the statement: “Sit less, move more, more often”.
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Chapter 6
Sedentary Behaviour and Adiposity

Carmen Jochem, Daniela Schmid, and Michael F. Leitzmann

Abstract Obesity is thought to represent an intermediate variable in the pathway
linking sedentary behaviour to the development of chronic disease, yet its role in
the sedentary behaviour context has not been resolved. Numerous cross-sectional
studies, prospective studies, and randomized controlled trials have examined the
potential obesogenic effect of prolonged sedentary behaviour in children and
adolescents, where television viewing has been the focus of the majority of studies.
Results suggest that prolonged time spent sedentary is positively associated with
adiposity in children and adolescents. The association may be partly explained by
unhealthy eating behaviour associated with television viewing. By comparison, the
current literature provides insufficient evidence for a positive relation between
sedentary behaviour and adiposity among adults. Future prospective studies and
randomized controlled trials using objective measures to monitor sedentary behav-
iour are needed to clarify the role of obesity in the sedentary behaviour context.

6.1 Introduction

Globally, the prevalence of overweight and obesity in young people and adults is
alarmingly high, with approximately 41 million overweight children under 5 years
of age and 1.9 billion overweight adults, of which over 600 million adults are obese
[1-3]. During the past several decades, the number of overweight children and
adults has risen dramatically [1]. Low and middle income countries have been
particularly affected, where the number of overweight children has more than
doubled since 1990, from 7.5 million to 15.5 million. Globally, the proportion of
overweight and obese adults increased from 28.8% to 36.9% between 1980 and
2013 in men and from 29.8% to 38.0% in women [1].
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According to the Global Burden of Diseases study, approximately 23% children
and adolescents in developed countries were overweight or obese in 2013 (com-
pared to 16% in 1980) [1]. In developing countries, approximately 13% boys and
girls were overweight or obese in 2013 (compared to 8% in 1980). In developing
countries, the rates of overweight and obesity are higher in women, whereas in
developed countries, the prevalence of overweight and obesity is higher in men.
Considering rates of obesity only, women exhibit higher rates in both developed
and developing countries [1].

Being overweight or obese causes an estimated 35.8 million (2.3%) global
disability-adjusted life-years (DALYs) and is responsible for at least 2.8 million
deaths. Overweight and obesity increase the risk of a number of chronic diseases,
including coronary heart disease, ischemic stroke, type 2 diabetes mellitus, and
certain types of cancers [4, 5].

Overweight and obesity during childhood are associated with adult adiposity
[6]. Thus, overweight and obesity in children and young people is a global public
health issue of great relevance. In 2014, the World Health Organization established
the Commission on Ending Childhood Obesity [7] to develop a comprehensive set
of recommendations to prevent and address childhood obesity. One of the main
recommendations of the commission is to reduce sedentary behaviours and to
promote physical activity in children and adolescents.

In the past decade, numerous observational and intervention studies investigated
the relation between sedentary behaviour and adiposity. The following chapter
provides an overview of the main findings of these investigations, followed by a
brief discussion of potential biologic mechanisms involved. For further details on
the prevalence and correlates of sedentary behaviour, please refer to Sects. 4.2.6
and 4.3.3 (children and adolescents) and Sects. 4.2.4 and 4.3.1 (adults).

6.2 Sedentary Behaviour in Relation to Adiposity
in Children and Adolescents

Numerous reviews and meta-analyses examined the association between sedentary
behaviour and adiposity in children and adolescents [8—27]. A selection of studies
that have summarized the available information on sedentary behaviour and adi-
posity in childhood and adolescence published since 2010 is presented in Table 6.1.

6.2.1 Cross-sectional Studies of Sedentary Behaviour
in Relation to Adiposity

A large systematic review by Tremblay et al. found that 94 of 119 cross-sectional
studies reported that greater amounts of sedentary time were related to increased
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risk of adiposity in school-aged children and adolescents [23]. Based on a dose—
response analysis of television watching time and overweight/obesity, the review
concluded that >2 h of sedentary behaviour per day is associated with an increased
risk for developing adiposity. Similarly, a review by Costigan et al. found evidence
for a positive relation between screen-based sedentary behaviour and body weight
in 11 of 12 cross-sectional studies in adolescent girls, particularly for screen time
exceeding 2 h per day [21].

A meta-analysis by Zhang et al. of 14 cross-sectional studies in children and
adolescents (age range 1-18 years) compared the highest with the lowest categories
of television watching and reported a pooled odds ratio (OR) of adiposity of 1.47
(95% confidence interval (CI) = 1.33—1.62) [11]. When stratified by sex, a positive
relation between television watching and adiposity was apparent in both boys
(OR = 1.30, 95% CI = 1.16-1.45) and girls (OR = 1.26, 95% CI = 1.11-1.41).
Also, the effect estimates were similar among preschool children and school
children. In linear dose—response analyses, each 1 h per day increment in television
watching was associated with a 13% increased risk of adiposity.

In a systematic review of cross-sectional studies, Cliff et al. reported that 11 of
48 studies reported a significant positive association between objectively assessed
sedentary behaviour and adiposity in children [9]. Their meta-analysis of 27 cross-
sectional studies yielded a weak but statistically significant positive relation
between the two (r = 0.07, 95% CI 0.00 to 0.13, p = 0.024). However, a large
degree of heterogeneity between studies was noted, and statistical significance of
the pooled risk estimate remained evident only in lower quality studies and those
that were not adjusted for physical activity. Prentice-Dunn et al. [17] reviewed the
data from nine cross-sectional studies and noted a positive association between
sedentary behaviours and child weight status in seven studies that relied on self-
reported sedentary behaviour, but found no relation in two studies that used
objective sedentary behaviour data. The heterogeneous findings according to
study quality and mode of sedentary behaviour assessment in those studies high-
light the challenge in accurately capturing sedentary behaviour levels and the need
to address potential confounding by unhealthy diet or insufficient physical activity.

The aforementioned review of cross-sectional studies by Prentice-Dunn and
colleagues also summarized the sparse data on sedentary behaviours other than
television viewing such as playing video games, internet use, and cell phone use
[17]. According to that review, three studies revealed a positive association
between playing video games and adiposity [28-30], whereas one study found no
association between PC use and weight [31]. One study also reported that cell
phone use was not associated with adiposity, unless cell phones were used to play
video games [32]. That study [32] also showed a positive association between
internet use and body mass index (BMI) in adolescents. Due to the limited number
of studies that investigated the association between sedentary behaviours other than
television watching and adiposity in children and adolescents, there is a need for
further studies—especially of prospective design—to draw firm conclusions
regarding the relation of sedentary behaviours other than television viewing to
adiposity.
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In addition to the impact of total sedentary time on risk for adiposity, the manner
in which sedentary time is accumulated may also be relevant. Five of six cross-
sectional studies reviewed by CIliff et al. showed no statistically significant associ-
ation between number of breaks in sedentary behaviour and adiposity [9]. However,
one cross-sectional study [33] found that breaks in sedentary time and the number
of sedentary bouts lasting 1-4 min were inversely related to BMI in children with a
family history of obesity. More research is needed to determine whether avoiding
prolonged uninterrupted periods of sedentary time provides protection from risk of
developing obesity.

Taken together, findings from cross-sectional studies suggest a positive associ-
ation between sedentary behaviour—particularly television watching in excess of
2 h per day—and adiposity in children. However, numerous issues need to be kept
in mind when interpreting the findings of those studies. Importantly, analyses were
based on cross-sectional study designs that are unable to assess the directionality of
the relation of sedentary behaviour to obesity; thus, reverse causation cannot be
ruled out. Also, investigations on television watching were self-reported, which
may have contributed to measurement error in those studies. In addition, the
cut-points for weight status and BMI were not entirely consistent across studies,
making it challenging to compare and synthesize the results.

6.2.2 Prospective Cohort Studies of Sedentary Behaviour
in Relation to Adiposity

Prospective data on sedentary behaviour in relation to adiposity are less abundant
than cross-sectional data, but a sizeable number of longitudinal studies have been
conducted in this area. According to an early systematic review by Tremblay et al.
of studies in children and adolescents (age range 517 years), 19 of 28 prospective
studies found a positive association between sedentary time and risk of adiposity
[23]. Consistent with this, a review by Costigan et al. of studies on girls aged 12—18
years reported a positive relation of screen-based sedentary behaviour to body
weight in all six prospective studies considered [21]. A more recent meta-analysis
by van Ekris et al. of studies in children <18 years of age combined the data from
nine prospective studies and reported a statistically non-significant association
between television viewing and adiposity. Likewise, the summary estimate from
five prospective studies yielded no relation with computer use/game time and
objectively assessed total sedentary time. However, when combining all different
sedentary measures, there was evidence for a positive association with
adiposity [8].

A number of studies prospectively examined the association between television
watching and adiposity in toddlers and preschoolers. One systematic review by
LeBlanc et al. [16] and another by te Velde et al. [22] summarized the data from
prospective studies that examined the association between television watching,
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computer use, or computer/video gaming and measures of adiposity in toddlers and
preschoolers and found low-to-moderate evidence that increased screen time is
associated with greater adiposity.

A number of studies prospectively examined the association between sedentary
behaviour and subsequent change in adiposity. One observational study [34] pro-
spectively investigated the association between television watching and body fat
change in children from preschool to early adolescence. By age 11, those who
watched 3 or more hours of television per day as preschoolers had greater subse-
quent increases in body fat than those who watched less than 1.75 h of television per
day. Results remained evident after controlling for baseline body fat and level of
physical activity. Similarly, a prospective study found that television viewing
among 3—4 year olds was positively related to BMI assessed at 3 years of follow-
up [35]. In contrast, a prospective study of children aged 0—6 years [36] found that
increased television watching was related to increased adiposity, but that associa-
tion was no longer apparent when commercialized television viewing was con-
trolled for, suggesting that the increase in adiposity was explained by the content of
the television (i.e. advertising) and not the sedentary behaviour. As summarized by
an early systematic review by Chinapaw et al. of 26 prospective cohort studies in
children aged 3-17 years at baseline, there is insufficient evidence for a positive
relation of sedentary time to markers of adiposity [24]. Focusing on high quality
studies, Chinapaw et al. noted that only four of six studies on BMI and two of four
studies on waist circumference, fat percentage, or skinfold thickness found a
significant positive relation of sedentary time to indicators of fat mass.

Two subsequent reviews, one by Tanaka et al. [13] and the other by Pate et al.
[15], summarized the data from prospective studies that used objective measures of
sedentary behaviour. Two individual studies [37, 38] found no relation between
sedentary time and change in adiposity. Similarly, one prospective study showed a
null association between changes in sedentary time and changes in BMI or body fat
mass [39]. In contrast, one prospective study found a significant relation of
increased sedentary behaviour to increased BMI at the 90th, 75th, and 50th per-
centiles between ages 9 and 15 years, independent of moderate-to-vigorous phys-
ical activity [40]. Another prospective study reported a borderline significant
relation of increased time spent sedentary to increased BMI in girls but detected
no association in boys [41]. The observed heterogeneity in the results of those
studies may be due to differences in statistical modelling of the data, variation in the
assessments of adiposity, and differences in covariates. Taken together, there is
limited prospective evidence for a relation of sedentary time or changes in seden-
tary time to changes in adiposity in children and adolescents.
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6.2.3 Intervention Studies of Sedentary Behaviour
in Relation to Adiposity

Several meta-analyses summarized the effect of sedentary behaviour interventions on
BMI change in children [10, 14, 18-20, 23]. A recent meta-analysis by Azevedo et al.
[10] included 67 trials and found that sedentary behaviour interventions led to a
small but statistically significant reduction in BMI (standardized mean difference =
—0.060 (95% CI = —0.098 to —0.022), with a more pronounced BMI reduction in
overweight or obese children (standardized mean difference = —0.255, 95% CI =
—0.400 to —0.109). A meta-analysis by Liao et al. [14] included 25 RCTs and
reported a small but statistically significant effect of sedentary behaviour interven-
tions on BMI reduction when studies on sedentary behaviour were combined with
other interventions including physical activity and diet (Hedge’s g = —0.073, p =
0.021) but not for single sedentary behaviour interventions. By comparison, van
Grieken et al. [20] in a pooled analysis of 34 intervention studies found a statisti-
cally significant BMI difference of —0.25 kg/m? (95% CI = —0.40 to —0.09) in
favour of the intervention group for single sedentary behaviour interventions as
well as for multiple health behaviour interventions. Tremblay et al. [23] combined
the data from 4 RCTs and showed that interventions aimed at reducing sedentary
behaviour showed a statistically significant effect on BMI reduction (—0.89 kg/m?,
95% CI = —1.67 to —0.11). In a review of intervention studies that explored
effective strategies for reducing screen time in various settings, Schmidt et al.
[18] reported that 9 of 18 intervention studies found a positive effect of reduced
screen time on lowering BMI. This is consistent with a review by Leung et al. [19]
of 12 intervention studies that reported a positive impact of decreasing sedentary
behaviour on markers of adiposity in school-age youth.

It is important to note that most of the individual studies summarized in the
above reviews and meta-analyses targeted sedentary behaviour alongside other
behaviours, such as physical activity, diet, sleep, breastfeeding, or motor skills.
Thus, those studies focused on the effect of multicomponent interventions and not
on sedentary behaviour only. Therefore, it remains unclear whether the observed
decrease in BMI reduction was due to reduced sedentary behaviour, increased
physical activity, enhanced diet, or any combination thereof. It is worth pointing
out that a meta-analysis by Wahi et al. [25] included six RCTs on the effect of
sedentary behaviour reduction on BMI change, five of which did not have
co-interventions, and found no significant BMI change (—0.10 kg/m? (95% CI =
—0.28 to 0.09). Taken together, behaviour change interventions that also include a
reduction in sedentary behaviours significantly decrease BMI in children, but
interventions that focus solely on reducing screen time may not be effective, and
additional behaviours (i.e. diet and physical activity) may need to be targeted to
generate significant decreases in weight.
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6.3 Sedentary Behaviour and Adiposity in Adults

The volume of information from reviews and meta-analyses of sedentary behaviour
in relation to adiposity in adults [42—49] is less abundant than that in children and
adolescents. A selection of studies that summarized the available information on
sedentary behaviour and adiposity in adults published since 2010 is presented in
Table 6.2.

6.3.1 Self-Reported Assessments of Sedentary Behaviour
in Relation to Adiposity

A systematic review by Thorp et al. [47] of 24 prospective studies used TV viewing,
watching videos, using a computer, playing video games, or riding in a car as an
exposure and used BMI, obesity, weight gain, weight maintenance, or a measure of
body fat distribution (i.e. waist circumference) as an endpoint. Results showed that
only 6 of 11 prospective studies reported a positive relation of self-reported time
spent in sedentary behaviour to risk of obesity. Of those six positive studies, two
studies exhibited an attenuation of the formerly statistically significant association
following adjustment for baseline BMI, which may be explained by the shorter
duration of follow-up in those studies; one study displayed a significant association
only among those with normal weight at study baseline, suggesting that sedentary
behaviour and weight gain in adults are mutually reinforcing and that initial weight
status may represent a significant determinant of the amount of weight gained
during follow-up. Another review by Proper et al. [46] also found insufficient
evidence for a positive relation between self-reported sedentary behaviour and
risk of overweight or obesity. Likewise, there is limited support for a relation of
self-reported sedentary behaviour to subsequent weight gain in adults. Specifically,
Thorp et al. [47] found a positive association between sedentary behaviour and
weight gain in eight of twelve studies, only five of which remained evident after
adjustment for physical activity.

Several individual studies investigated the potential obesogenic effect of televi-
sion viewing specifically. For example, the Nurses’ Health Study [50] found that
each 2 h per day increase in television viewing was associated with a 23% increased
risk of obesity in women over 6 years of follow-up, regardless of physical activity
level, dietary factors, and other covariates. Likewise, the Australian Diabetes,
Obesity, and Lifestyle Study (AusDiab) reported that an increase in television
viewing over five years was significantly associated with an increase in waist
circumference, irrespective of physical activity level [51]. Some studies showed a
positive association between television viewing and BMI or waist circumference
[52-55] that was attenuated after controlling for BMI [53], physical activity [54],
dietary factors [55], and other covariates [55].
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The Coronary Artery Risk Development in Young Adults (CARDIA) study
prospectively examined television viewing in relation to BMI and waist circumfer-
ence among 3269 men and women over 15 years of follow-up [56]. Results showed
that a greater volume of television viewing predicted higher BMI and waist
circumference in young adults. However, the association diminished as individuals
aged over the following decade. The authors reasoned that such weakening of the
relation between television viewing and BMI with age may be partly explained by a
lower susceptibility of middle-aged persons to the seduction of television advertis-
ing and, hence, decreased likelihood of consuming energy-dense snacks while
watching television. Supportive data come from a previous analysis from the
CARDIA study showing that diet quality increased with age [57].

One review by Rhodes et al. [45] summarized the data from 42 studies (32 cross-
sectional studies and 10 prospective studies) on different types of sedentary behav-
iour in relation to BMI in adults. Results showed that 19 of 28 studies reported a
positive association between television viewing and BMI, three of which supported
arelation in women but not men. In addition, general screen viewing was associated
with higher BMI in four studies, one of which supported a relation in women but not
men. Further, two of four studies on computer use were positively related to BML.
In contrast, eight studies on sitting and three studies on leisure-time reading
detected no association with BMI. Taken together, these findings provide some
evidence for a positive relation of television and general screen viewing to BMI in
adults, but the associations with other sedentary behaviours appear weak.

A small but growing body of data suggests that engaging in sedentary behaviour
during childhood or adolescence is a predictor of obesity in adulthood. Specifically,
four prospective studies reviewed by Thorp et al. [47] consistently found that
sedentary behaviour during childhood or adolescence was positively associated
with BMI in adulthood, independent of childhood/adolescent BMI and physical
activity.

6.3.2 Occupational Sitting in Relation to Adiposity

A systematic review by van Uffelen et al. [48] examined the relation between
occupational sitting time and BMI based on 12 observational studies (9 cross-
sectional studies, 2 prospective studies, and 1 study with cross-sectional and
prospective data). Five of the ten cross-sectional studies revealed a positive asso-
ciation between sitting at work and BMI, of which two studies reported a statisti-
cally significant positive relation in men, but not women. Four studies found no
association and one study reported an inverse relation. Two of the three prospective
studies observed no association between occupational sitting time and BMI. The
third prospective study reported that each 2 h per day increment in sitting at work
was suggestive of increasing risk of obesity. However, the association with obesity
across different levels of sitting at work was only statistically significant for sitting
beyond 40 h per week as compared with less than 1 h sitting. It is worth noting that a
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large proportion of studies included in the review [48] combined sedentary behav-
iour with physical activity categories. Results from such studies fail to represent the
true association between sedentary behaviour and adiposity because a proportion of
the sedentary behaviour risk estimate may be explained by the inverse of the
decreased adiposity risk brought about by physical activity [58].

6.3.3 Objective Assessments of Sedentary Behaviour
in Relation to Adiposity

One recent cross-sectional study of 82 overweight and obese adults [59] found no
relation of accelerometer-derived sedentary behaviour to visceral adipose tissue
measured by magnetic resonance imaging. Another study [60] using data from the
National Health and Nutrition Examination Survey (NHANES) reported inconsis-
tent results for an association between objectively quantified sedentary behaviour
and measures of adiposity. Whereas sedentary time was unrelated to BMI, waist
circumference, waist-to-height ratio, and percent total body fat in the ordered
logistic regression model, a positive association between sedentary time and per-
cent total body fat was noted in the linear model.

One prospective study of healthy middle-aged adults [61] examined objectively
quantified time spent sedentary in relation to body weight, BMI, fat mass, and waist
circumference. Sedentary time was estimated by individually calibrated heart rate
monitoring, and fat mass was measured using bioimpedance. Sedentary behaviour
and adiposity-related measures were assessed both at baseline (1994-1996) and
during follow-up (2001-2003), with a median interval of 5.6 years between the two
time points. Results showed that time spent sedentary at baseline was not predictive
of body weight, BMI, waist circumference, or fat mass at follow-up. In contrast, all
measures of adiposity significantly predicted sedentary time at follow-up, indepen-
dent of baseline sedentary time, physical activity energy expenditure, and other
covariates. Compared with individuals who lost weight between baseline and
follow up, those who gained weight spent significantly more time sedentary at
follow-up. These findings indicate that adiposity is predictive of increased time
spent sedentary, but that sedentary time is not predictive of subsequent adiposity.
The possibility of a bidirectional association between sedentary behaviour and
adiposity requires further research attention. Taken together, there is limited evi-
dence for a positive relation of sedentary behaviour to weight gain and obesity in
adults.
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6.4 Sedentary Behaviour in Relation to Adiposity
in the Elderly

Despite a high prevalence of sedentary behaviour among the elderly [62], the
relation between sedentary behaviour and adiposity among people of advanced
age has not yet been extensively studied. A recent systematic review of 12 cross-
sectional studies by de Rezende et al. [44] reported that different aspects of
sedentary behaviour were relatively consistently positively associated with over-
weight and obesity as well as measures of body composition, such as waist
circumference and waist-to-hip ratio. However, the authors of the review concluded
that the evidence for a relation between sedentary behaviour and adiposity among
the elderly is insufficient due to the moderate quality of available studies. A recent
review of studies in adults aged 60 years or older by Wirth et al. [42] found a
statistically significant positive relation of sedentary behaviour to BMI in seven of
eleven cross-sectional studies, one prospective study, and one of three RCTs. In
addition, the review found a statistically significant positive relation of sedentary
behaviour to waist circumference in seven of ten cross-sectional studies and in one
prospective study but detected no association in four RCTs. The authors concluded
that there was mixed evidence for a positive association between BMI and seden-
tary behaviour and no relation with waist circumference. One cross-sectional study
that examined community design relationships of body weight in older adults
reported that sitting in a car was unrelated to overweight or obesity [63].

A recent systematic review by Chastin et al. investigated determinants of
sedentary behaviour in the elderly [43]. Seven studies (six cross-sectional studies
and one prospective study) on self-reported or accelerometer-based sedentary
behaviour in relation to obesity that were included in that report found greater
volumes of sedentary time or television viewing among obese individuals
[43]. Clearly, there is a need for further prospective studies using objective mea-
sures to explore whether sedentary behaviour is related to obesity in the elderly.

6.5 Limitations of Existing Reviews and Meta-Analyses

Although the existing literature points towards a positive association between
sedentary behaviour and adiposity among children, the findings need to be
interpreted in the context of certain limitations. Most of the available data are
based on cross-sectional studies, which pose a challenge regarding inference about
causality of the relation. In addition, the evidence is mainly based on television
viewing time, which may not be representative of total sedentary time, particularly
not in children [64]. Also, the strength of the association sedentary behaviour and
adiposity may vary according to the type of sedentary behaviour (e.g. watching
television, playing video games, using the computer), which has not always been
taken into account. Furthermore, the majority of studies on sedentary behaviour in
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relation to adiposity are based on self-reports. Findings from studies using objective
assessments of sedentary time and measures of adiposity are less prone to mea-
surement error and exposure misclassification [65]. Moreover, the type of assess-
ment of adiposity has not been consistent across previous studies. In addition, the
methods applied for statistical analyses vary between individual studies, which
results in between-study heterogeneity complicating comparability, both on a
descriptive and analytical level.

6.6 Biologic Mechanisms

Obesity may arise from several factors, including heritability and genetic factors;
hormonal conditions; and appetite and satiety disorders [66]. However, the most
important factors are likely to be overeating and lack of physical activity and these
factors are modifiable. One possible explanation for the observed positive associ-
ation between sedentary time and obesity is that individuals who spend more time
in sedentary pursuits inevitably devote less time to light-intensity activity [67]. This
leads to a positive energy balance and subsequent weight gain and obesity over time
[68]. Moreover, it is likely that the association between sedentary time and weight
gain is influenced by dietary intake. One study [69] found that increased energy
intake, particularly energy from carbohydrates, mediated the association between
television viewing and BMI in adolescents. Another study in adolescents [70]
showed that television viewing was associated with a higher intake of foods
containing fat and sugar and lower intakes of fruits and vegetables. Data from the
European Youth Heart Study (EYHS) found that the association between television
viewing and adiposity among children was attenuated following adjustment for
eating while watching television [71]. Exposure to food advertising during televi-
sion viewing time has been suggested to prime food consumption [72].

Whether mechanisms that control appetite and energy intake play a role in the
association between sedentariness and adiposity remains speculative. Regulation of
food intake and energy homeostasis is complex. Briefly, peptide YY (PYY) and
glucagon-like peptide 1 (GLP-1) provide negative feedback to inhibit appetite and
food intake, while ghrelin, a gastrointestinal hormone, stimulates appetite. In
addition, insulin and glucagon are involved in energy homeostasis [73]. A line of
research indicates that physically active persons have better control of appetite than
sedentary individuals [74]. A recent experimental study [75] showed that an
exercise intervention among obese adolescents reduced daily energy imbalance
by affecting ad libitum dinner energy consumption, whereas bed rest increased
energy intake and subsequently led to a positive energy balance. These findings
support the idea that the effect of exercise or sedentary behaviour on energy balance
is not only related to exercise-induced energy expenditure but also involves a role
of energy intake in regulating energy balance.

Obesity may also be caused by short sleep duration brought about by excessive
time spent television viewing or using the computer or the internet. Also, increased
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time commuting to and from work, long working hours, and shift work have all
been linked to obesity via their associations with shorter sleep times [76].

Obesity is thought to represent an intermediate variable in the relation between
sedentary behaviour and various disease outcomes, although this hypothesis needs
to be clarified further. While some studies noted attenuation in the magnitudes of
associations between sedentary behaviour and obesity-related diseases in models
that were adjusted for BMI [77-79], other studies found that adjustment for BMI
did not materially affect the results [80, 81]. Obesity induces chronic inflammation
[82] and insulin resistance [83], which represent risk factors for cardiovascular
disease [84] and cancer [85]. Likewise, postmenopausal oestrogen production in
adipose tissue through aromatization of androgens may increase risk of hormone-
related female cancers [86, 87]. Further, obesity is related to dyslipidaemia and
hypertension [88], which pose risk for cardiovascular disease [89, 90].

Further studies are needed to clarify the biologic mechanisms potentially linking
sedentary behaviour to adiposity. In addition, the role of adiposity as an interme-
diate variable in the relation between sedentary behaviour and chronic disease
requires clarification.

6.7 Summary

A multitude of studies evaluated the association between sedentary behaviour and
adiposity. In children and adolescents, findings from meta-analyses and systematic
reviews point towards a positive association between the two, whereas in adults,
results on sedentary behaviour and adiposity are inconclusive. Further studies using
objective measures of sedentary behaviours are needed to draw more definitive
conclusions about the relation between sedentary behaviour and adiposity. Limiting
screen time to less than 2 h per day in children and adolescents appears to be a
sound conclusion that can be drawn from the current scientific evidence base. In
order to prevent the development of obesity it is crucial to minimize modifiable risk
factors such as sedentary behaviour and to encourage protective factors such as
physical activity and a healthy diet in both children and adults.
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Chapter 7
Non-Exercise Activity Thermogenesis (NEAT)
and Adiposity

James A. Levine and Shelly K. McCrady-Spitzer

Abstract The human being is designed to walk. Over a miniscule, in genetic terms,
period of time, a mere 200 years, human have been compressed into chairs.
Education, work, and home environments promote sedentariness in susceptible
people. In those individuals, non-exercise activity thermogenesis (NEAT) is
suppressed and health is harmed. Overall the strength of the evidence regarding
sedentary behaviour and obesity suggests that NEAT has declined with urbaniza-
tion and modernization—in general, modern people living in cities and working in
offices are sedentary. Low NEAT (sedentariness) is associated with lower daily
energy expenditure than a person of similar size with high NEAT. A person who
does not increase NEAT during a period of overfeeding is likely to gain greater
adipose tissue than a high-NEAT responder and so people with obesity are more
prone to low NEAT and sedentariness. It is clear that central mechanisms exist to
regulate NEAT. Solutions exist to measure NEAT and reverse sedentariness in
schools and workplaces. It is recommended that a comprehensive societal approach
is necessary to reverse sedentariness in homes, schools, offices, and cities.

7.1 Introduction

Obesity is an epidemic with already catastrophic consequences [1]. When a doctor
sees a patient with obesity, not only does the doctor need to be cognizant that
obesity affects every organ system, but the doctor also needs to be aware that it
affects the patient’s self-perception [2]. Patients think about their obesity and the
discrimination they feel from it approximately five times every hour [3, 4]. It is
unfortunate because it is the combination of the patient with not only their inbuilt
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genetic makeup but also the environment in which they find themselves [5] that is
preventing the patient from moving and has precipitated their obesity.

There is debate regarding the evolutionary steps that resulted in bipedalism [6];
suffice it to say, the human evolved over hundreds of thousands of years to be
upright, two-legged, walking beings [7-11]. Over time, people evolved to explore
by foot, to manually invent tools and weapons and to think while upright and
responding to environmental cues, perceived threats, and calculated opportunities
[12]. Thousands of years ago, living was dynamic. Compare chasing a bison over a
cliff to choosing a meat package at the supermarket and contrast hand-chipping a
flint for a spear versus engineering a cyber attack. Prior to the industrial revolution
200 years ago, 90% of the world’s population lived in agricultural communities
where shelter, nutrition, and reproduction all required physical exertion. Data from
agricultural communities suggest that, prior to the industrial revolution, people sat
for 300 min per day and lived actively [13]. From 1760 onwards, the industrial
revolution precipitated urbanization; it was the predominant demographic shift into
modern history [14—16]. Now more than half the world’s population live in cities,
and urbanization continues to grow worldwide [17]. In industrializing countries,
1908 saw the introduction of factories that used conveyor belts, and in the 1940s,
modern chair-based offices were developed. In both cases, the environments and
furnishings were designed to promote productivity and limit movement by having
people sit. Walking around factories or offices was perceived as wasted time. Fast-
forward to the present day, and office workers can sit for up to 15 h in a single day!
[18]. For a basic description of evolutionary and sociocultural aspects of human
sedentary behaviour, please refer to Sect. 1.3.

People are designed to work and socialize while on their legs and to sit in order
to rest; the default position for people is to be up and moving. Is it a surprise that
modern people who default to sitting (e.g. “take a seat”) experience negative
physical, medical, and psychological consequences? Do modern environments,
however, give us any other choice except to sit? Sedentariness combined with
poor food quality and positive energy balance has precipitated obesity.

Obesity not only results in the patient experiencing medical issues—diabetes,
hypertension, cardiovascular disease, depression, high cancer risk, joint problems,
lymphedema, to name a few [19]—but also discrimination and negative feelings,
and the costs to corporate America are staggering. Obesity alone raises annual per
capita medical costs by $2741 (in 2005 dollars) [20]. However, a patient can with
obesity with multiple complications cost a company $7000-$10,000 per person per
year more than their lean counterpart [21].

Worldwide, one and one half billion people have obesity [1]. One-half of children
in Beijing are obese [22]. The rate of accentuation of obesity in India is so rapid that
it has the capability of slowing its growing economy. The rapid increase in obesity is
a global issue [23]. For more details on obesity prevalence, please refer to Chap. 6.

There is debate as to whether it is the chair or the knife and fork that has caused
the increase in obesity rates. During the past 150 years, data from multiple studies
have shown food intake has remained relatively constant. The UK data have
suggested that as the obesity rates have doubled since the 1980s [24], the caloric
intake actually declined. However, concomitantly with that there has been a
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progressive and systematic decline in energy expenditure, first with urbanization
and now with the computer and car revolutions. Obesity occurs in the persistence of
positive energy balance, such that energy intake is consistently greater than energy
expenditure. The National Health and Nutrition Examination Survey (NHANES)
has shown that the combined effect of access to low-priced food, concomitantly
with an inactive lifestyle, has resulted in sustained positive energy balance and
obesity [25]. With this realization, it becomes of great interest to examine the
progressive decline in daily energy expenditure.

7.2 Energy Expenditure and Non-Exercise Activity
Thermogenesis (NEAT)

Energy expenditure [26] is composed of the basal metabolic rate, thermic effect of
food, and activity thermogenesis. The basal metabolic rate accounts for approxi-
mately 60% of the total energy expenditure in a sedentary individual. Approxi-
mately, 73% of the variance in basal metabolic rate is determined by body size, with
the lean body mass positively correlated with the basal metabolic rate. Thermic
effect of food accounts for about 11% of the total; this is the energy expenditure
associated with the ingestion and absorption of food and its conversion into
intermediary metabolites. The remainder of energy expenditure is physical activity.

The energy expenditure associated with physical activity is either associated
with purposeful exercise, accounting for 20% of Americans who participate regu-
larly, or non-exercise activity thermogenesis (NEAT), the energy expenditure of
everyday living [27]. The energy expenditure of everyday living is of great interest
because the vast majority of individuals with obesity have no exercise activity
thermogenesis; thus, their entire bout of activity-associated energy expenditure is
NEAT. People with high NEAT have active work and leisure; people with low
NEAT are sedentary—a.k.a. “couch potatoes”.

Data from the UK display the vast distribution in total daily energy expenditure
across an industrialized population [28]. Thus, if body size accounts for basal
metabolic rate and the thermal effect of food is small, the only explanation for
how one individual of similar body size can expend 2000 kcal/day more than
another individual of similar body size is through the variability in their activity
energy expenditure.

Similar to the USA, the majority of people in Britain do not utilize fitness centres
[29, 30]. Most people do not exercise regularly; thus, the only way to explain why,
across a population, some people can expend 2000 kcal/day more than other
individuals of similar size is because their NEAT is so variable. How can NEAT
vary by 2000 kcal/day between two individuals of similar size both living in
civilized countries? Well, the answer is because work practices differ greatly
between individuals, and leisure time activities also differ tremendously between
individuals.
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If one looks, using calorimetry equipment, at the energy expenditure of work,
one sees that a chair bound job can be associated with a NEAT of 300 kcal/day
[28]. If one were to take, theoretically at least, a group of individuals working in a
modern office and transfer them into an environment whereby agriculture was the
primary work-related endeavour, energy expenditure theoretically associated with
work would increase from 300 kcal/day of NEAT to 2300 kcal. Work is a tremen-
dous driver of the energy we expend through non-exercise activity. The energy
expenditure of leisure time activities also has great variance [31-33]. Of course, an
activity that many of us engage in for most of our days is gum chewing [34]. Such
an activity is associated with an excursion of energy expenditure over resting of
about 20 kcal an hour; the point being not necessarily that one should chew gum all
day, but to make the point that trivial activities actually have a significant thermo-
genic impact [35]. When a person engages in multiple low-level activities through-
out the day this can aggregate to a significant amount of energy expended [36].

Conversely, there are NEAT activities that can be considered high impact
activities. These high impact activities occur when an individual becomes upright.
As soon as one starts to walk, even at 1 mile an hour, which is equivalent to
“shopping speed”, a person doubles their metabolic rate [37]. At two miles an hour,
which is equivalent to purposefully walking to a meeting, a person increases their
metabolic rate by about 150 to 200 kcal/h, depending upon their size. Rushed
walking, which is equivalent to racing to an airport gate, can triple one’s metabolic
rate above basal. So what a person does in their leisure time can dramatically impact
total daily energy expenditure. For instance, a person could return from work at
5:00 in the evening and sit in front of the television until one falls asleep at 11:00 at
night. That entire evening of leisure activity will expend approximately 50 kcal.
Conversely, a person could return from work at 5:00 in the evening and start raking
leaves or paint one’s basement, and in so doing, one can expend 100 to 150 kcal an
hour. For that evening of avid home redecoration, one can expend 500 to 600 kcal a
night, as opposed to sitting in front of the television for 50 kcal. It is that combined
impact of what one does during one’s day as an obligate job combined with what
chooses to do in the evening that can account for why one individual of similar size
can burn 2000 kcal more through NEAT than another individual of similar
size [38].

7.3 NEAT and Body Weight

If so much variability exists in NEAT, is that variability relevant in weight gain? In
a previous research study, we studied a group of lean individuals and determined
exactly how much energy each individual required to remain weight stable. Each
individual was then overfed by an excess of 1000 kcal/day for 8 weeks [39]. That
degree of overfeeding was maintained for 8 weeks, resulting in each individual
receiving 56,000 excess kcal for that period. Although the degree of overfeeding
was the same for each participant, the variability in how much fat each person
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gained was great. As shown in other studies [40], individuals appear to gain weight
at variable levels, regardless of the amount of energy consumed in excess. Those
people who store excess energy as body fat are those who do not activate their
NEAT with overfeeding [39]. Those who eat 56,000 kcal greater than their energy
needs and do not gain body fat appear to expend it through NEAT.

To understand the mechanism of NEAT activation, the experiment was repeated
with different subjects by our laboratory [41]. The results were reaffirmed. The
reason, however, an individual can consume 56,000 kcal and not gain excess weight
is because this individual intuitively begins to walk [41]. As an individual is overfed
an excess of 1000 kcal a day, they take it on themselves, without necessarily
realizing it or joining the gym, to increase their walking. The median free-living
velocity of walking is 1.1 mile/h, and overfed individuals increase walking by ~2.5
extra hours a day. Thus, individuals who do not respond with changes in NEAT to
overfeeding gain excess body fat. Individuals who activate NEAT stay lean, even
when they are overfed.

7.4 NEAT: Potential Biologic Mechanisms

Our next question was, are there drivers that stimulate the NEAT response? To
address this, our laboratory conducted studies on rats in which putative chemicals
were injected into the paraventricular nucleus of the hypothalamus [42, 43]. The
rats where then placed inside a calorimetry chamber where movements were
monitored continuously in the X, Y, and Z axis, in all axes of movement.

Similar studies have been conducted using numerous different chemicals that
potentially drive NEAT. One chemical that became of particular interest to our
laboratory was orexin, an arousal protein [42, 43]. In one study, we compared rats
that were inbred for leanness over multiple generations to those that were inbred for
obesity [43]. Before the orexin injections, the baseline measurements of physical
activity for the animals inbred for obesity showed they had lower NEAT than the
animals inbred for leanness. Even more intriguing is when progressive doses of
orexin were injected, the response of the animals with obesity was far less than the
animals injected with similar doses who are lean. The brains of the obese animals
appear to have a diminished responsiveness to the same dose of chemical as those
animals inbred for leanness. Other neuromodulators have also been similarly
implicated in the integration of NEAT into energy balance [44]. It is intriguing to
conjecture, therefore, that neuromodulators link NEAT to appetite and thus adipos-
ity and metabolic syndrome.
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7.5 Physical Activity Monitoring System (PAMS)
and Innovative Technologies for the Assessment
of NEAT

If NEAT is variable, centrally regulated, and implicated in fat gain, is NEAT
important in obesity? To understand the role of NEAT in daily living, our labora-
tory developed a physical activity monitoring system (PAMS) [45, 46]. This system
enables us to track all movements and postures of free-living individuals. Using this
system, we are able to ascertain body posture. When an individual is standing, the
body posture sensors indicate a vertical/vertical position; when sitting, the sensors
indicate a horizontal/vertical position and when lying, the sensors indicate a
horizontal/horizontal position. Because the motion sensors are associated with all
posture senses, PAMS allows for all movements of a person in a 24-h period to be
captured by the laboratory.

In an analysis of PAMS data from free-living individuals while they were awake,
we examined every walk that a free-living person took. A walk was defined as a
standing posture that involved movement for at least half a second. This analysis
allowed for a unique glimpse into how individuals choose to move throughout their
day. This study showed that most walks taken by free-living people were of short
duration, with the average walk lasting under 12 min [41]. Similarly, the walks are
of low velocity. Thus, the average walk of a person is about 1.1 miles/h, and it lasts
for just under 12 min. Therefore, it is the sum of all the different walks that explains
how one person can expend by walking 850 kcal/day more of NEAT than another
person who is taking slightly shorter, slower walks.

Our movements throughout the day may not therefore be purely volitional but
might be underpinned by a deep biology that determines movement. Perhaps some
people choose jobs as post office workers and others choose sedentary jobs. Such
decisions may be driven by subtle brain mechanisms.

An individual with obesity, living in the same environment as an individual with
more NEAT, is seduced into a chair for 2.25 h/day more than their lean counterpart
[47]. A lean individual, living in the same environment as a person with obesity, is
exploiting opportunities to be up and walking for 2.25 h/day [45, 48]. Somehow
subtle “be active” responses in the obesity-prone person might differ from those of
lean-prone individuals whose brains are responding to the same signals differently.

How can one take advantage of this information to help individuals with obesity
who might want to lose weight? The first question is what are the maximum
capabilities of the human to move? In order to address this question, we conducted
similar studies utilizing the PAMS technology in Jamaica [13]. We were interested
in individuals working in agriculture and in individuals who had migrated into
urban Kingston who now worked in offices. We found ambulation in the rural, lean
Jamaican individuals to be twice as great as lean individuals living in Kingston or
lean individuals living in the USA [13]. Similarly, people who were lean, working
in the agricultural communities in Jamaica were seated for half the amount of time
as lean Americans. Thus, people in the USA are capable of potentially moving
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twice as much. Thus, here is the putative therapeutic window, an opportunity to
increase calorie expenditure 350—750 kcal more daily—if only we can get people
out of their chairs.

To exploit this 350-750 kcal window, we started to examine how we might build
high-volume, low-cost sensors that would be amenable to a wider audience. We
took the Micro Electro-Mechanical Systems (MEMS) accelerometer technology
and integrated it into a MP3 player earpiece [49]. We then took that technology and
linked it with a cellular telephone, which would enable people to start competitively
“gaming” with respect to physical activity [50]. Next, we built a standalone device
for consumers to use throughout their day [S1]. As all of this was being done,
however, there was a significant advance in the technology. Both the iPhone (Apple
Computer, Cupertino, CA) and smartphone platforms incorporated a 3-axis Micro
ElectroMechanical Systems accelerometer. These accelerometers are inside cellu-
lar telephones to rotate the screen as the machine is rotated. Suddenly, we had a
mass marketed technology that enabled daily physical activity to be measured.
These technologies have been validated in the laboratory [50] with energy expen-
diture, and these devices are precise and accurate physical NEAT sensing devices.
We deployed an application (App), and 28,000 users used it within 6 months [50]
which provided data similar to that of Westerterp [52] (Fig. 7.1). This demonstrated
the feasibility of using accelerometers for population-wide assessment of energy
expenditure.
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Fig. 7.1 The distribution of physical activity (shown as calories per minute) for 7346 cellular
telephone users using a cellular telephone application for monitoring activity
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7.6 Work- and School-Based Approaches Aimed at
Increasing NEAT

Once we had the capability of measuring NEAT and access to the behavioural
techniques to promote it [53-55], we wanted to design environments that were
permissive to movement. Our first office of the future was developed in 2005. It was
a standard office space populated with treadmills, bicycles, and a walking track.
Three hundred and four people worked there temporarily. There were desks;
however, they were least favourably positioned in the space. This environment
heralded the concept of walk whilst you work.

However, the treadmill desk was only a visual representation of the concept
[48, 56]. A person does not need a treadmill desk to be active during the workday. A
stepping device with the same technology integrated into it [57] will also allow for
increased physical activity while at work. It is placed under a desk and can be pulled
out and used at will, for instance during a telephone call. The technology
intergraded into the device can provide a daily printout of how many miles a person
has stepped. This technology cost just under US $50.

Less expensive and ubiquitously successful is the lanyard worn around the neck,
“Walk and Talk Meeting in Progress” [48]. In each company in which it has been
deployed, a protocol is put in place such that employees know not to interrupt
people who are conducting walking meetings. Other office elements include mov-
ing printers away from where things are printed from (this is rarely popular),
moving trash cans further away, and having walking tracks laid out with floor
tape. Importantly, each of these intervention elements has been validated in the
laboratory and assessed for safety and utility by people with obesity. These inter-
ventions have therefore been validated and are accessible by most people. For
instance, most people, regardless of weight, can complete a 30-min walk-and-talk
meeting and use a stepper during phone calls. We have focused on designing,
testing, and validating all-inclusive methods of promoting daily physical activity.

Moreover, we have validated comprehensive programmes to promote office-
based health and optional weight loss by building laboratories inside office com-
plexes [58]. Subjects generally reach their weight goals and fat mass decreases
while the lean mass increases. Full-scale deployments, however, require the need,
not only for behavioural scientists but also lawyers, company economists,
healthcare providers, information technology personnel, janitorial staff, and
managers.

Having developed these approaches for adults in offices, it was important to take
them into schools [59]. We interviewed focus groups of 11-year-old children and
asked them to design their own school. The students devised this school environ-
ment akin to a Socratic village-style living environment (Fig. 7.2). We examined
the impact of the re-designed school using validated physical activity sensors.
Students, in the re-designed school moved twice as much as in a traditional
classroom [60]. In another classroom in Idaho Falls, the entire classroom was
re-designed; mobile desks and measurement matrices were put in place by a
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Fig. 7.2 Example of design of school of the future

student’s mother—Community Based Participatory Research. In this example, the
entire process, therefore, was internally driven and successful.

As school-based activity and nutrition programmes expanded, it proved to be a
challenge to validate these programmes using robust measures. Thus, we built a bus
containing a DEXA scanner and a host of activity sensors and educational materials
(Fig. 7.3). Thus, we can drive the laboratory to assess any given programme’s
efficacy.

However, the most important metric for school-based health programmes is
oftentimes educational attainment (much like productivity is in offices). In schools
which engage in active learning programmes, educational attainment improves.

7.7 Summary

Overall the strength of the evidence regarding NEAT and obesity can be summa-
rized as follows:

1. NEAT has declined with urbanization and modernization—in general, modern
people living in cities and working in offices are sedentary
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Fig. 7.3 Example of a mobile dual-energy X-ray absorptiometry unit

2. Low NEAT (sedentariness) is associated with lower daily energy expenditure
than a person of similar size with high NEAT

3. A person who does not increase NEAT during a period of overfeeding is more
prone to greater adipose tissue gain than a high responder

4. People with obesity are more likely to have low NEAT and sedentariness

. Central mechanisms exist to regulate NEAT

6. Solutions exist to measure NEAT and reverse sedentariness in schools and
workplaces.

W

Recommendation: A comprehensive societal approach is necessary to reverse
sedentariness in homes, schools, offices, and cities.

The human being, in conclusion, was designed over 2.5 million years to walk. It
was a feat of glorious engineering. Over a miniscule, in genetic terms, period of
time, a mere 200 years, humans have been compressed into chairs. It is an unnatural
position for this version of Homo sapiens. Sitting is an unhealthy way of spending
our days, and simply put, we are not designed to do it. There is a calling, to raise the
sedentary from their chairs and let good health abound.
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Chapter 8
Sedentary Behaviour, Diabetes,
and the Metabolic Syndrome

Joseph Henson, Charlotte L. Edwardson, Melanie J. Davies,
and Thomas Yates

Abstract Over the past decade, several reviews have pooled the expeditious
accumulation of epidemiologic evidence to indicate that the time spent in sedentary
behaviour is a distinct risk factor for several metabolic outcomes. Many of these
associations persist after adjustment for important confounding variables (moder-
ate-to-vigorous physical activity and adiposity), with the strongest and most per-
sistent associations seen between sedentary time and type 2 diabetes.
Epidemiologic evidence has also shown that the number of breaks in sedentary
time have been linked to improved metabolic health. Nevertheless, few examples
exist of human experimental models that specifically address the impact of
prolonged sedentary time, standing, and low level walking on cardiometabolic
health parameters. Those that have been conducted demonstrate that breaking up
bouts of prolonged sitting with standing, light, and moderate activity elicit signifi-
cant benefits upon traditional markers of cardiometabolic health (glucose, insulin,
non-esterified fatty acids). This chapter highlights some of the key evidence
underpinning the link between sedentary behaviour, type 2 diabetes, and the
metabolic syndrome in order to reiterate the importance of incorporating reduced
sitting time into prevention pathways and public health initiatives.
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8.1 Type 2 Diabetes Mellitus: Prevalence, Trends,
Economic Burden, Definition, and Prevention
Strategies

Over the past three decades, the number of people with diabetes has more than
doubled and this has been epitomized by the fact that high glucose levels are now
the third leading cause of mortality globally [1]. Type 2 diabetes mellitus, a
complex heterogeneous disease, is the most prevalent form, affecting around 90%
of those individuals with diabetes, while the remaining 10% mainly have type
1 diabetes or gestational diabetes [2]. Type 2 diabetes is a condition characterized
by hyperglycaemia, resulting from defects in hepatic and peripheral glucose uptake,
insulin secretion, or both [3]. Broadly, the injurious effects of hyperglycemia are
separated into microvascular complications (nephropathy, neuropathy, and retinop-
athy) and macrovascular complications (coronary artery disease, peripheral arterial
disease, and stroke) [4]. As advances in clinical sciences have allowed its complex
pathophysiology to be explored, its prevalence has exponentially increased. In
2015, the global prevalence of type 2 diabetes was estimated to be 415 million
(8.8%) [2]. This figure is expected to rise further to 642 million by 2040, which
represents 10.4% of the total adult population aged 20 to 79 [2].

In the UK alone, diabetes is amongst the most common chronic illnesses, with
1in 10 of all hospital admissions having diabetes, causing approximately 15% of all
deaths per year [5]. The ‘epidemic’ label attributed to type 2 diabetes is further
justified when the current and future economic burdens are examined. In the UK
during 2010/2011, type 2 diabetes incurred direct costs of £8.8 billion (£1.5 million
per hour) and indirect costs of £13 billion [5]. Type 2 diabetes currently accounts
for approximately 10% of the total health resource expenditure and if it were to
continue on the same trajectory, this figure is likely to rise to 17% by 2035 [5],
therefore representing a serious clinical and financial burden in the UK’s already
stretched healthcare system. Worldwide, the severity of the economic burden varies
between countries and is largely dependent upon the healthcare system in place. For
example, in high income countries, the burden often affects government or public
health insurance budgets whereas in poorer countries the financial onus falls on the
person with diabetes [6].

Type 2 diabetes is at one end of a continuous glucose control spectrum, with
normal glucose control at the other end. In between, there exists a condition called
impaired glucose regulation, defined as a composite of impaired fasting glucose
(fasting plasma glucose >6 mmol/l and <7 mmol/l) and/or impaired glucose
tolerance (2-h post-challenge plasma glucose >7.8 mmol/l and <11.1 mmol/l)
[7]. More recently, guidelines have also been introduced that allow a diagnosis of
impaired glucose regulation or type 2 diabetes to be derived from HbAlc (6.0 to
6.4% and >6.5%, respectively) [8].

Despite both falling under the term impaired glucose regulation, impaired
glucose tolerance and impaired fasting glucose appear to have different phenotypes:
impaired fasting glucose is associated with hepatic insulin resistance and a defect in
insulin secretion while impaired glucose tolerance is strongly associated with
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peripheral insulin resistance [9—11]. Those with impaired glucose tolerance tend to
have higher triglyceride levels, lower high density lipoprotein (HDL) cholesterol,
larger waist circumference, and a higher prevalence of the metabolic syndrome
when compared to those with impaired fasting glucose [12]. Approximately,
318 million adults (6.7%) are estimated to have impaired glucose tolerance, with
that figure likely to rise to 481 million (7.8%) by 2040 [2]. This dramatic escalation
is visible worldwide, where the increase has paralleled the rise in obesity [13].

Given these factors, individuals with impaired glucose tolerance are an impor-
tant population in the prevention of type 2 diabetes. This stage of intermediate
hyperglycaemia provides a potential window of opportunity to identify elevated
blood glucose levels early, as individuals will have been exposed to less
hyperglycaemia and fewer co-existing abnormalities.

Previous lifestyle interventions have been shown to be effective at slowing
progression to type 2 diabetes in those with impaired glucose regulation, particu-
larly impaired glucose tolerance. Efficacy trials conducted in the USA, Finland,
India, China, and Japan have consistently demonstrated that lifestyle intervention
reduces the risk of type 2 diabetes by 30 to 60% in those with impaired glucose
tolerance [14]. Importantly, such programmes have also been shown to still yield
benefits well after the cessation of the intervention. For example, the Da Qing
Diabetes Prevention trial demonstrated that a relative risk reduction of 43% was
maintained at 20 years (14 years after the intervention ended) [15].

As a result, both national and international recommendations and policies
specify that chronic disease prevention strategies should include targeted interven-
tions aimed at the identification and management of high risk individuals [8, 16—
19]. The success of prevention programmes have been underpinned by relatively
modest changes in lifestyle that include adopting a healthy diet, maintaining a
healthy body weight, and increasing levels of physical activity. Whilst these large
efficacy studies were successful at initiating weight loss, the impact on physical
activity levels is more equivocal. Indeed, there is little evidence that diabetes
prevention trials result in clinically meaningful changes to physical activity
[20]. This highlights the difficulty of promoting activity driven behaviour change
in high risk/newly diagnosed populations and given this weakness, there is a need to
develop novel ways to try and increase movement. The challenge remains to
implement the systematic translational research gained from epidemiologic and
experimental evidence into real-world diabetes prevention trials, whilst still
harnessing the behavioural and physiological adaptations that underpin their suc-
cess. Significant progress addressing the implementation process has been made
through the design of the IMAGE' toolkit, which provides the latest evidence in the
science of diabetes prevention and practical information regarding how to translate
this knowledge into practice [21]. However, much work is required to continually
implement these recommendations in the future, particularly around the promotion
of physical activity.

'IMAGE: The development and Implementation of A European Guideline and training standards
for diabetes prevention.
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One plausible method may be placing an emphasis upon reducing sedentary
behaviour. This is important as excessive sitting has become the default setting for
many individuals. As such, reducing sedentary behaviour requires an innovative
approach, so that individuals think about the balance of sedentary behaviour and
activity in all aspects of daily life. The clinical importance and implication of this
new paradigm are summarized in this chapter.

8.2 Metabolic Syndrome: Definition and Prevalence

Epidemiologically, the metabolic syndrome consists of a constellation of related
physiological, biochemical, clinical, and metabolic factors that directly increases
the risk of cardiovascular disease, type 2 diabetes, and all-cause mortality. From a
pathophysiological perspective, it is characterized as a state of chronic low grade
inflammation underpinned by a complex interplay between genetic and environ-
mental factors. Several factors of which include (but are not limited to) visceral
adiposity, atherogenic dyslipidaemia, endothelial dysfunction, genetic susceptibil-
ity, elevated blood pressure, and insulin resistance [22-24].

To date, several different definitions exist from various organizations including
the International Diabetes Federation, World Health Organization, and National
Cholesterol Education Program [22-24]. Although the definitions differ slightly,
diagnosis generally occurs when an individual presents with any three of the
following: increased waist circumference, elevated blood pressure, raised
triglycerides, high fasting blood glucose, or low high-density lipoprotein levels.
Unsurprisingly, metabolic syndrome represents an escalating public health and
clinical challenge, particularly given the issues around a sedentary lifestyle, urban-
ization, and surplus energy intake.

The worldwide prevalence of metabolic syndrome is largely dependent upon the
region, environment, and demographic (age, sex, ethnicity) under investigation but
the estimates range from 10 to 84% [25]. Metabolic syndrome confers a fivefold
increase in the risk of type 2 diabetes and twofold risk of developing cardiovascular
disease over 5-10 years [26]. Therefore, the high prevalence of the metabolic
syndrome and the associated health consequences demonstrate the importance of
understanding the determinants in order to implement successful prevention strat-
egies. However, there is still no universally accepted pathogenic mechanism or
clearly defined diagnostic criteria, meaning its value in clinical medicine has not
been fully articulated or accepted. Furthermore, there is still debate as to whether it
represents a specific syndrome or is a surrogate of combined risk factors that
exacerbate risk.

To discuss the evidence linking sedentary behaviour to individual components of
metabolic syndrome is beyond the scope of this chapter. However, we will mainly
focus upon sedentary behaviour and its role within the underlying pathophysiology
of type 2 diabetes and metabolic syndrome, which principally includes insulin
resistance, in order to reiterate the importance of incorporating reduced sedentary
time into prevention pathways and public health initiatives.
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8.3 Sedentary Behaviour, Type 2 Diabetes, and Metabolic
Syndrome: Epidemiologic Evidence

8.3.1 Type 2 Diabetes

To date, three meta-analyses have examined the association between sedentary
behaviour and type 2 diabetes [27-29]. Within these reviews, the size of the
predicted effect ranged from 1.20 to 2.19. One of these meta-analyses reviewed
18 studies (16 prospective, 2 cross-sectional) with 794,577 participants and found a
significant positive association between sedentary time and type 2 diabetes risk
[29]. Comparing the highest vs. the lowest sedentary time increased the relative risk
of type 2 diabetes by 112%, and this was not substantially altered by adjusting for
physical activity levels.

Grontved and Hu (2011) also demonstrated that the estimated absolute risk
differences for 2 h of television (TV) viewing per day were 176 cases of type
2 diabetes per 100,000 individuals per year. Of the 8 studies included, 4 reported
results on type 2 diabetes (175,938 individuals, 6428 incident cases during 1.1
million person-years of follow-up). The relative risk increased by 20% for each 2 h
of TV viewing per day, with dose-response analysis revealing a linear increase in
risk with the number of hours per day of TV viewing for type 2 diabetes [28].

More recently, a meta-analysis conducted by Biswas et al. (2015) examined the
association between sedentary time and the risk for disease incidence, mortality,
and hospitalization. Although significant effects were observed for all-cause mor-
tality (pooled HR = 1.22,95% CI = 1.09 — 1.41), cardiovascular disease mortality
(pooled HR=1.15, 95% CI = 1.11 — 1.20), cancer mortality (pooled HR = 1.13,
95% CI = 1.05 — 1.21), and cancer incidence (pooled HR = 1.13,95% CI = 1.05 —
1.21), the largest statistical effect estimate was associated with the risk for type
2 diabetes, which included 5 studies and 26,700 participants (pooled HR = 1.91,
95% CI = 1.64 — 2.22) [27].

Despite the associations observed between sedentary behaviour and type 2 dia-
betes, the risk estimates generated by many of the meta-analyses may not accurately
reflect the effect that can be attributed to sedentary behaviour. This is largely due to
the ambiguity and complexity of defining sedentary behaviour. For example, the
subsequent heterogeneity derived from variations in assessing sedentary behaviour
has resulted in the pooling of risk estimates from self-reported television viewing
time, daily sitting time, and occupational sitting time. The comparison of the
highest and the lowest categories of sedentary behaviour within each study may
also serve to attenuate the overall effect as there is inter-study variation in the upper
and lower values of the sedentary behaviour categories. Another major limitation in
many of the reviews is the use of self-reported measures of sedentary time, which
have often used only single items assessing daily TV viewing time or overall hours
of sitting. These are open to bias and often exhibit only modest levels of validity.
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However, at the time that these studies were conducted, these were the only realistic
methods available in order to quantify sedentary time. Nevertheless, recent
advances in measurement technology mean that sedentary behaviour can now be
quantified objectively using inclinometers or accelerometers.

Individual studies that have used objective measures of sedentary behaviour
have found associations with glucose and insulin levels [30-33]. Such findings were
also populated in a recent systematic review which concluded that sedentary
behaviour is detrimentally associated with HOMA-IR,? insulin, and insulin sensi-
tivity [34]. The evidence appears particularly compelling for those with a high risk
of, or diagnosed, type 2 diabetes where objectively measured sedentary behaviour
quantified using an accelerometer is also strongly associated with markers of
insulin resistance [32, 35, 36], interleukin-6 (IL-6) [37], and markers of regional
adiposity, when assessed by magnetic resonance imaging [38]. Importantly, the
majority of these observations persisted after further adjustment for body mass
index (BMI) and moderate-to-vigorous physical activity [35, 37, 38]. More
recently, cross-sectional analysis in 2497 adults has also shown that an extra hour
of objectively measured sedentary time is associated with 22% increased odds of
developing type 2 diabetes and 39% increased odds of metabolic syndrome
[39]. Again, these results were independent of purposeful physical activity. We
have also shown that the association between sedentary time and insulin resistance
in a high risk cohort remains consistent across a common genetic polymorphism in
the PPARG2® gene [40]. This is significant because the polymorphism imparts a
strong modifying effect on the effect of moderate-to-vigorous physical activity with
the wild type displaying only weak associations between moderate-to-vigorous
physical activity and insulin resistance [40]. These results, coupled with those
discussed above, further support the independent role of sedentary behaviour in
regulating metabolic health.

Nevertheless, not all studies have found a link after adjusting for key lifestyle
confounders (adiposity and/or moderate-to-vigorous physical activity) [41-46]. These
discrepancies may be partly explained by the population under investigation (high risk
of type 2 diabetes vs. general population), the potential interaction with physical
activity, the measure of exposure (self-report vs. objective), or the statistical methods
employed. In addition, it is possible that reductions in sedentary behaviour without
changes to moderate-to-vigorous physical activity are insufficient to influence
markers of cardiometabolic risk, an issue that is discussed in more detail in the
experimental evidence section.

HOMA-IR: homeostasis model assessment of insulin resistance. The HOMA-IR is used as a
surrogate measure for insulin resistance and is calculated as [fasting insulin (mU/mL) x fasting
glucose (mmol/L)]/22.5.

SPPARG?2 gene: Peroxisome Proliferator-Activated Receptor Gamma-2; a protein coding gene
primarily expressed in adipose tissue.
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8.3.2 Metabolic Syndrome

Despite the growth of investigations examining the association between sedentary
time and individual markers of health, only one meta-analysis has examined the
association with metabolic syndrome [47]. That review included 10 studies and
21,393 participants (studies ranged from 358 to 6162 participants) and metabolic
syndrome was found in 5585 (26.1%) of subjects. Results showed that greater time
spent sedentary increased the odds of metabolic syndrome by 73%. In addition, the
observed associations were not influenced by the sex of participants, the type of
measurement of sedentary behaviour, or metabolic syndrome definition employed.
A sensitivity analysis also suggested that the relationship between sedentary behav-
iour and metabolic syndrome may be independent of physical activity. However, as
mentioned previously, most of the included studies (n = 8) used self-reported
television viewing as a surrogate marker of sitting.

Individual studies using objective measures of sedentary time have also shown
associations with metabolic syndrome. For example, Bankoski et al., examined
1367 individuals (men and women), >60 years, and found that people with meta-
bolic syndrome spent a greater percentage of their time sedentary, in addition to
having longer sedentary bouts. Furthermore, following adjustments for key con-
founders (age, sex, ethnicity, BMI, physical activity, diabetes status), a higher
percentage of time spent sedentary was also associated with a 58% greater likeli-
hood of developing metabolic syndrome (quartile 2 vs. quartile 1) [48].

More recently, prospective epidemiologic studies have also focused upon clus-
tered metabolic risk (incorporating indicators of central obesity (waist circumfer-
ence), dyslipidaemia (triacylglycerol and HDL cholesterol), hypertension (systolic
and diastolic blood pressure), and hyperglycaemia (fasting plasma glucose and
serum insulin). They demonstrated that in individuals at high risk of type 2 diabetes,
greater increases in sedentary time (measured objectively over 6 years) were
associated with larger increases in clustered cardiometabolic risk, independent of
baseline sedentary time and moderate-to-vigorous physical activity levels
[49]. Such studies examining longitudinal relationships are important as they
begin to provide an insight into the potential impact of changing sedentary behav-
iour and the subsequent influence upon markers of cardiometabolic risk.

8.3.3 Isotemporal Substitution Studies

Most previous investigations have examined each domain (sedentary, light activity,
moderate-to-vigorous physical activity) without considering the time-dependent
behaviours that are being displaced. Isotemporal substitution was developed as a
methodology to study the time-substitution effects of one type of activity for
another in a dataset consisting of continuous outcomes [50, 51]. This process is
tantamount to energy substitution models used in nutritional epidemiology studies
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and the heterogeneous effects of an activity undertaken at a certain time point will
be largely driven by the other activities being displaced.

Individuals are consistently encouraged to engage in a minimum of “150 min of
moderate-intensity aerobic physical activity or 75 min of vigorous-intensity aerobic
physical activity throughout the week” (in bouts of at least 10 min) [52, 53]. As
such, these definitions are focused upon behaviour undertaken for a small fraction
of the week (1.25 to 2.5% of total waking hours, assuming 8 h of sleep daily) and
are unaffected by the type of behaviour conducted throughout the rest of waking
hours. As the number of waking hours in a day is not infinite, lower sedentary time
must equate to higher time spent in light-vigorous intensity physical activity. The
intensity of activity that counterbalances the time spent being sedentary is an
important consideration for understanding the specific health benefits of reducing
sitting time. Given that there are simply too many hours in the day for moderate-to-
vigorous physical activity to replace sedentary time, the vast majority of sedentary
time is counterbalanced with standing activity or low-grade ambulation. These
incidental bouts of non-exercise physical activity, both of which fall under the
category of light activity, show a strong inverse correlation with sedentary time
[30, 54].

Previous studies employing this method have found that reallocating time from
sedentary time into physical activity (either light or moderate intensity) is associ-
ated with improvements in insulin sensitivity [55], glucose [56], HbAlc [57],
triglycerides [50, 57], markers of adiposity [57-59], and all-cause mortality risk
[60, 61]. In particular, the study conducted by Yates et al. (2015) found that
reallocating 30 min of sedentary time into light-intensity physical activity was
associated with a 5% difference in insulin sensitivity in individuals at high risk of
type 2 diabetes. Moreover, the results were modified by glycaemic status, with
stronger associations seen in those with impaired glucose regulation. Reallocating
time from sedentary behaviour into moderate-to-vigorous physical activity was also
associated with a 15% difference in insulin sensitivity [55]. This study further
reiterates the dose—response association between moving from sedentary behaviour
into more active domains.

Studies that have been able to isolate the effect of displacing sitting with
standing using inclinometers (a thigh-worn activity monitor that accurately dis-
criminates between sitting/lying and non-sitting/lying postures) have also shown
beneficial associations with markers of diabetes risk [56]. This is important as such
devices have been shown to have almost perfect correlation with direct observation
for sitting, sitting to upright transitions, and for detecting reductions in sitting [62—
64]. Additionally, they are able to accurately distinguish between standing and
stepping [65]. Healy et al. (2015) suggested that moving from sitting to standing
(2 h per day) may result in lower fasting glucose (2%), triglycerides (11%), and
total/HDL-cholesterol ratio (6%). Conversely, reallocating time from sitting to
stepping resulted in 11% lower BMI, 7.5 cm lower waist circumference, 11%
lower 2-h plasma glucose, and 14% lower triglycerides [56].

Findings from these studies provide further encouraging evidence that simply
substituting sitting for standing throughout the day may improve markers of health
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involved in the underlying pathophysiology of type 2 diabetes. That said, stronger
and more consistent associations are observed when transitioning from a sitting
position into physical activity (light or moderate-to-vigorous physical activity),
thus highlighting the continued importance of more intense physical activity.
Despite the limitation inherent in the design (not based on actual behavioural
reallocation), these findings compliment the current epidemiologic evidence whilst
allowing the formulation of hypotheses to be tested in an experimental, prospective,
or interventional context, which includes elucidating potential mechanisms medi-
ating the effect of low stimulus activities, such as standing.

8.3.4 Breaks in Sedentary Time

The sedentary behaviour paradigm is conceptualized around two constructs: total
time spent sedentary and the number of breaks in sedentary time (e.g. rising from a
sitting/lying position to a more active state, including standing). It has been
previously demonstrated that accelerometer derived breaks in sedentary time,
which are inferred from a time-stamped transition between a lack of movement
(typically <100 counts/min) to relatively more movement (>100 counts/min), are
associated with health benefits. From epidemiologic data it is known that, indepen-
dent of the total time spent sedentary and in moderate-to-vigorous physical activity,
increased breaks in sedentary time are associated with favourable outcomes for 2 h
glucose values, triglycerides, HDL cholesterol, and C-reactive protein (CRP)
[31, 32, 66, 67]. However, with the exception of CRP, all associations were
attenuated after further adjustment for adiposity (either BMI or waist circumfer-
ence). The attenuation and subsequent nullifying of results is consistent with other
studies that have shown no or weak associations between breaks in sedentary time
and markers associated with type 2 diabetes and metabolic syndrome (insulin,
HOMA-IR) [36, 39].

Interestingly, the association between markers of health and breaks in sedentary
time appears to be strongest when examining measures of adiposity, most notably
in those at high risk of/recently diagnosed type 2 diabetes [32, 36]. Consequently,
breaks in sedentary time, rather than total sedentary time per se, may be an
important factor in the regulation of body weight. This is consistent with a small
intervention study which suggested that regular variations in posture allocation may
be an influential factor in the regulation of energy homeostasis [68].

The findings for breaks in sedentary time and biochemical markers associated
with type 2 diabetes and metabolic syndrome are less consistent than those
observed for total sedentary time. This may be partly due to the crude method
used to quantify breaks in sedentary time which may have attenuated the associa-
tions, particularly as the duration and intensity of each break is often not reported.
Furthermore, given the fact that all of these studies used accelerometers, the results
are not necessarily driven by changes in posture, a tenet which is fundamental when
investigating the potential effects of breaking up prolonged sitting.
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8.3.5 Can Fitness or Moderate-to-Vigorous Physical Activity
Moderate Findings?

Despite many of the associations between sedentary behaviour and health persisting
after adjustment for moderate-to-vigorous physical activity, there is emerging
evidence that levels of fitness or physical activity may actually modify the associ-
ations, particularly in those who are inactive or unfit [35, 37, 69, 70]. Indeed, we
recently examined accelerometer data from 2131 participants, aged >18 years, and
demonstrated that in comparison to adults who are physically inactive with high
sedentary time, those who are physically active have a more desirable health profile
across multiple cardiometabolic markers (BMI, Alc, HDL cholesterol, and waist
circumference) even when combined with high sedentary time [69].

In addition, cross-sectional analyses in high risk of type 2 diabetes individuals
has demonstrated that after stratifying by moderate-to-vigorous physical activity
levels, the detrimental effects of sedentary time on IL-6 were stronger in those
individuals who were classified as inactive, again suggesting that the effects of
sedentary time may be more relevant in those individuals who do not engage in
sufficient levels of moderate-to-vigorous physical activity [37]. Similar results have
also been shown in individuals recently diagnosed with type 2 diabetes, where
results were suggestive of a stronger association between sedentary time and sub-
components of metabolic risk among individuals below the median for cardiore-
spiratory fitness [35]. Shuval et al. also demonstrated that after adjusting for
physical activity and other key covariates, sedentary behaviour was significantly
associated with a range of cardiometabolic outcomes (BMI, waist circumference,
triglycerides, % body fat, and triglyceride-high-density lipoprotein ratio). However,
after adjustment for fitness and other covariates, sedentary behaviour only remained
associated with a higher triglyceride-high-density lipoprotein ratio [70].

More recently, a harmonized meta-analysis, which included more than 1 million
males and females, found that high levels of moderate physical activity seem to
negate the increased risk of death associated with high sitting time [71]. More
specifically, when compared to the referent group (<4 h of sitting per day,
~60-75 min of moderate intensity activity per day), there was no increased risk
of mortality during follow-up in those who sat for more than 8 h per day but also
engaged in ~60-75 min of activity (HR 1.04, 95% CI 0.99-1.10). Conversely, those
who sat the least (<4 h/day), who were also in the lowest active quartile (~5 min per
day), had a significantly increased risk of dying during follow-up (HR 1.27,
1.22-1.30) [71].

Taken together, these studies begin to suggest that being physically active may
confer some protection from the potentially deleterious impact of high sedentary
behaviour. Furthermore, they also reiterate the independent importance of cardio-
respiratory fitness as well as all aspects of the daily physical activity pattern for
metabolic outcomes. However, given the observational nature of the evidence,
these findings need to be explored through experimental research in order to better
inform public health policy and guidance.
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8.4 Sedentary Behaviour, Type 2 Diabetes, and Markers
of Metabolic Syndrome: Experimental Evidence

It would be easy, given the strength of the cross-sectional epidemiologic research,
to assume that sedentary behaviour causes cardiometabolic disturbance. Although
the aforementioned epidemiologic studies have received considerable media atten-
tion, many may be prone to confounding and/or reverse causality. As such, there is
a fundamental need to establish a meaningful, statistically valid connection
between the two phenomena, in line with Sir Austin Bradford Hill’s hypothesis,
which delineates nine criteria needed for determining causality [strength, consis-
tency, specificity, temporal relationship, biological gradient (dose—response), plau-
sibility, coherence, experiment, consideration of alternate explanations] (please
also refer to Chap. 3) [72].

Sedentary behaviour interventions frame the research question in relation to the
environmental “norms” placed on human behaviour. This puts exorbitant sitting as
the default setting for the majority of modern society. Therefore, it is particularly
important to investigate the metabolic responses that accrue if we disrupt this norm.

Bed rest studies are considered the primitive models in which to investigate the
deleterious effect of inactivity. Contrary to sedentary behaviour interventions, they
place an active state as our biological or evolutionary “norm” and examine the
effects of imposed sedentary conditions (moving from regular moderate-to-vigor-
ous physical activity to bed rest). Therefore, they do not mimic sedentary behaviour
as they are extreme experimental models that are quantitatively and qualitatively
different from the level of physical inactivity observed in the general population.
Prolonged sitting introduces distinctly different physiological mechanisms
(e.g. low shear stress, pooling of blood) when compared to traditional physical
inactivity models [73]. That said, bed rest studies still remain a unique model to
investigate the basic mechanisms of adaptation to short- or long-term physical
inactivity.

In essence, either approach (sedentary intervention vs. bed rest) is justified
depending on the question asked, but in the context of this chapter, only the
sedentary behaviour approach has the ability to influence future behavioural ther-
apies. Moreover, sedentary behaviour is comparatively easy to simulate in the
laboratory and may represent the best inactivity model due to its simplicity and
practical application.

As such, intervention studies in which participants are confined to sedentary
pursuits begin to provide some of the strongest mechanistic evidence that sedentary
behaviours are indeed harmful to metabolic health. To date, few examples exist of
human experimental models that specifically address the impact of reducing
prolonged sedentary time with standing or low level walking on cardiometabolic
health parameters. Those that have been conducted demonstrate that breaking up
bouts of prolonged sitting with standing and light and moderate activity elicit
significant benefits upon markers of metabolic health [74-78].
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8.4.1 Breaking Prolonged Sitting with Light or Moderate-to-
Vigorous Physical Activity

Dunstan and colleagues were one of the first to investigate the acute effects of
breaking up prolonged sitting on glucose and insulin incremental area under the
curve (1IAUC). That study employed a cross-over design and included 19 over-
weight/obese adults (age 53.8 £ 4.9) [75]. Participants were assigned to
uninterrupted sitting, sitting interrupted by light-intensity (3.2 km/h) treadmill
walking, or sitting interrupted by moderate-intensity (5.8—6.4 km/h) treadmill
walking (both conducted for 2 min every 20 min). Each condition lasted for 7 h
(including an initial 2 h steady state period). Participants were also provided with a
standardized meal (200 ml, 75 g carbohydrate, 50 g fat) at 2 h, with the iAUC
measured over the remaining 5 h. Results showed that postprandial glucose and
insulin area under the curves were significantly reduced by 24% and 23%, respec-
tively, with light intensity walking breaks, with similar results seen for moderate
walking [75].

Similarly, a recent randomized controlled cross-over study [76], conducted in
70 healthy, normal weight adults (mean age 25.9 + 5.3), compared the effects of
prolonged sitting (9 h), continuous physical activity combined with prolonged
sitting (1 x 30 min bout of walking), and regular activity breaks on postprandial
metabolism (walking for 1:40 min every 30 min). The results showed that regular
activity breaks (39% reduction in glucose iAUC) were more effective than contin-
uous physical activity at decreasing postprandial glycaemia levels.

The hypothesis that repeated light bouts of physical activity throughout the day
provide a similar level of acute benefit as one long bout of exercise was further
supported by a recent study conducted in 10 inactive, older (>>60 years) adults with
impaired glucose tolerance, where 15 min of walking (performed 3 times a day,
30 min after each meal) significantly improved 24-h glycaemic control and was
equally as effective as a 45 min bout of walking [79]. Despite not imposing a bout
of uninterrupted sitting, this study shows that similar to pharmacological treat-
ments, a smaller physical activity dose repeated several times per day may provide
greater overall benefits than a single large dose taken once per day.

A study carried out in 14 middle aged women (aged>50) also demonstrated that
15 and 40 min bouts of light intensity walking (heart rate ~10% above rest, carried
out immediately after a meal) stimulated reductions in the acute blood glucose
response to a carbohydrate meal, relative to 2-h sitting [80]. Therefore, even slow
post-meal walking can attenuate the increase in blood glucose levels normally
observed after a carbohydrate-rich meal, whilst only eliciting minor increases in
heart rate.

Newsom et al. (2013) also demonstrated in 11 sedentary, obese adults (mean age
28 years; BMI 37 & 1 kg/m?) that a relatively modest bout of exercise (conducted at
50% of VO, peak; expending 350 kcal) following a prolonged bout of sitting can
improve insulin sensitivity for up to 19 h after cessation, when compared to a
sedentary, control condition [81]. Importantly, the observed improvement (35%) in
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whole-body insulin sensitivity was due to enhanced peripheral glucose uptake. The
subsequent improvement also correlated with a change in fatty acid removal from
plasma. Interestingly, exercising at 60% of VO, peak (whilst keeping the energy
expenditure constant) did not yield any metabolic benefits above and beyond those
seen when exercising at 50% VO, peak [81].

Duvivier et al. (2013) conducted a free-living counterbalanced, randomized
cross-over study (n = 18, mean age 21 + 2 years) in healthy individuals that
involved assigning participants to one of three physical activity treatment condi-
tions: sitting for 14 h/day (sitting regime); sitting for 13 h/day plus 1 h of vigorous
cycling (exercise regime); and sitting for 8 h/day plus 4 h walking and 2 h standing
(minimal intensity physical activity regime). Participants underwent each condition
for 4 days and were evaluated on the fifth day. The authors reported that the
increased minimal physical activity protocol was effective in improving the lipid
profile and insulin sensitivity when compared with the prolonged sitting condition.
Importantly, in the exercise regime, despite the comparable energy expenditure
to the minimal intensity physical activity protocol, no improvements were
observed [82].

8.4.2 Breaking Prolonged Sitting with Standing

The majority of the sedentary behaviour experimental studies to date have investi-
gated the metabolic benefits of breaking up prolonged sedentary time with light or
moderate-intensity ambulation. The number of experimental studies examining the
independent, acute effects of standing without ambulation, upon markers of
cardiometabolic health, is limited. This is important as standing (and light intensity
activity) are behaviourally more ubiquitous than moderate-to-vigorous physical activ-
ity and may therefore provide appealing intervention targets in the promotion of
metabolic health. As such, national and international recommendations highlight the
importance of chronic disease prevention strategies, whilst supporting interventions
aimed at the identification and management of high risk individuals [16—-18]. Further-
more, the focus on high risk individuals begins to address the issue of specificity as
outlined previously in Sir Austin Bradford Hill’s criteria [72].

In response, we recently investigated whether breaking up prolonged sitting
with short bouts of standing or walking improved post-prandial markers of
cardiometabolic health in women at high risk of type 2 diabetes [77]. 22 over-
weight/obese, dysglycaemic, postmenopausal women (mean age 66.6 + 4.7 years)
each participated in two of the following treatments; prolonged, unbroken sitting
(7.5 h) or prolonged sitting broken up with either standing or walking at a self-
perceived light-intensity.

Throughout the experimental day, participants were provided with two stan-
dardized mixed meals (breakfast and lunch) that each provided 0.66 g fat, 0.66 g
carbohydrate, and 0.4 g protein per kg of body mass (58% fat, 26% carbohydrate,
and 16% protein; 1717 £ 234 kcal/day). Blood sampling occurred at regular
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intervals, and 11 samples were taken across the course of the day. The following
day, all participants underwent the 7.5 h sitting protocol [77].

The standing condition followed the same procedure as the sitting condition
except that participants were instructed to break their sitting time by standing close
to their chair for 5 min, every 30 min. The walking condition was similar to the
standing condition, but sitting time was punctuated with 5 min bouts of walking at a
self-perceived light intensity on a treadmill [3.0 km/h (range 1.5-4.0 km/h),
average rate of perceived exertion = 10 (range 8—12)]. In total, individuals accu-
mulated 12 bouts (60 min) of either standing or walking.

Compared to a prolonged bout of sitting, both standing and walking significantly
reduced the glucose (34% and 28%, respectively) and insulin iAUC (20% and 37%,
respectively)—see Fig. 8.1. Both standing and walking also attenuated the suppres-
sion of non-esterified fatty acids compared with prolonged sitting (33% and 47%,
respectively). The effects on glucose (standing and walking) and insulin (walking
only) persisted into the following day. These findings build upon previous work in
overweight men and women by suggesting that metabolic benefits are also accrued
when regularly breaking up prolonged sitting by moving from a sitting to a
stationary upright position.

Thorp et al. (2014) also examined 23 overweight/obese adults (aged 35-65
years) in a simulated office environment to determine whether reductions in
prolonged sitting time (8 h) through alternating 30 min bouts of sitting and standing
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Fig. 8.1 The impact of breaking up prolonged sitting (6.5 h) with 5 min bouts of standing/walking
on glucose and insulin incremental area under the curve IAUC) [77]
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could reduce postprandial glucose, insulin, and triglyceride responses. Participants
in the intervention arm were provided with an electric, height-adjustable worksta-
tion. Following adjustments, the iAUC differed significantly between trial condi-
tions for glucose (11% reduction), but no change was observed for insulin or
triglycerides [74].

Although the evidence from these studies seems to corroborate most of the
observational studies, there is still some controversy with respect to what would
be the minimum type, intensity, and frequency of physical activity necessary to
engineer such positive outcomes. Indeed, not all studies have found significant
intervention effects.

For example, Miyashita et al. (2013) found that, compared to a prolonged bout of
sitting (7.5 h), 30 min of exercise has a greater impact upon postprandial
triaglycerol than regular standing breaks (6 x 45 min). The study included
15 healthy, young males (mean age 26.8 £+ 2.0 years) who underwent a 2-day
study protocol. The authors found no post-condition improvement in postprandial
glucose, insulin, and triglyceride levels following 1 day of prolonged sitting
punctuated with standing bouts (45 min every hour for 6 h) compared to prolonged
sitting only [83].

Similarly, breaking 5 h of prolonged sitting with 2 min bouts of standing every
20 min did not elicit any positive effects upon postprandial glucose in 10 normal/
overweight participants. However, undergoing 2 min bouts of light walking every
20 min was a sufficient stimulus to significantly reduce the glucose response when
compared with the prolonged sitting condition [84].

The differences in results may be largely driven by the populations under
investigation, as participants in the Miyashita et al. (2013) and Bailey and Locke
(2015) studies were young, healthy individuals [83, 84] compared to overweight/
obese sedentary individuals [74, 77]. More importantly, the metabolic profile
(dysglycaemic vs. normal glucose tolerance) of participants appears to influence
the size of the effect, with the results from experimental research mirroring those
seen in the epidemiologic literature [32, 35, 41]. In addition, the duration and
frequency of the standing protocols and blood samples were disparate [77, 83,
84]. Therefore, variations in standing and sampling frequency are of importance,
particularly in those individuals who have been identified as being at high risk of
chronic disease.

8.5 Recommendations for Health

The current research base examining the link between sedentary behaviour and
health should encourage healthcare practitioners and policymakers to think about
the whole spectrum of activity, from sedentary behaviour to moderate-to-vigorous
physical activity. At present, no specific guidelines exist regarding the amount of
time individuals should spend sedentary and as such, physicians rarely recommend
limiting sedentary time to their patients (10% versus 53% for physical activity
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advice) [85]. That said, non-specific recommendations regarding the amount of
time spent sitting are beginning to emerge alongside more traditional messages of
moderate, vigorous, and resistance exercise [86—88]. For more information on
sedentary behaviour recommendations, please refer to Sect. 1.4.

An expert statement has recently been published that promulgates specific
sedentary behaviour guidelines for office workers. The guidance states that during
working hours, office workers should initially aim to incorporate 2 h of standing
(assuming a full working day), working up to 4 h over the longer term [89]. Assum-
ing an average working day of 8 h, this equates to spending half our working lives
standing. Unlike purposeful moderate-to-vigorous physical activity, which gener-
ally necessitates time away from the primary tool of productivity (i.e. computer),
the provision of sit—stand desks can facilitate reduced sitting and increased standing
without impacting productivity [90]; for example, standing does not affect typing
speed [91]. Indeed, productivity over the longer term may actually be improved as
regularly substituting sitting for standing has been shown to reduce feeling of
fatigue and musculoskeletal complaints [92, 93], the latter of which is the primary
source of lost productivity within the workplace.

As there are significant benefits to breaking sedentary time and given the
positive metabolic effects observed in experimental studies, it seems prudent that
public health messages for those at high risk of chronic disease should consider
incorporating regular breaks in prolonged sitting along with traditional messages
around accumulating 150 min per week of moderate-to-vigorous physical activity,
in bouts of at least 10 min, which have formed the cornerstone of diabetes
prevention programmes in the past. Given the epidemiologic and experimental
work to date, it appears that reducing sitting time by approximately 60 min per
day is likely to be around the minimum needed to gain clinical benefit for type
2 diabetes and metabolic syndrome outcomes, with greater reductions resulting in
greater health gains [28, 39, 55, 75, 77].

As the sedentary behaviour research continues to mature, future translational
work is likely to have a large public health impact and inform future policies on the
prevention of type 2 diabetes. This will also subsequently develop our understand-
ing of the importance of posture and the interplay between sedentary time, breaks in
sedentary time, and metabolic markers in order to influence future interventions.

8.6 Summary

The subsequent recognition of sedentary behaviour as a unique health hazard,
coupled with its ubiquitous nature, makes it possible that we have not yet reached
our full sitting potential, thus fuelling the ever increasing epidemic of a cluster of
inter-related chronic metabolic states, including type 2 diabetes and metabolic
syndrome. Conversely, recent evidence suggests that repeated frequent bouts of
low-intensity activity (including standing) may harness health benefits.
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Therefore, findings from epidemiologic and experimental research should serve

to influence future diabetes management and prevention programmes whilst reiter-
ating that our penchant towards chair dependency is not without solutions. There
are undoubtedly many solutions to improve one’s overall health: genetic manipu-
lation, pharmacological interventions, and invasive surgery. However, a lot could
be gained by simply sitting less and moving more, regardless of the intensity level,
particularly in the promotion of metabolic health.
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Chapter 9
Sedentary Behaviour and Cardiovascular
Disease

Emmanuel Stamatakis, Leandro F.M. de Rezende,
and Juan Pablo Rey-Lopez

Abstract Sedentary behaviour is ubiquitous in high income countries and increas-
ingly so in low-to-middle income countries also. Despite substantial research progress
achieved in the past decade, our understanding of the influence of sedentary behaviour
on cardiovascular health and cardiovascular disease occurrence is still in its infancy.
Multiple methodological issues such as poor measurement, unmeasured confounding,
inconsistent definition, paucity of prospective study designs, incomplete understand-
ing of key sedentary behaviour indicators such as television viewing, and large
heterogeneity between studies hinder a confident translation of available research
into quantitative sedentary behaviour public health and clinical guidelines for primary
prevention of cardiovascular disease. In young people, the overwhelming majority of
the evidence examining the links between objectively assessed sedentary behaviour
and surrogate markers of cardiovascular health is cross-sectional, and the few pro-
spective studies point towards no association. The best available epidemiologic
evidence on sitting time in adults suggests that the risk for incident cardiovascular
disease is elevated at 10 h/day and over. The association between sedentary time and
cardiovascular disease appears to be modified by physical activity; equivalents of
approximately 1 h of moderate intensity activity per day appear to largely offset
cardiovascular events risk. But such an amount of daily physical activity may be
beyond the reach of large parts of the population and therefore the public health
relevance of sitting for cardiovascular health remains high. Although causality
between sitting and cardiovascular disease is not established, there is scope for
developing and testing sitting-reducing interventions targeting the most physically
inactive population groups and those who are likely to be resistant or unable to
increase physical activity of moderate-to-vigorous intensity. Existing sedentary
behaviour-reducing interventions have reported modest effects and as such, the
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assumption that decreasing sitting time in the population will be easier than effectively
promoting physical activity may need further scrutiny. Further research efforts are
warranted for optimizing the definition and measurement of sedentary behaviour, for
understating better its independent cardiovascular effects and mechanisms of action,
and for developing effective interventions with broad reach.

9.1 Introduction

Modern lifestyle has brought innumerable advantages in terms of increasing
humans’ lifespan. However, it is undisputable that human biology is mismatched
to a myriad of exposures common in modern societies. One of many mismatches,
for example, occurred in the occupational domain, where rapid advances in tech-
nology (computers, robotics, etc.) elicit lower physical activity-related energy
expenditure (including more sitting time) at workplaces compared with prior
decades [1, 2]. In a similar way, sitting time today may be more prevalent in
most regions around the world due to the wide use of motorized ways of transport
(e.g. cars) and the nature of the predominant leisure time activities (e.g. screen-
based activities) [3].

Cardiovascular disease is the leading cause of death worldwide, accounting for
almost two-thirds of all deaths in 2013. Since 2013, cardiovascular disease has also
become the main cause of death and disability-adjusted life years in developing
countries, surpassing deaths due to infection and neonatal disorders [4]. In the
coming decades, the burden of cardiovascular disease is expected to rise sharply in
both developed and developing countries due to population ageing and the upward
trajectory increase in the prevalence of several cardiovascular disease risk factors,
such as ultra-processed food consumption [5] and obesity [6]. In the USA, for
example, cardiovascular disease prevalence has been projected to rise by 10%
between 2010 and 2030 [7]. The importance of moderate-to-vigorous physical
activity for preventing and treating cardiovascular disease is well established, and
this is reflected by the consistent and prominent inclusion of quantitative physical
activity guidance in position statements or treatment/prevention recommendations
put forward by major cardiovascular health authorities around the world, such as
the American Heart Association [8, 9], the Joint British Societies [10], and the
Brazilian Society of Cardiology [11]. In contrast, sedentary behaviour is a new field
of inquiry and relatively absent from such guidance. For more information on
existing recommendations on sedentary behaviour, please refer to Sect 1.4. This
is not surprising given that the question of whether sedentary behaviour is a
promising target for preventing cardiovascular disease has been posed only recently
and to some extent remains unanswered, as we shall see in the following sections.
For many decades, both cardiovascular medicine and health promotion were
concerned with structured aerobic exercise of a given dose and intensity, but this
unilateral approach was abandoned in the years that followed the publication and
dissemination of the U.S. Surgeon General’s report on “Physical Activity and
Health” which had incidental moderate intensity physical activity at its very
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Fig. 9.1 Simplified representation of the 24-h physical activity and sleep continuum according to
( from bottom to top): physiological status, posture, context, and nature. The sedentary behaviour
paradigm is primarily concerned with replacing time spent sitting (<1.5 METSs) with an upright
posture of low light and upper light activities of daily living, an approach that is assumed to be
more feasible than the historical focus of public health and cardiovascular clinical practice on
moderate and vigorous intensity physical activity and structured exercise

core [12]. The main attraction for targeting solely sedentary behaviour as a health
intervention (as opposed to promoting structured or incidental moderate-to-vigor-
ous physical activity) is the widespread perception that many of the barriers
commonly encountered in starting and adhering to a physical activity programme
(e.g. lack of time, affordability, need for supervision by a trained expert, poor
access to exercise facilities, deconditioning and inadequate skills, and fitness levels)
are less relevant for interventions aiming to minimize sedentary behaviour. In other
words, it is only a relatively small part of the adult population who can and are
willing to engage in physical activity but it is well within everyone’s capacity to sit
less (Fig. 9.1). This is an assumption worth revisiting when we discuss the evidence
on the effectiveness of existing sedentary behaviour interventions at the end of the
chapter.

9.1.1 Defining Sedentary Behaviour

Historically, the term “sedentary” had been used interchangeably with the term
“physically inactive” to denote low or no engagement in physical activities.
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Although universal consensus has not yet been reached, two current definitions both
denote engagement in activities that are characterized by complete or almost
complete lack of physical movement. The first of these definitions is purely
physiological and is synonymous with the lower end of the physical activity
continuum < 1.5 metabolic equivalents (METs) [13]. The second is an extension
of this definition with a postural allocation and a context-related component,
i.e. <1.5 METs in a sitting or reclining posture during waking times [14]. The
inclusion of reclining in the latter definition may have questionable public health
relevance as daytime reclining is a rather unusual behaviour in most contexts
(e.g. work, transportation, socializing). As previously noted [15], the tabled MET
values for common types of sitting range from 1 to 2 METs [16] and therefore do
not strictly conform with these definitions. And neither of them readily defines the
societal and operational context of sedentary behaviour (Fig. 9.1). For epidemio-
logic studies with cardiovascular disease endpoints (or any other major health
outcome), the context where sedentary behaviour takes place is important because,
for example, every domain has its own (measured, unmeasured, or unmeasurable)
confounders that may obscure our understanding of its links with health outcomes;
and because understanding of this context is necessary for designing targeted
interventions.

9.1.2 Historical Context of Sedentary Behaviour
as a Cardiovascular Risk Factor

The first indication that sedentary behaviour is linked to cardiovascular risk
comes from Jerry Morris’ (1953) seminal epidemiologic study among 31,000
employees of London Transport aged 35-64 years [17]. Although that study was
not specifically designed to disentangle the cardiovascular benefits of physical
activity from the risks of sitting, the main finding was that the largely sedentary
bus drivers had almost double the age-adjusted rate of fatal coronary heart
disease when compared with conductors who spent much of their workday
climbing stairs, walking, and standing. Interestingly, Morris’ seminal work is
also the very first example of a sedentary behaviour study where the context of
bus drivers’ sitting was not fully accounted for, i.e. the fact that, contrary to bus
conductors, bus drivers had limited or no opportunity for potentially cardiovas-
cular health promoting social interactions [18] during the workday. In the
following decades, other studies that compared cardiovascular disease risk
between sedentary and routinely active occupations confirmed Morris’ findings.
But for almost 50 years following Morris’ publication, sedentary behaviour
received hardly any explicit attention. It was not until the turn of the millennium
when the first epidemiologic studies of TV viewing and obesity [19-21] or
broader cardiometabolic risk [21, 22] contextualized sedentary behaviour as a
distinct behavioural cardiovascular disease risk factor that may not simply be
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Fig. 9.2 The dominant conceptualization of the relationships between sedentary behaviour and
physical activity and cardiovascular outcomes

the inverse of moderate-to-vigorous physical activity. The eloquent review of
Hamilton et al. [23] gave further momentum to the field by proposing a widely
cited physiological and mechanistic framework for the cardiometabolic effects
of sedentary behaviour that was thought to be independent of the pathways
through which physical activity exerted its beneficial effects. Hamilton’s prop-
osition was enthusiastically promoted by mass media at a large scale and also
defined the currently dominant epidemiologic framework for examining the
links between sedentary behaviour and physical activity and cardiovascular
health (Fig. 9.2).

9.1.3 Prevalence of Sitting

Among other reasons, understanding the prevalence of sedentary behaviour in the
population is important because of the likely “threshold effect” characterizing the
association between sitting and cardiovascular disease, as elaborated in the sections
below. That is, a threshold of daily amounts of sitting below which we do not
observe elevated cardiovascular disease risks at the population level, such as the
threshold that has been described for sitting and all-cause mortality [24]. There is a
plethora of studies describing the distribution of sedentary time in a variety of
settings and populations. A comparative study of over 49,000 adults in 20 countries
[25] reported a median of 5 h of self-reported sitting a day but also considerable
between-country variation, with daily medians ranging from 3 h or less (Portugal,
Brazil, and Colombia) to 6 h or more (Taiwan, Norway, Hong Kong, Saudi Arabia,
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and Japan). This median of about 5 h/day is concordant with a study of over 27,000
adults from 32 European countries, where the median across all countries was
5 h/day [26] and self-reported US data [15]. On the other hand, it is not clear
whether total sitting has changed in the recent decades. It has been estimated that
mean occupational energy expenditure in US men has decreased by some 140 cal-
ories/day over the period from 1960 to 2006 [2]. In contrast, a study on trends of
total sitting from 27 European countries found that the prevalence of self-reported
high sitting (>7.5 h/day) decreased steadily from 23.1% in 2002 to 21.8% in 2005,
and 17.8% in 2013 [27].

National surveillance studies that used waist-worn accelerometers to estimate
the prevalence of sedentary behaviour reported higher daily averages than the self-
reported studies cited above, e.g. 7.5-8 h/day for working age adults in the USA
[28] and 9.5 h/day for working age adults in England in 2008 [29]. Waist-worn
devices used in the above national US and UK accelerometry studies have an innate
inability to differentiate between sitting and standing and are typically worn for
approximately 85% of waking time around or an average of about 13.5 h/day
[28, 29], with the remaining 15% (2-3 h/day) being unclassified. Interestingly, in
a large population study of over 200,000 Australians aged 45 years and over [30],
the sum of self-reported sitting and standing was 9.1 h/day (5 h/day sitting plus 4.1
h/day standing). These averages of sedentary time are roughly comparable with the
accelerometry estimates of the English study above [29] but are well below the
sitting times reported in studies that used inclinometers (devices that can specifi-
cally record time spent sitting/reclining, standing, and stepping) such as the
Australian Diabetes, Obesity, and Lifestyle Study (AusDiab) of 700 participants
aged 35 years and over that recorded nearly 9 h/day of sitting [31] and a Dutch study
of nearly 2500 participants aged 40-75 which recorded over 9 h of sitting/day
[32]. While the different populations employed make it difficult to make direct
comparisons, the possibility that questionnaires largely underestimate sitting time is
high. Such a likely underestimation may have consequences when interpreting
studies on the dose-response of self-reported sitting and cardiovascular outcomes,
as discussed in Sect. 9.2.2.

9.1.4 Television Viewing and Other Recreational
Screen Time

Much of the sedentary behaviour literature, in particular in the early days [19-21],
was consumed with the study of the associations of screen time, in particular
television (TV) viewing and cardiovascular disease [33, 34]. While this literature
is very valuable in that it brought scientific, policy, and public attention to an
important issue and unarguably propelled the field of research, it offers relatively
poor information on the links between excessive sitting, which is the core
behavioural problem, and cardiovascular health. At face value, such a focus is
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justified because screen media is a major discretionary component of total seden-
tary behaviour, with national surveys showing that adults spend some 2.5-4 h per
day watching TV. Although TV time has historically been the largest component of
screen time, this is rapidly changing due to the advent and popularization of
multiple screen devices that are owned by large parts of the population. But,
overall, television viewing is a poor indicator of overall sedentary behaviour
[35, 36] that is largely confounded by factors that are not fully accounted for in
epidemiologic studies, such as socioeconomic status [37, 38], dietary intake [39],
and mental health [40]. Other aspects of TV and screen media, such as programme
content, excessive exposure to advertising (and development of potentially
unfulfilled needs to consume), or exposure to excessive amounts of negative
messages that may act as chronic psychological cardiovascular stressors [41]
have hardly been acknowledged by the sedentary behaviour field and therefore
represent universal residual confounders in the literature.

With all these considerations in mind, this chapter will place prominence on the
prospective epidemiologic literature of self-reported sitting and objectively
assessed sedentary behaviour and to a lesser extent on TV and other screen media.

9.2 Sedentary Behaviour and Cardiovascular Disease
Across the Life Course

Age is unarguably the most important risk factor for cardiovascular disease, almost
tripling the risk each decade of life [42]. For instance, in 2013, the Global Burden of
Disease study estimated that cardiovascular disease death rates (per 100,000) at
35, 45, 55, 65, and 75 years of age were 39, 111, 313, 827, and 2209, respectively
[43]. In high-income countries, the median age of cardiovascular disease events and
deaths are much higher than in low-to-middle income countries [5]. Much of
cardiovascular disease occurrence could be prevented or postponed by addressing
the major behavioural risk factors, socioeconomic, political, and environmental
factors predisposing to the disease. None of these risk factors emerge suddenly in
adulthood, and there is an imperative to consider the development of cardiovascular
disease and the different exposures that influence it, including unhealthy behav-
iours, in the context of the life course (gestation, infancy, childhood, adolescence,
young adulthood, midlife, and older age) (Fig. 9.3) [44]. The majority of the
evidence about these early life and adulthood cardiovascular disease risk factors
is mostly concerned with high blood pressure, dyslipidaemias, impaired glucose
tolerance, height, obesity, and certain unhealthy behaviours, such as tobacco
smoking, physical inactivity, and unhealthy diet [44—47]. Early-life unhealthy
behaviours have been shown to be associated with increased risk of coronary
heart disease in later life, perhaps independently of mid-life exposures, although
the biological mechanisms are not clear [48]. For example, leisure-time physical
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Fig. 9.3 Life-course approach to the development of non-communicable disease (NCD) including
cardiovascular disease. Multiple risk factors (including physical activity and perhaps sedentary
behaviour) act cumulatively or synergistically from early life and risk is rising steeply from early
mid-life. Copyright free material, reproduced: from Aboderin, 1., Kalache, A., Ben-Shlomo, Y.,
Lynch, JW., Yajnik, C.S., Kuh, D., Yach, D. (2002) Life Course Perspectives on Coronary Heart
Disease, Stroke and Diabetes: Key Issues and Implications for Policy and Research. Geneva,
World Health Organization [44]

activity in boys and young adults has been shown to be associated with carotid
artery elasticity 21 years later, independently of adult physical activity [49].

Despite the likely risk accumulated during early life, ongoing unhealthy behav-
iours during middle age and later in life have shown to increase the risk of
cardiovascular disease, whereas changes during adulthood appear to be associated
with lower premature morbidity, disability, and mortality. For instance, the seminal
study by Paffenbarger and colleagues examined the association of changes in
unhealthy behaviours and cardiovascular disease mortality in middle-aged and
older men [50]. After more than a decade, men who increased their physical activity
level had 41% lower risk of deaths from coronary heart disease (CHD) than those
who remained physically inactive [50]. These results support the idea that changes
in unhealthy behaviours in specific periods of life also have impact on cardiovas-
cular disease outcomes. For more details on cardiovascular disease mortality,
please refer to Chap. 14.

The life-course epidemiology of sedentary behaviour is a new research area and,
as we shall see in the next section, there are many uncertainties around its cumu-
lative and acute role in cardiovascular disease development. The majority of the
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evidence is based on age-specific studies, which limits understanding of lifetime
risk of sedentary behaviour on cardiovascular health. Therefore, many questions
need further clarification regarding the role of sedentary behaviour across the life
course for cardiovascular disease development, such as:

 Is there a critical period of life in which sedentary behaviour impacts physical or
structural functions resulting in cardiovascular disease later on?

¢ Do later life behaviours modify the effect of early exposures to sedentary
behaviour (including during critical periods) on cardiovascular disease?

» Is there a synergistic effect of sedentary behaviour with other risk factors at each
stage of life that raise cardiovascular disease risk?

e Can adequate moderate-to-vigorous activity offset the acute or cumulative
cardiovascular risks associated with sedentary behaviour across the life course?

* How do socioeconomic and broader life circumstances across the life course
influence the cardiovascular effects of sedentary behaviour?

It is worth noting that many of these questions could not be answered with
confidence even if they referred to moderate and vigorous physical activity that is a
much more mature area than sedentary behaviour. Nevertheless, the plethora of
large cohorts around the world that are increasingly using sophisticated technolo-
gies to measure lifestyle behaviours offer much promise for understanding better
the cardiovascular properties of sedentary behaviour.

9.2.1 Sedentary Behaviour in Youth in Relation
to Cardiovascular Health

Youth in Western countries spend considerable time in sedentary behaviour; for
example, the average daily accelerometry-estimated sedentary time of 5-15 year
olds in England is 7-8 h [51]. Since no studies with mortality or cardiovascular
“hard outcomes” endpoints can be carried out in children, the literature is only
concerned with surrogate cardiovascular markers. A sizeable body of mostly cross-
sectional studies suggests that children and adolescents participating in moderate-
to-vigorous physical activity have better cardiometabolic risk factor profiles than
their inactive peers [52, 53]. The sedentary behaviour literature on the same topic is
also emerging, but there is an apparent paucity of prospective studies. Cross-
sectional studies have consistently shown that television viewing (but not all
other kinds of screen time) is associated with adverse levels of a range of cardio-
vascular risk factors in youth [54-56]. However, TV viewing is a complex expo-
sure, and one cannot confidently attribute any observed effects on the sitting that
TV viewing entails, as discussed earlier in this chapter.

The largest objective study of total sedentary behaviour and cardiovascular risk
markers was a pooled analysis of the International Children’s Accelerometry
Database comprising 14 studies carried out between 1998 and 2009 that included
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a total of 20,871 children and adolescents (aged 4—18 years) that wore waist-worn
accelerometers [57]. Sedentary time was not associated with any cross-sectional
outcomes but moderate-to-vigorous physical activity was inversely associated with
triglycerides, high density lipoprotein (HDL) cholesterol, and blood pressure inde-
pendently of sedentary time. Baseline sedentary time did not predict waist circum-
ference in a subsample of almost 6500 participants but baseline waist
circumference predicted sedentary time over an average follow up of 2.1 years
[57]. This finding is in line with a cross-sectional accelerometry study of about 5400
twelve year olds that found no associations between sedentary time and dual-
energy X-ray absorptiometry (DXA) assessed body fat mass or body mass index
(BMI) [58]. The prospective study in the field with the longest follow-up to date is
an analysis of the Avon Longitudinal Study of Parents and Children (ALSPAC)
cohort that examined the associations between objectively assessed sedentary
behaviour (waist-worn accelerometers) with broad cardiovascular risk profiles
(systolic and diastolic blood pressure, fasting triglycerides, total, low density
lipoprotein (LDL) and HDL cholesterol, glucose, insulin, C-reactive protein
(CRP), a clustered standardized cardiometabolic risk score, and three adiposity
markers including percentage body fat) over a follow-up of approximately 3.5
years [59]. Objectively assessed daily sedentary time was not prospectively asso-
ciated with any outcomes but moderate-to-vigorous physical activity was benefi-
cially associated with percent body fat, insulin, HDL cholesterol, and clustered
cardiometabolic score. To date, there is only another one small (n = 723), very
short-term (<7 months of follow-up) prospective study [60] of children aged 8—11
years looking at objectively measured sedentary time in relation to a range of
cardiometabolic outcomes (blood pressure, homeostatic model assessment of insu-
lin resistance (HOMA-IR), triglycerides and HDL cholesterol) which also reported
null associations.

Collectively, the literature summarized above casts doubt on the idea that sitting
merits attention as a stand-alone (separate to moderate-to-vigorous physical activ-
ity) target for cardiovascular health-related interventions in young people, and this
is consistent with the totality of the evidence on sedentary behaviour in youth in
relation to broader developmental and health outcomes [61]. But, as alluded to
above, it is worth considering that the lack of association between sedentary
behaviour in youth and surrogate cardiovascular endpoints could be due to the
natural trajectory and timing of non-communicable disease (Fig. 9.3). In middle-
aged adults, for example, the cardiometabolic harms associated with any chronic
poor lifestyle habit, including excessive sedentary behaviour, will be accumulated
over several decades and will follow a sequence of natural disease progression
stages—i.e. subclinical (raised biological risk factors with no symptoms)—clinical
(diagnosed disease through an event)—fatal event trajectory. In children and
adolescents, the pathogenesis associated with lifestyle-related exposures such as
sitting may not have been acting long enough to progress to subclinical and clinical
expressions of the disease. If this lifetime risk accumulation assumption is proved
to be correct, interventions targeting sedentary time alongside physical activity in
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childhood/adolescence would still be important despite the null findings in the few
available longitudinal studies. Nevertheless, this assumption can only be tested
using long-term life-course studies with repeated measures of objectively assessed
sedentary time and cardiovascular health markers. Since physically active children
and adolescents have been shown to be more likely to be active as adults [62],
limiting sedentary behaviour in youth could also be approached from the habit
formation point of view and to a lesser extent in expectation of immediate measur-
able cardiovascular health benefits. Although other lifestyle exposures such as diet
and physical inactivity are associated with cardiovascular risk endpoints [63], such
endpoints may not be reactive to a relatively subtle exposure like sedentary
behaviour. Of course, we cannot preclude the possibility that the lack of association
in prospective epidemiological studies simply signals that sedentary behaviour
does not cause deterioration of cardiovascular risk profiles in young age in its
own right.

9.2.2 Sedentary Behaviour and Cardiovascular Disease
in Adults and Older Adults

Cross-Sectional Studies

In a recent systematic review, Broklebank et al. [64] examined the cross-sectional
associations of accelerometer-measured total sedentary time and breaks in seden-
tary time with individual cardiometabolic biomarkers in adults >18 years of age.
The authors identified 25 cross-sectional studies (almost all in middle-aged adults)
and concluded that in both middle-aged and older adults (>60 years old) there was
consistent evidence of an unfavourable association between total sedentary time
and triglycerides, even after adjusting for moderate-to-vigorous physical activity.
However, the evidence for associations of total sedentary time with
HDL-cholesterol was inconclusive, and there was no evidence of associations
with total cholesterol or LDL-cholesterol. More recently, three studies also support
independent associations of moderate-to-vigorous physical activity and sedentary
time with other markers of vascular health (e.g. ankle brachial index). In elderly
men, after adjusting for covariates, each 10 min block of moderate and vigorous
physical activity per day was associated with an odds ratio (OR) of 0.81 (95%
confidence interval (CI) = 0.72—0.91) for a low ankle brachial index, whereas each
30 min block of sedentary time was associated with an OR of 1.19 (95%
CI = 1.07—1.33) for a low ankle brachial index [65]. Similar results were obtained
in elderly (both sexes) using the National Health and Nutrition Examination Survey
(NHANES). Sedentary time was positively associated with a low ankle brachial
index (OR = 1.22 per 1 standard deviation, 95% CI = 1.03—1.43, p = 0.02) [66]. In
Brazilian adults (mean 30 years of age), participants in the highest quartile of
sedentary time had 0.39 m/s higher pulse wave velocity (a surrogate marker of
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increased vascular stiffness, 95% CI = 0.20—0.57) than those in the lowest quartile
[67]. Importantly, associations persisted when adjusting for moderate-to-vigorous
physical activity. In Spanish adults (mean 55 years of age), Garcia-Hermoso et al.
[68] also reported that total sedentary time was associated with worse arterial
stiffness parameters but contrary to the previous studies, associations disappeared
when adjusting for moderate-to-vigorous physical activity.

Sedentary Breaks

A widely discussed concept is that of “sedentary breaks”, i.e. the introduction of
frequent and regular interruptions of continuous bouts of sitting that has been
proposed to confer cardiovascular and metabolic benefits even when total sitting
time is held constant [69]. To date, no longitudinal study has shown associations
between sedentary breaks and cardiovascular outcomes. The epidemiologic cross-
sectional studies present an unclear picture that often also point towards no asso-
ciation. In a study of about 170 Australian participants aged 30—87 years that first
introduced the concept of sedentary breaks, the number of breaks measured by a
waist-worn accelerometer was inversely associated with triglycerides and to a
lesser extent with adiposity surrogates markers and 2-h plasma glucose [69]. A
larger investigation by the same group using accelerometry data among 4757 US
adults aged 20 years and over [70] reported inverse associations of breaks only with
CRP and waist circumference but no associations with the remaining six examined
cardiometabolic risk factors (that included blood pressure, HDL-cholesterol, and
fasting triglycerides). Thus far, the largest cross-sectional study that used inclinom-
eters to examine the associations between sedentary breaks and metabolic outcomes
(glucose metabolism) among 2497 Dutch middle-aged adults found no association
between the two. Overall, there is little evidence to suggest that sedentary breaks
have an effect on lipidaemia and that sedentary breaks consisting of light intensity
activity such as standing can produce favourable responses of cardiovascular
markers [71, 72]. The cardio-protective effects of light intensity physical activity
(that is often considered the opposite of sedentary time) is largely under-researched
[73]. Beyond all these uncertainties and the limited evidence for narrow cardiovas-
cular outcomes, the concept of sedentary breaks merits further attention as several
well-designed laboratory controlled trials have shown beneficial effects of light
intensity walking breaks on postprandial glucose metabolism among individuals
who are habitually inactive [74, 75] and individuals with established metabolic
dysfunction [76, 77]. Whether such acute beneficial glycaemic effects of sedentary
interruptions translate into long-term reductions in cardiovascular events is cur-
rently unknown. This is an important question that merits attention by future studies
because evidence from pharmacological trials suggests that even intensive
glycaemic control does not always translate into better cardiovascular mortality
and morbidity outcomes [78].
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In summary, most published cross-sectional studies suggest that sitting is pos-
itively associated with surrogate markers of cardiovascular health, such as periph-
eral arterial disease or dyslipidaemia. But cross-sectional designs provide very little
information to infer causal relationships, and it is very likely that they inflate the
strength of the associations [79]. Both the epidemiologic and mechanistic evidence
on the effect of sedentary breaks on classic cardiovascular outcomes is weak. An
emerging body of mechanistic studies shows that frequent interruptions of sitting
with light intensity activity induces favourable glycaemic responses, although it is
unknown whether such acute responses translate into any long-term cardiovascular
benefits.

Prospective Studies and Meta-Analyses of Total Sitting

There have been at least four major meta-analyses of (mostly prospective) epide-
miologic studies reviewing the association between sedentary behaviour and inci-
dent cardiovascular disease [80-83]. Grontved and Hu reviewed studies of TV and
screen time and reported a pooled relative risk of 1.15 (95% CI = 1.06—1.23) for
fatal or non-fatal cardiovascular disease per 2 h of TV per day [80]. Biswas and
colleagues considered a non-specific mixture of TV studies and sitting studies and
reported pooled relative risks comparing high versus low levels of sedentary
behaviour exposure of 1.18 (95% CI = 1.11—1.26) for cardiovascular death and
1.14 (95% CI = 1.00—1.73) for cardiovascular events [81]. Wilmot and colleagues
also considered a non-specific mixture of TV studies and sitting studies and
reported relative risks of 1.90 (95% Credible Interval (95% Crl) = 1.36—2.66)
for cardiovascular death and 2.47 (95% Crl = 1.44—4.24) for cardiovascular
events [83].

In the only meta-analytical review that considered specifically sitting
(i.e. excluding TV studies) and incident cardiovascular disease or cardiovascular
disease mortality to date, Pandey et al. [82] identified 9 prospective studies and
reported a pooled relative risk of 1.14 (95% CI = 1.09—1.19) for the highest
(median 12.5 h/day) versus the lowest (median 2.5 h/day) sitting categories.
There was no evidence for differences in risk between the lowest and intermediate
sitting category (median 7.5 h/day) (pooled HR = 1.02; 95% CI = 0.96—1.08)
[82]. The key studies included in this review are briefly summarized here. One of
the first epidemiologic studies in the field was that of Katzmarzyk et al. [84], and it
found an increased risk of cardiovascular disease in those who reported sitting

almost all the time versus almost none of the time (HR = 1.54, 95%
CI = 1.09—-2.17). In Finland, sitting more than 10 h/day was associated with higher
cardiovascular disease risk versus sitting <10 h/day (HR = 145, 95%

CI = 0.91-2.29) [85]. In the USA, Kim et al. found an increased risk of cardio-
vascular disease in women (total self-reported sitting >10 h/day) 1.19 (95%
CI = 1.06—1.34) but not in men (HR = 1.06, 95% CI = 0.96—1.18) [86]. Con-
versely, in a sample of 6154 Australian women, no association was found in those
who self-reported more than 8.4 h/day sitting vs. less than 2.7 h/day (HR = 0.90,
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95% CI = 0.62—1.32) [87]. A similar finding was reported in Denmark [88], where
no associations between sitting time and coronary heart disease (HR = 1.06, 95%
CI = 0.88—1.28) or myocardial infarction (HR = 1.13,95% CI = 0.78—1.64) were
found during a 5-year follow-up. Finally, in a recent US study [89], self-reported
sitting of more than 12 h/day vs. less than 5.8 h/day was associated with an
increased risk of cardiovascular disease in a white population but not in the black
population. Patel et al. [90] evaluated the effect of non-occupational sedentary time
on cardiovascular disease mortality during a follow-up of 14 years in a large sample
of 123,216 men and women (57% women). Self-reported sitting >6 h/day versus
<3 h/day was significantly associated with increased cardiovascular mortality risk
(RR in women = 1.33, 95% CI = 1.17—1.52; RR in men = 1.18, 95%
CI = 1.08—1.30). Similarly, in 240,819 US participants (44% women), Matthews
et al. [36] found that total sedentary time >9 daily hours (versus >3 h/day)

increased the risk of cardiovascular disease mortality (HR = 1.16, 95%
CI = 1.02—1.30). In 71,018 US women [91], sitting >10 h/day versus <5 h/day
was associated with increased cardiovascular disease risk (HR = 1.15, 95%
CI = 1.05—1.25).

Dose—Response Relationship Between Sitting Time and Cardiovascular
Disease

The meta-analysis by Pandey et al. [82] was the only review to specifically examine
the dose—response element of the examined associations with regard to cardiovas-
cular disease risk. Similar to meta-analytical work on sitting and all-cause mortality
risk [24], Pandey et al. found a nonlinear association between sitting time and risk
for cardiovascular disease, with an increased risk only for sitting more than
10 h/day (Fig. 9.4). Specifically, there was no association with cardiovascular
events at sedentary times >6.8 h/day (pooled HR, 1.01, 95% CI = 0.95—1.08),
but there was an association at times higher than 10.04 h/day (pooled HR = 1.08,
95% CI = 1.00—1.14). Considering that all included studies used questionnaires to
quantify sitting, such a threshold is very high as it corresponds to almost twice the
average of self-reported sitting reported by international prevalence studies [25, 26]
or studies that examined cardiovascular effects of sitting [87]. Studies that mea-
sured sitting using inclinometers, on the other hand, consistently report daily sitting
times in the region of 9-9.5 h [31, 32]. If this large discrepancy between objective
and self-reported daily sitting estimates is due to systematic under-reporting of
sitting in questionnaire-based studies, there is a possibility that the 10 h/day thresh-
old identified by Pandey et al. may be even higher. These measurement-related
considerations and other limitations of the literature, such as the large heterogeneity
of the methods used among studies, impede a definitive determination of the
theoretical curve and exact effect threshold between sitting time and cardiovascular
risk.
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Fig. 9.4 Dose-response association between total sedentary duration and risk for incident car-
diovascular disease. The graph here shows spline (smoothed fit) and 95% confidence interval of
pooled hazard ratio of cardiovascular disease by hour. Reproduced with permission from:
Pandey A, Salahuddin U, Garg S, Ayers C, Kulinski J, Anand V, Mayo H, Kumbhani DJ, de
Lemos J, Berry JD. Continuous Dose—Response Association Between Sedentary Time and Risk for
Cardiovascular Disease: A Meta-analysis. JAMA Cardiol. 2016 Aug 1,1 (5):575-83 [82]

Occupational Sitting and Cardiovascular Disease

Sedentary time occurs in the domestic, transport, occupational, and leisure time
domains (Fig. 9.1). Despite the limited number of studies examining the impact of
each domain of sitting time on health outcomes, to examine the effect of prolonged
sitting at work is particularly important for public health because most current work
environments impose prolonged sitting. In a systematic review published in 2010
[92], no consistent associations between occupational sitting and cardiovascular
disease were found. A possible explanation is that higher social status linked with
sedentary occupations [37] might offset any adverse effects linked with the seden-
tary nature of these occupations. This has been suggested as a likely interpretation
for the lack of association of occupational sitting and cardiovascular mortality in
men, for example, in England and Scotland [93]. Also, the presence or absence of
other cardiometabolic risk factors may influence the risk of cardiovascular mortal-
ity. In a median 12-year follow-up study conducted in Norway [94], the nature of
occupation in terms of physical labour demands was not associated with cardio-
vascular mortality among those without metabolic syndrome. However, in individ-
uals with metabolic syndrome, both physically demanding and sedentary jobs were
associated with higher cardiovascular mortality risk.
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9.3 Perspectives on the Evidence Linking Sedentary
Behaviour and Cardiovascular Disease Risk

9.3.1 Biologic Mechanisms

No established and broadly replicated biologic mechanism linking sedentary
behaviour and cardiovascular disease currently exists. A rodent model-based
hypothesis suggested that prolonged sitting causes dramatic reductions in lipopro-
tein lipase enzyme activity compared to standing up or ambulating regimens
[95]. Although this hypothesis was put forward almost a decade and a half ago, it
has yet to be replicated in humans. Human studies that manipulated sitting exper-
imentally indirectly refute this hypothesis as there appears to be no effect from
replacing sitting with standing on blood lipids [71, 96-98]. Please refer to Sect. 8.4
for more details on the experimental evidence linking sedentary behaviour with
cardiometabolic markers and outcomes. Other proposed, but also unproven, bio-
logic mechanisms include the lower expression of endothelial nitric oxide synthase
(i.e. related to increased vascular oxidative stress and impaired endothelial func-
tion) and reduction of glucose transporter type 2 and glucose uptake [99, 100].

9.3.2 Appraisal of the Evidence: The Likely Causality
of the Association of Sitting and Cardiovascular
Disease

Associations found in epidemiologic studies could reflect either real (causal) or
spurious relationships. Spurious findings are mainly due to non-comparability
between groups—exposed and non-exposed—concerning disease risk. Non-
comparability mainly arises by random chance, bias (systematic errors during the
selection of study subjects or inaccurate measurement of variables of interest)
and/or confounding (associated causes of disease unequally distributed between
groups). On the other hand, whether associations found in studies reflect causality is
more a philosophical endeavour based on the available information from a combi-
nation of theory, different methodological designs, and triangulation of research
evidence [101]. To this aim, in 1965, Sir Bradford Hill devised [102] nine view-
points to offer a guidance framework for studying associations before declaring
causation. It is important to highlight that, as Hill himself stated, none of these
points should be required as sine qua non for judging causality; and that the
relevance of these causality criteria to contemporary science has been
questioned [103].

Herewith we present some basic reflections on whether sitting is linked causally
with cardiovascular disease based on some of the core Hill’s criteria that were used
in a detailed appraisal of causality of the associations between sitting and all-cause
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mortality [104]. We based our appraisal mostly on the studies included in the recent
Pandey et al.’s meta-analysis [82]. For a full list of the Bradford Hill criteria, please
refer to Chap. 3.

Temporal Relationship Evidence from prospective cohort studies indicates that
sedentary behaviour, especially TV viewing [80] but also total sitting [82], is
associated with increased cardiovascular disease risk. In this study design, it is
clear that exposure precedes the disease development. Some cohorts still present
short average lengths of follow-up, which increases the probability of reverse
causality. To minimize reverse causality, most of these studies performed sensitivity
analysis excluding ill persons at enrolment and participants with less than 1 year
of follow-up (where generally no major differences in associations were found).

Strength of Association The strength of association between sedentary behaviour
and cardiovascular disease is generally small (e.g. the pooled relative risk for the
highest versus lowest daily sitting categories was 1.14, 95% CI = 1.09—1.19 and
even the continuous relative risk for >10 h of sitting per day was relatively low
(1.08,95% CI = 1.00—1.14) [82], leaving open the possibility that such increases in
cardiovascular disease risk could be explained by a third incompletely measured or
unmeasured variable (e.g. dietary intake).

Dose—Response Relationship In some cases, the dose of exposure increases the
risk of diseases in a linear fashion, in others there may exist a threshold only above
which there is an increment in the risk of disease. The Pandey et al. meta-analysis
[82] found a nonlinear relationship between sedentary time and cardiovascular
disease risk, with an increased risk only after high levels of exposure (>10 h/day)
[82]. This is a higher threshold than the 7 h/day threshold reported in a meta-
analysis of sitting with all-cause mortality [24].

Biologic Plausibility As highlighted in the previous section, the biologic plausi-
bility of sedentary behaviour as an independent risk factor of cardiovascular disease
remains elusive. There is a limited body of studies elucidating the likely biological
mechanisms through which sedentary behaviour may influence cardiovascular
health independently of moderate-to-vigorous physical activity but none has been
confirmed or broadly replicated.

Consistency In the meta-analysis by Pandey et al. [82], five out of nine studies
found a statistically significant association between sitting time and cardiovascular
disease risk [82]. The other four studies with null findings presented, on average,
shorter follow-up periods and smaller sample sizes, which might explain the results.
Those studies were conducted in different populations, exclusively from high-
income countries (e.g. the USA, Denmark, Australia, Canada, and Finland).
There is still a need for studies investigating the association between sedentary
time and cardiovascular disease risk using different methodological designs,
including low-income countries and subgroups of the population.

Alternative Explanations Beyond the points discussed above, we cannot discount
the possibility that confounding, bias, and chance are partially explaining the
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associations between sedentary behaviour and cardiovascular disease in epidemio-
logic studies. For instance, all nine studies included in a recent meta-analysis
measured sedentary time using questionnaires, which increases the probability of
information bias. Regarding residual confounding, despite all studies adjusting for
the main sociodemographic covariates (age, sex, education/income) and other
important risk factors (e.g., smoking), only four out of nine studies considered
dietary intake/total caloric intake in the model, which raises the probability of
residual confounding explaining at least part of the magnitude of the association.

In conclusion, whether the association between sitting time and cardiovascular
disease reflects a causal relationship or is due to alternative explanations can neither
be confirmed nor refuted at this stage. Our basic appraisal of causality against six of
the Hill criteria suggests that there is some evidence for a causal relationship
between sedentary time and cardiovascular disease risk based on temporal relation-
ship, (nonlinear) dose—response relationship, and consistency. On the other hand,
there is little evidence based on biologic plausibility and strength of association,
and current evidence does not preclude alternative explanations. Future studies
using different study designs, analyses (i.e. life-course exposure to sedentary time),
and careful measurement of sedentary time and confounders would enhance our
knowledge and support better judgment of a causal relationship between sedentary
behaviour and cardiovascular disease. Whether the Hill criteria represent the ideal
framework for assessing causation of an exposure in future sedentary behaviour
research is debatable [103].

Does Sufficient Physical Activity Offset or Eliminate the Cardiovascular
Disease Risk of Sitting?

Although in Pandey et al.’s meta-analysis all studies were adjusted for physical
activity to determine the independent effect of sedentary time, there were several
studies showing that physical activity modified the effects of sitting time, and
associations with hard cardiovascular outcomes were observed in physically inac-
tive but not in physically active participants, such as the Danish adults’ study [105]
and the American women’s [91] studies above. For example, Fig. 9.5 shows that the
association between sitting time and incident cardiovascular disease was evident
only among women who reported less than 20 MET-hours of physical activity per
week (corresponding to approximately 52 min of walking per day at 3.3 METs,
70% of the sample), in the remaining 30% of the sample who reported more
physical activity no association was evident. A major study examining specifically
the role of physical activity as a modifier of the association between sedentary
behaviour and mortality was published as part of the 2016 Lancet Series on
Physical Activity [106]. This was a pooled individual participant meta-analysis
that involved 849,108 adults corresponding to 24,481 fatal cardiovascular events
where sitting time was categorized as <4, 4 to <6, 6 to §, and >8 h/day and the
quartiles of physical activity had medians corresponding to roughly <5, 25 to 35, 50
to 65, and 60 to 75 min of moderate intensity per day. Compared to those in the
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Fig. 9.5 Multivariable-adjusted hazard ratios (HR) for total cardiovascular disease (CVD) for a
joint association between sedentary time and physical activity. For women with over 20 -
MET-hours/week of physical activity, there was no association between sitting and CVD events.
20 MET-hours per week is roughly equivalent to 1 h of brisk walking per day. Reproduced with
permission from: Chomistek AK, Manson JE, Stefanick ML, Lu B, Sands-Lincoln M, Going SB,
et al. Relationship of sedentary behavior and physical activity to incident cardiovascular disease:
results from the Women’s Health Initiative. Journal of the American College of Cardiology.
201361 (23):2346-54 [91]

lowest sitting and highest physical activity group (referent), a dose—response
association between sitting time and cardiovascular death was noted in the least
physically active group, with HRs increasing from 1.34 (95% CI = 1.24—1.43) in
the bottom to 1.74 (95% CI = 1.60—1.90) in the top sitting groups. Associations
persisted in the second and third physical activity quartiles but were not dose-
dependent for <8 h of sitting/day, less stable (e.g. the HR for 6 to 8 h of sitting/day
in the third physical activity group was 1.04, 95% CI = 0.95—1.14), and lower in
magnitude (highest HR was 1.37, 95% CI = 1.25—1.50 for those in the second
lowest physical activity quartile that reported >8 h of sitting/day). There was no
association between sitting time and cardiovascular mortality risk in the top phys-
ical activity quartile. Subject to the limitations of the literature noted above, these
data provide good support to the idea that high levels of physical activity eliminate
the cardiovascular disease death risk of sitting. However, translation of such
evidence needs to also take into account the current population context of physical
inactivity. The majority of the adult populations are inactive [107, 108], and the
average daily amount of physical activity needed to offset cardiovascular risk
(approximately 1 h per day) is unattainable for large parts of the population, in
particular for middle-aged and older adults who are very inactive and at imminent
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risk for developing cardiovascular disease. It is, therefore, important to acknowl-
edge that although the seminal report by Ekelund et al. [106] reminded us that
physical activity should be the utmost public health priority, sedentary behaviour is
still relevant.

9.3.3 Public Health Importance and Clinical Practice

How much certainty regarding the causal relationship between sedentary behaviour
and cardiovascular disease do we need so that prevention efforts are justified? As
Bradford Hill noted in 1965, we should have strong evidence before we make
people start what they do not like and stop what they like. However, he continues
arguing, “All scientific work is liable to be upset or modified by advancing know!l-
edge. That does not confer upon us a freedom to ignore the knowledge we already
have, or to postpone the action that it appears to demand at a given time” [102].

Despite the ongoing uncertainties on issues such as biologic plausibility, inde-
pendence of the associations from physical activity, and robustness of the relation-
ship between sedentary behaviour and cardiovascular disease, reducing sedentary
time has been flagged as having potentially high public health impact
[109, 110]. The Australian Department of Health [111] and the U.K. Chief Medical
Officers [112], among others [73], have already incorporated non-quantitative
sedentary behaviour reductions in their public health guidance.

Despite the relatively small magnitude of the observed associations, sedentary
behaviour has sharply increased since the industrial revolution and is highly
pervasive in modern societies. For instance, in the USA and Australia, people
spend around 8 and 9 h in sedentary activities, respectively, which represents
around 60% of waking time [28, 31]. For additional information about the preva-
lence of sedentary behaviour, please refer to Chap. 4. As the 1985 Geoffrey Rose’s
paper on prevention strategies noted “A large number of people at small risk may
give rise to more cases of disease than a small number of people at high risk”
[113]. Statistical modelling studies that assessed the effects of replacing sedentary
behaviour studies with light physical activities are suggestive for a measureable
impact of such replacements at the population level. For instance, some studies
have found that replacing 1 h of sitting with light intensity movement [114] or even
standing [30] is associated with lower surrogate cardiovascular disease risk markers
(e.g. triglycerides) and lower all-cause mortality, respectively. As we alluded to at
the start of this chapter, one of the main reasons for the rapid growth of this research
area is that increasing standing and light physical activities may be more successful
than incidental moderate intensity physical activity or vigorous exercise in west-
ernized societies where opportunities to be sedentary are many and environments
are not conducive for physical activities [109]. Theoretically, these low intensity
activities may motivate more people to start engaging in other activities along the
physical activity intensity continuum, including those with moderate-to-vigorous
intensity [109]. Therefore, a central question relating to the potential of targeting
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sedentary behaviour to reduce cardiovascular disease burden is how feasible it is to
achieve the likely large sedentary reductions needed for cardiovascular benefits.
Current interventions aimed at reducing sedentary behaviour have found modest
effects (—42 min/day, 95% CI = —79 to —5 min for generic interventions and
—77 min, 95% CI = —120 to —35 min for interventions involving sit-stand
workstations) [115, 116]. Whether such effects have clinical cardiovascular impor-
tance has yet to be determined. Finally, despite the popularity of some recent
interventions to decrease sedentary time (sit-stand desks), a recent meta-analysis
concluded that at present, there is very low-to-low quality evidence that sit—stand
desks may decrease workplace sitting [117].

In light of the best available evidence and considering how pervasive sedentary
behaviour is in the modern world, it seems wise to aim at reducing long periods of
sedentary time and incorporating ambulatory physical activity of any intensity to
reduce cardiovascular disease risks in adults and the elderly. When possible, the
promotion of moderate-to-vigorous physical activity should still be the cornerstone
of public health as higher physical intensity confers additional benefits [118] and
high levels of physical activity seem to offset or eliminate the negative cardiovas-
cular effects of sitting time [91, 105, 106].

9.4 Directions for Future Research

Cross-sectional studies that compared accelerometry-based and self-reported mea-
sures of sedentary time against cardiovascular risk factors [29, 119] often report
differential associations between the two measurement types. Such studies further
highlight the importance of improving and, when possible, standardizing measure-
ments of sedentary behaviour. Cross-sectional studies can be useful for hypothesis
generation and as a guide for designing prospective studies but offer very little
information on the existence and true magnitude [79] of the associations. Therefore,
there is a need for well-designed prospective studies with objective measurements
of posture and physical activity. Very few existing prospective studies had narrow
cardiovascular disease outcomes such as myocardial infarction [105] that may
provide better mechanistic clues. The concept of sedentary breaks needs to be
more tightly defined to differentiate between interrupting sitting time with ambu-
latory activity vs. standing as such a differentiation will have important implica-
tions for interventions. Prospective studies to date were conducted almost
exclusively in the USA/UK/Australia/Canada—we cannot know if these results
are generalizable to non-Anglo-Saxon countries. In addition to being a threat to the
biological ecological validity of the existing evidence, the different cultural, soci-
etal, and economic contexts of sedentary behaviour make the existing literature less
useful for public health and clinical cardiovascular disease guidance in other
countries, in particular in the developing world.
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9.5 Summary

Sedentary behaviour is ubiquitous across the life course in the developed as well as
much of the developing world where cardiovascular disease is projected to remain
the main cause of premature death and chronic disease. Despite the research
progress achieved in the past decade, our understanding of the influence of seden-
tary behaviour on cardiovascular health and cardiovascular risk occurrence is still
in its infancy. Multiple methodological issues hinder a confident translation of
available research into quantitative sedentary behaviour public health and clinical
guidelines for primary prevention of cardiovascular disease. Such issues include
unstandardized or poor measurement, unmeasured confounding, a paucity of pro-
spective designs, limited understanding of what exactly the dominant health influ-
ences of screen time and TV time are, large heterogeneity in how epidemiologic
studies are designed and analysed, and the absence of a broadly replicated con-
vincing biological mechanism. In young people, the overwhelming majority of the
evidence examining the links between objectively assessed sedentary behaviour
and surrogate markers of cardiovascular health is cross-sectional and the few
prospective studies point towards no associations. The best available prospective
epidemiologic evidence in adults and older adults suggests that there is a threshold
effect with amounts of daily sitting over 10 h linked with increased risk for
cardiovascular disease and death. The risk for cardiovascular death seems to be
offset by approximately one hour of moderate intensity physical activity per day,
which is well above the average physical activity levels in most high income
countries. In terms of sedentary behaviour as an intervention target for preventing
cardiovascular disease and cardiovascular death, current evidence offers limited
direction. It may be wise to promote ambulatory physical activity of any intensity
that will naturally lead to sedentary time reductions. The modest effect sizes of
existing sedentary behaviour interventions suggest that reducing sedentary behav-
iour is not necessarily easier than promoting physical activity of moderate intensity.
Sedentary breaks as a stand-alone intervention has been researched less but overall
there is very weak mechanistic or prospective epidemiologic evidence to suggest
that breaking sedentary time with standing or ambulatory physical activity of light
intensity has measurable effects on classic cardiovascular risk markers
(e.g. lipidaemia, blood pressure) or incident cardiovascular disease.

The study of sedentary behaviour and cardiovascular health is a vibrant and
exciting area of research that is set to grow rapidly in the years to come. The
availability and recent popularity of wearable devices that quantify postural allo-
cation as well as provide information on physical activity intensity offers great
promise for future prospective studies examining the dose—response of sedentary
behaviour and physical activity and cardiovascular health. As a research commu-
nity, sedentary behaviour will benefit greatly from tighter communication and
collaboration among research groups around the world to standardize the definition,
measurement, research design, and analytical protocols and from a more unified
multi-disciplinary approach involving scientists from diverse areas (such as media
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content experts, transportation experts, and psychologists) that will help us better
understand and contextualize the constituent components of sitting, its relevance
for cardiovascular health, and develop feasible and effective interventions for long-
term behaviour change.
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Chapter 10
Sedentary Behaviour and Cancer

Brigid M. Lynch, Shahid Mahmood, and Terry Boyle

Abstract How sedentary behaviour affects cancer risk is still largely unknown.
This chapter summarizes the modest, but growing, body of evidence accrued to
date. Based on the findings of 25 different studies that have examined 17 different
cancer sites, all-cancer mortality, and site-specific mortality (colorectal and liver
cancer), we conclude that sedentary behaviour is associated with increased risks of
endometrial (36%) and ovarian cancers (32%). We cannot rule out an increased risk
for breast, colorectal, and lung cancers, but there is a lack of consistency across
findings. Sedentary behaviour increases risk for all-cancer mortality (13%) and
colorectal cancer-specific mortality (38% for pre-diagnosis sitting time; 61% for
post-diagnosis sitting time). The association between sedentary behaviour and
cancer risk is biologically plausible. Postulated mechanisms underlying the asso-
ciation include: body composition (most evidence relates to adiposity), sex hor-
mones, metabolic function, chronic inflammation, and immune function. Better
mechanistic understanding will help strengthen causal inference from epidemio-
logic data. The adoption of contemporary epidemiologic methods and analytic
techniques may also facilitate improved causal inference.
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10.1 Introduction

A modest body of knowledge now suggests that sedentary behaviour contributes to
an increased risk of cancer across a number of sites [1, 2]. Sedentary behaviour is
highly prevalent (see Chap. 4), modifiable, and amenable to intervention; therefore,
there are promising cancer control implications. The aim of this chapter is to
provide an up-to-date overview of the evidence pertaining to sedentary behaviour
and cancer, both in terms of incidence and mortality. We will also summarize the
emerging literature examining the biologic mechanisms whereby sedentary behav-
iour influences cancer risk and provides an overview of the main findings. Finally,
we will reflect upon the strength of the evidence accrued to date, particularly in
respect to causal inference.

10.1.1 Prevalence and Trends of Cancer

Cancer is a generic term representing a group of diseases that are characterized by
the rapid creation of abnormal cells that are self-sufficient, are able to divide
without stopping, can invade nearby tissues, and can spread (or metastasize) to
distant places in the body. Cancer is caused by complex interactions between
genetic, environmental, and lifestyle factors. This interplay introduces gradual
changes to genes which, accrued over time, can result in uncontrolled cell division,
altered growth, and resistance to cell death. Over 100 different types of cancer exist.
Among males, cancers of the lung (17% of all worldwide incident cancers in males
in 2012), prostate (15%), colorectum (10%), stomach (9%), and liver (8%) are the
five most common malignancies [3]. Among females, the five most common
cancers are breast (25% of all worldwide incident cancers in females in 2012),
colorectal (9%), lung (9%), cervical (8%), and stomach (5%) [3].

Globally, it has been estimated that in 2012 there were 14.1 million new cases of
cancer diagnosed, 8.2 million deaths due to cancer, and 32.6 million people living
with cancer (within five years of diagnosis) [3]. Cancer (all types combined) was the
second leading cause of death worldwide behind only cardiovascular disease (17.5
million deaths) [4]. With a combination of an ageing population, continued popu-
lation growth, and an increased adoption of “Western” behavioural and lifestyle
habits in developing countries, it is estimated that by 2020 the number of worldwide
incident cancer cases and cancer deaths will rise to approximately 17 million and
10 million, respectively [3]. The increasing number of incident cancer cases, along
with continued improvements in early diagnosis and cancer treatments, means the
number of prevalent cancer cases is also expected to rise steadily.

More than half (57%) of all incident cancer cases, approximately two-thirds
(65%) of all cancer deaths, and nearly half (48%) of all prevalent cases in 2012
occurred in less developed regions [3]. Cancer incidence rates vary greatly across
different regions and countries, with four-fold differences in rates seen among
males and three-fold variations seen in females [3]. For most cancer types, trends
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over time also differ across regions [5], providing clues about the aetiology of the
disease.

10.1.2 Cancer Risk Factors

Age is by far the major determinant of cancer risk. Worldwide, the incidence rates
rise sharply with age, increasing from 38 per 100,000 people in those aged 15 to
39 years to 489 per 100,000 people in those aged 55 to 59 years and to 1544 per
100,000 years in those aged 75 years and older [3]. Other known cancer risk factors
can be broadly grouped into five categories: lifestyle, occupational and environ-
mental, reproductive and hormonal, infections, and genetic.

Lifestyle-related cancer risk factors include tobacco smoking, alcohol consump-
tion, obesity, diet, and physical inactivity. Tobacco smoking is by far the strongest
modifiable risk factor for cancer. It increases the risk of at least 14 different types of
cancer, with the greatest risk increase observed for lung and laryngeal cancers.
Approximately, 31% of all cancer deaths in males, and 6% in females, can be
attributed to tobacco smoking [6, 7]. Epidemiologic research indicates that alcohol
consumption increases the risk of at least seven cancers, notably colorectal, female
breast, and liver [8], and around 10% of all cancer cases in males and 3% of all
cancer cases in females can be attributed to alcohol consumption [9]. Being over-
weight or obese is a risk factor for at least ten types of cancer, including colon and
postmenopausal breast cancers, and it is estimated that around 4% of all incident
cancers are attributable to high body mass index (BMI) [10]. Dietary factors such as
high intake of processed meat and low intake of dietary fibre intake have been
shown to increase the risk of specific cancers [11], while there is convincing or
probable evidence that physical inactivity is associated with increased risks of
colon, postmenopausal breast, and endometrial cancers [12]. It is estimated that
around 20% of all incident cancers could be prevented through improvements in
nutrition, alcohol, physical activity, and body fatness [13].

More than 50 occupational agents have been classified by the International
Agency for Research on Cancer (IARC) as carcinogenic or probably carcinogenic
to humans, and it is estimated that between 4% and 8% of cancers in developed
countries are attributable to occupational carcinogens [14]. Many of these carcin-
ogens, such as asbestos, diesel engine exhaust, ionizing radiation, and solar radia-
tion, are also found in non-occupational settings. Other environmental causes of
cancer that have been identified include arsenic, outdoor air pollution, radon, and
second-hand tobacco smoke [15].

Reproductive and hormonal factors, such as number of pregnancies,
breastfeeding duration, age at menarche, oral contraceptive use, and menopausal
hormone therapy, have been associated with cancer risk, primarily cancers of the
breast and ovary. A number of viruses (e.g. hepatitis B and C viruses, human
papilloma viruses) and bacteria (e.g. Helicobacter pylori) are risk factors for
specific cancers (liver, cervical, and gastric cancers in particular), with around
16% of all incident cancers attributable to infections [16]. This percentage is
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much higher in certain regions (e.g. 33% in sub-Saharan Africa and 26% in China)
and much lower in other regions (e.g. less than 4% in North America, Australia, and
New Zealand) [16]. Finally, around 5% to 10% of all cancers are thought to be
caused by highly penetrant genetic mutations [17].

10.2 Methods

This chapter updates the sedentary behaviour and cancer risk meta-analyses
conducted by Schmid and Leitzmann [1]. Here, we have incorporated relevant
studies published in December 2015. Table 10.1 summarizes studies investigating
the associations of sedentary behaviour and risk of incident bladder cancer (one),
breast cancer (11 studies), colorectal/colon cancer (seven), endometrial cancer
(five), oesophageal cancer (one), gallbladder cancer (one), head and neck cancer
(one), kidney cancer (two), liver cancer (one), lung cancer (five), melanoma (one),
multiple myeloma (one), non-Hodgkin lymphoma (one), ovarian cancer (three),
pancreatic cancer (one), prostate cancer (three), and stomach cancer (one). This
chapter also summarizes the literature relating to sedentary behaviour and cancer
mortality, including eight studies examining all-cancer mortality, three focused on
colorectal cancer-specific mortality, one on liver cancer-specific mortality, and one
on prostate cancer-specific mortality (Table 10.2).

Where multiple publications from the same study were found, the most recent
publication was included. We prioritized total sitting time as the exposure for
inclusion in this meta-analysis. If total sitting time was not available, we included
risk estimates for leisure-time sitting (including television viewing (TV) time) or
occupational sitting. The risk estimates extracted from studies represent the highest
versus lowest category of sedentary behaviour. Where possible, we included
multivariable-adjusted risk estimates that were not adjusted for body mass index
or another measure of adiposity, as adiposity is considered an important mediating
variable in the sedentary behaviour-cancer association [1]. For studies that asked
participants to report their occupational activity on an ordinal scale, we used
“standing” or “mostly standing” as the referent category against which to compare
the “sitting” category, as recommended by Lynch and Boyle [18]. We excluded
studies where the occupational activity scale progressed straight from “sitting” to
“walking” or another type of physical activity, as the risk estimates generated
would not solely reflect the effect of sedentary behaviour on cancer risk (i.e. part
of the risk could be attributed to the (inverse) of the risk reduction associated with
walking) [18].

Random-effects meta-analysis was used to estimate the summary relative risks
(RRs) for cancer incidence (by site) and mortality, if at least three studies had been
published. To compute summary risk estimates, we generated natural logarithms of
extracted estimates with their corresponding standard errors on a log scale and
calculated the weighted average of these log RRs, while allowing for between-study
variability using DerSimonian—Laird random-effects models [19, 20]. Forest plots
were generated to depict study-specific and pooled estimates. Statistical
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heterogeneity among studies was examined using Cochrane’s Q test and the I
statistic [21]. There was no evidence of publication bias suggested by funnel plot
asymmetry or by statistical test (Egger’s regression test) [22] for any of the cancer
sites included in the meta-analyses.

We conducted sensitivity analyses, firstly excluding studies where ordinal scales
were used to assess occupational sedentary behaviour (i.e. “sitting” versus “stand-
ing”), as these measures can introduce substantial misclassification bias [18]. We
also performed the meta-analyses after excluding case-control studies, as this
design may be subject to recall bias and reverse causality [2].

10.3 Sedentary Behaviour and Cancer Risk

10.3.1 Sedentary Behaviour and Breast Cancer Risk

To date, there have been 11 studies that have examined the association of sedentary
behaviour with breast cancer risk (Table 10.1) [23-33]. Five of these studies
involved prospective cohorts [24, 26, 27, 30, 31], four were case-control studies
[23, 28, 29, 32], one was a nested case-control study [25], and one used a case-
cohort design [33]. Three studies generated an estimate of total sitting time [25, 26,
33], Patel et al. assessed leisure-time sitting [24], two studies examined television
viewing time [29, 30], two studies examined occupational sitting [28, 32], and the
remaining studies used an ordinal scale of occupational exposure (we compared the
“sitting” to the “standing” category) [23, 27, 31].

Our main meta-analysis found that sedentary behaviour was not associated with
risk of breast cancer (RR = 1.06, 95% confidence interval (CI) = 0.98-1.14)
(Fig. 10.1). Heterogeneity across the studies was not statistically significant (/>
=41%, p = 0.076). The exclusion of studies using an ordinal scale for occupational
sedentary behaviour did not change the risk estimate (RR = 1.05, 95%
CI = 0.95-1.15), nor did the test of heterogeneity (I2 = 79%, p = 0.010). When
we also excluded the case-control studies, the risk increased slightly (RR = 1.10,
95% CI = 1.02-1.18), and no heterogeneity was noted > = 0%, p = 0.818). Based
on this final model, we conclude that sedentary behaviour is significantly associated
with a 10% increased risk of breast cancer in cohort studies.

10.3.2 Sedentary Behaviour and Colorectal Cancer Risk

Seven studies have examined the association of sedentary behaviour with colon or
colorectal cancer risk [24, 34—39]. The main design features and results of these
studies are summarized in Table 10.1. Five of these studies examined colon and
rectal cancers together [24, 34-36, 38], whereas two studies only included colon
cancers [37, 39]. Four studies were prospective cohort studies [24, 34, 35, 37] and
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O/O

First author,year RR (95% CI) Weight
Breast Cancer

Levi, 1999 1.85(0.99,3.47) 1.30
Lahmann,2007 - 1.04 50.94, 1.16; 16.62
Peplonska,2008 e 1.09 (0.90, 1.32) 9.55
Mathew,2009 — 0.92(0.74,1.14) 7.94
George,2010 T 1.12 %0.95, 1.32; 11.44
Cohen,2013 — 1.41(1.01,1.96) 4.18
Lynch,2013 —_— 0.76 (0.60,0.97) 6.84
Rosenberg,2014 T 1.13(0.91,1.40) 7.98
Catsburg,2014 — 0.98 }0.76,1 .26; 6.50
Patel,2015 Fo— 1.10 (1.00,1.21 17.69
Ekenga,2015 —— 1.04 (0.87,1.25)  9.97
Subtotal (I-squard = 40.9%, p = 0.076) > 1.06 (0.98,1.14)  100.00
Colorectal Cancer

Levi, 1999 T 1.61(0.95,2.73) 5.36
Tavani,1999 T 1.11(0.88,1.41) 15.66
Steindart,2000 2.22 (1.19,4.16) 4.01
Friedenreich,2006 0.98 (0.84,1.14) 21.68
Johnsen,2006 0.89 (0.62,1.27) 9.76
How ard,2008 —— 1.24 (1.03,1.50) 18.96
Patel,2015 0.99 (0.88,1.11) 24.57
Subtotal (I-squard = 56.6%, p = 0.032) L 1.10(0.96,1.26)  100.00
Endometrial Cancer

Friberg,2006 —_— 1.80 (1.14,2.84) 8.86
Friedenreich,2010 T 1.28 (0.89,1.84) 14.10
Arem,2010 — 1.52 (1.07,2.16) 14.85
Moore,2010 —— 1.45(1.10,1.92) 23.62
Patel,2015 —a— 1.21 (0.97,1.50) 38.56
Subtotal (I-squard = 0.0%, p = 0.515) = 1.36 (1.19, 1.56)  100.00
Lung Cancer

Bak,2005 — 0.59 (0.43,0.81) 16.55
Steindort,2006 —8— 0.80 (0.65,0.98) 21.12
Lam,2013 . 1.28 (0.96,1.71) 17.74
Ukaw a,2013 — 1.26 (1.00, 1.59) 20.08
Patel,2015 —- 1.00 (0.90, 1.11) 24.52
Subtotal (I-squard = 81.1%, p = 0.000) <<= 0.96 (0.77,1.19)  100.00
Ovarian Cancer

Zhang,2006 e 1.77 (1.01,3.12) 17.04
Xia0,2013 —— 1.06 (0.81, 1.39) 40.21
Hildebrand,2015 —8— 1.45(1.13,1.86) 42.75
Subtotal (I-squard = 50.9%, p = 0.130) —— 1.32 (1.01,1.73) 100.00
Prostate Cancer

Orsini, 2009 —a— 1.27 (1.11,1.46) 26.93
Lynch,2014 _-:_- 0.98 (0.91, 1.05) 35.96
Patel,2015 0.97 (0.91, 1.03) 37.11
Subtotal (I-squard = 84.3%, p = 0.002) < 1.05(0.93, 1.18) 100.00

I I
3 .5

8 1 1.5

4.5

Fig.10.1 Forest plot for main random-effects meta-analysis synthesizing the associations between
sedentary behaviour and site-specific incident cancer. RR relative risk; CI confidence interval

three were case-control studies [36, 38, 39]. Howard et al. assessed total sitting time
[35], Patel et al. reported on risks associated with sitting in leisure time [24],
Steindorf et al. examined TV viewing time [36], and the remaining studies used
an ordinal scale of occupational exposure (we compared the “sitting” to the
“standing” category) [34, 37-39].
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Comparing the highest category of sedentary behaviour to the lowest category
(reference), we observed a non-significant 10% risk increase for colorectal cancer
(RR = 1.10, 95% CI = 0.96-1.26). We observed significant heterogeneity across
the colorectal cancer studies (I* = 57%, p = 0.032) (Fig. 10.1). The exclusion of
studies using an ordinal scale for occupational sedentary behaviour increased the
pooled risk estimate to 1.22 (95% CI = 0.92-1.61), again with significant hetero-
geneity (I> = 79%, p = 0.010). When we further restricted our inclusion to
prospective cohort studies only, the risk increase was similar to our main meta-
analysis (RR = 1.09, 95% CI = 0.88—1.36), and heterogeneity remained (12 =T75%,
p = 0.046).

10.3.3 Sedentary Behaviour and Endometrial Cancer Risk

Five studies have examined the association of sedentary behaviour with endome-
trial cancer risk (Table 10.1) [24, 40-43]. Three were prospective cohort studies
[24, 41, 43], whereas two used a case-control design [40, 42]. Two studies assessed
total sitting time [40, 43], Patel et al. reported on risks associated with sitting in
leisure time [24], Friberg et al. examined TV viewing time [41], and Friedenreich
et al. estimated lifetime occupational sitting [42].

Across the five studies, sedentary behaviour was associated with a 36% risk
increase (RR = 1.36, 95% CI = 1.19-1.56). We observed no heterogeneity across
the studies (12 = 0%, p = 0.515) (Fig. 10.1). As none of the endometrial cancer
studies had used an ordinal scale for occupational sedentary behaviour, the only
sensitivity analysis we performed excluded the two case-control studies on this
topic. No meaningful change in risk was noted (RR = 1.38, 95% CI = 1.13-1.68),
and there was no heterogeneity between studies (I> = 28%, p = 0.252).

10.3.4 Sedentary Behaviour and Lung Cancer Risk

Five prospective cohort studies have examined the association of sedentary behav-
iour with lung cancer to date (Table 10.1) [24, 44-47]. One study examined risk
associated with leisure-time sitting [24], two studies examined TV viewing time
[45, 47], and two studies used an ordinal scale of occupational exposure [44, 46].

Overall, sedentary behaviour was not associated with lung cancer risk
(RR = 0.96, 95% CI = 0.77-1.19). Heterogeneity across the studies was statisti-
cally significant (I* = 81%, p < 0.001) (Fig. 10.1). The exclusion of studies using
an ordinal scale for occupational sedentary behaviour changed the risk estimate
considerably, suggesting an increase in risk of 13% (RR = 1.13, 95%
CI = 0.94-1.36). After excluding the studies using the ordinal scale of exposure,
there was no significant heterogeneity (I = 59%, p = 0.085).
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10.3.5 Sedentary Behaviour and Ovarian Cancer Risk

Sedentary behaviour and ovarian cancer risk has been investigated by three studies
(Table 10.1) [48-50]. The reports by Hildebrand et al. [50] and Xiao et al. [48] were
prospective cohort studies, whereas Zhang et al. used a case-control design
[49]. Each of these studies assessed a different type of sedentary behaviour: total
sitting time [49], sitting during leisure time [50], and TV viewing time [48].

Our meta-analysis showed sedentary behaviour to be associated with a 32% risk
increase (RR = 1.32, 95% CI = 1.01-1.73). We observed no significant heteroge-
neity across the studies (12 =51%, p = 0.130) (Fig. 10.1). After excluding the case-
control study from the meta-analysis, the result was attenuated (RR = 1.25, 95%
CI = 0.92-1.69; I = 64%, p = 0.095).

10.3.6 Sedentary Behaviour and Prostate Cancer Risk

Three prospective cohort studies have examined the association of sedentary
behaviour with prostate cancer risk (Table 10.1) [24, 51, 52]. One study assessed
total sitting time [51], one reported on risks associated with sitting in leisure time
[24], and one used an ordinal scale of occupational exposure [52].

Across these three studies, sedentary behaviour was associated with no risk
increase (RR = 1.05, 95% CI = 0.93-1.18), although we did observe significant
heterogeneity (I* = 84%, p = 0.002) (Fig. 10.1). Excluding the study that used an
ordinal scale for occupational sedentary behaviour removed the heterogeneity from
the pooled risk (I2 = 0%, p = 0.832), which was null (RR = 0.97, 95%
CI = 0.93-1.02).

10.3.7 Sedentary Behaviour and Risk of Other Cancers

Two prospective cohort studies have examined the association of sedentary behav-
iour with kidney cancer risk [24, 53]. Patel et al. found that leisure-time sitting was
not associated with risk amongst women (RR = 0.97, 95% CI = 0.62-1.51), but
that there was a small, suggested risk increase amongst men (RR = 1.10, 95%
CI = 0.80-1.48) [24]. George et al. examined the risk associated with total sitting
time in both women and men and similarly found little suggestion of an increased
risk (RR = 1.08, 0.92-1.27) [53].

The association between sedentary behaviour and a number of less-common
cancers (bladder, oesophageal, gallbladder, head and neck, liver and pancreatic
cancer, melanoma, multiple myeloma, and non-Hodgkin lymphoma) was examined
within the American Cancer Society’s Cancer Prevention Study II Nutrition Cohort
[24]. Patel et al. found that, amongst women, leisure-time sitting was associated
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with: a significant risk increase for multiple myeloma (RR = 1.65, 95%
CI = 1.07-2.54); a non-significant risk increase for bladder cancer (RR = 1.17,
95% CI = 0.80-1.70), oesophageal cancer (RR = 1.13, 95% CI = 0.47-2.72),
gallbladder cancer (RR = 1.43, 95% CI = 0.65-3.14), and head and neck cancer
(RR = 1.49, 95% CI = 0.86-2.61); a non-significant risk decrease for liver cancer
(RR =0.73, 95% CI = 0.35-1.53); and no association with melanoma (RR = 0.99,
95% CI = 0.79—1.25), non-Hodgkin lymphoma (RR = 1.07, 95% CI = 0.86—1.35),
pancreatic cancer (RR = 1.02, 95% CI = 0.73-1.41), or stomach cancer
(RR = 1.06, 95% CI = 0.55-2.03) [24]. For men, non-significant risk increases
were noted for gallbladder (RR = 2.11, 95% CI = 0.87-5.09), head and neck
(RR = 1.22, 95% CI = 0.88-1.69), and pancreatic cancers (RR = 1.14, 95%
CI = 0.87-1.49); a non-significant risk decrease was observed for liver cancer
(RR = 0.83, 95% CI = 0.54-1.28); and there was no association between leisure-
time sitting and bladder cancer (RR = 1.01, 95% CI = 0.86-1.19), oesophageal
cancer (RR = 1.04, 95% CI = 0.74-1.46), melanoma (RR = 1.05, 95%
CI = 0.88-1.24), multiple myeloma (RR = 1.00, 95% CI = 0.68-1.45),
non-Hodgkin lymphoma (RR = 1.04, 95% CI = 0.86-1.25), or stomach cancer
(RR = 1.05, 95% CI = 0.71-1.55). However, the findings presented for these
cancer sites are likely underpowered, particularly oesophageal, gallbladder, head
and neck, liver, and stomach cancers, which had less than ten cases within some or
all categories of sitting time.

10.4 Sedentary Behaviour and Cancer Mortality

10.4.1 Sedentary Behaviour and All-Cancer Mortality

Eight prospective cohort studies have examined the association of sedentary behav-
iour with all-cancer mortality [54—61]. The main design features and results of these
studies are summarized in Table 10.2. Four studies examined risk associated with
total sitting time [55-57, 59], one assessed sitting in leisure time [58], and three
examined TV viewing time [54, 60, 61].

Comparing the highest category of sedentary behaviour to the lowest category
(reference), we observed a 12% risk increase for all-cancer mortality (RR = 1.12,
95% CI = 1.03-1.22). We observed significant heterogeneity across these studies
(12 = 64%, p = 0.011) (Fig. 10.2). There was no evidence of publication bias
suggested by funnel plot asymmetry (data not shown) or by statistical test
(Egger’s regression asymmetry test, p = 0.61).
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%

First author, year RR (95% CI) Weight
All cancer mortality
Katzmarzyk,2009 —_— 1.07 (0.72, 1.60) 3.81
Dunstan,2010 — 1.48 (0.88, 2.49) 2.41
Patel, 2010 - 1.15 (1.06, 1.24) 22.31
Kim,2013 - 0.97 (0.90, 1.05) 22.45
Seguin,2014 —— 1.21 (1.07,1.37) 17.37
Matthews,2014 —— 1.10 (0.91, 1.33) 11.53
Keadle,2015 - 1.17 (1.06, 1.29) 20.12
Subtotal (I-squared = 63.7%, p = 0.011) [ 1.12 (1.03, 1.22) 100.00
Colorectal cancer-specific mortality
Pre-diagnosis sedentary behavior
Campbell,2013 T— % 1.33(0.97, 1.82) 32.58
Cao0,2015 —®%—— 1.99(1.25,3.17) 19.75
Arem,2015 — 1.21 (0.99, 1.48) 47.67
Subtotal (I-squared = 45.8%, p = 0.158) <> 1.38 (1.08, 1.75) 100.00
Post-diagnosis sedentary behavior
Campbell, 2013 — 1.62 (1.07,2.45) 42.34
Cao,2015 = 1.42 (0.80, 2.52) 21.85
Arem,2015 e — 1.73(1.11,2.71) 35.81
Subtotal (I-squared = 0.0%, p = 0.868) <> 1.61 (1.23,2.11) 100.00
T T T T T T
3 5 8 1 15 25 35

Fig. 10.2 Forest plot for main random-effects meta-analysis synthesizing the associations
between sedentary behaviour and cancer-related mortality. RR relative risk; CI confidence interval

10.4.2 Sedentary Behaviour and Colorectal Cancer-Specific
Mortality

Three prospective cohort studies have examined the associations of sedentary
behaviour (exposure assessed pre- and post-diagnosis) with colorectal cancer-
specific mortality [62-64]. The studies by Cao et al. [64] and Arem et al. [62]
examined risk associated with TV viewing time, whereas Campbell et al. assessed
sitting during leisure time [63]. Within these cohort studies, multiple exposure
assessments were taken, so that baseline questionnaires (risk-factor questionnaire
for the NIH-AARP Diet and Health Study that was administered approximately six
months following the baseline questionnaire) provided the pre-diagnosis estimate
of sedentary behaviour, and a follow-up questionnaire was used for the estimate of
post-diagnosis sedentary behaviour. Cohort participants diagnosed with colorectal
cancer after the baseline questionnaire made up the sample for the pre-diagnosis
sedentary behaviour analyses; participants diagnosed with colorectal cancer
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between the two questionnaire administrations, and who had completed both
questionnaires, comprised the sample for the post-diagnosis analyses.

In pooled analyses, sedentary behaviour performed prior to a colorectal cancer
diagnosis was associated with a 38% risk increase for colorectal cancer-specific
mortality (RR = 1.38, 95% CI = 1.08-1.76). We did not observe significant
heterogeneity across these studies (I = 46%, p = 0.158). The association of
post-diagnosis sedentary behaviour with colorectal cancer-specific mortality was
even stronger (RR = 1.61, 95% CI = 1.23-2.11; I* = 0%, p = 0.867) (Fig. 10.2).
Minimal funnel plot asymmetry was observed on visual inspection, and there was
some evidence of small study effects suggested by Egger’s regression asymmetry
test (p = 0.04).

10.4.3 Sedentary Behaviour and Liver Cancer-Specific
Mortality

One study has considered the association of pre-diagnosis TV viewing time with
liver cancer-specific mortality. Ukawa et al. identified 267 deaths from liver cancer
within the Japanese Collaborative Cohort Study. Participants watching four or more
hours of TV a day had a modest, non-significant risk increase for liver cancer death
than participants who watched less than 2 h per day (HR = 1.20, 95%
CI = 0.82-1.77, p trend = 0.27) [65].

10.5 Underlying Biologic Mechanisms

A number of biologic pathways linking sedentary behaviour to the development
and progression of cancer have been proposed, but these have not been extensively
studied [66]. In this section, for each proposed biologic pathway, we first outline
how it is related to carcinogenesis, then summarize what is known about its
association with sedentary behaviour. Many of these proposed mechanisms are
interrelated, and it is hypothesized that their relative contributions vary according to
cancer site. Molecular pathways involving endogenous sex hormones, metabolic
hormones, and inflammatory peptides dominate the literature. The genetic and
cellular processes involved in carcinogenesis, immune response, and the tumour
microenvironment have not yet become a focus of research in the sedentary
behaviour field.
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10.5.1 Body Composition

It is well accepted that adiposity may facilitate carcinogenesis directly or through a
number of pathways including increased levels of sex and metabolic hormones,
chronic inflammation, and altered secretion of adipokines [67, 68]. Contemporary
evidence suggests that adiposity increases the risk of cancers of the colon and
rectum, breast (postmenopausal women only), ovaries, endometrium, kidneys,
oesophagus, pancreas, and gallbladder (women only) [10].

Sedentary behaviour displaces time spent in physical activities that expend
higher amounts of energy [69]. There are significant differences in the metabolic/
energy cost of sitting and standing: Juidice et al. recently demonstrated that both
VO, and energy expenditure were significantly higher when standing than when
sitting, independent of sex and body mass [70]. Postural transitions and unstruc-
tured movement throughout the day differ sufficiently between obese and lean
individuals to explain differences in body mass [71, 72]. Despite this context,
there is limited epidemiologic evidence that an association exists between seden-
tary behaviour and weight gain or risk of obesity among adults [69—71]. For further
details, please refer to Chap. 6.

A number of studies included in this chapter presented risk estimates for the
association between sedentary behaviour and cancer without and with adjustment
for BMI. As noted by Schmid and Leitzmann, the associations across these studies
were not consistently attenuated by additional adjustment for body mass index
(BMI) [1]. However, we cannot confidently conclude that adiposity has a limited
mechanistic role by simply comparing models without and with adjustment for
BMLI, as this hierarchical method of mediation analysis may introduce confounding
where none existed before [73, 74]. Further complicating the interpretation of the
evidence to date is the almost exclusive reliance on BMI as a measure of adiposity,
which does not differentiate between fat and lean mass [1]. Both adipose tissue and
skeletal muscle are active endocrine organs that secrete biologically active proteins
and polypeptide hormones, which have pro- and anti-carcinogenic properties
[75, 76].

10.5.2 Molecular Pathways
Sex Hormones

Exposure to circulating endogenous sex hormones may increase the risk of some
cancers, particularly breast, endometrial, ovarian, and prostate cancers [76, 77]. Ani-
mal and in vivo studies have demonstrated that oestrogens have mitogenic and
mutagenic effects [76]. Higher circulating levels of oestrogen-related hormones are
linked most strongly to breast and endometrial cancer risk [76]. Sex hormone
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binding globulin (SHBG) may also affect cancer risk by binding to oestrogens and
androgens, rendering them biologically inactive [67].

Sedentary behaviour could plausibly affect endogenous sex hormones through a
number of other biological mechanisms. If sedentary behaviour increases adiposity,
it would likely also increase bioavailable oestrogens in postmenopausal women via
aromatization (the conversion of adrenal androgens to oestrone, which occurs
within peripheral adipose tissue) [78, 79] and through the production of adipokines
(which influence oestrogen biosynthesis) [80]. If sedentary behaviour increases
blood insulin (see next section), this would decrease hepatic synthesis of SHBG,
in turn increasing bioavailability of endogenous sex hormones [12].

Dallal et al. recently examined the associations between accelerometer-assessed
sedentary behaviour and urinary oestrogens and oestrogen metabolites in 542 post-
menopausal women. While sedentary behaviour was not associated with total
oestrogen metabolites, longer duration of sedentary time was significantly associ-
ated with higher levels of oestrone and oestradiol. Sedentary time was also posi-
tively associated with methylated catecholamines in the 2- and 4-hydroxylation
pathways and inversely associated with a lower 16-pathway: parent oestrogen
(oestrone, oestradiol) ratio. From these findings, the authors concluded that seden-
tary behaviour may be associated with reduced oestrogen metabolism, after
adjusting for time spent in physical activity [81]. An earlier, cross-sectional study
of 565 postmenopausal women found no associations between self-reported sed-
entary behaviour and various oestrogens, androgens, or SHBG [82].

Metabolic Dysfunction

Elevated blood insulin levels increase growth promoting signalling [76] and
enhance activation of the insulin-like growth factor 1 (IGF-1) system, which is
involved in cell differentiation, proliferation, and apoptosis [83]. High levels of
insulin levels also suppress hepatic synthesis of SHBG [12]. Hyperglycaemia may
promote carcinogenesis by providing an amiable environment for tumour growth
[84]. Associations between insulin and glucose levels with colorectal, postmeno-
pausal breast, pancreatic, and endometrial cancers have been demonstrated in
epidemiologic studies [66].

Sedentary behaviour could increase cancer risk by decreasing insulin sensitivity
and increasing insulin and glucose levels. Stephens et al. exposed young, healthy
participants to 24 h of sedentary behaviour, which resulted in dramatic increases in
the amount of insulin required to clear a standardized glucose infusion [83]. A
number of other experimental studies have also demonstrated the beneficial
effects—on insulin, glucose, and other cardiometabolic biomarkers—of standing
or light ambulation over sitting [85]. The muscular inactivity that characterizes
sedentary behaviour may reduce glucose uptake through blunted translocation of
glucose transporter type 4 (GLUT-4) to the skeletal muscle surface [86, 87]. The
acute metabolic response to sedentary behaviour suggested by these experimental
studies supports the epidemiologic findings that link sitting time with type
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2 diabetes [86], which is itself a risk factor for developing several solid and
hematologic malignancies, including non-Hodgkin lymphoma and bladder, breast,
colorectal, endometrial, kidney, liver, and pancreatic cancers [87].

Inflammation, Including Adipokines and Myokines

Inflammation is a risk factor for most types of cancer [67, 77]. Inflammation can
stimulate cell proliferation, micro-environmental changes, and oxidative stress,
which can deregulate normal cell growth and promote progression and malignant
conversion [88]. Adipose tissue secretes multiple biologically active polypeptides
(adipokines) [89, 90]. Adiponectin is the only known anti-inflammatory adipokine;
others, including leptin, adipsin, tumour necrosis factor-o (TNF-a), and interleukin-
6 (IL-6), are pro-inflammatory. Adipokines may play a role in the development of
insulin resistance. Leptin suppresses insulin signalling (resulting in insulin resis-
tance), whereas adiponectin enhances insulin sensitivity through activation of
adenosine monophosphate (AMP) protein kinase [89]. Adipokines might also
increase cancer risk by affecting oestrogen biosynthesis and activity [80].

Henson et al. examined the associations of accelerometer-assessed sedentary
time with a range of adipokines in a cross-sectional study of adults at high risk of
type 2 diabetes. They found that sedentary time was positively associated with IL-6,
leptin, and leptin: adiponectin ratio in multivariate models, but after additionally
adjusting for moderate-to-vigorous physical activity only the association with IL-6
remained statistically significant [91]. C-reactive protein (CRP) is an acute phase
protein produced in the liver in response to TNF-a and IL-6 levels, and there have
been a number of studies examining the association of sedentary behaviour with
this biomarker of inflammation. Cross-sectional data from the National Health and
Nutrition Examination Survey (NHANES) have shown significant positive associ-
ations between accelerometer-assessed sedentary time and CRP in postmenopausal
women [92] and in the broader adult population [93]. However, prospective studies
examining television viewing time and CRP have found no association between the
two [94, 95].

Skeletal muscle is an active endocrine organ that expresses and releases cyto-
kines or other peptides known collectively as myokines [75]. Through myokine
signalling, skeletal muscle communicates with other organs, including adipose
tissue, the liver, pancreas, and brain. Myokines may also counteract the harmful
effects of pro-inflammatory adipokines [75]. When seated, the large, postural
muscles used to keep the body upright are not fully activated [69, 90]. Thus, an
altered myokine response may underlie the association between sedentary behav-
iour and cancer.
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10.5.3 Immune Function

The immune system plays numerous roles to counteract the development of cancer,
including eliminating carcinogens and tumour cells, and repairing DNA damage
[77]. A diminished immune response is a recognized predictor of cancer risk [96],
and immunocompromised individuals have long been known to be more suscepti-
ble to oncogenic viruses. Engel et al. examined the rates of cancer amongst 175,732
organ transplant recipients and concluded that these individuals (taking immuno-
suppressive drugs to prevent organ rejection) had a two-fold increased risk for
diverse infection-related and unrelated cancers [97].

The only study to date to examine associations between sedentary behaviour and
markers of immune function has shown no link [98]. Loprinzi et al. demonstrated
that there was no association between accelerometer-assessed sedentary time with
white blood cell or neutrophil counts amongst adults with a mobility disability [98].

10.6 Interpretation of the Evidence and Causality

10.6.1 Interpretation of the Evidence

Sedentary behaviour and cancer is still an emerging field of research, and the
evidence accrued to date has, for the most part, not been consistent across sites.
The findings of our meta-analysis (which included literature published through
December 2015) differ somewhat from the findings presented by Schmid and
Leitzmann [1] and by Shen et al. [2] Our meta-analysis suggests that sedentary
behaviour increases the risk of endometrial cancer by 36% and ovarian cancer by
32%. We cannot rule out an association between sedentary behaviour and breast,
colorectal, or lung cancer risk, based on the results of our sensitivity analyses.
Schmid and Leitzmann drew somewhat different conclusions, acknowledging a
significant risk increase for colorectal [1], endometrial, and lung cancer, while Shen
et al. reported that sedentary behaviour increased the risks of breast, colorectal,
endometrial, and lung cancer [2]. The primary reason for the different conclusions
drawn by our meta-analysis is the inclusion of new publications, whose findings
differed from previously published studies. In particular, the updated analysis from
the American Cancer Society’s Cancer Prevention Study II Nutrition Cohort
presented null findings for colorectal and lung cancer, which changed the conclu-
sions drawn from previous meta-analyses due to the high proportion of weight
contributed by this study [24]. The variation in findings between the meta-analyses
conducted to date may also be due, in part, to differences in inclusion criteria or
prioritization of exposure type.

Across the cancer sites we identified as being associated with (or possibly
associated with) sedentary behaviour, a modest 10% to 35% risk increase was
observed for the highest versus lowest categories of sitting time. We recognize,
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however, that self-reported estimates of sedentary behaviour are subject to substan-
tial misclassification bias, which may have attenuated the outcomes of studies to
date. It is possible that sedentary behaviour may increase cancer risk more substan-
tially than the research to date suggests. There is a need to improve the accuracy of
sedentary behaviour assessment in epidemiologic studies, in order to ascertain
clearer estimates of the true association between sedentary behaviour and cancer
risk. The cost of accelerometers, complexity of data processing and analysis,
problems with compliance, and burden on participants limit the application of
objective monitoring across large-scale cohort studies. It is, however, feasible to
conduct validation studies within cohorts and use regression calibration methods to
adjust risk estimates derived from self-reported sedentary behaviour data collected
on all participants [99, 100]. Cohort studies that incorporate such validation
sub-studies may provide improved estimates of the association between sedentary
behaviour and cancer risk.

We have presented the first comprehensive meta-analysis of studies examining
the association between sedentary behaviour and cancer-related mortality. Our
results suggest that there is a modest, but statistically significant, 12% increased
risk of dying from cancer for individuals in the highest versus lowest category of
sedentary behaviour. It is likely that etiological pathways differ between cancer
sites, and that sedentary behaviour is a risk factor for some, but not all, cancers.
Thus, the true cancer mortality risk attributable to sedentary behaviour may be
much higher for specific sites and null for others. There appears to be a strong
association between sedentary behaviour and colorectal cancer-specific mortality,
for both pre- (38%) and post-diagnosis sitting time (61%). However, these esti-
mates (particularly for post-diagnosis sedentary behaviour) may be biased by only
healthy colorectal cancer survivors remaining in the cohort studies. Further studies
of site-specific mortality are warranted.

10.6.2 Improving Causal Inference

In an ideal world, epidemiologists would be able to precisely quantify the causal
effects of sedentary behaviour, at a population level, by conducting a randomized,
controlled trial (RCT). In practice, RCTs are limited by a number of methodologic
challenges, including selection bias, loss to follow-up, and compromised interven-
tion compliance. It is unlikely that a RCT to test the efficacy of reducing sitting time
for cancer prevention would be feasible, due to required sample size, trial duration,
and cost of ensuring adherence to the intervention, all of which would be prohib-
itive [101]. Therefore, observational studies are likely to remain the dominant
method through which we investigate the association between sedentary behaviour
and cancer risk.

In observational studies, estimates of association cannot be generally interpreted as
measures of effect, as the exposed and unexposed are not exchangeable [102]. How-
ever, there are multiple statistical techniques that can be applied to observational data
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in order to reduce bias and improve causal inference from these studies, such as use of
propensity scores, inverse probability weighting, and instrumental variable analysis
[102, 103]. Of particular relevance to sedentary behaviour and cancer research are
analytic methods that allow for time-dependent exposure and confounding, such as
marginal structural models and the g-formula. These methods may address the bias
inherent when assessing a time-varying exposure in the presence of time-varying
confounders that are affected by previous exposure. For example, consider the effect
of sedentary behaviour on colon cancer risk. Sedentary behaviour might be high
because an individual is obese (BMI > 30 kg/mz); BMI is also associated with
colon cancer risk, and hence BMI is a confounder. If, however, sedentary behaviour
decreases, weight loss may result (making BMI a potential mediator). In turn, having
lower BMI may result in less sedentary behaviour. In this example, BMI is a time-
dependent confounder, which may also be in the causal pathway from sedentary
behaviour to breast cancer. Simple adjustment for baseline sedentary behaviour and
BMI in Cox models, as has been done in cohort studies examining sedentary behav-
iour and cancer risk to date, does not address the time-dependent nature of the
exposure, but this can be addressed with methods that deal with time-dependent
confounding [104, 105]. Thus, there is scope for researchers to return to existing
cohort studies and more fully exploit the repeated measures data available, to account
for time-dependent exposure and confounding, and to ascertain stronger causal
inference.

There is also a need within sedentary behaviour and cancer research for clearer
conceptual approaches to analysis. An important element of this is to formalize
assumptions made in modelling. Directed acyclic graphs (DAGs) are useful tools
for helping researchers clarify their research questions and examine potential
confounding pathways [106]. Encoding the direction of association between vari-
ables makes these assumptions clear to the reader. The use of DAGs in sedentary
behaviour and cancer research may help to overcome inappropriate and unneces-
sary adjustment in multivariate models. Researchers may be able to construct
different, but equally plausible, iterations of a DAG which would inform different
hypotheses to be tested or sensitivity analyses to be undertaken. In particular, DAGs
may be useful to help conceptualize and undertake appropriate mediation analyses,
which are needed to better understand the relative contributions of different bio-
logical pathways through with sedentary behaviour acts on cancer risk.

10.7 Summary

Based on the evidence available, we suggest that sedentary behaviour is associated
with increased risks of endometrial (36%) and ovarian cancers (32%). Breast,
colorectal, and lung cancer risk may also be increased by sitting time, but further
evidence is needed to clarify these associations. There is evidence of a small
risk increase for all-cancer mortality (13%) and a significant risk increase for
colorectal cancer-specific mortality (38% for pre-diagnosis sitting time; 61% for
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post-diagnosis sitting time). There is biologic plausibility for the observed and
postulated associations between sedentary behaviour and cancer risk. Better mech-
anistic understanding will strengthen causal inference from epidemiologic data,
provide insights into gene—environment interactions, and potentially inform preci-
sion public health initiatives.
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Chapter 11
Sedentary Behaviour and Depression

Mark Hamer and Lee Smith

Abstract Depressive symptoms are known to adversely influence longevity and
well-being. In particular, depression is independently associated with cardiovascular
disease and all-cause mortality and is often co-morbid with chronic diseases that can
worsen their associated health outcomes. Several decades of evidence suggests that
regular participation in exercise/physical activity promotes positive mood state, has
anti-depressive effects, and can protect individuals from developing depression. More
recently, researchers have turned their attention to effects of sedentary behaviours on
mental health. Sedentary leisure pursuits, such as viewing television, films, playing
video games, etc., are generally perceived to be enjoyable and relaxing. It is, therefore,
somewhat of a paradox that emerging data suggest sedentary behaviour may be a risk
factor for depression independently from physical activity. In this overview, we
examine epidemiologic evidence for an association between sedentary behaviour and
depressive symptoms and discuss biologically plausible mechanisms. In summary, the
area of sedentary behaviour and mental health is an emerging area, and data should be
interpreted in light of several limitations including the use of poor exposure measures,
potential for residual confounding, and lack of gold standard experimental data.

11.1 Introduction

Mental illness is now recognized as a serious health risk and accounts for approxi-
mately 14% of the global burden of disease. Depression, one of the most common
mental disorders, ranks third among disorders responsible for global disease burden
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and will rank first in high-income countries by 2030 [1]. Prospective studies have
demonstrated that clinical and subclinical depression in initially healthy individuals
relates to greater risk of future cardiovascular disease (CVD), diabetes, and mor-
tality [2—4]. Depressive symptoms are a risk factor for poor prognosis in patients
with existing coronary heart disease [5]. In a meta-analysis of prospective cohort
studies [6], depression also predicted a 29% increase in cancer incidence and an 8%
reduction in cancer survival. In addition, observational data from 60 countries has
demonstrated that depression produces the greatest decrement in health compared
with other chronic diseases, and the co-morbid state of depression incrementally
worsens health compared with depression alone [7].

The prevention and treatment of depression is a crucial public health issue
although we presently have limited understanding about the risk factors and optimal
intervention strategies. Depression and stress-related disorders have various modes
of treatment, including pharmacotherapy, psychotherapy, and lifestyle or
behavioural modification. However, evidence shows that pharmacotherapy is only
effective in about one-third of patients and some only have a partial response to
treatment [8], prompting the need to identify other forms of treatment. Several
decades of evidence suggest that regular exercise/physical activity has anti-
depressive effects in patients and is associated with lower risk of developing
depression in initially healthy individuals [9, 10]. More recently, researchers have
turned their attention to effects of sedentary behaviours on mental health. Sedentary
leisure pursuits, such as viewing television, films, playing video games, etc., are
generally perceived to be enjoyable and relaxing. It is, therefore, somewhat of a
paradox that emerging data, largely from observational studies, suggest sedentary
behaviour may be a risk factor for depression independently from physical activity.
In this chapter, we will present an overview of the evidence linking sedentary
behaviour with depressive symptoms and discuss the plausibility of the findings.

11.2 Epidemiologic Evidence on Sedentary Behaviour
and Depression

11.2.1 Evidence in Adults

The epidemiologic evidence in this area has largely come from cross-sectional
studies and stronger longitudinal evidence is generally lacking. In a recent system-
atic review and meta-analysis, twenty-four studies (n = 13 cross-sectional studies
and n = 11 longitudinal studies) were identified, totalling nearly 200,000 study
participants [11]. Depression was defined in several ways, including self-reported
doctor’s diagnosis, use of antidepressant medication, or by interview or validated
psychometric tools using depression rating scales. The pooled risk estimate showed
that participants in the highest versus non-occasional/occasional sedentary behav-
iour groups were at 25% increased risk of depressive symptoms although effect
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estimates were somewhat attenuated when only longitudinal studies were included.
The analyses also uncovered significant heterogeneity and variable study quality.
For example, some studies did not adjust for key confounding variables such as
physical activity, and dietary intake was often poorly measured or not included in
analyses. Since crude measures of sedentary behaviour were used in most of the
included studies, it was not possible to examine dose—response patterns.

Several longitudinal studies have been published although the results have been
generally inconsistent. For example, several have demonstrated an association of self-
reported TV (television)/computer time [12] and TV time alone [13] with higher risk
of depression at follow-up. In another recent prospective study, the association
between sedentary behaviour and depressive symptoms was only apparent among
individuals who did not meet the current physical activity guidelines [14]. Other
longitudinal studies have produced conflicting findings. In one of the most robust
studies to date that included four (self-reported) assessments at different time points
over 10 years follow-up, total sitting time was not prospectively associated with
depressive symptoms using lagged mixed effect modelling [15]. Instead, physical
activity was the main factor in predicting depression over follow-up. Data in over 6000
men and women from the English Longitudinal Study of Ageing demonstrated cross-
sectional associations between higher TV viewing and greater depressive symptoms,
although TV did not predict changes in symptoms over follow-up, suggesting that the
difference in depressive scores persisted but did not increase over time [16]. Interest-
ingly, in that study TV viewing time, but not computer use, was associated with higher
depressive symptoms. Thus, it is difficult to tease apart if the effects are being driven
by physiological processes linked to excessive sitting or the contrasting environmental
and social contexts in which they occur. For example, passive activities such as TV
viewing may encourage a greater volume of prolonged sitting; conversely, internet use
may encourage social interaction. Another issue to consider is reverse causation in that
depression may, in part, drive increases in sedentary habits. Several studies have
provided evidence to support this notion [17, 18]. Thus, associations between seden-
tary time and depression are likely to be bidirectional.

A major weakness of this area has been the reliance on self-reported measures of
sedentary time; self-report can cause biases, which might be particularly marked in
depression as some of the somatic symptoms have conceptual overlap with sedentary
behaviour. Physical activity can be assessed objectively using accelerometers, which
are devices that measure body movements in terms of acceleration. These data can be
used to accurately assess the time spent across different parts of the physical activity
continuum ranging from highly vigorous activity to sleeping. Very few studies have
examined associations between objectively assessed sedentary time and mental health
and those that have revealed inconsistent findings. Data from the National Health and
Nutrition Examinations (NHANES) in 2862 participants showed null associations
between objectively assessed sedentary time and depressive symptoms in the main
sample, although in sensitivity analyses a relationship between sedentary time and
higher risk of depressive symptoms was found in a subsample of overweight/obese
adults [19]. In our study of 1947 English adults from the Health Survey for England, we
demonstrated an association between higher sedentary time and depressive symptoms



302 M. Hamer and L. Smith

whether using objective or self-reported measures of sedentary time [20]. The associ-
ations between sedentary time and mental health are largely independent of moderate-
to-vigorous intensity activity, but may in part be explained by differences in the ratio of
sedentary to light intensity activity. Modifying the balance between sedentary time and
light intensity activity could, therefore, be beneficial for mental health, as suggested by
other recent studies [21, 22]. Evidence from randomized controlled trials also suggests
more favourable effects of undertaking lighter to moderate intensity exercise on
positive mood/fatigue symptoms as opposed to vigorous exercise [23, 24]. Inconsistent
findings might be attributable to different cut-off points adopted when interpreting data
from accelerometers, and, thus, the development of definitive guidelines tackling these
issues are required. In addition, accelerometer devices are limited in that they cannot be
worn for all activities such as swimming and contact sports, and defining “non-wear”
time can therefore be problematic. Thus, self-report and objective measures both have
their advantages and an optimal method is to combine both approaches. For further
details regarding methods of sedentary behaviour measurement, please refer to Chap. 2.

11.2.2 Evidence in Young People

Capturing mental health in children is more challenging as assessments often use
proxy measures from parents and teachers. However, given that sedentary habits
appear to track from childhood into adulthood [25], childhood exposure represents
a crucial period. Recent evidence from a meta-analysis included twelve cross-
sectional studies and four longitudinal studies involving a total of 127,714 children
and adolescents [26]. Overall, sedentary behaviour was associated with a modest
12% increased risk of depression although the pooled effect estimate from longi-
tudinal studies was non-significant and heterogeneity was high. In addition, the
associations were context specific, and pooled effects were significant only for
computer/internet use and not for other forms of sedentary time including TV or
video games. The high degree of heterogeneity possibly reflects reporting biases in
addition to the significant limitations discussed earlier. There are little longitudinal
data with extended follow-up to explore how childhood sedentary behaviours relate
to mental health in adulthood. In a recently published study using data from the
1970 British Cohort study, higher screen time at age 16 was associated with
depressive symptoms at age 42 although the association was attenuated after
adjustment for covariates [27]. Thus, it is possible that screen time in adolescence
is a marker for other lifestyle factors and socioeconomic circumstances that have
important life course influences on mental health. Another important use of birth
cohort studies is to investigate the issue of reverse causality that might be in
operation. Indeed, a recent study using the 1958 birth cohort showed that the
bidirectional association between physical activity and depression is modified by
age in that it is more persistent during adult life in the direction from activity to
depressive symptoms whereas depressive symptoms in early adulthood may be a
barrier to activity [28].
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Taken together, the epidemiologic evidence largely suggests sedentary behav-
iour is an emerging risk factor for depressive symptoms. These data should be
interpreted in light of several limitations including the use of poor exposure
measures, potential for residual confounding, and lack of gold standard
experimental data.

11.3 Plausible Mechanisms

There are several biological pathways that might explain the observed associations
between sedentary behaviours and depression, although to date there is little
empirical evidence available. Thus, in this section we will outline various hypothe-
sized mechanisms largely drawn from the literature in exercise and psychobiology.

11.3.1 The Immune System

There has been much interest in the association between depressive symptoms and
inflammatory risk markers [29]. Several studies have reported elevated concentra-
tions of various inflammatory markers in differing populations reporting depressive
symptoms, including the medically healthy [30, 31], elderly [32—-34], and patients
with acute coronary symptoms or existing cardiovascular disease risk factors
[35, 36]. Experimental work has also demonstrated a link between inflammation
and mood. Using a vaccination model to induce a mild inflammatory challenge,
greater increases in negative mood were observed after vaccine compared with
placebo among 30 healthy male volunteers [37]. In addition, negative changes in
mood following vaccination were significantly correlated with increases in inter-
leukin (IL)-6 production. Notably, no significant symptoms of nausea were
reported, so it cannot be argued that negative mood arose because the participants
were feeling ill.

A large amount of interest has also focused on the potential effects of exercise/
inactivity and inflammatory responses. It has been argued that the increases in
circulating IL-6 that are observed after an acute bout of exercise promote an anti-
inflammatory environment by increasing IL-1 receptor antagonist and IL-10 syn-
thesis, while inhibiting pro-inflammatory markers such as tumour necrosis factor-
alpha (TNF-a) [38]. The cytokines released during exercise are thought to originate
from exercising skeletal muscle, which work in a hormone-like fashion exerting
specific endocrine effects on various organs and signalling pathways [39]. Unlike
IL-6 release during acute mental stress, which appears to be dependent on activa-
tion of the NFkB' signalling pathway [40], intramuscular IL-6 expression is

"NFkB: nuclear factor kappa B
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regulated by a network of signalling cascades that are likely to involve the CA**/
NFAT? and glycogen/p38 MAPK® pathways. This might partly explain why
exercise-induced IL-6 release is not acting as a strong pro-inflammatory agent.
This hypothesis might also explain why a large number of observational studies
have demonstrated an inverse association between regular physical activity and
various pro-inflammatory markers in humans [41]. In addition, we recently dem-
onstrated longitudinal associations between sedentary behaviour and increases in
various acute phase reactants and coagulation markers in older adults over a four-
year follow-up [42]. Some of the effects of inactivity may be partly explained
through the accumulation of visceral adiposity, which is an important production
site for acute phase reactants and IL-6.

Given the described relationship between both mood and sedentary behaviour
with inflammatory pathways, it is feasible to hypothesize that the link between
sedentary behaviour and risk of depressive symptoms might be partly explained by
an underlying inflammatory mechanism. However, in an observational study of
5000 men and women, the association between sedentary behaviour and depressive
symptoms was largely explained through lack of physical activity, smoking, and
alcohol, but not by C-reactive protein (CRP) or body mass index [43].

11.3.2 Neurobiology

The anti-inflammatory effects of exercise might also be relevant at a neurobiolog-
ical level, since alterations in neurotransmitter function involving serotonin, nor-
epinephrine, and dopamine are known to induce depression and are targets for
currently available psychopharmacological treatments. Exercise is thought to alter
serotonin metabolism, release endogenous opioids, and increase central noradren-
ergic neurotransmission, which may all contribute to antidepressant and anxiolytic
effects. The dopaminergic system is thought to play a key role in depression, and
polymorphisms of the dopamine D2 receptor gene have also been implicated in
physical activity behaviour [44]. Further research has focused on the hippocampus,
where exercise-induced neurogenesis and growth factor expression have been
proposed as potential mediators [45]. Exercise has been linked with several growth
factors, such as brain derived neurotrophic factor (BDNF) and insulin like growth
factor (IGF-1), which might mediate the protective and therapeutic effects of
exercise on depression. Studies have shown that an acute bout of exercise increases
peripheral levels of serum BDNF in an intensity dose-dependent fashion, but
resting levels of BDNF do not seem to be affected by long-term exercise training
[46], suggesting that other compensatory mechanisms might be at play. The BDNF

2NFAT: nuclear factor of activated T-cells
*MAPK: mitogen-activated protein kinase
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hypothesis has yet to be tested in relation to sedentary behaviour. There is also
evidence to suggest that the pro-inflammatory cytokines impair some of the growth
factor signalling pathways in the brain [47]; thus, pro-inflammatory actions of
excess sedentary behaviour may again be important.

11.3.3 Hpypothalamic Pituitary Adrenal (HPA) Axis

The interaction of the immune system with the HPA axis and autonomic nervous
system plays a crucial role in mental health. Following mental stress, the sensitivity
of the immune system to dexamethasone inhibition (a synthetic version of the
hormone cortisol that has potent anti-inflammatory properties) is reduced, as
manifest by a reduction in this hormone’s capacity to suppress the production of
inflammatory cytokines [48]. In endurance trained individuals, however, an acute
bout of exercise has been shown to increase tissue sensitivity to glucocorticoids,
which is thought to act as a mechanism to prevent an excessive muscle inflamma-
tory reaction [49]. HPA axis dysregulation and cortisol hyper-secretion have been
implicated in mental health, and some studies have shown lower stress-induced
cortisol responses in physically trained individuals compared to the untrained
[50, 51], suggesting that physical activity may act as a buffer against exaggerated
or sustained stress responses. Nevertheless, in a study of objectively assessed
physical activity levels and cortisol responses to acute mental stress, no associations
were found [52]. The effects of sedentary behaviour on HPA function have not yet
been investigated and further work is required in this area.

11.3.4 Psychosocial Mechanisms

Several non-biological mechanisms may also exist. For example, passive sedentary
activities such as TV viewing might encourage social isolation and limit the
development of social networks known to be linked with depression [53].

In summary, there is mounting evidence to suggest detrimental effects of excess
sedentary time on mental health, although plausible biological mechanisms are
currently lacking. There are numerous data showing associations between seden-
tary time and cardio-metabolic risk factors [42, 54], thus the underlying mecha-
nisms might partly act through these pathways.
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11.4 Experimental Evidence

Experimental trials have demonstrated favourable effects of exercise training on
reducing depressive symptoms, with effect sizes ranging from 1.03 to 0.58, respec-
tively [55]. There are, however, limited experimental data on effects of sedentary
behaviour. The exercise withdrawal paradigm represents a possible experimental
model to investigate the links between sedentary behaviour, mood, and the under-
lying biology. We and others have hypothesized that mood disturbances caused by
replacing regular exercise with sedentary behaviour might act as a mild inflamma-
tory stimulus. However, recent studies have been unable to confirm this hypothesis.
Several studies, including one of our own, that have successfully induced an
increased negative mood following several weeks of exercise withdrawal, did not
find any changes in a range of inflammatory markers, such as IL-6, CRP, TNF-a,
fibrinogen, and soluble intracellular adhesion molecule-1 [56, 57]. Similarly, one
week withdrawal from exercise in highly active men did not elicit any substantial
changes in CRP, IL-6, TNF-a, and circulating leukocyte concentration [58]. Healthy
men that reduced their daily step count by 85% for two weeks developed impaired
glucose tolerance, attenuation of postprandial lipid metabolism, and a 7% increase
in intra-abdominal fat mass, although plasma cytokines and muscular expression of
TNF-a was not altered [59]. However, another study reported that reduced para-
sympathetic nervous activity as measured by heart rate variability was predictive of
negative mood following exercise withdrawal [60].

In a further study, we investigated the impact of exercise withdrawal on psy-
chophysiological responses to mental stress. Although responses to laboratory-
induced stress tasks are not meaningful in themselves, they reflect the way that
people respond to stress in daily life and this method can sometimes detect
differences that might not otherwise be seen under resting conditions. Although
the effects of cytokines are often thought to be transient, they may provoke a time-
dependent sensitization so that the response to a later cytokine or stressor stimulus
is enhanced, resulting in an increased vulnerability to depressed mood [61]. We
experimentally manipulated sedentary time by asking a group of habitual exercisers
to replace their regular exercise training with sedentary activities for two weeks
[62]. The adherence to the intervention was mixed, as indicated by objective
accelerometry, but on average sedentary time increased by 32 min/day during the
experimental condition compared to control that closely mirrored increases in mood
disturbances. In particular, increases in sedentary behaviour caused a reduction in
vigour, greater fatigue, and a general increase in somatic symptoms compared to
control conditions (Fig. 11.1). In participants with greater mood disturbances, we
observed significantly higher inflammatory responses to mental stress compared to
those with low or no mood disturbance. In the same study, cortisol responses to
mental stress were higher in the intervention phase compared to control period with
a significant difference emerging at 20 minutes post-stress. These results, although
preliminary, suggest that psychobiological factors may in part mediate the effects
of sedentary behaviours on mental health.
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Fig. 11.1 The effect of a two-week sedentary intervention on mood symptoms and psycho-
logical distress measured using Profile of Mood States and General Health Questionnaire,
respectively [62]

11.5 Summary

The link between common sedentary activities and mental health is somewhat
paradoxical. Many people choose to spend large amounts of time in screen-based
activities, for example, watching television, films, etc., which are generally viewed
as being pleasurable and relaxing. The emerging science, however, suggests that
exposure to sedentary lifestyles is associated with greater risk of depressive symp-
toms and poor well-being. These associations appear to be stronger for certain
domains of sedentary behaviour; thus, context is an important aspect to consider in
future work. To date, the evidence has largely come from observational population
studies and experimental work is lacking. Thus, the current evidence should be
interpreted in light of several limitations including the use of poor exposure
measures, potential for residual confounding, and lack of gold standard experimen-
tal data. Some evidence suggests that sedentary time directly influences psychobi-
ological responses, including adaptations to the immune system, HPA axis, and
autonomic nervous system, which might be plausible mechanisms underlying the
links between sedentary behaviour and adverse mental health.
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Chapter 12
Sedentary Behaviour and Psychosocial Health
Across the Life Course

Lee Smith and Mark Hamer

Abstract Psychosocial health is broadly defined to include psychological and
social-psychological outcomes, interlinked with socioeconomic factors. Psycho-
social health has been shown to be strongly associated with self-rated health,
longevity, and heart disease. This chapter will summarize and explain the literature
on sedentary behaviour and psychosocial health across the life course, with a focus
on the psychosocial domains: bullying/victimization, self-esteem, pro-social beha-
viour, and mental disorders (bipolar disorder, anxiety, stress). In summary, the
majority of literature is in young people and has focused on concepts such as self-
esteem and pro-social behaviour, suggesting an inverse relationship with sedentary
behaviour. Limited research has focused on these concepts in adults. The existing
literature should be interpreted in light of limited gold standard experimental data.

12.1 Introduction

Psychosocial health is broadly defined to include psychological and social-
psychological outcomes, interlinked with socioeconomic factors. There is no
accepted definition in the field, although it usually includes characteristics such as
self-esteem and mood, as well as affect, such as anxiety [1]. For the purpose of this
chapter, the umbrella term psychosocial health is broadly defined as the mental
(e.g. values, attitudes, beliefs), social (e.g. interacting with others, social support),
and emotional (e.g. emotional reaction to specific scenarios) dimensions of what it
means to be healthy. It also encompasses how past experiences influence these
dimensions in present scenarios. There is a growing body of literature in the area of
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psychosocial health that demonstrates its importance for physical health. Not only
has psychosocial health been found to be associated with self-rated health and
longevity [2, 3], but a review by Hemingway and Marmot [4] concluded that
prospective cohort studies provide strong evidence that some psychosocial domains
are independent aetiological and prognostic factors for coronary heart disease.

12.2 Sedentary Behaviour and Psychosocial Health
in Young Children

The new born brain develops rapidly through the initial years of life and consider-
able plasticity exists during this period [5, 6]. Thus, it is likely that sustained
exposure to specific media content during the initial years of life impacts on the
developing brain. Few studies have investigated associations between sedentary
behaviour and psychosocial health in young children (0-7 years). A review collated
and summarized the literature between sedentary behaviour and health in this age
group, and just six observational studies were identified on psychosocial health
[7]. The review showed that exposure to screen time before the age of 3 years is
negatively associated with attention and language [8—10]. Interestingly, one longi-
tudinal study found that each additional hour of television (TV) viewing per day at
age 4 years was associated with a small increase in subsequent bullying in grade
school (OR = 1.06, 95% CI = 1.02-1.11) [11]. Another study showed that every
additional hour of television exposure at 29 months corresponded to a 10% unit
increase in victimization by classmates [12]. Little else is currently known on
sedentary behaviour and psychosocial health in young children. It is possible that
associations between the amount of TV exposure and psychosocial outcomes in this
age group might be derived from reduced active interaction between young children
and their caregivers (Fig. 12.1). The limited but significant literature in this area
provides a rationale for further investigation using experimental designs.

‘ Interaction with Caregivers ‘

A

Sedentary Behavior ‘ L 2 = |PsvchosociaIHeaIth

Socio-Economic Status

Fig. 12.1 The association between young children’s and young people’s sedentary behaviour and
psychosocial health via socioeconomic status and interaction with caregivers
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12.3 Sedentary Behaviour and Self-Esteem in Young
People

Self-esteem reflects a person’s overall subjective emotional evaluation of his or
her own worth. It is a judgment of oneself as well as an attitude towards the self. In
brief, it is the opinion one holds over one’s self. Self-esteem is often seen to be the
single most important measure of psychological well-being [1]. A review collated
and evaluated all studies on sedentary behaviour and health outcomes in young
people aged between 5 to 17 years [13] and identified 14 studies that investigated
the association between TV viewing and self-esteem. The majority of identified
studies were observational (n = 11). Seven cross-sectional studies found that high
screen time was associated with low self-esteem and decreased perception of self-
worth (a sub-domain of self-esteem). Studies suggest that a dose-response rela-
tionship exists. For example, Russ et al. [14] found 8% greater odds of concern
about self-esteem with each additional hour of screen time. However, the cross-
sectional literature is inconsistent: two studies found the reverse relationship
[15, 16] and two found no association [17, 18]. This conflicting literature may
be explained by differences in sample characteristics between studies and/or
different measures of exposure and outcome variables. The current review iden-
tified two interventions that aimed to examine the effects of reducing sedentary
behaviour on self-esteem and self-worth [19, 20]. In these studies, changes in TV
viewing were inversely related with physical self-worth (r = —0.38, p = 0.05) and
global self-esteem (r = 0.36, p = 0.05) [19]. A plausible explanation for this
inverse association is that those who have low self-esteem may find challenging
activities (e.g. physical activity) less enjoyable as they may be difficult for them,
and thus may prefer more passive sedentary activities (i.e. TV viewing and
computer gaming). Alternatively, performing challenging activities as opposed
to TV viewing may yield high levels of self-esteem.

12.4 Sedentary and Pro-social Behaviour in Young People

Positive pro-social behaviour is voluntary behaviour intended to benefit others and
may include helping, sharing, donating, cooperating, and volunteering. The study of
sedentary behaviour and pro-social behaviour in young people often investigates
negative behaviours such as bullying, victimization, and aggression. Tremblay et al.
[13] identified 18 observational studies (17 cross-sectional studies and one longi-
tudinal study) that examined the relationship between sedentary activities and
various domains of pro-social behaviour. The cross-sectional studies found similar
findings. Those who watched less TV were more emotionally stable, sensitive,
imaginative, outgoing, self-controlled, intelligent, moralistic, college bound, and
less likely to be aggressive or to engage in less risky behaviour. Interestingly gender
differences were observed. One study showed that increased TV viewing was
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associated with increased aggression in girls but not boys [16], whereas two studies
found that increased computer use was associated with behavioural problems in
boys but not girls [21, 22]. The one longitudinal study found that watching greater
than 2 h of TV per day (at ages 30-33 months and 5.5 years) was a significant risk
factor for behavioural problems (aggressive behaviour, attention problems)
[23]. One plausible explanation for the inverse association between sedentary
activities and pro-social behaviour is that those who view scenes of violence
(common on TV and in computer games) have an increased probability of “aggres-
sive” behaviour and at least a temporary decrease in pro-social behaviour per se
[24]. This may also explain observed gender differences. Girls may watch aggres-
sive programmes on TV and boys may play aggressive video games. Thus, TV
viewing may have a strong negative influence on pro-social behaviour in girls and
computer use in boys.

12.5 Sedentary Behaviour, Socioeconomic Status,
and Psychosocial Health in Young People

Another important issue relates to gradients in social circumstances. Young people
from lower socioeconomic status (SES) families spend the greatest amount of time
in sedentary behaviours [25]. For example, Henning Brodersen and colleagues [26]
analysed data from a 5-year longitudinal study of 5863 students aged 11-12 years.
Sedentary behaviour levels were greater in students from lower SES neigh-
bourhoods (p < 0.001). The difference between the higher and lower SES groups
averaged 2.29 (standard error (SE) = 0.318) hours per week in boys and 4.09
(SE = 0.49) hours per week in girls. This difference did not change over the 5 years
of the study. A review on SES and antisocial behaviour identified 133 studies and
found that lower family SES was associated with higher levels of antisocial
behaviour [27]. Family background/circumstances might drive many of the asso-
ciations seen in relation to sedentary behaviour and psychosocial health in
young people. The potential confounding influences of the association between
sedentary behaviour and psychosocial health via SES is demonstrated in Fig. 12.1.

12.6 Sedentary Behaviour and Psychosocial Health
in Adults

Few studies have investigated psychosocial health and sedentary behaviour in
adults (>17 years) [7]. Those that have investigated such associations have pre-
dominantly focused on mental disorders (bipolar disorder, anxiety, stress). For
example, Sanchez-Villegas and colleagues [28] assessed the association between
sedentary behaviour and mental disorders over 6 years in a large cohort of
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university graduates. Participants who spent more than 42 h a week watching TV
and/or using the computer, compared to those spending less than 10.5 h, were
significantly more likely to have a mental disorder. However, a review of studies
investigating sedentary behaviour and psychosocial health in older adults revealed
conflicting findings [29]. One identified study investigated board game use and
reading (two domains of sedentary behaviour) and found that older adults who
participated in these activities were less likely to develop dementia compared to
those who did not [30]. Another study demonstrated that sedentary time per se was
negatively associated with psychosocial well-being [31]. Finally, one study found
that the highest quartile of sitting time, compared to the lowest, was significantly
and negatively associated with mental health and social functioning, after control-
ling for leisure time physical activity [32]. These conflicting findings suggest that
the association between sedentary behaviour and domains of psychosocial health
may be context specific, dependent on the cognitive demand of the task. For exam-
ple, board games and reading may require high levels of cognition whereas seden-
tary behaviour per se may require low levels. It has been suggested that people with
higher educational levels are more resistant to the effects of dementia as a result of
having cognitive reserve and increase complexity of neuronal synapses [33]. Sim-
ilarly, participation in cognitively challenging sedentary activities (reading, board
games) may lower the risk of mental disorders [34, 35].

12.7 Influence of Physical Activity on the Sedentary
and Psychosocial Health Association

There is a large body of literature on associations between physical activity levels
and psychosocial health. Briefly, the literature suggests that regular participation in
physical activity is beneficial for many psychosocial health outcomes such as
anxiety, mood, and self-esteem and has both a positive and negative effect on
pro-social behaviour [1, 36]. Increased physical activity may be associated with
psychosocial health for several reasons such as achieving goals, becoming more
competent, achieving mastery, having increased social desirability, and developing
self-preservation strategies and social reinforcement. In addition, sports/physical
activity provides an alternative to occupy a time void where delinquent behaviour
could take place [36]. It may therefore be that identified associations between
sedentary behaviour and psychosocial health are not driven by sedentary behaviour
per se but by the absence of physical activity. Future research may wish to investi-
gate whether associations between sedentary behaviour and psychosocial health are
modified or altered by level of physical activity.
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12.8 Summary

Psychosocial health is an umbrella term and includes a large number of variables.
This chapter has specifically focused on several areas relevant to sedentary
behaviour (bullying/victimization, self-esteem, pro-social behaviour, and mental
disorders) at various stages in the life course. Currently, there is a limited body of
literature that investigates psychosocial health and sedentary behaviour across the
life course. The majority of literature focuses on young people where sedentary
behaviours have been adversely linked to self-esteem and pro-social behaviour.
Limited research has focused on this concept in adults, other than the studies that
have investigated mental disorders. A major limitation of the evidence is that few
studies have intervened to investigate if psychosocial health can be improved
through the reduction of sedentary behaviour. It is likely that interventions need to
be tailored to each domain of psychosocial health and specific age group. The
observed associations between sedentary behaviour and psychosocial health may
not be driven by sedentary behaviour per se but by the absence of physical
activity. Moreover, associations may be confounded by SES and other potentially
important factors. Sedentary behaviour and psychosocial health is potentially an
important but currently understudied area. Gold standard experimental studies are
needed before inferences and recommendations can be made.
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Chapter 13
Sedentary Behaviour and Ageing

Dawn A. Skelton, Juliet A. Harvey, and Calum F. Leask

Abstract This chapter focuses on the prevalence and amount of sedentary
behaviour in older adults with a range of functional limitations, distinguishing
the differences between those who live independently with those who live in
residential settings or who are subject to enforced sedentary behaviour, such as
those in hospital. The associations of prolonged sedentary behaviour with both
physical and mental health are less researched than in adults or children but show
a clear pattern of reduced function, mental health, and longevity. Only a small
number of interventions to reduce sedentary behaviour in older adults have been
published, but the short-term benefits of such interventions appear to have posi-
tive outcomes to function. Clearly more work in this vulnerable population,
especially in those transitioning to frailty, is warranted.

13.1 Prevalence of Sedentary Behaviour in Older Adults

Globally, almost 60% of older adults report sitting for more than 4 h of their waking
day [1]. Both screen time and television (TV) time are used as proxy measurements
of sedentary behaviour. When screen time is reported, 53% sit in front of a screen
for over 4 h daily. As with younger adults, self-report underestimates the prevalence
of sedentary behaviour. When objectively measured, 67% of the older population
are sedentary for more than 8.5 h of their waking day [2]. When objective data from
a number of studies are weighted and pooled, a mean of 9.4 h (ranging from 8.5 to
10.7 h) per day is measured [3]. From the available studies, the UK and USA record
the highest levels of sedentary behaviour at approximately 11 h per day [4-7].
For more information on the prevalence and correlates of sedentary behaviour in
older adults, please refer to Sects. 4.2.5 and 4.3.2.

In older adults, there is little difference in sedentary behaviour trends between
genders [8], although a recent study suggests women are more likely to accumulate
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Fig. 13.1 Sedentary behaviour measured by accelerometry (>60 year by age group), adapted
from Harvey et al. 2015 [3]

their sedentary time in shorter bouts and therefore more likely to break up
prolonged periods of sitting than men [9]. In twin studies, there is a suggestion,
however, that environment is more important in the gender aetiology of sitting
[10]. In a Finnish cohort of older individuals, women sat less than men and older
age was associated with less sitting time [10]. There is a trend of increased seden-
tary behaviour with increasing age, with both objectively measured (Fig. 13.1) and
via self-reported (Fig. 13.2) sedentary time [11-19]. Reading time and screen time
are exceptions to the trend; the lower levels of screen time are likely to be due to
low computer technology literacy and availability at this age [11, 12, 14]. When
compared to younger adults (populations >20 years), older adults have, and report
to have, higher levels of sedentary time across all domains, with the exception of
computer time and screen time [11, 13, 14, 16, 18, 20-25].

High levels of sitting time in older adults is associated with being single,
living in an urban area, and having post-high school education in women [26].
Adverse socioeconomic circumstance and lower education have been related to
increased screen-based activities [14].

TV viewing is also associated with other unhealthy habits such as poor nutrition
or the influence of advertising to encourage these behaviours, therefore may also be
a confounding factor with negative health effects of sitting [2].



13 Sedentary Behaviour and Ageing 321

Age Group
(years)
6
m60-64
5 W65-69
>
5 A m70-74
g m75-79
£3 m80-84
=]
T m85-89
: #90-94
LT Sitting | Sitting Sitting TV Viewing TV Viewing TV Viewing | Screen Reading | Reading
Time
CKB CRDS AusDiab | AusDiab ATUS G55 SHS G55 ATUS
CHINA | DENMARK AUSTRALIA USA CANADA UK CANADA | AUSTRALIA

KEY: LT = Leisure Time; CKB = China Kadoorie Biobank Study; CRDS = Capital Regions of Denmark Study; AusDiab = Australian
Diabetes and Lifestyle Study; ATUS = American Time Use Survey; G55 = General Social Survey; SHS = Scottish Health Survey.

Fig. 13.2 Sedentary behaviour by various methods of self-report (>60 years by age group),
adapted from Harvey et al. 2015 [3]

13.1.1 Sedentary Behaviour in Residential Settings

Sedentary behaviour is particularly prevalent in those older adults living in resi-
dential care settings. Some of this inactivity is due to physical and mental health
conditions, but there is a culture of risk avoidance and of “caring” to the point of
staff and residents avoiding movement, as seen in hospital settings [27]. One study
in the UK found that care home residents spent on average 79% of their day
sedentary, 14% in low activity, 6% in light activity, and 1% in moderate-to-
vigorous activity [28]. Residents spend a median of 12.4 h sitting/lying (with
73% of this accumulated in unbroken bouts of >30 min), only 1.9 h standing, and
214 min stepping in their waking day [29]. Potential barriers for implementing
interventions to increase physical activity or reduce sedentary behaviour in these
settings have been reviewed [30] and include resident health status, lack of space
for physical activity, and staffing and funding constraints.

13.2 What, Why, and with Whom Are Older Adults
Sedentary

Health behaviour theories, such as the socio-ecological model and dual process
theory, state that individuals’ choices and behaviours are determined by the context
of both their physical and social environment [31, 32]. The SITONAUMY
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consensus taxonomy has defined the context of sedentary behaviour to have several
distinct facets, including what (the specific activity), why (the purpose), and with
whom (the social setting) [33] (see also Sects. 2.1.2 and 26.2). In order to under-
stand the context of sedentary behaviour in older adults, a mixed use of objective
activity monitoring and time-lapse photography has been shown to be acceptable to
older people [34]. Leask et al. [35] objectively measured the context of sedentary
behaviour in older adults by using a body-worn time-lapse camera in combination
with an activPAL monitor to quantify older adults’ sedentary periods.

13.2.1 What Older Adults Are Doing When Sedentary

The majority of older adults’ sedentary time is non-screen time (63.9%), with
36.1% of sedentary time in front of a screen [35]. The main non-screen-based
sedentary activities include reading (22.9%), eating (7.4%), and driving (7.4%)
(Fig. 13.3). Although a lot of time is spent reading, this has been shown to be a
cognitively stimulating activity in ageing [2] (see also Chap. 12) and therefore may
not be a sedentary context which future research may wish to target. Of screen-
based periods, television viewing, computer/laptop usage, and using small devices
comprise of 84%, 9.6%, and 5.9% of time, respectively.

M no screen other
M no screen household other
® no screen household chores
M no screen household admin
B no screen spiritual
H no screen music listening
M no screen eating
H no screen driving

no screen phoning

no screen writing

no screen reading

Fig. 13.3 Distribution of non-screen-based sedentary time (% of day) in older adults (>65 years),
adapted from Leask et al. 2015 [35]
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Fig. 13.4 Distribution of the purpose of sedentary time (% of day) in older adults (>65 years),
adapted from Leask et al. 2015 [35]

13.2.2 Why Older Adults Are Sedentary?

The purpose for older adults’ sedentary time, as viewed on the time-lapse camera,
were predominantly leisure (49.2%), social (18%), and eating (12.4%) (Fig. 13.4)
[35]. Although older adults spend a large percentage of sedentary bouts in
public and personal travel, these facets do not account for large percentages of
sedentary time (6.4% and 2.9%, respectively) [35].

Although social sedentary periods account for a large percentage of time, being
socially isolated, especially in older age, may influence depression [36], suggesting
that social interactions may enhance mental health and as such should not be the
target for interventions to reduce sedentary time.

13.2.3 With Whom Are Older Adults Sedentary?

Data show that older adults are predominately sedentary alone (56.9% of time);
however, time is also spent with their friends (11.4%) and family (21.3%). There is
an association between loneliness and sedentary time [37], whilst loneliness in
older adults is also predictive of reduced cognition [38] and all-cause mortality
[39]. Therefore, these periods where older adults are alone may be important for
future interventions to target.
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13.2.4 What Do Older Adults Perceive as the Reasons
for Their Sedentary Behaviour?

In order to understand why older adults think they are sedentary, in a mixed-
methods study 30 older adults (mean age 74 years) were asked to recollect their
believed reasons for (breaking) sedentary behaviour, and these were compared with
their actual reasons after looking at the images [40]. They were presented with a
personal storyboard with objective records (1 day activity monitor and time-lapse
camera images) of their daily behaviour. The most frequent reasons that the older
adults believed kept them sedentary were television/radio (48.3%), fatigue (34.5%),
and health status (31.0%). However, the factors most often mentioned as actual
reasons following viewing images were eating/drinking (96.6%), television/radio
(89.7%), and reading/crosswords (75.9%). Domestic chores (55.2%), walking
(37.9%), and socializing (20.7%) were most often mentioned as reasons that people
believed made them break their sedentary behaviour, and these reasons have been
reported elsewhere in qualitative work with older adults [41]. Yet, the factors that
were most often mentioned as actual reasons were domestic chores (86.2%), food/
tea preparation (82.8%), and performing simple tasks (75.9%) [40]. This difference
between perceived reasons and actual reasons for either prolonged sitting or
breaking up sitting may be useful in tailoring interventions on an individual basis.

13.3 Effects of Sedentary Behaviour in Older Adults

13.3.1 Mortality and Life Expectancy

There is strong evidence that a relationship exists between sedentary behaviour and
mortality in both men and women from all causes and cardiovascular disease
[42, 43] (see also Chap. 14). Katzmarzyk and Lee [44] examined the effect of
self-reported sedentary behaviour on life expectancy in the USA and found
expected gains in life expectancy of 2 years for reducing sitting to less than 3 h
daily and a gain of 1.38 years by reducing TV viewing to less than 2 h. Indeed, long
periods of sitting are associated with a larger waist-to-hip ratio and therefore an
increased risk of metabolic syndrome and stroke [45]. There is a positive and
escalating linear association between sedentary bout length and waist circumfer-
ence in older adults, with the odds of being abdominally obese rising by 48% for
each 1 h sedentary bout increment [46]. Longitudinal and cross-sectional studies
have indicated a relationship between high levels of sedentary behaviour and
incidence of: metabolic syndrome, diabetes, obesity, cardiovascular disease, high
cholesterol, gallstone disease, and certain cancers (ovarian, colon, endometrial, and
possibly breast cancer and renal cell carcinoma) [2, 42, 43, 45, 47, 48]. Telomere
length is associated with a healthy lifestyle and longevity and a physical activity
intervention that reduced self-reported sitting time in sedentary overweight older
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individuals showed that telomere lengthening was significantly associated with
reduced sitting time [49].

Finally, frailty is strongly associated with sedentary behaviour [50, 51], and
sedentary behaviour (>7 h per day measured on self-report) can be a potential
marker in the screening of frailty in community dwelling older adults [52].

13.3.2 Quality of Life and Function

Older adults who report sitting less tend to age more successfully, report better
quality of life, have less dizziness, and have better balance [26, 53, 54]. Intriguingly,
one study has shown no relationship between sedentary behaviour and postural
stability (measured in a composite equilibrium score) or lower body strength
[55]. But another more recent study has shown that objectively measured sedentary
behaviour is associated with worse physical function measured using the Short
Physical Performance Battery, balance task scores, 400 m walk time, chair stand
time, and gait speed [56]. Examination of large health survey data and objective
monitoring suggests those most sedentary have higher levels of frailty, high activity
of daily living disability, and have higher healthcare usage [51]. Even in young old
age (60—64 years), time spent sedentary is associated with lower grip strength and
lower timed up and go speed [57]. Self-reported TV time was positively related to
400 m walk time [56], and prolonged TV viewing has been related to reduced grip
strength, in contrast to use of the internet, which showed a positive relationship
[58]. Fallers spend more time sedentary than non-fallers (22 min per day extra in
men) and if they also experience fear of falling this increases to an additional
45 min of sedentary time per day [59]. Sedentary behaviour has also been associ-
ated with diminished physical function over time [60, 61]. The ability to break
prolonged periods of sitting will be affected by ability to rise from a chair easily and
one review of mortality showed that those taking the longest to rise have nearly a
two-fold increase in risk of mortality compared to those who rise easily [62]. Three
of the studies also reported effect estimates from comparisons of people unable to
do chair rises with those in the fastest quarter; the summary hazard ratio for
mortality from a meta-analysis of these three results suggested that those unable
to do chair rises had the highest rates of mortality [62].

Breaking up sedentary time has been associated with better physical function in
older adults. Using the Senior Fitness Test composite score, those older adults who
broke their sedentary behaviour more (even after adjusting for total sedentary time
and moderate-to-vigorous physical activity) performed better [63]. Indeed, one
recent sedentary behaviour intervention, which did not show any effect on total
sedentary time in those living in residential settings, did show improved physical
function (timed up and go and chair rise) after participants set goals to reduce
waking day sitting bouts to a maximum of 30-60 min over a 10-week intervention
period [64, 65].
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13.3.3 Mental Health and Cognition

Sitting, TV time, and screen time have all been associated with negative mental
health outcomes and reduced levels of cognition [26, 58, 66]. Sedentary pastimes
have also been associated with executive dysfunction [67]. Interestingly, fallers are
known to have executive dysfunction, and fear of falling is associated with high
sedentary time in older adults [56]. High TV viewing has been related to lower
psychological well-being and depression [8], mood disorder, and sense of belong-
ing to community [68], and long periods of sitting are associated with depression
and social isolation [45]. In order to see if the link between sedentary behaviour and
depression was related to underlying inflammatory processes, Hamer et al. [69]
looked at C-reactive protein (CRP) and self-reported TV viewing time. Those older
adults who watched more TV had higher CRP and higher levels of depression, but
the authors concluded that smoking and alcohol had more of an effect than CRP or
body mass index (BMI). A longitudinal cohort study looking at incident depressive
symptoms in older adults over a 15 month period showed a strong association with
incident depression and sitting for over 4 or 8 h compared with sitting under
4 h [70].

Not all sitting is bad, with certain sedentary tasks such as computer use, playing
games, and completing craft projects being positively associated with cognition
[45, 58, 66]. Although Kesse-Guyot et al. (2012) did not find an association with
reading and cognition, this is likely due to reading time generally being a short
duration in the day, making it difficult to affect outcomes. In a 15-year prospective
study, the risk of dementia was examined against sedentary behaviour and no
relationship was observed [71]. However, one study looking at cerebral blood
flow in older adults has found that sedentary time may act as a behavioural risk
factor for blood flow dysfunction in those at generic risk of Alzheimer’s
Disease [72].

A large study, looking at accelerometer data and cognitive function, found that
declining cognition over a 12-month period was not associated with total sedentary
time but was associated with moderate-to-vigorous physical activity [73].

The association of sedentary behaviour with mental health is not simple. Several
sedentary activities were found to be positively associated with self-reported
measures of psychosocial wellness in middle-aged and older adults [74]. Among
respondents not diagnosed with a mood disorder, positive associations were noted
for crosswords/puzzles and listening to radio/music or playing an instrument. Satis-
faction with life was positively associated with computer use, and a sense of
belonging was consistently positively associated with sedentary activities [74].
For further details on the association between sedentary behaviour and psycho-
social health in older adults, please refer to Sect. 12.6.
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13.4 Acute Effects of Sedentary Behaviour in Older Adults

Lack of movement during long periods of sitting might temporally affect function,
due to increased joint stiffness and decreased neuronal input, making it difficult to
stand and, therefore, engage in upright activity [75]. When temperatures are above
or below normal, the effects of even short periods of sitting can be marked. One
study showed that in women aged 70 years and older, sitting in a cold room (15 °C)
for just 45 min led to an average loss of 5% of explosive muscle power leading to a
reduced sit to stand velocity (10%) and 3.5% slower walking speed [76]. The same
research group also looked at older women sitting in a hot (30 °C) room for 45 min
and saw a marked increase in postural hypotension, increased blood pressure, and
reduced stamina [77].

13.4.1 Sedentary Behaviour in Hospital

Bed rest or sedentary behaviour in hospital is ubiquitous, with older patients
spending the majority of time during their hospitalization in bed. For example,
one study using accelerometers on patients aged 65 and older, who were not
delirious, did not have dementia, and were able to walk in the 2 weeks before
admission, showed that 83% of the hospital stay was spent lying in bed and 13%
sitting by the side of the bed [78]. The median amount of time spent standing or
walking was 3%, or 43 min per day [78]. Activity patterns of older people
(>65 years) measured in an urban inpatient rehabilitation ward showed that, on
average, patients were in an upright position for only 70 (£ 50) min per day, with
70% of this time spent in standing or walking epochs of less than 5 min [79]. Stroke
patients in a rehabilitation ward spent only 8.3% of their day in an upright
position [80].

This lack of mobilization and encouraged sedentary behaviour is one of the main
reasons for the dramatic functional decline seen in older people following hospital
admission. One study in Spain showed that there was a fourfold (OR = 3.92)
increased chance of dramatic functional decline in people over the age of 75 having
had a hospital admission [81]. A hospital admission in the past 12 months was more
predictive of severe functional loss than cognitive decline (OR = 2.60) or previous
lower limb functional impairment (OR = 2.01). Indeed, the rates of functional
decline after hospital discharge range from 10% to 50% [82, 83]. Approximately,
30% of adults aged 70 and above who are hospitalized for medical illness are
discharged with an activity of daily living disability that they did not have before
the onset of the acute illness [84].

Staffing issues and risk aversion surrounding the cost of falls in hospital have led
to patients being mobilized less and sitting more. Resnick et al. [27] found that
patients spent most of the time in bed, and optimizing physical activity of patients
was a low priority for the nurses with patient safety taking precedence. Given that
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up to 10% of older adults experience a fall during hospitalization, this concern is
well founded [85], yet activity restriction may instead result in increased fall risk by
contributing to deconditioning and functional loss [86]. However, fear of falling in
patients in a hospital setting is also important, with one study showing fear of
falling led to patients curtailing their activity in hospital [87].

Yet for older adults, the effects of bed rest are profound. One study found a
significant decrease in muscle protein synthesis, strength, and lower extremity and
whole-b