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Preface
The Exercise Effect on Mental Health

An editorial welcome to this new inter-disciplinary book. Whether you are
a novice or a well-established researcher in the field, we hope it will appeal
to readers from a wide range of backgrounds. Exercise or physical activity
(PA) has been recommended by scientists for many years to prevent phys-
ical health problems, such as obesity and hypertension and it is also well-
known in treating a variety of other diseases such as Diabetes Mellitus or
Peripheral Arterial Discase once they have occurred. In the past 30 years we
have witnessed that exercise or PA can also prevent and treat mental diseases,
so the time is right to bring the related areas such as psychology, sport science,
medicine, and neuroscience together in one publication. This book has one
primary aim: to enhance our understanding of the relationship between body
and mind for the benefit of those who are interested in the phenomena of
mental health problems.

The body—mind connection has recaptured scientific interest in recent years
with more than a dozen academic books, several special issues in journals (e.g.
Neural Plasticity, CNS and Neurological Disorders — Drug Targets) and even
one international impact-factored journal (Mental Health and Physical Activity,
first issue 2008) entirely dedicated to this topic. The number of manuscripts
published on the topic in peer-reviewed journals has increased from 10 in
1990, to about 60 in 2000, to over 700 in 2017, based on a raw search on
PubMed using the words “exercise” and “mental health”. This reflects the
growth in interest available through just this one search engine. It is agreed
that mental health is not just the absence of mental disorders. Mental health
means mental functioning and has a physiological base. It is interconnected
with physical and social functioning as well as with health outcomes (World
Health Organization 2001). This definition of mental health also includes
concepts like subjective well-being, self-efficacy, autonomy, competence,
intergenerational dependence, and being able to utilize one’s intellectual (e.g.
cognitive functioning) and emotional potential (e.g. absence of depression
and anxiety), and ensures social functioning (World Health Organization,
2001, 2004) and life satisfaction (Gauvin & Spence 1996). This book focuses
on several aspects included in mental health. Physical activity refers to body
movement that leads to energy expenditure and is initiated by skeletal muscles
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(Caspersen, Powell, & Christenson 1985; Budde et al. 2016). Exercise has
been previously defined as a disturbance of homeostasis through muscle
activity resulting in movement and increased energy expenditure (Scheuer
& Tipton 1977). The critical difference between both terms refers to the
planned and structured nature of exercise (Caspersen et al. 1985).

The pandemic nature of mental health problems like anxiety and depres-
sion (see Chapter 1 by Kohn in this book) in combination with the costs
and time associated with cognitive psychotherapy, as well as the potential
side effects of various drugs used in the treatment of such diseases, stipulate
the search for a potent cure. Provided with positive attributes, exercise or
PA could be the treatment of choice if it could be found to be effective and
applicable in treating as well as preventing mental diseases. Previous research
has strongly suggested that exercise or PA benefit different areas of mental
health (Taylor, Sallis, & Needle 1985; Hughes 1984) including depression,
anxiety, cognitive functioning, and psychological well-being in adults as well
as in the elderly (Gauvin & Spence 1996; Hillman, Erickson, & Kramer 2008;
Wegner, Helmich, Machado Arias-Carrién, and Budde 2014) and in children
and adolescents (Lagerberg, 2005; Donaldson and Ronan 2006; Biddle and
Asare 2011; Sibley and Etnier 2003). However, the effectiveness of exer-
cise or PA as a mental health intervention is not universally acknowledged
nor perfectly understood. Still little is known about the exercise—mental
health relationship regarding physiological mechanisms. Future studies are
strongly needed that more closely investigate the underlying neurobiological
mechanisms. However, for various reasons, researchers and practitioners in
medicine, psychology, and public health remain either uninformed or uncon-
vinced about the potential of this intervention to promote mental health
(Ekkekakis 2013). Some of these reasons may be due to concerns about the
methodological accuracy of the studies. Distinguishing between good and
poor methodology paired with suggestions for future studies is a topic that
runs like a continuous thread through the book. Additionally, mostly due
to inexperience, practitioners find it hard to “subscribe” exercise (e.g. in an
in-patient setting for majorly depressive individuals) as an effective treatment.
To this end, the present book is an attempt to give a state-of-the-art overview
of the topic and the editors hope that it will encourage more collaboration
between researchers and practitioners to further utilize exercise and PA as
effective means to support mental health.

Along with Biddle, Fox, Boutcher, and Faulkner (2000) there are five
reasons why physical activity may be a very effective strategy to promote
mental health. One is that physical activity is potentially cost effective — it is
relatively inexpensive to deliver as an intervention and to participate in. Second
and third, in contrast to pharmacological interventions, physical activity is
associated with minimal adverse side-eftects but it has the potential to simul-
taneously improve physical health and well-being. Fourth, physical activity can
be indefinitely sustained by the individual unlike pharmacological and psycho-
therapeutic treatments, which often have a specified end-point. Finally, many
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other non-drug treatments (such as cognitive behavioral therapy) are expen-
sive and therefore often in short supply.

The idea behind this book is to foster the understanding of the link
between mental health and exercise or physical activity in a potentially broad
field from neuroscience across many different dimensions of mental health and
psychological well-being. In this book we have drawn together researchers
from different disciplines, e.g. brain science, cognitive psychology, neurosci-
ence, exercise science as well as psychophysiology to present a state-of-the-art
summary of what is known about exercise/PA and mental health. However,
the explaining mechanisms underlying the effects of regular physical activity
and exercise on the different facets of mental health are not completely under-
stood up to now.

In Section 1, the authors discuss the mechanisms behind the benefits of
exercise as a theoretical introduction. Robert Kohn starts this section by
giving a detailed epidemiological overview of the occurrence of common
mental disorders including, for example, the prevalence and incidence of
mental disorders, sociodemographic risk factors, the comorbidity and the
financial burden for the society. Following, Terry McMorris and Jo Corbett
present existing evidence for neurobiological mechanisms behind the benefits
of exercise for mental health. The purpose of their chapter is to outline the
neurobiological changes induced by acute and chronic exercise, which are
thought to influence depression, anxiety, and psychological well-being. In
their chapter entitled “Causality in the associations between exercise, person-
ality, and mental health,” Marleen De Moor and Eco de Geus show that part
of the same set of genetic factors that influence whether people participate
in regular exercise also affect mental health outcomes. Based on a review of
published evidence they further conclude that, in the population at large, the
association between exercise participation and higher levels of life satisfaction
and happiness and lower levels of anxiety and depression is not causal. The
authors include evidence that immunomodulation is a biological mechanism
responsible for the anti-inflammatory effects of regular exercise. Aderbal Silva
Aguiar, Jr. and Alexandra Latini are taking a very close look at an immune per-
spective when talking about treating depression with exercise.

The focus of Section 2 are age-related effects of exercise on mental health
which will start out with a chapter on the younger age group by Mirko Wegner
and Henning Budde. This chapter aims to illustrate how physical activity and
exercise benefit different areas of mental health in children and adolescents
including their general well-being, reductions in depression and anxiety, and
benefits to cognitive functioning. Exercise may positively affect well-being
through different neurobiological mechanisms which are highlighted for this
age group of children and adolescents. The second chapter of this section
is a contribution by Inna Bragina, Claudia Niemann, and Claudia Voelcker-
Rehage and focuses on the exercise effect on mental health in older adults.
The authors provide insights on how PA and exercise interact with cogni-
tive functioning and psychological well-being in older adults. They include
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rescarch on healthy aging of cognitive functions and the brain, on cognitive
and neuronal plasticity, dementia and mild cognitive impairment, on how
physical activity can prevent or postpone mild cognitive impairment (MCI)
and dementia, and support psychological well-being, self-efficacy, and self-
esteem. They further show how discases like dementia, depression, and anx-
iety interact and explain the underlying neurobiological mechanisms.

Section 3 of this book is dedicated to the exercise effects on cognition and
motor learning. It starts with David Moreau, who stresses a possible impact
of physical exercise on cognitive enhancement with a summary of recent work
in this field. He presents new experimental evidence for integrated activities
combining physical and cognitive demands with applications in the classroom.
Nico Lehmann and Marco Taubert then talk about exercise-induced improve-
ment in motor learning. They review physical (endurance) exercise as a new
approach to enhance motor skill learning through facilitation of the under-
lying neurobiological processes. Megan Herting finishes this third section
with a review of research on exercise and learning. In her chapter she reviews
some basic concepts of the ways in which we learn (and remember) informa-
tion before she dives into the established associations between exercise and
these cognitive abilities as well as the underlying neurobiology.

The effects of sport and exercise on emotions and psychological discases is
the topic in Section 4. The first chapter by Adrian Taylor and Tom Thompson
focuses on exercise in the prevention, treatment, and management of addictive
substance use. The chapter begins with identifying the prevalence of addictions,
and the implications for health and society. They then briefly identify the scope
and extent of evidence for the effectiveness of current treatment options.
Following, they turn to summarizing the evidence (and quality/risk of bias)
of the chronic and acute effects of physical activity on different addictive
behaviors. Finally, they consider the possible mechanisms for how PA has an
impact on addictions and they further identify future research questions and
discuss the practical implications. Attila Szabo, Zsolt Demetrovics and Mark
D. Griffiths in their chapter more closely examine morbid exercise behavior
and discuss exaggerated exercise behavior from the perspective of behavioral
addictions. The chapter is followed by a chapter by Davy Vancampfort, Simon
Rosenbaum, Michel Probst and Brendon Stubbs who provide new insights to
the benefits of acrobic exercise for people with schizophrenia. Their chapter
has two aims, the first is to provide a systematic overview of intervention
characteristics, exercise outcomes and motivational skills used in recent (i.e.
last decade) randomized controlled trials investigating the effect of acrobic
exercise in schizophrenia. The second aim is to provide evidence-based clin-
ical and research recommendations regarding the prescription of exercise in
schizophrenia. Jennifer Mumm, Sophie Bischoff, and Andreas Strohle review
the links between exercise on anxiety disorders. They focus on the effect of
different kinds of exercise or PA typically investigated in research on various
forms of anxiety. They also discuss psychological and biological mechanisms
of exercise on anxiety. The chapter by Lorna McWilliams is entitled “Exercise
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and ADHD: Implications for treatment.” The author outlines the research
surrounding the promising use of physical activity as a treatment for the dis-
order, particularly in the aid of development of executive functions. Nanette
Mutrie, Katie Richards, Stephen Lawrie, and Gillian Mead’s topic is: Can
physical activity prevent or treat clinical depression? In this chapter the authors
explore the role of physical activity for the prevention and treatment of depres-
sion. They discuss in depth the possible neurobiological mechanisms by which
exercise might benefit depression. Finally, they point out various guidelines
about the role of physical activity that mental health professionals might find
useful.

The final section of the book binds chapters dealing with research
implications for the health sector and for schools. Brandon L. Alderman and
Ryan L. Olson begin the section by summarizing the available evidence on
mode and dose-response relationships of exercise on anxiety, depression,
and cognitive functioning. Steven J. Petruzzello, Dan Greene, Annmarie
Chizewski, Kathryn Rougeau, and Tina Greenlee provide an overview of acute
and chronic effects of exercise on important mental health outcomes. In add-
ition, they provide important implications for health care practitioners. Viviane
Grassmann, George Mammen, and Guy Faulkner raise the question: Can
physical activity prevent mental illness? The focus of their section is to explore
whether physical activity may also serve a role in preventing mental disorders —
in particular dementia and depression.

The inter-disciplinary research on the link between exercise and mental
health represented in this edition is an exciting and vibrant field of research
in which scholars from different areas meet and produce findings that have
strong effects on different domains of society. Our hope is that the interested
reader finds the most recent and in-depth overviews on different aspects of
the exercise-mental health links including references to underlying neurobio-
logical mechanisms. We are looking forward to seeing more researchers and
practitioners working cooperatively to utilize exercise and physical activity in
the applied setting. Finally, we hope that the contributions to this edition
encourages researchers to further explore the field and contribute health and
well-being for future generations.

Henning Budde and Mirko Wegner
Am Wriezener Bahnhof Berlin, Janaury 2018
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Prevalence and Incidence

In DSM-5 (American Psychiatric Association 2013) major depressive disorder
is defined as having five or more symptoms during the same two-week period,
which cause clinically significant distress or impairment, and at least one should
be a depressed mood or loss of interest or pleasure. The other symptoms
include: change in weight; sleep disturbance; psychomotor agitation or retard-
ation; fatigue or loss of energy; worthlessness or guilt; impaired concentration;
and thoughts of death. The current DSM-5 criteria are similar to the DSM-IV
(American Psychiatric Association 2000) diagnostic criteria used in most of
the psychiatric epidemiological surveys conducted since the 1990s.

The anxiety disorders have been redefined from DSM-IV to DSM-5. In
DSM-1V the anxiety disorders included panic disorder, agoraphobia without a
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history of panic disorder, specific phobia, social phobia, post-traumatic stress
disorder, acute stress disorder, generalized anxiety disorder, and obsessive-
compulsive disorder. The anxiety disorders in DSM-5 have been narrowed
with post-traumatic stress disorder and acute stress disorder being moved into
a category entitled Trauma — and Stressor- Related Disorders and obsessive-
compulsive disorder being placed in a category entitled Obsessive-Compulsive
and Related Disorders. Current psychiatric epidemiological studies are pri-
marily based on the DSM-IV definition of anxiety disorders. Acute stress
disorder is not usually included among general population psychiatric epi-
demiological surveys and the inclusion of obsessive-compulsive disorder may
be variable.

Prevalence and incidence studies are based on representative commu-
nity household surveys that utilize a structured diagnostic instrument,
such as the Composite International Diagnostic Interview (CIDI) (Robins
et al. 1988). The prevalence of major depressive disorder varies widely
cross nationally. For example, the 12-month prevalence ranges from 0.3%
in Vietnam to 10.2% in Iran. Across studies based on DSM-IV using the
CIDI the estimated median 12-month prevalence is 4.7% (n = 42 studies)
(see Table 1.1). Similarly, there is a broad range of lifetime prevalence rates
from 3.2% in Nigeria to 20.4% in France. The median lifetime prevalence is
estimated at 9.9% (n = 39 studies). Major depressive disorder has an ecarly
age of onset; the median age in epidemiological studies is approximately
27.6 years of age (n = 23 studies).

Data on the one-year incidence of major depression is based on a small
number of prospective studies. The Epidemiological Catchment Area (ECA)
survey reported an incidence rate of 1.6 per 100 person years at risk, 2.0
females and 1.1 males (Eaton et al. 1989). The Baltimore site of the ECA,
1981-1993, had an incidence rate of 0.3 (Eaton, Kalaydjian, Scharfstein,
Mezuk, & Ding 2007). During the 1993-2004 period the incidence rate was
0.2. However, the difference between the two time periods, and incidence
rates also found in shorter follow-up studies, may be due to attrition in the
sample and not that the incidence of major depression is declining. For both
periods, female gender and age of 3044 had the highest incidence rates. A
study based in Edmonton, Canada had an incidence rate of 2.8, with a rate for
females of 3.7 and males 2.0 (Newman & Bland 1998). The incidence rate in
the Canadian study was highest for age 45-64. The Netherlands Mental Health
Survey and Incidence Study (NEMESIS) reported an incidence rate of 2.7 for
major depression, 3.9 females and 1.7 males. The incidence rate was highest for
males for ages 25-34 and for females for age 3544 (Bijl, de Graaf, Ravelli, Smit,
& Vollebergh 2002). The NEMISIS study examined risk factors associated with
the incidence of a mood disorder; female gender, having a negative life event
in the past 12 months, ongoing difficulties in the past 12 months, high neur-
oticism and sleep problems were all associated in an adjusted logistic regres-
sion model (de Graaf, Bijl, Ravelli, Smit, & Vollebergh 2002). In the National
Epidemiologic Survey on Alcohol and Related Conditions (NESARC) risk



Tnble 1.1 Twelve-month and lifetime DSM-III-R and DSM-IV prevalence rates and age
of onset of major depressive episodes and anxiety disorders from selected Composite
International Diagnostic Interview studies

Country Muajor Depression Anxiety Disorders
12M LT Onset 12M LT DX

Australia 4.8 12.8 11.8 20.0 1-5,7
Belgium 5.2 14.1 29.4 8.4 13.1 1,2,4,5,7.8
Sio Paulo, 10.1 18.0 24.3 19.9 28.1 1-8

Brazil
Bulgaria 3.0 6.7 5.6 124,78
Beijing and 2.0 3.8 30.3 3.0 48 1,2,4,5,7.8

Shanghai,

China
Shenzhen, China 3.6 6.8 18.8
Canada 4.8 12.2 4.7 14,7
Chile* 5.7 9.2 9.9 16.2 1,2,4,5,7.8
Colombia 5.3 11.8 235 14.4 25.3 1,2,4,5,7,8
Medellin, 3.8 9.9

Colombia
Czech Republic* 2.0 7.8
Finland 7.4
France 5.6 20.4 28.4 13.7 22.3 1,2,4,5,7.8
Germany 3.1 10.3 27.6 8.3 14.6 1,2,4,5,7,8
Guatemala 0.8 32 2.3 5.2 1-5,7
Pondicherry, 45 9.0 319

India
Iran 10.2 15.6 1-5,7
Iraq 39 7.2 46.0 10.4 13.8 1,2,4,5,7.8
Israel 5.9 9.8 25.5 3.6 5.2 1,2,4,5,7,8
Ttaly 29 9.7 27.7 65 110 124,578
Japan 2.4 6.8 30.1 4.2 6.9 1,2,4,5,7.8
Lebanon 49 10.3 23.8 12.2 16.7 1,2,4,5,7,8
Mexico 3.7 7.6 23.5 84 143 124,578
Netherlands 49 18.0 27.2 8.9 15.93 1,2,4,5,7.8
New Zealand 5.7 15.8 24.2 15.0 24.6 1,2,4,5,7,8
Nigeria 1.1 32 292 42 6.5 124,578
Northern Ireland 8.8 17.7 12.3 124,78
Norway* 7.3 17.8
Peru 2.7 6.4 38.0 79 149 124,578
Poland 1.6 3.8
Portugal 7.0 17.4 13.7 1,2,4,7,8
Romania 1.5 29 4.2 1,2,4,7.8
Singapore 2.2 5.8 26.0 0.4 0.9 2
South Africa 49 10.4 22.3 8.2 15.8 1,2,4,5,7,8
South Korea 3.1 6.7 6.8 8.7 1,2,4,5,7,8
Spain 3.8 10.6 30.0 6.6 9.9 1,2,4,5,7.8
Murcia, Spain 6.0 13.8 9.7 15.0 1-8
Bangkok, 19.9 10.2 9

Thailand
Turkey* 3.5 6.3 5.8 7.4 1,2,4,7,8

(continued)
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Table 1.1 (cont.)

Country Major Depression Anxiety Disorders
12M LT Onset 12M LT DX
Izmir, Turkey 8.2
United States 8.3 19.2 22.7 19.0 31.0 1,2,4,5,7,8
Ukraine 8.4 14.6 27.8 6.8 10.9 1,2,4,5,7,8
Mekong Delta, 0.3 0.4 1-5,7
Vietnam

* DSM-III-R diagnoses others are DSM-IV/

12M = 12-month prevalence; LT = lifetime prevalence; Onset = median age of onset for depressive
disorder; DX = Type of anxiety disorder included in study: agoraphobia without panic disorder = 1,
generalized anxiety disorder = 2, obsessive-compulsive disorder = 3, panic disorder = 4, post-
traumatic stress disorder = 5, separation anxiety disorder = 6, social phobia = 7, specific phobia = 8,
not specified = 9

Alhasnawi et al. 2009; Andrade et al. 2003; Andrade et al. 2012; Bromet et al. 2011; Cho et al.
2015; Chong et al. 2012; Chong, Vaingankar, Abdin, and Subramaniam 2012; Fiestas and Piazza
2014; Gureje, Uwakwe, Oladeji, Makanjuola, and Esan 2010; Kessler et al. 2009; Kessler et al.
2015; Kohn 2013; Kringlen, Torgersen, and Cramer 2001; Lee et al. 2009; Markkula et al. 2015,
McDowell et al. 2014; McEvoy, Grove, and Slade 2011; Navaro-Mateu et al. 2015; Patten et al.
2015; Piazza and Fiestas 2014; Sharifi et al. 2015; Steel et al. 2009; Thavichachart et al. 2001;
Topuzoglu et al. 2015; Vaingankar et al. 2013; Viana and Andrade 2012; Vicente et al. 2006

factors for incidence of major depression included female gender, age 18-55,
low income and being unmarried. The incidence rate for the NESARC study
was 1.5, similar to the ECA study (Grant et al. 2009). The NESARC study
also examined the relationship of incidence with comorbidity. Significantly
higher incident rates for major depression were found among those who had
dysthymia, an anxiety disorder (panic disorder, social phobia, specific phobia,
generalized anxiety disorder, post-traumatic stress disorder) and certain per-
sonality disorders (paranoid, schizotypal, borderline, narcissistic).

Sociodemographic Risk Factors

Gender

Traditionally, a 2:1 female to male gender ratio has been associated with major
depression (Kohn, Dohrenwend, & Mirotznik 1998). There are exceptions
to this nearly universal finding. In the ECA Jewish men had a similar rate of
major depression as Jewish women, although while non-Jews had the expected
2:1 female to male ratio (Levav, Kohn, Golding, & Weissman 1997). No
gender differences in the rate of major depression were found in a study of
the Old-Order Amish (Egeland & Hostetter 1983). A lack of a gender asso-
ciation was also found in the Chinese American Psychiatric Epidemiological
Study (Takeuchi et al. 1998); however, the gender difference began to appear
as Chinese Americans acculturate. Interestingly, communality between these



Epidemiology of Common Mental Disorders 7

studies exists, a low rate of alcohol use disorders in men and a near 1:1 gender
ratio for major depression between men and woman. However, a prevalence
study of Beijing and Shanghai is not consistent with this hypothesis, as men had
a significantly higher rate of alcohol use disorders with a 0.8:1 female to male
gender ratio for mood disorders (Shen et al. 20006). Psychiatric epidemiological
surveys conducted in Muslim countries where the rate of alcohol use disorders
are very low have found a less robust female to male gender difference in rates
of mood disorders, 1.4:1 in Iraq (Alhasnawi et al. 2009) and 1.5 in Iran (Sharifi
et al. 2015); in both studies the 12-month prevalence rate of alcohol use
disorders was 0.9%. In the World Mental Health (WMH) surveys an analysis
of 18 countries found that the female to male ratio in low- to middle-income
countries was 2.1 and in high-income countries 1.8 (Bromet et al. 2011).

A number of explanatory models have been proposed to explain the gender
difference in the rate of major depression. The sex role hypothesis suggests
that certain gender-based role experiences shape the development of self
leading to a propensity to depression (Gove & Tudor 1973). For example,
girls have a propensity to internalize, they are more passive and are not as
mentally tough as boys. The social factor hypothesis argues that women are
exposed to a greater number of stressful life events or are more vulnerable to
them (Tennant, Bebbington, & Hurry 1982). If these two hypotheses could
explain the gender difference, then the gender difference would already be
seen in childhood and not emerge starting in adolescence. In addition, arguing
against these two hypotheses are that studies adjusting for social factors and
trauma are unable to eliminate the gender difference, and recurrent episodes
of depression are not found at greater rates in women than in men (Parker &
Brotchie 2010).

The biological hypothesis currently has the most support (Dohrenwend
& Dohrenwend 1976). Support for the biological hypothesis is found in the
rates of childhood major depression where the boys have a statistically higher
rate than girls (Douglas & Scott 2014 ); however, in adolescence the incidence
of depression increases dramatically in girls (Naninck, Lucassen, & Bakker
2011). This has led to view that the female to male ratio change may be a
result of gonadal steroid changes and subsequent sexual differentiation in the
brain, which may impact on hippocampal anatomy and its structural plasticity,
as well as the limbic system and subsequent interactions with the neurotrans-
mitter system (Naninck et al. 2011).

Anxiety disorders also have a strong female to male gender ratio (Kohn
et al. 1998). In the WMH surveys post-traumatic stress disorder had the
strongest (Seedat et al. 2009) female to male odds ratio 2.6 and social phobia
the weakest 1.3. The theories that have been put forth for the gender diffe-
rence in major depression are also used to explain the finding for anxiety
disorders. The notion that the higher rates of major depression and anxiety
disorders are due to women and men responding differently to stress has
limited support, as most studies have not found such an association (Hill &
Needham 2013).
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Age

There is an inverse relationship with the prevalence of major depression and
anxiety disorders and age. This finding is not limited to major depression
and anxiety disorders, but also most other psychiatric disorders studied in
community household surveys. Methodological issues may in part explain this
consistent finding, such as bias due to older individuals denying symptoms
when subjected to complex interview protocols (O’Connor & Parslow 2010).
Studies do show, however, that the elderly are less likely to report one-year
incident cases of major depression than younger age groups (Grant et al.
2009). In addition, there is evidence to support that younger age groups
do have an increasing risk for major depression across time. Cross sectional
studies of the same population have shown increasing rates of major depres-
sion, a birth cohort effect (Hasin et al. 2011).

Late onset depression, after the age 50, is considered to possibly be dis-
tinct from major depression with onset earlier in life. The vascular hypoth-
esis for late-onset depression is based on the hypothesis that subclinical
cerebrovascular disease can cause depression (Alexopoulos et al. 1997). Risk
factors such as age, hypertension, hyperlipidemia, smoking and diabetes lead
to atherosclerosis and subsequently deep white matter lesions in the brain
making it more vulnerable to psychosocial risk factors resulting in a “vascular
depression” and associated executive dysfunction (Alexopoulos et al. 1997;
Sneed & Culang-Reinlieb 2011). Although there is strong evidence for this
hypothesis based on clinical research; epidemiological studies using commu-
nity samples are less robust. The Rotterdam Study, as an example, found that
lower blood flow velocity as measured by transcranial doppler ultrasonography
predicted depressive disorders (Direk et al. 2012). However, the same lon-
gitudinal cohort study could not find an association between atherosclerosis
and increased risk for late-onset depression (Newson et al. 2010). In another
analysis by this same group, moderate support was found as diabetes mellitus,
stroke risk, current smoking, and antihypertensive drug use were associated
with late-onset depression. No relation with depression was noted for chol-
esterol, diastolic and systolic blood pressure, history of cardiovascular dis-
case, atrial fibrillation, left ventricular hypertrophy or the use of statins and
anticoagulants (Luijendijk, Stricker, Hofman, Witteman, & Tiemeier 2008).
As in other studies examining this issue diagnosis of depression was based on
a screening instrument and not a diagnostic interview schedule.

Marital Status

Married persons in most studies have a significantly lower risk of major depres-
sion. In the WMH surveys the relationship between major depressive episodes
and marital status differed significantly between high and low-middle income
countries (Kessler & Bromet 2013). In high-income countries there was a
stronger association with being separated and never married with depression;
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and in low-middle income countries the association was strongest with being
divorced and widowed. Being divorced has the strongest association with
having an anxiety disorder (McDowell et al. 2014). Longitudinal incidence
studies can provide insight into the causal direction, which cross-sectional
studies cannot. The NESARC study found that among those who were
separated, widowed or divorced there was an elevated risk of developing major
depression compared to those who were married; however, individuals who
were never married did not have such an increased risk (Grant et al. 2009).
Incident panic disorder, social phobia and specific phobia were not associated
with marital status; however, being separated or divorced increased the risk of
developing generalized anxiety disorder.

Social Economic Status

Commonly used measures of social economic status (SES) may include
income, education, occupation and employment. In two early reviews indi-
viduals in the lower SES had a higher risk of reporting depression, 1.81
(Lorant et al. 2003) and 2.4 (Kohn et al. 1998). As for anxiety disorders an
inverse relationship existed with SES, the risk was markedly higher for the
lower SES: panic disorders 5.6, phobic disorders 2.5, and generalized anxiety
disorder 1.7 (Kohn et al. 1998). In the WMH survey there was an inverse
association with income and having a major depressive episode in about half
of the high-income countries; while in low-middle income countries this
association was noted only in one country (Bromet et al. 2011). For anxiety
disorders specific phobia and agoraphobia have the most robust inverse rela-
tionship with income (Kawakami et al. 2012). Early onset major depression
and social phobia, and to a less degree specific phobia and agoraphobia, in
the WMH surveys was associated with substantial decrements in household
income (Kawakami et al. 2012). The association between lower education
and major depressive episode was weak in the WMH survey (Bromet et al.
2011). For both major depression and anxiety disorders early termination of
secondary education was associated with an increased risk for major depres-
sion and anxiety disorders in high-income but not low-middle income coun-
tries (Lee et al. 2009). Subjective social status also has been shown to be
inversely associated with major depression and anxiety disorders (Scott et al.
2014). An inverse association with social class may be due to cither social
causation or social selection; tests of these two competing hypothesis have
suggested that social causation has a larger role, a finding that is stronger
among women (Dohrenwend et al. 1992; Ritsher, Warner, Johnson, &
Dohrenwend 2001; Simmons, Braun, Charnigo, Havens, & Wright 2008).
Although there are numerous measure of social class including education,
income, poverty, employment status, occupation, occupational prestige,
family size, and subjective social status which measure has the strongest rela-
tionship with depression or anxiety disorders varies widely across countries
and studies.
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Life Events

Stresstul life events in adulthood have been shown to be predictive of major
depression, as well as recurrence of depression. This relationship is recip-
rocal as major depression can clicit or exacerbate certain stressful life events
(Kessler 1997).

The National Comorbidity Survey — Replication (NCS-R) survey examined
the role of childhood adversity and first onset mood disorders (Green et al.
2010). Maladaptive family functioning which includes parent mental illness,
parent substance abuse, parent criminality, family violence, physical abuse,
sexual abuse and neglect were all significantly associated with both mood and
anxiety disorders. However, parental death, parental divorce, serious phys-
ical illness, and family economic adversity were not associated with first onset
mood or anxiety disorders in adults.

Studies of the relationship of life events have numerous methodological
pitfalls. Most studies use checklists, which do not account for the contextual
meaning of the life event. Whether or not the event is independent or fateful
is frequently not assessed.

Stigma and Discrimination

Stigma is frequently defined as an attribute that is deeply discrediting and that
reduces the bearer from a whole and usual person to a tainted, discounted one
(Goftman 1963). Link and Phelan (2001) describe stigma as occurring when
clements of labeling, stereotyping, separation, status loss, and discrimination
co-occur in a power situation that allows the components of stigma to unfold.
Perceived stigma is strongly related to an increased prevalence of both depres-
sion and anxiety disorders in cross-national prevalence studies (Alonso et al.
2008). Perceived discrimination also is a risk factor for depression and anxiety
disorders (Capezza, Zlotnick, Kohn, Vicente, & Saldivia 2012; Moomal et al.
2009). Interestingly, the South African Stress and Health Study did not find
a relationship for racial discrimination and mental illness, but only non-racial
discrimination (Moomal et al. 2009).

Comorbidity

Psychiatric Comorbidity

Major depression is highly comorbid with anxiety and substance use disorders
(Kessler et al. 2010). The greater the number of comorbid disorders the
stronger the association with major depression. The NCS-R found that three-
fourths of those with lifetime major depressive disorder met criteria for at least
one other lifetime mental disorder; 59.0% anxiety disorder, 31.9% impulse
dyscontrol disorder, and 24.0% substance use disorder (Kessler, Merikangas,
& Wang 2007). Two-thirds of those with 12-month prevalent major depres-
sive disorder were comorbid for another 12-month prevalent mental disorder;
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57.5% anxiety disorder, 20.8% impulse dyscontrol disorder, and 8.5% sub-
stance use disorder. Major depression has been shown to temporally have a
later age of onset than the comorbid disorders.

The National Comorbidity Survey (NCS) ten-year follow-up provided
temporal information on the relationship between major depression and other
mental disorders. The longitudinal nature of this study permitted evaluation
of the strength of the association of major depression with incidence of other
mental disorders. Major depression was significantly associated with the inci-
dence of nicotine dependence, but not alcohol or illicit drug use disorders
(Swendsen et al. 2010). One-third of the comorbid cases of major depression
and generalized anxiety disorder occur within the same year (Kessler et al.
2008). Major depression has not been shown to be a predictor for persist-
ence of generalized anxiety disorder; however, generalized anxiety disorder
has been shown to be a predictor of persistence of major depression. The
NESARC 3-year follow-up study found that lifetime anxiety disorders and
alcohol use disorders were predictive of developing first onset major depres-
sive disorder (Peters, Shankman, Deckersbach, & West 2015).

Physical Comorbidity

Physical disorders are highly comorbid with both major depression and anxiety
disorders as found in the WMH survey. The rate of comorbidity for 12-month
prevalence of major depression with back neck pain was 10.0%; headache was
12.8%; arthritis was 8.0%; any pain was 8.6%; diabetes was 6.5%; COPD or
asthma was 9.6%; heart disease was 9.1%; ulcers was 9.7%; and chronic phys-
ical disorder was 8.6% (Gureje 2009). The rate of comorbidity for 12-month
prevalence of anxiety disorders with back neck pain was 11.4%; headache was
14.7%; arthritis was 9.9%; any pain was 10.4%; diabetes was 8.3%; COPD
or asthma was 11.9%; heart disecase was 9.8%; ulcers was 12.1%; and chronic
physical disorder was 10.3%.

Twelve-month prevalent major depression and anxiety disorders are
associated with lifetime COPD (Rapsey et al. 2015). The 12-month prevalence
of major depression in those with COPD was 8.7%, and 20.8% for lifetime
prevalence of major depression for adult onset asthma (Alonso et al. 2014).
Twelve-month and lifetime prevalence of anxiety disorders among those with
COPD varies markedly based on the specific anxiety disorder. The 12-month
prevalence comorbidity rate for specific anxiety disorders is: panic disorder
2.2%, generalized anxiety disorder 6.4%, social phobia 7.0%, specific phobia
8.5%, agoraphobia with panic disorder 1.4% and post-traumatic stress disorder
3.2%. The lifetime comorbidity rate for specific anxiety disorders is: panic dis-
order 4.2%, generalized anxiety disorder 9.5%, social phobia 7.1%, specific
phobia 11.2%, agoraphobia with panic disorder 1.2%, and post-traumatic
stress disorder 8.3%.

An association with subsequent diabetes, hypertension, heart disease,
ulcers, arthritis, back and neck pain, and chronic headaches was established
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(Demyttenaere et al. 2007; He et al. 2008; Scott et al. 2013; Stein et al.
2014) for major depression both with and without comorbity with anxiety
disorders. The positive relationship between subsequent onset of heart disease
and major depression although statistically significant was weaker than that
for most anxiety disorders, impulse-control disorders and substance disorders
(Scott et al. 2013). A positive association with subsequent onset of non-fatal
stroke has been noted for major depression and among the anxiety disorder
for panic disorder, social phobia, specific phobia, and post-traumatic stress dis-
order (Swain et al. 2015). Among individuals with adult onset-diabetes, 14.8%
have a lifetime prevalence of major depression, and 11.3% predate the onset of
the diabetes (de Jonge et al. 2014). Although anxiety disorders are associated
with diabetes in unadjusted analyses, this finding no longer remains significant
when comorbidity for other mental disorders is accounted for. Depression is
associated with self-reported cancer, in particular with earlier onset depres-
sion, as is post-traumatic stress disorder (O’Neill et al. 2014). The associ-
ation for cancer remained significant for panic disorder and specific phobia
after adjusting for comorbid mental disorders. A modest association was noted
between major depression, anxiety disorders and obesity. This association was
stronger among women and those with severe obesity (Scott et al. 2008). The
relationship with obesity and major depression is inconsistent across studies;
for example the NESEARC study found a positive relationship with atypical
depression but not “classical depression” (Levitan et al. 2012).

Physical Activity

A number of representative population surveys have examined the incidence
of major depression and anxiety disorders and their relationship to physical
activity (see Table 1.2). A cohort of 14-24 year olds from Munich, Germany,
was followed for 4 years. No association was found with incidence of major
depression and physical activity (Strohle et al. 2007). The baseline study, a
cross-sectional study, found a relationship between major depression and non-
regular physical activity, but not between no physical activity and regular phys-
ical activity. The relationship with anxiety disorders and physical activity was
somewhat different. At baseline anxiety disorders were less prevalent among
those with regular physical activity compared to no physical activity, but not
non-regular physical activity. The incidence of anxiety disorders was also less
frequent among those with regular physical activity as compared to those with
no activity; for specific anxiety disorders, however, this could only be shown
for agoraphobia and specific phobia. Similarly, a Dutch study with a 3-year
follow-up found an association with exercise and major depression and anx-
iety disorder in the baseline prevalence study, and in the incidence analysis
an inverse relationship with major depression and anxiety disorder was noted
in those who exercised 1-3 hours but not greater than 4 hours (ten Have,
de Graaf, & Monshouwer 2011). Recovery from major depression was not
associated with exercise; but recovery from anxiety disorders were, but not
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Tuable 1.2 Studies of major depression and anxiety disorders based on the CIDI and
the relationship with physical activity in representative community-based household

surveys

First Author  Location Sample Age  Type Study — Diagnosis  Results
Beard, New 968 18-85 2-year LI ICD-10 Negative
Heathcote, South Wales,
Brooks, Australia 1997
Earnest,
and Kelly
2007
Chazelle et al. Ireland SLAN 9978 18+ CS DSM-IV ~ Mixed
2011 2007
Goodwin USA NCS 5877 15-54 CS DSM-III-R  Positive
2003 1990-1992
Haarasilta, Finland FHCS = 942 15-24 1-year LI DSM-III-R  Mixed
Marttunen, 1996
Kaprio,
and Aro
2004
Joutsenniemi  Finland 3658 30-64 CS DSM-1IV Mixed
etal. 2013 2000-2001
Strohle etal.  Munich, 2548 14-24 4-year LI DSM-IV  Mixed
2007 Germany
EDSP 1994
ten Have Netherlands 7076  18-64 3-year LI DSM-III-R Mixed
2011 NEMESIS
1996

CS = Cross-sectional study; LI = Longitudinal incidence study

EDSP = Early Developmental Stages of Psychopathology; FHCS = Finnish Health Care Survey;
NCS = National Comorbidity Survey; NEMESIS = Netherlands Mental Health Survey and
Incidence Study; NoRMHS = Northern Rivers Mental Health Study; SLAN = Survey of Lifestyle,
Attitudes and Nutrition

for any specific disorder. In a one-year longitudinal Finnish study lack of exer-
cise was not associated with increased incidence of major depression among
15-19 year olds; however, an association existed among 20-24 year olds
(Haarasilta, Marttunen, Kaprio, & Aro 2004). An Australian 2-year longitu-
dinal survey found no relationship with major depression or anxiety disorders
and physical activity (Beard, Heathcote, Brooks, Earnest, & Kelly, 2007).

In addition several large-scale cross-sectional national population surveys
have examined the role of physical activity and major depression. The National
Comorbidity Survey from the United States, ages 15-54, found not only
an inverse relationship between physical activity and one-year prevalence of
major depression and anxiety disorders, but also a dose response (Goodwin
2003). A subsequent Finish population based study among 30-64 year olds
examined the role of physical activity on major depression and cognition.
This study found that regular physical activity was associated with better per-
formance in reaction time tests and better verbal fluency among men with a
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major depressive episode (Joutsenniemi et al. 2013). An Irish cross-sectional
survey found an association between low physical activity and major depres-
sion, as well as generalized anxiety disorder, but not moderate physical activity
(Chazelle et al. 2011).

These studies are housechold surveys that have all used a variation of the
CIDI. Other than the four incidence studies, the others are cross-sectional
and can only demonstrate an association between major depression and phys-
ical activity. Each of these studies, however, relies on self-report of physical
activity. The findings from these psychiatric epidemiological surveys pro-
vide a mixed picture for an association between physical activity and major
depression.

Course of Major Depression

The course of major depression differs in community and primary care
populations compared to clinical samples. In community-based and primary
care studies a sizable proportion of individuals after a single depressive epi-
sode have a stable prolonged recovery, between 35% and 60% with a mean of
48% (Steinert, Hofman, Kruse, & Leichsenring 2014 ). Approximately, 10% to
17% have a chronic course of depression. The average length of a depressive
episode to recovery varies widely across studies from 20 weeks to 20 months.
On average woman has 3.6 years until a recurrence and males 4.6 years. Lack
of recovery is associated with being abused in childhood, family history of
depression, younger age of onset, lower education, daily smoking, comorbid
borderline personality disorder, comorbid substance use disorder, severity
of depressive episode and a prior episode of depression. Comorbidity with
panic disorder and generalized anxiety disorder also are associated with lack of
recovery (Agosti 2014).

The NEMESIS study examined recurrence of major depression (Hardeveld,
Spijker, de Graaf, Nolen, & Beekman 2013). In multivariate analysis younger
age, a higher number of previous episodes, a severe last depressive episode,
negative youth experiences and ongoing difficulties were significant. In the
longitudinal Canadian National Population Health Survey the risk for recur-
rence of depression progressively increased with the number of prior episodes;
in addition the risk of recurrence was greater in younger people and women
(Bulloch, Williams, Lavorato, & Patten 2014).

The NEMISIS study found long-term debilitating eftects of depression
even three years after recovery (Rhebergen et al. 2010). The duration of the
depressive episode is associated with impaired functioning after recovery.

Child and Adolescent Studies

Representative community-based prevalence studies of adolescents and chil-
dren remain few (see Table 1.3). Unlike studies of adults, there is little con-
sistency in what is considered the gold-standard instrument to obtain the
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Table 1.3 Prevalence of depression and anxiety disorders in selected child and adoles-
cent community-based studies

Country Age Diagnostic ~ Depression Anxiety Disorders

Range  Instrument  Boys  Givls  Total — Boys  Girls  Total

Chile 4-18 DISC 3.1 70 5.1 58 11.0 8.3

China 6-17 DAWBA 1.3 6.1

Colombia 13-17 CIDI-A 35 6.5 5.0 35 7.5 5.5

Goa, India 12-16 DAWBA 0.5 1.0

Israel 14-17 DAWBA 1.9 47 3.3 3.1 9.2 6.1

Mexico City, 12-17 CIDI-A 2.0 76 4.8 246 350 298
Mexico

Puerto Rico 4-16 DISC 3.6 9.5

Seoul, South  6-12 DISC 0 0.1 0.1 10.3 9.5 11.1
Korea

United 5-15 DAWBA 0.7 0.7 0.7 35 4.0 3.8
Kingdom

USA 13-18 CIDI-A 4.6 107 82 24.9

USA 8-15 DISC 1.8 3.7 27 0.4 0.9 0.7

Avenevoli etal. 2015; Benjet et al. 2009; Canino et al. 2004; Farbstein et al. 2010; Ford, Goodman,
and Meltzer 2003; Merikangas et al. 2010; Park et al. 2015; Pillai et al. 2008; Torres de Galvis et al.
2012; Vicente et al. 2012; Xiaoli et al. 2014

DAWBA = Development and Well-Being Assessment inventory (Goodman, Ford, Richards,
Meltzer, & Gatward 2000)

DISC = Diagnostic Interview Schedule for Children (Shaffer, Fischer, Lucas, Dulcan, &
Schwab-Stone 2000)

CIDI-A = Composite International Diagnostic Interview Schedule — Adolescent Supplement
(Merikangas, Avenevoli, Costello, Koretz, & Kessler 2009)

prevalence of mental illness. This can be noted by the marked difference in the
two national studies of the United States, the NHANES study had a preva-
lence rate for depression of 3.2% for the age range of 12-19 (Merikangas,
Mendola, Pastor, Reuben, & Cleary 2012) and 2.7% for the age range of 8-15
(Merikangas et al. 2010); whereas the adolescent CIDI study had a preva-
lence of 8.2% for age range 13-18 (Avenevoli, Swendsen, He, Burstein, &
Merikangas 2015). Other methodological issues such as the parent interview
versus the child-only interview and use of impairment criteria remain open
discussions.

Even fewer studies have examined risk factors for depression in chil-
dren and adolescents. Parents’ education, urban-rural differences, SES
and marital status of the parents are not associated with major depression
in children and adolescents (Avenevoli et al. 2015; Merikangas et al. 2012;
Canino et al. 2004; Vicente et al. 2012). Obesity is also not associated with
depression (Merikangas et al. 2012). Parental psychopathology, not living
with both parents, and to a less degree, in bivariate but not multivariate ana-
lysis, impaired family functioning are risk factors for depression (Vicente
et al. 2012). Comorbidity between depression and other mental disorders
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is common, 63.7% had comorbidity primarily with anxiety and behavioral
disorders (Merikangas et al. 2012).

Anxiety disorders as a group are more prevalent than major depression.
Rates across studies are difficult to compare as the specific anxiety disorders
include vary. Risk factors for anxiety disorders include female gender, lower
SES, poorer family functioning and being in a single-parent houschold
(Vicente et al. 2012).

Societal Cost

Major depression results in 34.4 mean days out of role per year. The number
of mean days out of role is highest in lower-income countries 35.8, compared
to medium income countries 34.8 and higher-income countries 33.7 (Alonso
ctal. 2011). Major depression is not the psychiatric disorder with the most days
out of role; bipolar disorder 41.2, panic disorder 42.9, specific phobia 33.8,
social phobia 39.3, generalized anxiety disorder 39.8, drug abuse 36.6, and
post-traumatic stress disorder 42.7, all have higher days out of role. However,
depression and anxiety disorders have higher days out of role than “any phys-
ical disorder” 24.5, including cancer which has 31.9 days out of role. As for
partial disability, having to cut down on what you did or not get as much
done as usual depression ranked 5th among mental and physical disorders.
Approximately half of the impact of major depression on role functioning
was mediated by problems with cognition and by feelings of embarrassment
or shame (Buist-Bouwman et al. 2008). Depression was the second most
common reason to cut back on the quality of what one did, and experience
extreme effort to perform as usual; only post-traumatic stress disorder resulted
in more disability for the mental and physical disorders examined (Bruffaerts
etal. 2012).

Major depression is a significant predictor of increased teen childbearing
(Kessler et al. 1997). Depression also has an indirect effect on cognition,
mobility, self-care, family burden, and stigma (Alonso et al. 2013). In the
United States alone the human capital loss of major depression is estimated to
between $30.1 billion to $51.5 billion dollars (Kessler 2012).

Global Burden of Disease

The Global Burden of Disease uses two measures of disability. Disability
Adjusted Life Years (DALY) is the potential years of life lost due to prema-
ture death to include equivalent years of healthy life lost by virtue of indi-
viduals being in states of poor health or disability. Years lived with disability
(YLD) is defined as years of healthy life lost as a result of disability (Murray
& Lopez 1996). Mental disorders account for a disproportionate amount of
the burden of disease (7.1% DALY; 21.2% YLD), with depressive disorders
(major depression and dysthymia) accounting for 36.4% DALY and 38.3%
YLD caused by mental disorders in 2013. Across all ages depressive disorders
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Table 1.4 Global percentage and ranking of DALY and YLD accounted by depressive
disorders out of 163 diseases and injuries by gender, developed country, developing
country and age group, 2013

Both Genders Male Female Developed Developing

% Rank % Rank % Rank % Rank % Rank

3.17
5.29

2.38 13
281 11

DALY AllAges 2.51 11 1.77 18 3.39
5-14 298 11 228 14 3.78

5 4
7 5
1549 480 4 341 7 654 2 6.09 2 460 4
50-69 239 8 155 14 352 7 2064 9 232 9
70 2 117 17 075 29 1.69 13 1.21 19 1.15 19
YLD AllAges 8.07 2 6.55 3 942 2 7.06 2 836 2
5-14 592 3 4.62 5 733 3 632 5 586 3
1549 1049 2 875 2 12,03 2 1005 2 1058 2
50-69 710 3 556 5 850 3 639 4 738 3
70 2 423 8 316 10 500 o6 357 8 475 5

Source: Institute for Health Metrics and Evaluation (IHME). GBD Compare. Seattle, WA: IHME,
University of Washington, 2015. Available from http://vizhub.healthdata.org/gbd-compare.

account for 2.5% of all DALY and 8.1% of all YLD. Nearly 1 in 12 of all years
lived with disability of all disorders is accounted by depressive disorders (see
Table 1.4). Depressive disorder is the 11th ranked disorder globally contrib-
uting to DALY, while it is the second highest ranked disorder for YLD. It is
the second ranked disorder for YLD across all ages among females and third
among males. The DALY and YLD contribution for developing countries for
depressive disorders (843.19 per 100,000) is lower than developed countries
(953.76 per 100,000).

Examining the DALY and YLD contribution more specifically for major
depression, it accounts for 2.1% of DALYs, ranking 12th among 301 diseases
and injuries and accounts for 6.3% of YLD ranking second (see Table 1.5). It
is the number one cause of YLD among females age 15-49. Major depres-
sion accounts for 31.2% DALY and 32.9% YLD caused by mental disorders
in 2013. The DALY and YLD contribution for developing countries for
major depression (762.59 per 100,000) is lower than developed countries
(713.77 per 100,000). Anxiety disorders account for 1% of DALYs and
3.2% of YLDs. Anxiety ranks ninth among diseases contributing to YLD (see
Table 1.6). Among persons age 15-49 anxiety disorders are the fifth leading
cause of YLD.

The reasons that depressive disorders and anxiety disorders account for
such a high percentage of the global burden of disease is its high prevalence,
young age of onset, and chronicity. One of the reasons for the higher rate of
DALY and YLD in developed countries for depressive and anxiety disorders
compared to developing countries is that lower respiratory diseases, diarrheal
diseases, malaria, HIV, and preterm birth complications are all disorders that
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Tuable 1.5 Global percentage and ranking of DALY and YLD accounted by major
depression out of 301 diseases and injuries by gender, developed country, developing
country and age group, 2013

Both Genders Male Female Developed — Developing
% Rank % Rank % Rank % Rank % Rank
DALY All Ages 2.11 12 148 17 285 6 258 8 2.02 13
5-14 288 7 2.20 10 365 5 508 4 272 8
1549 4.06 3 288 7 553 2 496 3 392 3
50-69 1.93 10 1.24 20 285 7 212 11 1.87 10
70 2 093 21 0.59 - 1.26 17 097 23 091 20
YLD All Ages 6.23 2 551 2 792 2 576 2 7.09 2
5-14 572 2 446 3 709 3 608 4 5.67 2
1549 887 2 740 2 10.18 1 820 2 9.01 2
50-69 5.71 4 444 o 685 3 513 5 594 4
70 2 212 8 2.50 11 401 9 286 11 377 7

Source: Institute for Health Metrics and Evaluation (IHME). GBD Compare. Seattle, WA: THME,
University of Washington, 2015. Available from http://vizhub.healthdata.org/gbd-compare.

Tnble 1.6 Global percentage and ranking of DALY and YLD accounted by anxiety out
of 301 diseases and injuries by gender, developed country, developing country and age
group, 2013

Both Genders Male Female Developed — Developing

% Rank % Rank % Rank % Rank % Rank

DALY All Ages 099 - 0.62 - 143 19 148 18 090 -
5-14 199 11 1.31 16 276 7 549 3 1.73 13
1549 197 11 1.25 21 287 7 296 7 1.82 14

50-69 076 - 043 - 1.19 - 1.10 - 0.65

70 2 0.30 - 017 - 042 - 0.39 - 024 -
YLD AllAges 3.19 9 232 9 397 7 331 9 316 9

5-14 572 4 446 o 7.09 3 6.08 3 567 5

1549 430 5 320 6 528 5 489 5 418 5

50-69 225 10 155 16 2.88 10 2.67 11 2.08 11

70 2 1.07 19 0.70 - 1.34 17 1.16 19 1.00 19

Source: Institute for Health Metrics and Evaluation (IHME). GBD Compare. Seattle, WA: THME,
University of Washington, 2015. Available from http://vizhub.healthdata.org/gbd-compare.

result in early mortality or years life lost in developing countries, whereas
depressive disorders result in relatively few deaths. As the epidemiological
transition evolves in developing countries the contribution of depressive and
anxiety disorders to DALY and YLD will increase. This is already evident
because from 1990 to 2013 there was a 17.4% increase in DALY attributed
to depressive disorders in developing countries, with only a 4.8% increase in
developed countries.


http://vizhub.healthdata.org/gbd-compare
http://vizhub.healthdata.org/gbd-compare

Epidemiology of Common Mental Disorders 19
Treatment Gap

Most people who suffer from depression as well as anxiety disorders (as pri-
mary disorder or comorbidity) are often seen for the first time at the pri-
mary care level. However, these disorders are frequently not recognized by
the health care team, and when they are, they are not always managed appro-
priately. When depression, in particular, is not treated properly and in a timely
manner, it often leads to recurrent symptoms or becomes chronic, resulting in
severe disability, death by suicide, or the prolonged suffering of the patient and
his or her family. Depression and other manifestations of the disease that are
masked by physical symptoms or diverse complaints, lead to repeated medical
consultations, tests, inappropriate treatment or unproductive consultations
among physicians that do not improve the patient’s condition and increase
the cost of medical care. As a result of these factors and other barriers to care,
such as believing the problems will resolve on their own or one can resolve
the problems themselves; financial burden; fear of being diagnosed; having
no time to seek treatment; lack of confidence in the health care system or
that treatment will not help; and stigma has resulted in a wide treatment gap
for both depression and anxiety disorders that needs to be bridged (Vicente,
Kohn, Saldivia, Rioseco, & Torres 2005).

The treatment gap represents the absolute difference between the true
prevalence of a disorder and the treated proportion of individuals affected by
the disorder (Kohn, Saxena, Levav, & Saraceno 2004). Treatment gap may
be expressed as the percentage of individuals who require care but do not
receive treatment. In 2004 the treatment gap for major depression globally
was estimated to be 56% and varied widely across regions of the world. In
Africa and Arab countries it was estimated at 67% and 70% respectively, while
in Europe it was 45% compared to 57% in the Americas. The most recent esti-
mate of the treatment gap for major depression in the Americas is between
43.2% and 54.8% (Kohn 2013). The treatment gap in the United States is
43.2% (Wang et al. 2005). The World Mental Health surveys provided
estimates for all mood disorders. A number of countries had treatment gaps
above 80% (e.g. Colombia, Lebanon, Nigeria, South Africa, Ukraine) (Kohn
2014). European countries reported a treatment gap of 69.1% for mood
disorders (Alonso et al. 2004). The treatment gap may be underestimated as
no data is available for most low-income countries.

The treatment gap for anxiety disorders is even higher than for major depres-
sion. The treatment gap for anxiety disorders varies from 50.1% to 66.9% in the
Americas, with panic disorder having the lowest treatment gap and generalized
anxiety disorder the highest (Kohn 2013). Among European countries the
treatment gap for anxiety disorders was 73.8% (Alonso et al. 2004).

Treatment lag may be as high as 4 years with only 35.4% of those who
receive treatment doing so in the first year in the United States (Wang et al.
2005). The proportions of lifetime cases with mood disorders that make
treatment contact in the first year ranges worldwide from 6.0% to 52.1%
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(Wang et al. 2007). The median duration of delay is shortest in some western
European countries, China, and Japan, approximately 1 year with longest
median delay being 14.0 years in Mexico among World Mental Health survey
countries. Earlier onset of disorder, older age, and male gender are associated
with greater delay in treatment.

Anumber of recommendations have been proposed to address the treatment
gap for depressive disorders as well as other mental disorders. The World
Health Organization (2001) has outlined ten recommendations to implement
at both the national and community levels in order to reduce the treatment
gap in mental health: make mental health treatment accessible in primary
care; psychotropic drugs need to be readily available; shift care away from
institutions toward community care; educate the public; involve family, com-
munities, and consumers; establish national mental health programs; increase
and improve training of mental health professionals; increase links with other
governmental and non-governmental institutions; provide monitoring of the
mental health system with quality indicators; and support more research. To
close the treatment gap 25 grand challenges were identified by the National
Institute of Mental Health as research priorities for the next ten years that
need to be addressed (Collins et al. 2011).

Conclusion

Major depression is a highly prevalent disorder worldwide with an early age of
onset. It is frequently a chronic and remitting disorder. It is more prevalent in
women, in younger individuals, and in those who are not married. Life events
including those associated with maladaptive family functioning is a risk factor.
Major depression is highly comorbid with anxiety disorders and substance use
disorders, as well as physical disorders. The role of physical activity in major
depression remains an open question based on psychiatric epidemiological
surveys. Major depression has a significant societal cost and accounts for one
of the highest burdens of discase of any disorder.
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Introduction

The purpose of this chapter is to outline the neurobiological changes induced
by acute and chronic exercise, which are thought to influence depression,
anxiety and psychological well-being. In this section, we briefly outline the
hypothesized causes of depression and anxiety, which we believe exercise-
induced neurobiological changes can affect. In the next section, we describe
the physiological changes that occur as a result of acute and chronic exercise,
as it is the neurobiological responses to these changes which ultimately affect
depression and anxiety, and indeed psychological well-being. In later sections,
we discuss the hypothesized neurobiological changes that are claimed to
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result from exercise, and the evidence that they do, in fact, occur. In the pen-
ultimate section, we look for definitive, empirical evidence for an exercise-
neurobiology-psychological well-being interaction and finally we make our
conclusions.

Neurochemical Hypotheses for Depression and Anxiety

In this sub-section, we will outline the main hypotheses that have been posited
in order to explain depression and anxiety. We are, however, in agreement
with Hasler (2010), who stated that our current knowledge does not allow
for a unified hypothesis.

Catecholamines Hypothesis

Basically the catecholamines hypothesis for depression states that depression
is due to deficiencies in the synthesis and release of the brain catecholamines
neurotransmitters, noradrenaline (NA) and dopamine (DA) (Schildkraut
1965). In a healthy and efficient brain, these neurotransmitters activate the
prefrontal cortex, which controls emotion and behavior, through projections
to subcortical regions like the hypothalamus, amygdala, and brainstem
nuclei (Price, Carmichael, & Drevets 1996). In optimal conditions, NA
activates the high affinity oy-adrenoceptors, which increase the strength
of neural signaling in the preferred direction by inhibiting cyclic adenosine
monophosphate (cAMP) activation (Roth, Tam, Ida, Yang, & Deutch 1988).
Similarly, the high affinity D;- receptors are activated by DA, which dampens
the “noise” by inhibiting firing to non-preferred stimuli (Finlay, Zigmond, &
Abercrombie 1995). So DA and NA, working together, improve the signal
to “noise” ratio and the prefrontal cortex can operate efficiently. In depres-
sion, when catecholamines concentrations are low, the appropriate sequence
of neuronal activation cannot be obtained as a result of neurons being at such
a low level of excitation that they cannot be stimulated to an adequate level
of summation. Hence prefrontal cortex activity is inefficient and input to the
limbic system is disrupted. Furthermore, the limbic system itself is negatively
affected by low levels of activity, as it too depends on catecholamines for acti-
vation. Low NA neurotransmission leads to decreased alertness, low energy,
problems of inattention, concentration, and cognitive ability, while limited
DA activity is implicated in problems of motivation, pleasure, and reward
(Moret & Briley 2011).

Prefrontal cortex efficiency and input to the limbic system can also be
disrupted in other ways. When stress levels are high, as during periods of anx-
iety, NA and DA concentrations become excessive. In the prefrontal cortex,
the excess NA activates the lower affinity o,- and p-adrenoceptors (Roth et al.
1988). Activation of o;-adrenoceptors results in reduced neuronal firing by
phosphatidylinositol-protein kinase C intracellular signaling pathway activa-
tion, while excessive stimulation of D,-receptors and p-adrenoceptors induces
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excess activity of the secondary messenger cAMP, which dampens all neuronal
activity, thus weakening the signal to “noise” ratio (Arnsten 2009). Thus,
the prefrontal cortex is unable to inhibit unwanted limbic system activity. In
fact, when stress levels are very high, the prefrontal cortex may be inactivated
(Arnsten 2009). Although catecholamines concentrations are very high during
the manic stage of bipolar disorder, it is actually a little too simplistic to state
that the mania is due to prefrontal cortex inefficiency. It appears that the situ-
ation is more complex (Mann, Currier, Quiroz, & Manji 2012). The same can
be said of the catecholamines hypothesis itself, as other neurochemicals are
involved, not to mention morphological factors.

Monoamine Hypothesis

The monoamine hypothesis (Coppen 1967), or the monoamine deficiency
hypothesis, incorporates the actions of the indoleamine neurotransmitter
5-hydroxytryptamine (5-HT), also known as serotonin, with those of NA
and DA. Basically, the hypothesis states that depression and anxiety are the
result of low concentrations of 5-HT and catecholamines in the brain (sce
Hasler 2010; Moret & Briley 2011). According to Mann et al. (2012), low
concentrations of 5-HT may be due to low levels of release, fewer receptors or
impaired serotonin receptor-mediated signal transduction.

Of particular importance is the fact that low concentrations of 5-HT lead
to lower activation of the serotonergic receptors 5-HT,, and 5-HT,,. The
former are found in high density in the hippocampus, entorhinal cortex,
septum, amygdala, frontal cortex, and the dorsal and median raphe nuclei.
The latter are found in the frontal cortex, amygdala, hippocampus, and basal
ganglia. 5-HT,, is responsible for regulating serotonergic function and is
involved in the modulation of excitatory glutamatergic neurotransmission.
5-HT,, receptors play roles in both excitatory glutamatergic and inhibitory
y-amino butyric acid (GABA)-ergic activity. Furthermore, the 5-HT system
induces activation of the hypothalamic-pituitary-adrvenal (HPA) axis system,
which is also seen as a strong contender for control of depression and anxiety
(Hasler 2010; Moret & Briley 2011). Given these actions, one can see that
failure to activate the serotonergic neurotransmitters will result in inefficient
working of the limbic system. This will be added to by dysfunction of the
noradrenergic and dopaminergic pathways, hence depression and /or anxiety.

Hypothalamic-Pituitary-Advenal Axis Hormones,
and Depression and Anxiety

Hyperactivity of the HPA axis has for some time been linked to depression and
anxiety (Carroll, Curtis, & Mendels 1976). When the individual is stressed,
feedback to the hypothalamus initiates the synthesis and release of corticotropin
releasing foctor (CRE), adrenocorticotropin hormone (ACTH) and cortisol.
However, the activity of the HPA axis can be maintained in homeostasis.
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Crucial to this process are the roles of the corticosteroid receptors, mineralo-
corticoid receptors (MRs) and glucocorticoid receptors (GRs). Both GRs and
MRs are found in most parts of the brain, with MRs showing high density in
dentate gyrus, CA2 and CAl regions of the hippocampus, lateral septum and
central amygdala. GRs demonstrate high density in the hippocampus, neo-
cortex and hypothalamic nuclei, such as the paraventricular nucleus (PVN),
and supraoptic nucleus (De Kloet et al. 2000). MRs have a high affinity with
cortisol and as a result, even under baseline early morning conditions, show
a high occupancy. To the contrary, GRs are hardly occupied under baseline
conditions. In times of stress, however, both demonstrate a high degree of
occupancy by cortisol (Reul & De Kloet 1985). As a result of these findings,
Reul and De Kloet (1985) argued that hippocampal MRs have a tonic, inhibi-
tory influence on circulating glucocorticoids that restrains baseline HPA axis
activity, thus maintaining homeostasis. Reul et al. (2015) claimed that the
stress-CRF-MR mechanism prevents glucocorticoid hypersecretion and that,
in depressed individuals, this mechanism “may be failing” (p. 46). This results
in increased CRF concentrations, as there is no increase in MRs and hence less
inhibition of CRF activity. This in turn results in increased ACTH and cor-
tisol concentrations, which interact with NA and 5-HT, resulting in negative
effects on depression and anxiety.

As well as hyperactivity of the HPA axis hormones inducing depression,
hypocortisolism has also been shown to play a role (Vreeburg, Hoogendijk,
& DeRijk 2013). According to Heim, Ehlert, and Hellhammer (2000),
hypocortisolism may be due to the down-regulation of CRF receptors in the
pituitary due to chronic and/or recurrent stress-induced hypothalamic CRF
secretion, which results in lower ACTH synthesis and release, and hence lower
cortisol concentrations. Heim et al. also pointed to increased negative feed-
back sensitivity of the HPA-axis, at the level of the pituitary, as a possible
reason for hypocortisolism.

Brain-Devived Neuvotrophic Factor Hypothesis and
Morphological Considerations

Several authors have expressed dissatisfaction with the neurochemical hypoth-
eses outlined above (e.g. Duman, Heninger, & Nestler 1997), particularly
due to limitations in the success rates of anti-depressant treatments based on
these hypotheses and the fact that there is a 2—-3 week latency before the anti-
depressant effects are demonstrated, despite the fact that the drugs have rapid
synaptic effects (Autry & Monteggia 2012). This led Duman et al. (1997) to
suggest that depression was due to neural dysfunction. This was supported
by observations that depressed individuals demonstrated reduced hippocampal
volume (Bremner et al. 2000). Furthermore, rodent studies showed decreases
in hippocampal levels of brain-derived neurotrophic factor (BDNF) messenger
ribonucleic acid (mRNA), with greatest reductions occurring in the dentate
gyrus, and CAl and CA3 pyramidal cell layers of the hippocampus (Ueyama
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et al. 1997). Findings such as these supported the notion that neural dys-
function was an important factor in depression and anxiety, and presented the
likelihood of a major role for BDNE.

BDNF is a protein and a member of the neurotrophic family. It plays
major roles in neurogenesis and neuroprotection, and synaptic transmission,
and deficiencies are seen as negatively affecting these activities (Binder and
Scharfman 2004). It was, therefore, no surprise to find that BDNF levels
were decreased in regions of the hippocampus in postmortem tissue taken
from suicide victims or patients with major depressive disorder (MDD).
Humans with MDD also demonstrated decreased volume in the prefrontal
cortex and this correlated with decreased BDNF levels (Dwivedi et al. 2003).
Also concentrations of BDNF were low in the serum of patients with MDD
(Castrén, Voikar, & Rantamiki 2007; Castrén & Rantamiki 2010). This led
to an initial acceptance of the hypothesis that low levels of BDNF resulted
in depression. The veracity of the hypothesis has, however, been questioned
(Autry & Monteggia 2012).

While hypotrophy of the prefrontal cortex and hippocampus, and depletion
of hippocampal BDNF mRNA are consistent with the hypothesis, findings for
other brain regions are not. In fact, they are contradictory. Depressed patients
have shown increased BDNF protein in the nucleus acumbens (NAc) tissue
(Krishnan et al. 2007). Moreover, hypertrophy of the amygdala has been
demonstrated in MDD patients (Frodl et al. 2002). These results show that
depression is related to different BDNF functional properties in the ventral
tegmental area-NAc pathway compared to those in the hippocampus (Siuciak,
Lewis, Wiegand, & Lindsay 1997), i.c. signaling is increased in the amygdala
and NAc, and decreased in the hippocampus and prefrontal cortex. These
findings strongly suggest that the roles of BDNF in depression and anxiety are
very complex and brain region specific.

Physiological Changes Caused by Acute and Chronic Exercise

In this section, we outline the main peripheral, physiological responses to
exercise. The neurobiological responses in the brain begin with the decision
to exercise, made by the higher centers of the brain, which stimulate the pre-
motor cortex and supplementary motor area (SMA) to initiate neural and
physiological feedforward in order to undertake the exercise. Feedback from
the periphery, as a result of the peripheral, physiological changes, stimulates
neurobiological responses in the brain. So, the exercise-induced neurobio-
logical changes in the brain are the result of the peripheral physiological
demands.

The physiological changes occurring with exercise can be studied in terms
of those changes occurring with acute exercise, i.c. a single bout of exercise,
or chronic changes, which are induced by multiple bouts of exercise over a
prolonged period of time, i.c. weeks or months. The physiological changes
induced by acute exercise are characterized as responses, defined as sudden
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temporary changes in function(s), whereby the disruption to function is
restored shortly after exercise is completed. In contrast, chronic exercise
induces adaptations, which can be defined as a longer-tevm change in structure
and/or function in response to regular exercise. In each instance, the require-
ment to maintain the internal environment of the body within a relatively
narrow range (homeostasis), whilst at the same time meeting the elevated
energetic demand of exercise, is a key driving force underpinning the physio-
logical changes that occur.

The transition from rest to exercise induces a coordinated array of physio-
logical responses. Indeed, it would be hard to argue that there is any body-
system that is not affected by exercise to some extent. Adenosine triphosphate
(ATP) is the body’s “energy currency” and it is the liberation of free energy
from the phosphate bonds in the ATP molecule that is the predominant
mechanism for powering biological processes, including muscular contrac-
tion. However, the human body contains only a very limited store of ATP
(~80 g). During very intense exercise it would be possible to deplete this store
in a few seconds, whereas during more prolonged exercise, such as a mara-
thon run, ~80 kg of ATP would be required. Consequently, the body has a
coordinated spectrum of energy systems for resynthesizing ATP in order to
meet the increased demand for ATP imposed by exercise, the relative contri-
bution of which depends upon the nature of the exercise task as influenced by
the exercise duration and intensity.

Phosphocreatine (PCr), stored within the skeletal muscle at an approxi-
mately three-fold greater concentration than ATD, acts as an initial energy
buffer, being broken down to release energy, creatine, and an inorganic phos-
phate molecule, thereby enabling the resynthesize of ATP from adenosine
diphosphate (ADP) and inorganic phosphate (P;). The adenylate kinase reac-
tion can also resynthesize ATD, using two ADP molecules to produce one ATP
and one adenosine monophosphate (AMP) molecule. However, although
these reactions enable the body to respond to large, rapid changes in energy
demand, the capacity for energy provision is limited; the energy available
from the PCr stores will be depleted within a matter of seconds of intense
exercise. Nonetheless, these reactions also influence the AMP, P, and ADP
concentrations, which provide the cellular signals to activate the glycolytic and
the oxidative pathway.

The glycolytic pathway (glycolysis) uses glucose, derived from the food-
stuffs consumed, and from the plasma as well as muscle and liver glycogen
stores, to resynthesize ATP. Glycolysis is a series of fermentation reactions
taking place in the cytoplasm of the cell. Each glucose molecule produces a
net gain of two ATP molecules by substrate-level phosphorylation and results
in the production of pyruvate. Because of a difference in the initial reaction to
produce glucose-6-phosphate, a net gain of three ATP molecules is produced
from each glucosyl unit liberated from glycogen. Glycolysis can resynthesize
ATP relatively quickly and is the primary energy system for all-out bouts of
exercise lasting for between ~30 s and ~ 2 minutes, although it generates
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only about 5% of the ATP available from the complete degradation of a glu-
cose molecule. It also produces hydrogen atoms which pass their electron to
nicotinamide adenine dinucleotide (NAD*) to form NADH, which is used to
shuttle electrons into the mitochondria where they can be used to resynthesize
further ATP by oxidative phosphorylation. However, during intense exer-
cise, the rate at which NADH is processed by the respiratory chain may be
insufficient; this could lead to insufficient NAD* and cessation of glycolysis,
but this is prevented when hydrogens from NADH combine with pyruvate
to form lactate, catalyzed by lactate dehydrogenase. This process frees up
NAD* to accept hydrogen generated in glycolysis, thereby enabling glycolysis
to continue. Some lactate is always being produced, even at rest, but this is
oxidized in muscles fibers with high oxidative capacity. Nonetheless, during
intense exercise the rate of lactate production can exceed the rate at which it
is removed, resulting in lactate accumulation; the work rate, or exercise inten-
sity at which lactate begins to accumulate in the blood, is termed the lactate
threshold (LT). This point is associated with the development of metabolic
acidosis, and, in conjunction with other intra-cellular changes occurring with
anacrobic glycolysis, is associated with inhibited glycolytic enzyme function,
impaired muscular contraction, and fatigue.

Thus far, the mechanisms described for the resynthesize of ATP are anaer-
obic, i.e. they do not require oxygen. At lower work rates, the pyruvate that
is produced can be converted into acetyl-CoA and can enter the Krebs, or
tricarboxylic acid, cycle within the cell’s mitochondria. Importantly, acetyl-
CoA can also be formed from the catabolism of fats and proteins consumed
in foodstufts, but the relative contribution of protein to energy expenditure
is generally small in the healthy and fed state. In the Krebs cycle, acetyl-CoA
is degraded to carbon dioxide and further hydrogen atoms are released to
NAD* and flavin adenine dinucleotide (FAD), forming NADH and FADH,;
one ATP molecule is regenerated directly by substrate-level phosphorylation.
In turn, the NADH and FADH, are oxidized in the electron transport chain,
whereby the hydrogen atoms are split into protons and electrons, and pairs of
clectrons flow down a series of reactions in the inner mitochondrial membrane
that are linked to ATP resynthesis by a process called chemiosmotic coupling.
Importantly, oxygen acts as the final electron acceptor in this process, and is
reduced to water. This oxygen requiring (aerobic) energy process is termed
oxidative phosphorylation and predominates in maximal exercise beyond ~ 2
minutes. The balance of fat and carbohydrate use is influenced by diet as well
as exercise intensity and duration; because fat oxidation cannot resynthesize
ATP as quickly as carbohydrate utilization, fat oxidation is decreased at high
intensities, whereas with prolonged exercise decreases in carbohydrate avail-
ability will result in an increased utilization of fats, although this may neces-
sitate a reduced exercise work-rate. Nevertheless, if insufficient oxygen is
available, electrons cannot flow down the respiratory chain and this process
cannot function. Consequently, as work-rate, and therefore energy demand,
increases, the rate of oxygen uptake (VO,) will increase in proportion, in
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an approximately linear manner. Thus, many of the physiological responses
occurring during exercise are directly related to the necessity to efficiently
deliver oxygen from the atmosphere to the working tissues, as well as the
removal of carbon dioxide and other metabolic waste products.

To supply the body with the oxygen that is required during exercise, an
individual must ventilate the lungs with ambient air. Thereafter, the oxygen
contained within the ambient air must be transported across the lung’s
alveolar membrane into the capillary network perfusing the lung, where it
will bind to hemoglobin within the blood. Subsequently, the oxygen-rich
blood must be pumped by the heart, though the vasculature, to the capil-
laries perfusing the working muscles, where the oxygen will dissociate from
the hemoglobin before being used in the mitochondria contained within the
muscle cells. Conversely, the resultant carbon dioxide that is produced must
be excreted and is transported to the lung; about one-fifth of the carbon
dioxide is transported bound to hemoglobin (carbaminohemoglobin), with
about 10% transported dissolved in blood plasma, and the remainder as bicar-
bonate ions. Thus, when exercise is initiated the respiratory and cardiovascular
systems must respond accordingly.

Stimulation of the respiratory centers in the brain stem, from the motor
cortex and from proprioceptive feedback in the muscles, increases pulmonary
ventilation. At low work rates, pulmonary ventilation is primarily increased
through increases in the tidal volumes as this is more efficient, whereas at
higher work rates the respiratory rate is also increased, with an approxi-
mately 20-fold increase in ventilation possible from rest to maximal exercise.
Pulmonary ventilation is also influenced by changes in PCO,, H* and tem-
perature, although the importance of these factors tends to be greater during
prolonged or intense exercise. Indeed, during intense exercise, buffering of
the protons that dissociate from lactic acid by the bicarbonate buffering system
results in the production of additional carbon dioxide, which stimulates an
increase in ventilation to blow-off this “excess” carbon dioxide at the lung.
As a consequence, a ventilatory threshold (VT) is typically observed at approxi-
mately the same work rate as the LT and, therefore, the VT is often used as a
surrogate measure of the LT. Inside the lung, gaseous exchange is driven by
the pressure differential of the gases that exist across the alveolar membrane,
and the solubility of the gas; oxygen diffuses from the alveolar air into the
alveolar blood, whereas carbon dioxide moves from the blood and into the
alveolar air.

To deliver the oxygen-rich blood to the working muscles, the cardiac
output, i.e. the amount of blood pumped from the left ventricle of the heart
per minute, also increases during exercise, in proportion to the intensity of
exercise. The cardiac output is determined by the product of the heart rate
and the stroke volume, and is typically in the region of about 5 L at rest.
Heart rate increases across the work rate spectrum, whereas stroke volume
may plateau at ~50% of individual’s maximum rate of oxygen consump-
tion (VO,yax), although there is evidence to suggest that stroke volume
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may increase throughout the work rate spectrum in well-trained endurance
athletes. As a consequence of their greater stroke volumes, the maximal car-
diac outputs of trained endurance athletes may exceed 35 L-min!, whereas
values of ~ 25 L-min™! are typical in a healthy male during maximal exercise.
Most lines of evidence suggest that, under most circumstances, an individual’s
VO,pax, Which represents the upper limit of aecrobic AT resynthesis and is a
key indicator of “acrobic fitness,” is limited by the supply of oxygen rich blood
to the working muscles, as determined by the oxygen carrying capacity of the
blood and the cardiac output, rather than the uptake of oxygen across the
lung, or the utilization of oxygen within the working muscles.

As well as an increase in cardiac output, the distribution of blood flow is
also altered when moving from rest to exercise. Sympathetic nervous system
activity, as well as local chemical changes, directs the blood from non-essential
areas such as the kidneys, liver, stomach, and intestines to those with increased
activity, such as the working muscle. The working muscles may only receive
~20% of the resting cardiac output, but may receive as much as 80% of the
cardiac output during maximal exercise. When exercising in the heat more
blood may be directed to the skin to help lose heat to the environment, but
this can compromise muscle blood flow and partially explains the decrement
in endurance performance that is often seen in hot environments. Together,
the exercise-induced changes in cardiac output and blood flow distribution
affect blood pressure, with the systolic pressure increasing as a function of the
exercise-induced increases in cardiac output, whereas the diastolic pressure
remains comparatively unchanged due to a decreased peripheral resistance to
flow as a consequence of vasodilation on the active muscles. The resultant
increase in mean arterial pressure helps to maintain perfusion. In the main,
the cardio-vascular and respiratory responses to resistance exercise are similar
to those occurring with endurance exercise, albeit generally at the lower end
of the spectrum of changes due to the typically lower oxidative demands.
However, the blood pressure response differs because the high forces within
muscles during resistance exercise can lead to compression in smaller arteries
and a consequent increase in the total peripheral resistance.

Once the blood has been delivered to the relevant tissue it must be utilized.
The arterial-mixed venous oxygen difference, or a- » O, difference, refers to
the difference in the oxygen content of arterial and mixed-venous blood, and
primarily results from oxygen extraction from the arterial blood as it passes
through the exercising muscle, diffusing across the capillary membrane,
through the tissue fluid and into the cells. At rest, the a-» O, difference is ~5
mL of oxygen per deciliter of blood, but may increase to ~15 mL of oxygen
per deciliter of blood when the tissue demand for blood is elevated, such
as during maximal exercise. This is mainly due to a decrease in venous O,
content, because in most instances the arterial O, content changes little with
exercise intensity. The a-7 O, difference is primarily influenced by the tissue
PO,, which becomes reduced with increasing exercise intensity, thereby pro-
moting the offloading of oxygen from the blood. The offloading of O, from
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hemoglobin at the tissues is further facilitated by exercise-induced changes
in PCO,, pH and temperature. Myoglobin within the muscle cells provide a
further important O, store, particularly when there are substantial declines
in muscle PO,, such as at the onset of exercise and during intense exercise.

The endocrine system also plays an important role in maintaining the sta-
bility of the internal environment during a bout of exercise, with hormones
produced by endocrine glands exerting a wide array of influences on target
organs and cells. During exercise, changes are typically observed in the con-
centration of insulin, glucagon, growth hormone, testosterone, ACTH and
thyrotropin, to list but a few. Although space does not permit a full descrip-
tion of the multitude of hormones exerting effects during exercise, the main
neurochemically relevant hormones are the catecholamines, adrenaline and
NA, which are secreted from the adrenal medulla and exert their effects in
many target tissues. The effects of exercise on these neurotransmitters are
discussed in some detail in the next section.

When repeated, the physiological perturbations induced by bouts of exer-
cise serve as the stimulus for the adaptations seen with chronic exercise. The
nature of the adaptation is dependent upon the adaptation stimulus, i.e.
training specificity, and the exercise must be at a level that is greater than that
to which the tissue or system is accustomed for adaptation to take place, i.e.
overload. If the training stimulus is substantially diminished, a loss of these
physiological adaptations will occur over time, i.e. reversibility. Nonetheless,
regardless of the type of training undertaken, the magnitude of change will
be influenced by the baseline value and will incorporate a substantial genetic
component.

With regular prolonged (aerobic) exercise, the training-induced changes
are largely characterized by adaptations improving the delivery and utiliza-
tion of oxygen, and removal of carbon dioxide and metabolic waste products,
but these may be preceded by the rapidly observed reductions in the plasma
catecholamines responses to exercise. Although pulmonary ventilation is
unchanged, or possibly even reduced at rest and during exercise at a given
submaximal work-rate, maximal pulmonary ventilation is increased as a con-
sequence of increases in tidal volume and respiratory rate. Likewise, pul-
monary diffusion rates are unchanged at rest and at a given submaximal work
rate, but maximal pulmonary diffusion rates are increased, likely as a conse-
quence of increased maximal pulmonary ventilation and increased perfusion
of the lung with blood. Blood volume is increased, due to increases in both
plasma volume and the red blood cell volume, although the expansion in
plasma volume is often greater than the increase in red blood cell volume,
particularly during the initial phases of an exercise program. Regardless, the
enhanced blood volume, in combination with morphological changes to the
heart, results in an increase in the stroke volume of the heart. Consequently,
a given cardiac output can be achieved for a lower heart rate, and resting,
as well as submaximal exercise heart rate, is, therefore, reduced. Although
changes in maximal heart rate may be negligible, the larger stroke volume
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precipitates an increased maximal cardiac output, thereby increasing the
oxygen delivery to the working muscle during intense exercise. Similarly,
arterial pressure will be lower at a given submaximal work rate, whilst at max-
imal work rates the systolic blood pressure will be increased and the diastolic
pressure decreased. Within the exercising muscle there is an increase in capil-
lary density, which increases the capillary to muscle fiber ratio, and a greater
opening of the capillaries and more efficient blood flow redistribution to the
working muscles during exercise. The decreased blood viscosity, which occurs
as a consequence of the greater plasma volume expansion, relative to red cell
expansion, may also help to improve oxygen delivery through the narrow
capillaries. Acrobic training also increases the cross-sectional area of those
muscle fibers in which aerobic metabolism predominates (slow twitch or type
I muscle fibers). Within the muscle fibers themselves, there is an increase in
the mitochondrial density and higher oxidative enzyme activity. Finally, the
more efficient distribution of blood flow to the working muscle, in combin-
ation with the increased oxidative capacity of the muscle, results in a reduc-
tion in the oxygen content of mixed venous blood and an increase in the a-7
O, difference. Together, these adaptations may shift the balance of fat and
carbohydrate usage to spare carbohydrate until higher work rates, increase
the work rate at the LT and VT, which is linked to the ability to sustain a
high percentage of the mzmm, and increase the catecholamines threshold
(see following section) and VO,y4y. Thus, following an effective acrobic exer-
cise training intervention, a given absolute work rate will elicit a reduced
physiological “stress,” whereas, conversely, the same physiological “stress”
will elicit a higher work rate; the ability to perform prolonged (acrobic) work
will also be improved.

With high-intensity “anaerobic” and resistance-type exercise, the
adaptations relating to oxygen delivery are much less pronounced, and
adaptations associated with the predominant energy systems involved in this
type of activity are evident. Muscle biopsy data have demonstrated increases
in the concentration of key substrates involved in anaerobic energy supply,
such as ATP, PCr and glycogen, and there is also some evidence for changes
in the activity of some of the key enzymes regulating anacrobic metabolic
pathways. However, the impact of these changes on the capacity to produce
energy from anaerobic metabolism is not entirely clear. In contrast, anaer-
obic training, and particularly resistance training, clearly increases the cross
sectional area of muscle fibers (hypertrophy) and in particular the cross sec-
tional area of fast twitch (type 2) muscle fibers; there may also be an increase
in the percentage of type 2 muscle fibers, with a concomitant decrease in
the percentage of type 1 muscle fibers. Neural adaptations are also evident
with resistance exercise. These typically precede the hypertrophic responses
and are characterized by an improved ability to recruit motor units and,
possibly, better synchronization of motor unit recruitment. Together these
adaptations combine to increase muscle force output following a successful
period of resistance training.



Neurobiological Changes and Exercise 41

Neurochemicals, Exercise and Depression, Anxiety and
Well-Being

Catecholamines

Synthesis and Release

The synthesis of catecholamines takes place both centrally, within the brain,
and peripherally. The precursor of catecholamines synthesis is the aromatic
amino acid tyrosine, which is either taken directly from food or is formed in
the liver by the hydroxylation of phenylalanine. Thus it is readily available per-
ipherally and is transported across the blood—brain barrier by the facilitative
transporter L1 (Hawkins, O’Kane, Simpson, & Vifia 2006). In both the brain
and peripherally, tyrosine is broken down into the metabolite 3, 4 dihydroxy—
L-phenylalanine (L-DOPA), under the influence of tyrosine hydroxylase (TH)
with the cofactor tetrahydrobiopterin, both of which are found in all cells
that synthesize catecholamines. L-DOPA is then catalyzed by aromatic amino
acid decarboxylase (AADC), with the cofactor pyridoxal phosphate, and DA is
formed. In neurons that use DA as a neurotransmitter, no further action occurs
and the DA is stored in vesicles. In neurons that use NA as neurotransmitters,
DA is further synthesized into NA. This takes place, with the aid of DA-f-
hydroxylase (DBH) and its cofactor, ascorbate. The majority of NA is stored
in vesicles in these neurons and there is no further processing. In the per-
iphery, DA is stored in some neurons in the pulmonary artery and kidney.
The majority of peripheral DA, however, is further synthesized into NA. This
takes place in the granules of cells in the adrenal medulla. In about 15% of the
granules the process terminates and NA is stored. The rest of the NA diffuses
back into the cytoplasm where it is N-methylated by phenylethanolamine- N-
methyltransferase (PNMT), with S-adenosylmethionine as the methyl donor,
and adrenaline is synthesized. Adrenaline is then transported back into chro-
maffin granules for storage. In the brain, as in the periphery, the further syn-
thesis of NA into adrenaline requires the presence of PNMT. This is present
only in a few neurons in the pons and medulla. Some NA is N-methylated by
PNMT in these neurons, thus a small amount of adrenaline is synthesized and
stored in the brain. It should be noted that TH is the rate-limiting enzyme in
the whole process (Fernstrom & Fernstrom 2007).

Catecholamines Duving Exercise

During and even immediately before exercise, the hypothalamus and brain-
stem initiate action of the sympathoadrenal system (SAS), which is part of the
Autonomic Nervous System (ANS). This results in the release of DA and
NA at the postganglionic cells of those neurons that require activating or
inhibiting. Within the brain these neurotransmitters activate the motor cortex,
SMA, basal ganglia and cerebellum, which collectively control movement.
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SAS synthesized DA only plays a role centrally. As exercise increases in inten-
sity, there is also release of adrenaline and, to a lesser extent NA, into the
blood from the adrenal medulla. The catecholamines play important roles
in the organism’s ability to undertake exercise. Peripherally, during low-
intensity exercise, NA and adrenaline aid lipolysis by activating receptors in
adipose tissue, resulting in the mobilization of free fatty acids as fuel; stimulate
receptors in muscle, causing utilization of free fatty acids as the fuel source;
activate receptors in the pancreas to suppress insulin release; and stimulate
secretion of the hormones glucagon, growth hormone and cortisol (Arakawa
ctal. 1995).

As exercise intensity increases hypoglycemia occurs, which results in large
increases in plasma NA concentrations. Adrenaline concentrations rapidly
increase when there is a decline in hepatic glucose concentrations. At this stage,
adrenaline stimulates glycogenolysis and hepatic glucose release in the liver,
and glycogenolysis in muscle. Adrenaline and, to a lesser extent, NA also act
on the cardiovascular system by activating receptors responsible for increasing
heart rate and contractile force, while stimulating arteriolar constriction in
renal, splanchnic and cutaneous vascular beds. The points at which the sudden
rise in NA and adrenaline plasma concentrations are demonstrated are known
as the NA and adrenaline thresholds. They generally show moderate to high
correlations (Podolin, Munger, & Mazzeo 1991), therefore they are often
referred to as the catecholamines thresholds (CT). It is generally thought that
intensity needs to be ~ 75% VO,,4x (Podolin et al. 1991), which according to
Arts and Kuipers (1994) equates to ~ 65% maximum power output (Wyy),
but there are large inter-individual variations (Urhausen, Weiler, Coen, &
Kindermann 1994). Moreover, blood lactate concentrations follow a similar
exponential profile and the LT also shows moderate to high correlations with
CT (Podolin et al. 1991). If exercise intensity increases beyond the threshold,
plasma catecholamines concentrations continue to rise and soon reach very
high levels.

The effect of increasing exercise intensity on plasma catecholamines
concentrations is best seen during incremental exercise (i.e. when exercise
intensity is gradually increased in increments) to exhaustion. However, steady
state moderate intensity exercise (= 40% but < 80% VO,,4x) also demonstrates
an exponential increase in plasma catecholamines concentrations but it can
take at least as long as 30 mins (Hodgetts, Coppack, Frayn, & Hockaday
1991). The importance of the circulating NA and adrenaline is that they
activate fB-adrenoceptors on the afferent vagus nerve, which runs from the
abdomen through the chest, neck and head, and terminates in the nuclens
tractus solitarii (NTS) within the blood—brain barrier. The excitatory neuro-
transmitter glutamate mediates synaptic communication between the vagal
afferents and the NTS, allowing noradrenergic cells in the NTS, which pro-
ject into the Jocus coerulens, to stimulate NA synthesis and release to other
parts of the brain (Miyashita & Williams 2006). Also, Grenhoft and Svensson
(1993) have shown that stimulation of a;-adrenoceptors potentiates the firing
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of DA neurons in the ventral tegmental area, probably due to «;-adrenoceptor
activation inducing enhanced glutamate release, which affects the excitability
of DA neurons (Veldsquez-Martinez, Vazquez-Torres, & Jiménez-Riveira
2012). Thus, acute-exercise induced incveases in pervipheral advenaline and NA
concentrations can divectly affect brain synthesis and release of the catecholamines
brain newvotransmitters, DA and NA. Moreover, indirectly, feedback to the
hypothalamus via the thalamus, reticular activation system and limbic system,
concerning stress on the cardiorespiratory system, pain and glycogen deple-
tion may well induce central release of catecholamines. According to Mason
(1975a, 1975b), if the individual perceives the situation as being unpredictable
and/or one in which he/she is not in control, central synthesis and release of
DA and NA will be initiated.

Evidence for Acute Exercise-Induced Increases in Brain Concentrations of
Catecholamines

Research into the effect of exercise on brain concentrations of catecholamines
has been largely in animal studies. The reliance on animal studies is unavoid-
able due to the presence of the blood-brain barrier. Catecholamines do not
readily cross the blood-brain barrier (Cornford, Braun, Oldendorf, & Hill
1982), therefore plasma concentrations of catecholamines are almost entirely
the result of peripheral activity only. At best they are only capable of indicating
that similar changes in concentrations may have taken place in the brain.
Obviously it is not possible to directly test brain concentrations in humans.
However, in animals, microdialysis has been widely used and provides good
data (see Meeusen, Piacentini, & De Meirleir 2001, for a description of the
microdialysis process).

It is necessary for some substances to cross the blood—brain barrier.
Crossing is mostly by diffusion and depends on the lipid solubility of the sub-
stance. Although catecholamines do not readily cross the blood-brain barrier,
the precursor of catecholamines synthesis, the aromatic amino acid tyrosine,
does. Tyrosine is transported across the blood—brain barrier by the facilitative
carrier L1. However, it must compete with other amino acids, such as leu-
cine, valine, methionine, histidine, isoleucine, tryptophan. phenylalanine and
thronine for transportation by L1. During exercise, the branched-chain amino
acids, leucine, valine and isoleucine, are taken up by muscle and so plasma
concentrations fall. It was thought that this may allow greater quantities of
tyrosine to be transported by L1, as tyrosine was thought not to be taken up
or metabolized by skeletal muscle. Research, however, has shown that tyrosine
concentrations in muscle do increase during exercise, possibly due to protein
degradation (Blomstrand & Newsholme 1992). Moreover, brain microdialysis
studies have shown no significant increase in brain concentrations of tyrosine
during or following exercise (Foley & Fleshner 2008).

Animal studies have also shown that acute exercise has little positive effect
on whole brain concentrations of NA. Meeusen and colleagues (see Meeusen &
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De Meirleir 1995; Meeusen et al. 2001), in very thorough systematic reviews,
found either a decrease in NA concentrations or no significant effect. However,
rescarch has shown increased DA concentrations, particularly in the brain-
stem and hypothalamus, during and immediately following acute exercise (sce
Meeusen et al. 2001; Mecusen & De Meirleir 1995, for reviews). Despite this
limited support for acute exercise-induced increases in brain concentrations
of NA, animal studies have shown increases in brain concentrations of the
NA metabolite 3-methoxy 4-hydroxyphenylglycol (MHPG) in most brain
regions (Meecusen et al. 2001). Similarly, increased concentrations of the
DA metabolites 3, 4-dihydroxyphenylacetic acid (DOPAC) and 4-hydroxy
3-methoxyphenylacetic acid, also known as homovanillic acid (HVA), have
also been shown, particularly in the brainstem and hypothalamus (Meeusen
et al. 1997). This is evidence of acute exercise-induced turnover of NA and
DA in the brain.

Only two studies have, so far, been attempted with humans. Wang et al.
(2000) examined the effect of treadmill running on striatal DA release
in the human brain. Pre- and post-exercising on a treadmill at an intensity
> 85% estimated maximum heart rate, participants underwent an intravenous
injection of the radiotracer [''C]Jraclopride and positron emission tomog-
raphy scans of the putamen and cerebellum were made. The authors expected
to see a small but significant decrease in [''C]raclopride binding following
exercise, as raclopride’s low affinity for DA D, receptors means that increases
in synaptic DA release affect ["'C]raclopride binding. No significant effect
was shown. The authors argued that this was probably due to the positron
emission tomography protocol not being robust enough to highlight small
changes in ['C]raclopride binding.

Dalsgaard et al. (2004) examined NA and adrenaline concentrations in
cerebrospinal fluid (CSF) by lumbar puncture and the arterial to internal
jugular venous difference (a-v diff) following exercise to exhaustion. Arterial
concentrations of NA and adrenaline showed large increases but the a-y diff
was not affected significantly. Exercise increased the CSF concentrations of
NA only. The authors argued that the CSF increase in NA concentrations
was probably due to activity in the locus coeruleus. This study provides some
support for acute exercise inducing increased brain concentrations of NA in
humans.

Long-Term Effects of Exercise-Induced Changes in Brain Catecholamines
Concentrations

The effects outlined in the previous sub-section are transient. The half-life of
catecholamines in the periphery is only ~ 3 mins, while the half-life of brain
catecholamines is in the range of 8—12 hours (Eisenhofer et al. 2004). Despite
this, there is evidence from animal studies to show chronic exercise-induced
changes in brain concentrations of NA and DA. Meeusen and colleagues
(Meeusen & De Meirleir 1995; Meeusen et al. 2001) reported that, overall,
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chronic exercise resulted in increases in whole brain NA concentrations. They
stated that results for DA concentrations tended to be region specific, with
increases in hypothalamus and midbrain but decreases in prefrontal cortex,
hippocampus, and striatum.

The most interesting recent research, however, has examined the effect
of chronic exercise on TH activity in the brain. A number of studies have
measured the effect of chronic exercise on TH mRNA expression in animals.
Although O’Neal, Hoomissen, Holmes, & Dishman (2001) showed no sig-
nificant effect, others (Foley & Fleshner 2008; Gavrilovi¢ et al. 2012; Tiimer
et al. 2001) found positive results. Tiimer et al.’s findings were affected by
age and brain region. Young rats (6 months) showed increased brain TH
mRNA expression in the locus coeruleus and ventral tegmental areas but not
in the substantia nigra, while old rats (2 years) demonstrated increased TH
mRNA expression in the substantia nigra only. Foley and Fleshner examined
the effect of chronic exercise on TH mRNA expression in the substantia nigra
pars compacta (SNpc) and found a significant increase in the mid-SNpc and
an increase approaching significance (p = 0.07) in the caudal SNpc. Gavrilovié¢
ct al. showed increased TH mRNA expression in stellate ganglia following 12
weeks of 20 mins per day running. In normal circumstances, TH synthesis is
modulated by end-product inhibition, as it competes with free intra-neuronal
catecholamines (Alousi & Weiner 1966). It would appear that prolonged acti-
vation of TH heightens its affinity for the biopterin cofactor and it becomes less
sensitive to end-product inhibition (Zigmond, Schwarzschild, & Rittenhouse
1989). As well as increased brain TH mRNA expression, a positive effect of
chronic exercise on the density of DBH in the PVN has been demonstrated
(Higa-Tanaguchi, Silva, Silva, Michelini, & Stern 2007), as well as increased
DBH mRNA in stellate ganglia (Gavrilovi¢ et al. 2012). DBH is essential for
the synthesis of NA from DA.

5-Hydvoxytryptamine

Synthesis and Release

The amino acid tryptophan, the main source of which is dietary protein, is
the precursor of 5-HT. It is transported across the blood—brain barrier by the
facilitative transporter L1. Having crossed the blood-brain barrier, trypto-
phan is hydroxylated to 5-hydroxytryptophan (5-HTP), under the influence
of tryptophan hydroxylase. It is further broken down by AADC into 5-HT.
This process takes place mainly in the raphe nuclei of the brain. This is the only
place that 5-HTP is found. 5-HT is stored in vesicles, mainly the parafollicular
cells of the thyroid (Lefebvre et al. 2001). Tryptophan hydroxylase is the rate-
limiting enzyme for 5-HT synthesis and is not fully saturated under normal
conditions, therefore increases in brain concentrations of tryptophan will
facilitate 5-HT synthesis. As we saw when discussing the monoamine hypoth-
esis, the serotonergic system innervates most of the brain, particularly the
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hippocampus, septum, hypothalamus, striatum, frontal cortex, amygdala,
substantia nigra, and caudate putamen (Frazer & Hensler 1999).

5-Hydroxytryptamine and Exercise

Tryptophan is found in plasma either bound to albumin or unbound.
Unbound tryptophan readily crosses the blood—brain barrier. According to
Blomstrand (2006), during exercise free fatty acids displace tryptophan from
binding with albumin, therefore there is an increase in unbound tryptophan.
This crosses into the brain and forms 5-HT. Tryptophan is not taken up
by muscle, therefore plasma concentrations rise readily during exercise and
availability for transport across the blood-brain barrier increases markedly
(Blomstrand 2006; Hawkins et al. 2006). Some albumin-bound tryptophan
also crosses the blood—brain barrier, probably due to a dissociation mechanism
that takes place at the surface of the brain capillary endothelium (Pardridge
1998). Fernstrom and Fernstrom (2006) questioned the role of free fatty
acids and unbinding of tryptophan from albumin as the cause for exercise-
induced increases in 5-HT concentrations but they did agree that exercise
induces increased brain concentrations of 5-HT. It may be that the increase
is centrally mediated in the same way as exercise-induced perceptions of stress
result in increased catecholamines synthesis and release.

Given that exercise facilitates the crossing of the blood—brain barrier by
tryptophan, the fact that the serotonergic system innervates most of the brain,
and that tryptophan hydroxylase is not saturated, it is not surprising to find
strong evidence of acute exercise-induced increases in brain concentrations
in animal studies (see Meeusen & De Meirleir 1995; Meeusen et al. 2001).
Moreover, Blomstrand et al. (2005) examined the brain uptake of trypto-
phan during prolonged exercise (3 h at 200 £ 7 W, on a cycle ergometer) in
humans, by calculating the 2-v diff multiplied by plasma flow. They found
large increases in cerebral uptake. It is important to note that the exercise dur-
ation was long. The authors claimed that the increases in cerebral uptake were
a direct result of the action of unbinding tryptophan from albumin as a result
of the organism’s use of fat as the main energy supply, thus easing the crossing
of the blood-brain barrier for tryptophan. Fat rather than carbohydrates is
recruited mostly in sub-maximal, long-duration exercise. In shorter intensity,
heavy exercise, lactate restricts the transport of free fatty acids in the blood
(Bulow, Madsen, Astrup, & Christensen 1985) as does o-adrenergic action
(Gullestad, Hallén, & Sejersted 1993).

Extensive reviews by Meeusen and colleagues (Meeusen & De Meirleir
1995; Mecusen et al. 2001) have shown that chronic exercise has also generally
resulted in increases in whole brain 5-HT concentrations, particularly in the stri-
atum, hippocampus, hypothalamus, and frontal cortex. Although results are not
unequivocal, other recent studies have generally supported the findings reported
in these reviews (e.g. Chen et al. 2008; Chennaoui et al. 2001), although
Chennaoui et al. (2001) also showed a decrease in frontal cortex concentrations.
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Hypothalamic-Pituitary-Advenal Axis Hormones

Synthesis and Release

When stress is perceived, the hypothalamus initiates the synthesis of CRF,
often called Corticotropin Releasing Hormone, from the prepro-CRF gene, a
process that takes place in the PVN of the hypothalamus (Vale & Rivier 1977).
CREF is secreted into the hypophyseal vessels in the median eminence, where it
stimulates the synthesis and release by exocytosis of ACTH from its precursor
preproopiomelanocortin. The nonapeptide, arginine vasopressin (AVP), also
known as antidiuretic hormone, also acts as a stimulator of ACTH synthesis
and release. It is primarily released from its preprohormone in response to
feedback concerning osmolality of body fluids, although it is also secreted as
the result of other physiological responses. AVP is synthesized by cells in the
supraoptic and PVN of the hypothalamus, then transported to hypophyseal
vessels in the median eminence.

Following synthesis, ACTH passes into the zona fasciculata of the adrenal
cortex where it stimulates the synthesis and secretion of cortisol in humans
and corticosterone in rodents. The precursor of cortisol is cholesterol. In the
adrenals, stored, esterified cholesterol is hydrolyzed and free cholesterol is
transported from storage vacuoles to the outer mitochondria. Steroidogenic
acute regulatory protein mediates transfer to the inner mitochondrial mem-
brane. Cholesterol is then converted to A®-pregnenolone catalyzed by the
enzyme P-4504.c. Within the endoplasmic reticulum, A®-pregnenolone
is converted to ll-deoxycortisol catalyzed by 17-hydroxylase, 3p-ol-
dehydrogenase and 21-hydroxylase. 11-deoxycortisol is transferred back to
the mitochondria and hydroxylated by 11-hydroxylase to cortisol, which
diffuses from the cell (Brandenberger et al. 1980).

Evidence for Acute Exercise-Induced Increases in Brain
Concentrations of HPA Axis Hormones

During exercise, in the periphery cortisol plays major roles in glucose pro-
duction from proteins, the facilitation of fat metabolism and muscle function,
and the maintenance of blood pressure (Deuster et al. 1989). ACTH, which
is synthesized in the gastrointestinal tract as well as in the pituitary, also plays
a role in lipolysis (Borer 2003). Research examining exercise-induced changes
in plasma and salivary ACTH and cortisol concentrations strongly suggests
that, although the HPA axis hormones undergo circadian rhythms, normal
concentrations are sufficient for efficient performance unless the exercise is
heavy or of moderate intensity but carried out for long periods. Generally
speaking, exercise needs to be > 80% VO,,4x for it to induce increases in
plasma and salivary concentrations of ACTH and cortisol (De Vries, Bernards,
De Rooij, & Koppeschaar 2000). Exercise of < 80% VO, has needed to
be of at least 45 mins in duration (Bridge, Weller, Rayson, & Jones 2003) to
affect plasma and salivary concentrations of ACTH and cortisol.
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With regard to how peripheral changes affect the brain, the need for cor-
tisol and ACTH peripherally obviously requires increased hypothalamic PVN
synthesis and release of CRE. Rodent studies have shown evidence of acute
exercise-induced increases in CRF mRNA expression in the PVN (e.g. Jiang
ctal. 2004; Kawashima et al. 2004; Timofeeva, Huang, & Richard 2003). With
regard to ACTH, although it is synthesized and released from the anterior
pituitary which, although outside of the blood—brain barrier, lies within the
Central Nervous System (CNS), researchers have focused on plasma ACTH
concentrations. However, ACTH does not cross the blood-cerebrospinal fluid
(CSF)-barrier and CSF concentrations have been shown not to correlate with
plasma concentrations (Allen, Kendall, McGilvra, & Vancura 2011). While
plasma ACTH concentrations may not correlate with CSF concentrations and
hence are not directly indicative of CNS activity, studies examining the effect
of non-physical, psychological stress on plasma ACTH concentrations have
demonstrated significant increases (Weinstein et al. 2010). Thus some inter-
action must be taking place. The situation with plasma and salivary cortisol
concentrations is different because cortisol does cross the blood—brain barrier,
hence increased peripheral cortisol concentrations mean that there is increased
cortisol availability in the brain.

Rodent studies examining extracellular corticosterone concentrations in the
brain support the peripheral plasma results. Droste et al. (2008) demonstrated
significant increases in extracellular corticosterone concentrations in the
hippocampus following a severe stressor, a forced swim, and a mild stressor,
being placed in a novel environment. The increase as a result of the mild
stress was much less than that induced by the forced swim. Although the
authors put this down to the severity of the stressor it could also have been
due to the swim inducing greater physiological demands. Moreover, extra-
cellular corticosterone concentrations in the brain peaked 20 mins after
plasma concentrations but returned to normal at the same time as plasma
concentrations. Thus the brain was exposed to increased corticosterone for
a considerably shorter period than peripheral plasma concentrations would
suggest. Under normal conditions hippocampal, extracellular corticosterone
and plasma corticosterone concentrations change synchronously due to circa-
dian rhythms.

Long-Term Effects of Exercise-Induced Changes in Brain HPA Axis Hormones

In humans, research has generally shown that chronic exercise does not alter
basal plasma ACTH and cortisol concentrations (e.g. Chatzitheodorou,
Kabitsis, Malliou, & Mougios 2007; Duclos, Corcuft, Pehourcq, & Tabarin
2001; Wittert, Livesey, Espiner, & Donald 1996). However, Wittert et al.
found athletes to have higher plasma and salivary ACTH concentrations
than controls, even though there were no significant differences in cortisol
concentrations. Blaney, Sothmann, Raff, Hart, and Horn (1990) found
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no significant differences between the plasma concentrations of ACTH
and cortisol between active and sedentary individuals, while undertaking
a modified Stroop color test. In a follow-up experiment, a group of sed-
entary individuals undertook a 4-month training program, which resulted
in an 18% improvement in VO,y,x, but again ACTH and cortisol plasma
concentrations did not differ from a control group, while undertaking the
Stroop color test.

However, as we saw above, ACTH plasma concentrations provide only very
limited information concerning brain concentrations. Fortunately brain extra-
cellular corticosterone concentrations and CRF mRNA expression have been
studied in rodents following chronic exercise. Results concerning CRF mRNA
activity are somewhat equivocal. Expression has been shown to be decreased
in the hypothalamic PVN following long-term exposure to voluntary exercise
(Bi, Scott, Hyun, Ladenheim, & Moran 2005; Kawashima et al. 2004), but
some researchers found no significant effect (Droste, Chandramohan, Hill,
Linthorst, & Reul 2007; Levin & Dunn-Meynell 2004 ), while Park et al.
(2005) demonstrated an initial increase followed by a return to original levels.
Forced exercise regimens have, however, resulted in significant increases
(Chennaoui, Gomez Merino, Lesage, Drogou, & Guezennec 2002; Harbuz
& Lightman 1989).

Examining the concentrations of free corticosterone in the brain, Droste,
Collins, Lightman, Linthorst, & Reul (2009) found that training needed to
be long-term before any changes in ultradian or circadian rhythms would be
shown. Following long-term exercise, they found that exercising rats showed
an increased afternoon/evening pulse in hippocampal free corticosterone
concentrations compared to sedentary animals. However, they demonstrated
no significant differences between exercising and sedentary rats following
a forced swim, although both groups demonstrated significant increases in
hippocampal-free corticosterone concentrations.

Several authors have examined the effect of chronic exercise on brain cor-
ticosteroid receptor mRNA gene expression. There would appear to be little
effect of chronic exercise on GR mRNA expression in the hippocampus (Chang
et al. 2008; Droste et al. 2003), although Park et al. (2005) found a signifi-
cant decrease in hippocampal region CA4 only, while Droste et al. (2007)
found increased GR mRNA levels in hippocampal layers. Reductions in MR
mRNA expression have been shown (Chang et al. 2008; Droste et al. 2003)
but some authors found no significant effect (Droste et al. 2007; Park et al.
2005). Droste et al. (2007) also found no significant changes in GR mRNA
expression in the hypothalamic PVN, frontal cortex or anterior pituitary. Park
et al. demonstrated initial decreases in PVN and anterior pituitary GR mRNA
but, as training continued, these returned to pre-training levels. Overall, the
evidence for increased chronic exercise-induced changes in GR mRNA and
MR mRNA expression, and CRF, ACTH and cortisol brain concentrations
are very weak indeed.
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Growth Factors, Exercise and Depression, Anxiety and
Well-Being

Brain-Derived Neurvotrophic Factor

Synthesis and Release

BDNF is widely distributed throughout the CNS but is particularly well
represented in the hippocampus, neocortex, cerebellum, striatum, and amyg-
dala (Binder and Scharfman, 2004). It is also found peripherally in sensory
neurons and glial cells (Knaeppen, Goekint, Heyman, & Meeusen 2010).
BDNTF is initially encoded by the BDNF gene to pro-BDNF, which is either
proteolytically cleaved intracellularly by pro-convertases and secreted as
mature BDNF; or secreted as pro-BDNF and then cleaved by extracellular
proteases to mature BDNF (see Lessmann, Gottmann, & Malcangio 2003,
for a review).

The effects of BDNF on neurogenesis and synaptic transmission are triggered
when it binds with one of its receptors, the high-affinity tropomyosin-related
kinase-B (Trk-B). Binding to Trk-B results in receptor dimerization and trans-
autophosphorylation of tyrosine residues in the cytoplasmic domains of the
receptor, which initiates a number of intracellular signaling cascades, including
calcium/calmodulin kinase II (CaMKII) and mitogen-activated protein
kinase (MAPK), resulting in the phosphorylation of cAMP-response element
binding protein (CREB) (Binder & Scharfman 2004).

Brain-Derived Neurotrophic Factor and Exercise

During exercise, increased synthesis and release of BDNF begins as part of
the hypothalamic response to undertaking exercise, particularly in its role in
regulating peripheral energy metabolism (Wisse & Schwartz 2003). BDNF is
also involved in ANS control of cardiovascular function, probably via signaling
in central autonomic nuclei of the brainstem (Neeper, Gémez-Pinilla, Choi,
& Cotman 1996). Several studies have shown that bouts of acute exercise
have induced significant increases in serum or plasma BDNF concentrations
in humans (e.g. Ferris, Williams, & Shen 2007; Griffin et al. 2011; Rasmussen
et al. 2009; Tang, Chu, Hui, Helmeste, & Law 2008; Winter et al. 2007).
In a meta-analysis, Szuhany, Bugatti, and Otto (2015) demonstrated a low
to moderate mean effect size (g = 0.46), following a single bout of exercise
for previously sedentary individuals, but this rose to g = 0.59 in individuals
following a training regimen. Several authors, however, have pointed to evi-
dence that gender may be a moderating variable with females demonstrating
less of an effect (e.g. Szuhany et al. 2015; Voss et al. 2013). No-one has yet
been able to determine why this may be.

It would also appear that the increase is transient and soon returns to base-
line levels. The possibility that intensity may have an effect cannot be ruled out.
Ferris et al. (2007) demonstrated that 30 mins cycling at 20% below VT had
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no significant effect on serum BDNF concentrations, however 30 mins at 10%
above VT induced increased concentrations. Winter et al. (2007) reported
that 40 mins of moderate intensity running, with blood lactate concentrations
< 2 mmol', had no significant effect on serum BDNF concentrations but 2
x 3 min sprints to exhaustion, with a 2 mins between sprints rest period,
induced increased BDNF concentrations. However, observation of the results
reported show that moderate intensity exercise demonstrated a borderline sig-
nificant (p = 0.05) pre- to post-exercise effect. Ferris et al. (2007) provided
further evidence for an intensity effect as they showed a significant correlation
(r = 0.57) between A BDNF serum concentrations and A blood lactate levels.

The picture with regard to chronic exercise in humans is far less clear.
Szuhany et al. (2015) found a low but significant effect size (g = 0.27). In
a narrative review, we (McMorris 2016) have reported that findings tend
to show no significant effect. We found that results were not unequivocal,
however, as Zoladz et al. (2008) found a significant increase in basal plasma
concentrations and increased BDNF response in plasma to an acute bout
of exercise. Also, Seifert et al. (2010) showed a significant increase in basal
concentrations but no change in the response to a bout of acute exercise.
Griffin et al. (2011) found that 3 weeks of 60 mins cycling at 60% VO,yux
blunted the serum BDNF response to a bout of exercise to exhaustion. After
5 weeks training, participants showed increased post-exercise serum BDNEF
concentrations compared to pre-training but only when samples were taken
30 mins following cessation of the exercise. There were no significant effects
of either 3 or 5 weeks on basal concentrations.

Evidence for Exercise-Induced Increases in Brain Concentrations of BDNF

During acute exercise, it is generally accepted that BDNF crosses the blood—
brain barrier (Sartorius et al. 2009), although not unequivocally (Seredinin
etal. 2013). Despite this, empirical evidence for increased brain concentrations
during exercise are not readily available. Rasmussen et al. (2009) examined the
effect of a single bout of acute exercise on BDNF concentrations in humans,
measuring 2-v diff. They showed that both arterial and internal jugular venous
BDNF concentrations increased significantly during 4 h of rowing at ~ 85%—
90% LT. Comparison of the a-» diff at rest and after 4 h demonstrated an
increase in release of BDNF from the brain. It should be noted that, after 2
h, there were no significant effects of exercise. After 1 h of recovery, release
of BDNF from the brain had returned to resting levels. Moreover, Rasmussen
et al. showed that ~ 70% of resting plasma and serum BDNF originates from
the brain and, during exercise, there is little or no change in this percentage.

The strongest evidence for acute-exercise-induced increases in the brain
comes from rodent studies. These provide very strong evidence that acute
exercise induces increased BDNF and/or BDNF mRNA expression in the
brain, in particular in the hippocampus (e.g. Berchtold, Castello, & Cotman
2010). These increases are transient.
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The situation with chronic exercise is slightly different. We are aware of
only two studies which provide any evidence for chronic exercise-induced
changes in human BDNF expression in the brain. Seifert et al. (2010) showed
that 3 months of acrobic training resulted in increased jugular venous BDNF
concentrations at rest, but there was no significant effect of training on a-»
diff during a subsequent acute bout of exercise. Erickson et al. (2011) had
clderly individuals, aged 55-80 years, undertake a 1-year program exercising
at 60-77% maximum heart rate reserve for 40 mins per week. Increases in
serum BDNF concentrations from pre- to post-treatment were not signifi-
cant but A BDNF concentrations correlated significantly with A hippocampal
volume as measured by magnetic resonance imaging (r = 0.36, p < 0.01, for
the left hippocampus and r = 0.37, p < 0.01 for the right). According to
Cohen (1988), these are moderate effect sizes, however, they only account
for 12.96% and 13.69% of the relationship. Given that BDNF release triggers
a whole range of activity which is involved in neurogenesis, one should not
be surprised at the low correlation coefficients. As with acute exercise, rodent
studies provide very strong evidence that chronic exercise induces increased
BDNF and/or BDNF mRNA expression in the brain, again particularly in
the hippocampus (e.g. Gomez-Pinilla, Vaynman, & Ying 2008; Griesbach,
Hovda, & Gomez-Pinilla 2009; Huang et al. 20006).

To summarize, we can say that evidence from human studies for exercise-
induced increases in BDNF concentrations in serum and plasma is limited.
However, animal studies provide strong evidence for such changes. As one
might expect, evidence for exercise-induced changes in brain concentrations
in humans are very limited. However, animal studies provide strong evidence
(see Table 2.1).

Other Growth Factors

Although there are many growth factors which may affect the brain-exercise
interaction, the two which have received the most interest, apart from BDNE,
are insulin-like growth factor (1GE-1) and vascular endothelial growth factor
(VEGEF). In this sub-section, we outline the evidence for exercise-induced
increases in brain IGF-1 and VEGF, and introduce the interactions between
these growth factors and BDNF, leading into the next sub-section, in which
we examine effects of exercise on brain morphology.

IGF-1 is primarily generated by the liver, under the control of growth hor-
mone. Growth hormone binds with its hepatic receptor and stimulates expres-
sion and release of IGF-1 peptide in the circulation. This has high affinity for
IGF-1 binding proteins (IGFBPs) and represents the endocrine form of IGF-
1 (Delafontaine 1995). In addition to the liver, many other organs produce
IGF-1 but in a form which has a lower affinity for IGFBPs, and represents the
autocrine and paracrine forms of IGF-1. These organs include neurons, glia,
and vascular cells within the brain, providing evidence that these hormones
have an important role in brain function (Donahue, Kosik, & Shors 20006).
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Table 2.1 Exercise effects on brain concentrations of catecholamines

5-hydroxytryptamine, glucocorticoids, and selected proteins

Acute exercise

Chronic exercise

Catecholamines
5-hydroxytryptamine

Corticotropin releasing

Increased concentrations
Transient
Increased concentrations
Transient
Increased concentrations

Increased tyrosine
hydroxylase mRNA
Increased concentrations

Evidence somewhat

factor Transient equivocal
Adrenocorticotropin Increased concentrations Little support for any
hormone Transient changes
Cortisol Increased concentrations Little support for any
Transient changes
Brain-derived Increased concentrations Increased concentrations
neurotrophic factor Transient
Insulin-like growth factor Increased concentrations Increased concentrations
Transient
Vascular endothelial Increased concentrations Increased concentrations
growth factor Transient Increased mRNA

Given that, peripherally, IGF-1 is essential in glucose metabolism, tissue
maintenance (Schwarz, Brasel, Hintz, Mohan, & Cooper 1996) and cerebro-
vascular function (Sonntag et al. 2000), it is not surprising to find that both
animal and human studies demonstrate exercise-induced increases in periph-
eral IGF-1 (Gill 2007). Moreover, circulating IGF-1 crosses the blood—brain
barrier (Pan & Kastin 2000). Interestingly, this process has been shown to
be activity-dependent. Glutamate release at active synapses triggers two par-
allel processes, vasodilation to increase local availability of serum IGF-I and
increased activity of matrix metalloprotease 9 (MMP9), an IGFBP3 protease,
which is released in response to neuronal activity (Michaluk et al. 2007).
These actions result in increased local availability of free serum IGF-I and
this is transcytosed through the blood-brain barrier by the action of low-
density lipoprotein receptor related protein (LRP1) (Nishijima et al. 2010).
IGF-1 also crosses the blood—CSF barrier at the choroid plexus epithelium
(Marks, Porte, & Baskin 1991). Increases in systemic IGF-1, at the blood-CSF
interface, facilitate transportation by the protein transporter, LRP2 (Carro,
Nuiiez, Busiguina, & Torres-Aleman 2000). Carro et al. argued that this is
the main method by which IGF-1 enters the brain. Whatever the method,
animal studies strongly support acute exercise-induced increases in brain IGF-
1 concentrations (see Carro et al. 2000; Cotman, Berchtold, & Christie 2007
Delafontaine, Song, & Li 2004). Moreover, evidence from studies, comparing
trained versus sedentary individuals, shows that IGF-1 levels were significantly
higher in trained individuals (Pareja-Galeano et al. 2013; Voss et al. 2013).

VEGF is a 45-kDa secretable basic heparin-binding homodimeric glyco-
protein (Ferrara & Henzel, 1989). It is produced by skeletal muscle cells and
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secreted into the circulation (Kraus, Stallings, Yeager, & Gavin 2004). In
humans, acute exercise increases VEGF mRNA in skeletal muscle (Gavin et al.
2004). In contrast, skeletal muscle VEGF protein is reduced immediately after
acute exercise, probably due to release into the circulation by skeletal muscle
(Gavin et al. 2004; Kraus et al. 2004). Chronic exercise not only restores
skeletal muscle VEGF mRNA and protein levels but actually increases them
(Gustafsson et al. 2002), while acute exercise-induced increases in VEGF
mRNA are attenuated (Richardson et al. 2000). VEGF plays a major role
in oxygen transport and it is the organs which are essential to this process,
the brain, lung, and locomotor skeletal muscles, which demonstrate exercise-
induced increases in VEGF and VEGF mRNA levels (Tang, Xia, Wagner, &
Breen 2010). Although VEGF does not readily cross the blood—brain barrier,
animal studies show increased levels in the brain (Jiang et al. 2014; Tang et al.
2010). As Tang et al. found a positive correlation between VEGEF transcrip-
tion and mRNA levels, they argued that increased levels were due to VEGF
transcription occurring in the brain. In the brain, this increase was in the
hippocampus only.

Interactions Between Growth Factors

In the next section, we examine the morphological changes induced by
the effects of the growth factors. In this sub-section, we briefly outline the
roles of the growth factors and the way in which BDNEF, IGF-1 and VEGF
interact. The roles of the growth factors in neurogenesis, neuroprotection,
synaptic transmission and neuroplasticity are well-documented (see Binder &
Scharfman 2004). BDNF appears to play the largest role but interacts with
IGF-1 and VEGEF. Cotman et al. (2007) claimed that the effects of exercise
on neuroplasticity and, indeed, depression are predominantly regulated by
IGF-1 and BDNEF, whereas exercise-dependent stimulation of angiogenesis
and hippocampal neurogenesis secems to be regulated by IGF-1 and VEGF. As
Cotman et al. pointed out, however, the mechanism by which growth factors
have antidepressant effects is largely unknown. Castrén et al. (2007) suggested
that neurotrophic factors themselves do not control mood, but rather they
facilitate the mechanisms that are required to induce antidepressant effects.
Similarly, we are proposing that the effects of growth factors on brain morph-
ology and neuroplasticity may, in fact, be the way in which growth factors
alleviate depression and anxiety. We believe that this is supported, at least
to some extent, by the findings of Voss et al. (2013). They demonstrated a
relationship between BDNF and functional connectivity in the brain, which
they argued may be modulated by IGF-1 and VEGEF. Both of these growth
factors stimulate the growth of endothelial cells, which in turn express nitric
oxide synthase, which is required for exercise-induced up-regulation of BDNF
in the hippocampus (Chen, Ivy, & Russo-Neustadt 2006). BDNF probably
improves functional connectivity by increasing synaptogenesis and dendritic
spine density (Vaynman, Ying, & Gomez-Pinill 2004). Moreover, Voss et al.
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pointed out that there is also evidence that neural activity is increased during
acrobic exercise, based on increased c-Fos expression in the hippocampus
(Carro et al. 2000; Clark, Bhattacharya, Miller, & Rhodes 2011) and cortex
(Carro et al. 2000). Moreover, Erickson et al. (2011) demonstrated increases
in hippocampal volume, which were related to serum BDNF concentrations,
in elderly participants following a year-long training regimen.

Morphology

As we saw in the Introduction, Duman et al. (1997) hypothesized that depres-
sion was due to neural dysfunction. This was supported by observations that
depressed individuals demonstrated reduced hippocampal volume (Bremner
et al. 2000) and prefrontal cortex volume (Dwivedi et al. 2003). In this
section, we have also seen that growth factors, in particular BDNE, trigger
neurogenesis, synaptogenesis, angiogenesis, and dendritic, astrocytic and glia
cell hypertrophy (Cotman et al. 2007; Kleim et al. 2007). Given that exercise
induces increased growth factor levels in the brain, we would expect to see
significant effects of exercise on brain morphology. In this sub-section, we
outline the results from humans and animals, which generally support some
changes but possibly of a more limited extent than that which many would
expect.

While the evidence from human studies is less robust, reviews of animal and
human studies generally provide sound evidence for chronic exercise-induced
increases in hippocampal volume (van Praag 2008; Voss et al. 2013). Animal
studies show that these increases are primarily due to neurogenesis. Increased
volume in the prefrontal cortex has also been well-supported (Fincham, Carter,
van Veen, Stenger, & Anderson 2002; van Veen, Cohen, Botvinick, Stenger,
& Carter 2001; van Veen, Krug, & Carter 2008) and is particularly important
with regard to depression and anxiety. The basal ganglia, also important in
depression and anxiety, have been shown to increase volume in children due
to chronic exercise (Chaddock et al. 2010a, 2010b). Changes in these regions
are probably due to dendritic, astrocytic and glia cell hypertrophy (Kleim et al.
2007). Finally, we should note that animal studies have shown that NA plays
a role in neurogenesis, via activation of B,—adrenoceptors (Jhaveri et al. 2010;
Masuda et al. 2011), and this could be affected by increased exercise-induced
TH mRNA expression.

Empirical Evidence for an Exercise-Neurobiology-
Depression/Anxiety/Psychological Well-Being Interaction

In the previous sections we have outlined the theoretical, neurobiological
causes of depression and anxiety, and the evidence concerning how exercise
can have a preventative and/or healing effect on these conditions. Although
we have pointed out several times that exercise has been shown to have pre-
ventative and healing effects, we have not presented any empirical evidence
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to directly support the theoretical roles of exercise-induced changes in brain
neurobiology. Most researchers examining the effect of exercise on depres-
sion, anxiety and psychological well-being point to the theoretical roles of
neuroendocrines and /or changes in brain morphology, but without presenting
any empirical evidence for an interaction between neurobiological changes
and psychological state. Many point to animal studies which show changes in
brain neurobiology and, as we have done so far, point out that exercise induces
similar changes in humans, but they do not present any what we would call
“direct evidence.” By “direct evidence,” we mean where a definite interaction
between the exercise, the neurobiological changes and the changes in depres-
sion or anxiety can be demonstrated. The reason for this is that, in fact, there
is very little such research.

Following a systematic review of the literature using Pubmed, SCOPUS,
SportsDISCUS and Web of Knowledge databases, we found only three.
Strohle et al. (2010) examined the interaction between acute exercise,
serum BDNF concentrations and emotional well-being (arousal and anx-
iety) of individuals with panic disorder. Treadmill walking for 30 min at
70% VO,uayx had no significant effect on arousal and anxiety, but 30 min of
acrobic exercise significantly increased serum BDNF concentrations in the
panic disorder group. Wipfli, Landers, Nagoshi, and Ringenbach (2011)
examined the effect of a 7-week stationary cycling intervention, completing
three 30-min bouts of cycling, at 70% of age-predicted heart rate maximum,
per week on anxiety and depression levels in Kinesiology students, who had
no clinical disorder. Anxiety demonstrated a main effect of intervention
but no difference between the exercise and control groups. However, exer-
cise had a positive effect on depression. Moreover, 5-HT concentrations
in the exercise group showed a significantly larger post-treatment decrease
than those in the control group. More importantly for us, the authors
carried out mediation tests on causes of the reduction in depression and
found that percent change in 5-HT was determined to partially mediate the
relationship between exercise and depression, but it only explained 9% of
the variance in the interaction. This is somewhat surprising given that the
monoamine hypothesis for depression states that problems are caused by
low concentrations of 5-HT, not high. However, these participants were
not clinically depressed.

Prakhinkit, Suppapitiporn, Tanaka, and Suksom (2014) examined the
effects of walking meditation and normal walking exercise, compared to one
another and a control group, on depression in elderly females (mean age
76.6, SD = 1.77), with mild-to-moderate depression as defined by Geriatric
Depression Scale scores of 13-24. The walking groups’ program was divided
into two phases. Phase 1 (weeks 1-6) was conducted at mild intensity (20%—
39% individually determined heart rate reserve) performed for 20 minutes,
three times a week. In phase 2 (weeks 7-12), the training intensity was
increased to moderate intensity (40%—-50% heart rate reserve) performed for
30 minutes, three times a week. The walking meditation program included
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“typical Buddhist meditation practices” (p. 412). The walking meditation
group demonstrated significant improvement in depression score and a signifi-
cant reduction in plasma cortisol concentrations. The control group showed
a significant increase in cortisol concentrations, pre- to post-experiment,
but the normal walking group demonstrated no significant effect. However,
observation of pre-treatment to post-treatment data for the normal walking
group suggest a possible Type II error, as the effect size (Cohen’s d = 1.0) is
very high.

The rodent literature also shows only a handful of studies. Reduced anxiety
and/or depression accompanied by increased BDNF mRNA expression in the
hippocampus was shown by Aguiar et al. (2014), while Duman, Schlesinger,
Russell, and Duman (2008) showed reduced anxiety in exercising mice. The
mice demonstrated increases in BDNF mRNA expression in hippocampal area
CAl, after 3 weeks of wheel running exercise, and in the dentate gyrus after
1 or 3 weeks of exercise. However, BDNF expression was not altered in area
CA3 or in the frontal cortex. Lee, Ohno, Ohta, and Mikami (2013) showed
that exercise-induced reductions in depression were affected by increases in
hippocampal NA but there were no significant changes in hippocampal 5-HT
concentrations.

The limited number of studies, the small sample sizes in the human studies,
the limited measures of depression and anxiety, and the limited amounts of
neurobiological variables measured mean that these studies tell us very little
indeed.

Conclusion

The empirical literature reviewed in the previous section shows very little
support for exercise-induced, neurochemical, and morphological changes
being responsible for the observed improvements in psychological well-being
following exercise. However, there is a lack of research, so we have to turn
to the exercise biochemistry literature, which provides strong evidence from
animal studies to show that both acute and chronic exercise result in increased
concentrations of catecholamines, 5-HT, BDNF, IGF-1 and VEGEF in the
brain. There is some, albeit limited, support from human studies. Moreover,
there is evidence from humans and animals for chronic exercise-induced
increases in hippocampal, basal ganglia and prefrontal cortex volumes, as well
as improved functional connectivity in the brain. One might argue that this is
not definitive proof of cause and effect, “smoking gun” evidence. However,
the fact that the neurochemicals, brain structures, and morphology effected
are those responsible for depression and anxiety provides strong circumstan-
tial evidence that it is the exercise-induced effects on these neurochemicals
and structures that induce relief and protection from depression and anxiety.
However, we have little knowledge of the intensities, duration or frequency
of exercise that may be required for these changes to interact with depression
and anxiety.
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Introduction

Poor mental health is a major contributor to the global disecase burden
(Whiteford, Ferrari, Degenhardt, Feigin, a& Vos 2015), associated with huge
losses of quality of life (Ustun, Ayuso-Mateos, Chatterji, Mathers, & Murray
2004; Pirkola et al. 2009), increased mortality (Cuijpers & Smit 2002), high
service use, and enormous economic costs (Cuijpers et al. 2007; Cuijpers
et al. 2010; Wittchen et al. 2011). Inspired by a robust association of regular
exercise behavior in both adolescents and adults with multiple indicators
of mental health, a strong belief has developed in preventive medicine that
exercise interventions can be used to increase psychological well-being
and attenuate or even prevent the development of anxiety and depressive
disorders (see Chapters 1, 2, and 4). This belief converges with folk wisdom
propagated by the popular press that exercise “makes you feel better” and can
help “combat stress.”

Notwithstanding the widespread endorsement of exercise as a panacea
for threats to mental health, the majority of the population is effectively not
engaging in regular exercise activities at, or even near the recommended
levels (Martinez-Gonzalez et al. 2001; Hallal et al. 2012; Troiano et al.
2008; Heath et al. 2012). How can this be? Why do not all or most people
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engage regularly in activities that so clearly improve their well-being? These
questions raise concern about the chain-of-causality underlying the association
between exercise and mental health. Apart from a true causal effect of exer-
cise at least two other explanations can account for the observed association
between regular exercise behavior and mental health. First, we cannot rule
out reverse causality such that a minimal level of well-being itself is a necessary
condition to engage in regular exercise. Emotionally well-adjusted, outgoing,
self-regulating, and self-confident individuals with low levels of stress could
be simply more attracted to sports and exercise, and only such persons may
have the necessary energy and self-discipline to maintain an exercise regime.
More importantly, the exercise-mental health association can be due to under-
lying factors that independently influence both exercise behavior and mental
health. Personality structure may be such an underlying factor. Scoring higher
(or lower) on a particular personality dimension, for example scoring high
on neuroticism, might have a detrimental effect on regular exercise behavior
while simultaneously increasing the risk for low mental health. If such inde-
pendent effects of personality on two different behavioral outcomes exist, this
leads to an observed association between the two without a true causal effect
being present.

A rapidly increasing body of evidence substantiates the role of personality
in regular exercise behavior. Regular exercisers, defined as individuals who
voluntarily seek out moderate to vigorous physical activity on a weekly or
even daily basis, score lower on neuroticism and higher on extraversion, con-
scientiousness, and sensation seeking (Hoyt, Rhodes, Hausenblas, & Giacobbi
2009; De Moor, Beem, Stubbe, Boomsma, & de Geus 2006; Rhodes & Smith
2006; Wilson, Das, Evans, & Dishman 2015; Wilson & Dishman 2015;
Wilkinson et al. 2013). The link between personality and exercise behavior
makes good neurobiological sense in at least two major theories of personality
(Gray & McNaughton 1983; Gray 1970; Gray 1985; Gray & McNaughton
2000; Eysenck 1967; Eysenck 1990; Eysenck & Eysenck 1985). The central
personality traits in Eysenck’s personality theory are neuroticism and extra-
version. Neurotic individuals are hypothesized to have higher activation levels
in their limbic brain structures, leading them to be prone to show emotional
instability and more likely to report feelings of anxiety, guilt, and tension.
Stables, on the other hand, have less activation and higher thresholds for acti-
vation of the limbic system, leading them to be emotionally stable even under
moderate to high levels of stress. The extraversion-introversion dimension is
thought to be regulated by the brain systems involved in regulating arousal.
An individual’s comfort level at any given time will depend on the interaction
between their basal cortical arousal and the type of situation they are in; being
under or over-aroused are both less desirable than a moderate level of arousal.
Introverts have a higher base level of activation in the ascending reticular acti-
vating system and a corresponding higher cortical arousal level than extraverts.
Introverts are thus prone to be overstimulated by sensory stimuli and conse-
quently tend to withdraw from social situations, are less willing to take risks,
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and will be less drawn to exercise. In contrast, due to their lower base level of
cortical arousal, extraverts tend to be more lively and sensation and experience
secking and will be attracted to social situations, including sports activities
(Eysenck, Nias, & Cox 1982).

Extraversion and neuroticism are strongly related to the concepts of behav-
ioral approach system (BAS) and behavioral inhibition system (BIS) from Gray’s
personality theory (Gray, Liebowitz, & Gelder 1987). The behavioral inhib-
ition system (BIS) is activated by novelty and stimuli associated with punish-
ment, that is, aversive stimuli or omission of reward. The behavioral approach
system (BAS) is activated by appetitive stimuli associated with reinforcement,
that is, reward or termination of punishment. This has immediate relevance
for exercise behavior. To maintain regular exercise participation, the net appe-
titive effects of exercise activities during and shortly after exertion need to
outweigh the net aversive effects (de Geus & De Moor 2008; de Geus & De
Moor 2011). Individuals for whom the aversive effects of exercise are stronger
than the rewarding effects will eventually cease their exercise participation.
In contrast, individuals for whom the appetitive effects are stronger than
the aversive effects will maintain exercise participation and become regular
exercisers. The balance of appetitive and aversive effects can be influenced
by many factors at different levels, e.g. activity-drive related to hypothalamic
energy balance systems (Rowland 1998), social cognitions about exercise (¢.g.
attitudes, social support and self-perceived and peer-perceived exercise com-
petence) and actual exercise ability (e.g. strength, endurance, motor skills).
However, stable individual differences in sensitivity to stimuli associated
with punishment or reinforcement are likely to play a key role (Schneider &
Graham 2009; Wichers et al. 2015). As stated above, these differences and the
coupled behavioral tendencies of avoidance and approach could be directly
linked to personality. Specifically, individual differences in the functioning of
the reward system in response to appetitive aspects of exercise are implicated
in the personality traits of extraversion and novelty seeking/impulsivity (Gray
& McNaughton 1983; Gray & McNaughton 2000). Individual differences in
activity of the punishment system in response to aversive aspects of exercise are
implicated in the personality traits of neuroticism and harm avoidance (Gray
& McNaughton 1983; Gray & McNaughton 2000).

A vast literature exists showing that personality traits, in particular neur-
oticism/harm avoidance and extraversion, also play a key role in mental
health. Extraversion is associated with higher levels of psychological well-
being (Weiss, Bates, & Luciano 2008) and neuroticism is regarded to be a
major intermediate risk factor for the development of anxiety and depres-
sive disorders (Cloninger, Svrakic, & Przybeck 2006; Hettema et al. 20006;
Kendler, Neale, Kessler, Heath, & Eaves 1993; Middeldorp, Cath, Beem,
Willemsen, & Boomsma 2008). In short, there is abundant evidence that per-
sonality is associated with exercise behavior as well as mental health, and the
directions of effects are mostly such that personality traits that are associated
with increased exercise behavior are also associated with increased mental
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health (e.g. extraversion, conscientiousness), whereas personality traits that are
associated with decreased exercise behavior are also associated with decreased
mental health (e.g. neuroticism).

Most theories of personality assume it to be a stable disposition across the
life span and this assumption is supported by substantial evidence (Gillespie,
Evans, Wright, & Martin 2004; Johnson, McGue, & Krueger 2005; Lochlin
& Martin 2001; Pedersen & Reynolds 1998). Whereas the environment is
in constant flux and causes changes in an individual’s behavior over time,
personality is considered the constant factor that causes stability in behavior.
This constancy is likely to be hard-wired in our biology, with effects on brain
structure and function the obvious focus for such hard-wiring. Heritability
estimates for a wide range of personality traits range between 40-50%, inde-
pendent of the instruments used, and besides additive genetic variance, non-
additive genetic variance is also at play for some traits (Vukasovic & Bratko
2015). Interestingly, voluntary exercise behavior also has been shown to
be highly heritable — particularly in late adolescence where 80% of the indi-
vidual differences could be explained by genetic factors (Stubbe, De Moor,
Boomsma, & de Geus 2006; De Moor & de Geus 2012; Van der Aa, de
Geus, van Beijsterveldt, Boomsma, & Bartels 2010; de Geus, Bartels, Kaprio,
Lightfoot, & Thomis 2014 ). Heritability decreases in adulthood but remains
well above 40% even in middle-aged samples (De Moor et al. 2011; Vink et al.
2011). Part of the heritability of exercise behavior and personality may thus
reflect common genetic factors.

Below we will discuss existing and novel methodologies to test causal
hypotheses in genetically informative samples and illustrate its application to
the associations between exercise, personality, and mental health. Before we
move to these methods we should briefly indicate how it differs from, and can
improve on, the “classical” approaches to causality: the randomized controlled
trial (RCT) and prospective epidemiology.

Causality in the Association Between Exercise and
Mental Health

Randomized Controlled Exevcise Training Studies

In keeping with the tenets of evidence-based medicine, the hypothesis that
exercise can improve mental health has been tested by experimentally manipu-
lating exercise levels in participants. Such so-called training studies must be
carefully designed. To make sure that changes in mental health do not simply
reflect the passage of time, one or more control conditions are needed. To
prevent self-selection biases, the individuals cannot be allowed to choose
between the conditions, but must be randomly assigned to either exercise
training or the control condition. Several well-designed training studies
have reported improved mood, increased coping behavior or reductions in
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depression and anxiety after a program of acrobic exercise training in com-
parison to control manipulations (Barbour & Blumenthal 2002; Brosse,
Sheets, Lett, & Blumenthal 2002; Steptoe, Edwards, Moses, & Mathews
1989). Unfortunately, others have failed to replicate these training effects
(de Geus, van Doornen, & Orlebeke 1993; King, Taylor, Haskell, & Debusk
1989). Without denying the potential of beneficial effects of exercise in
subsets of individuals, many reviews on this topic express only cautious opti-
mism about the use of exercise for the enhancement of mental health in the
population at large (Lawlor & Hopker 2001; Dunn, Trivedi, Kampert, Clark,
& Chambliss 2005; Daley 2008; Cooney et al. 2013).

The most promising evidence came from studies in individuals who had
low initial levels of well-being at the start of the exercise program, like clin-
ically depressed or clinically anxious patients (Rethorst, Wipfli, & Landers
2009; Wipfli, Rethorst, & Landers 2008). Various randomized controlled
trials showed that regular exercise can be used as a treatment to relieve
symptoms in patients diagnosed with a depressive disorder (Babyak et al.
2000; Blumenthal et al. 2007). These studies tend to report beneficial psy-
chological effects of exercise that match or even exceed those of pharma-
cological treatment. Although these results were promising, it should be
kept in mind that these studies examined the effects of prescribed and
externally monitored exercise treatments in selected subgroups of patients.
Self-selection bias is a concern even with randomization (Ekkekakis 2008).
Those that are mildly affected or on the verge of spontaneous remission may
be more likely to enter the study than those with more severe symptoms, or
a more recent onset of the current episode. This may lead to more positive
post-training outcomes than would have been achieved in a truly unselected
sample. Likewise, the widespread beliefs about the efficacy of this interven-
tion will bias most RCT samples to consist of patient-volunteers that firmly
believe exercise to be a credible treatment modality for their depression or
anxiety, creating potential for distortion of the self-reported well-being after
the trial. Generalization from clinical trials in anxious or depressive patients
willing to participate in training to a//anxious or depressive patients is there-
fore hazardous. This caution was further reinforced by recent RCTs that
failed to find robust antidepressant effects of exercise (Chalder et al. 2012;
Krogh, Saltin, Gluud, & Nordentoft 2009; Krogh, Videbech, Thomsen,
Gluud, & Nordentoft 2012).

The above leads us to suggest that methodological difficulties in training
studies in clinical samples with positive findings may have led us to overesti-
mate the causal effects of exercise on mental health. However, there is also
good ground for the opposite concern that training studies may actually act to
underestimate the beneficial effects of exercise, particularly in the population
at large. First of all, training studies tend to be relatively short, with a duration
of the exercise activities of weeks or months at best. This will not capture
effects of regular exercise that require more prolonged exposure and habit
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Figure 3.1 Four groups of (non)-exercisers in the population

formation. Second, whereas training studies in patient samples may suffer
from a self-selection bias, training studies in population-based samples will
suffer from another form of selection bias related to inclusion or exclusion
criteria set by researchers.

Let us assume for a moment that the population consist of the four types
of people depicted in Figure 3.1. A first trajectory describes individuals
that persistently adhere to regular exercise for the largest part of their lives
(“robust exercisers”). A second trajectory describes “robust sedentary”
individuals that persistently abstain from voluntary exercise throughout
their lifespan. The third trajectory describes individuals who never much
liked exercise in their childhood, adolescence and early adulthood, perhaps
turned off by its competitive nature, but begin to enjoy it as a meaningful
leisure time activity at a later point in their lives (“late adopters”). The
fourth trajectory of “lapsers” were fervent exercisers in their youth but
gradually lost interest when reaching young adulthood, possibly reflecting
a choice to focus more time on family and work-related chores. The four
trajectories that have been depicted in Figure 3.1 are based on longitudinal
analyses of the tracking of exercise behavior across the life span (Picavet,
Wendel-vos, Vreeken, Schuit, & Verschuren 2011; Barnett, Gauvin, Craig,
& Katzmarzyk 2008; Stephens, Craig, & Ferris 1986; Pinto Pereira, Li,
& Power 2015). The key point is that training studies are not based on a
random selection of the population at large. They tend to select individ-
uals that are currently sedentary to maximize the effect size of the exercise
manipulation. Depending on the age of the participants, this would include
individuals from the robust sedentary and lapser trajectories or individuals
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that come from the robust sedentary and late adopter groups. Robust
adherers will be almost always left out.

The choice to leave out robust exercisers is a rational choice from an experi-
mental viewpoint. It does not seem very useful to additionally train a person
who already exercises 2 to 3 hours weekly. For many variables, i.c. like aer-
obic fitness or cardiovascular risk factors, the benefits tend to level off and
more frequent or longer exercise does not add much. By selecting sedentary
individuals, a biased selection of the four groups depicted in Figure 3.1 will
be made. That is unfortunate, because robust adherers or late adopters may
constitute exactly the part of the population that reap psychological benefits
from exercise — which in turn explains why they are currently exercising. The
robust sedentary group in contrast may be enriched with individuals who did
not respond well to exercise (which explains why they are sedentary). This
selection bias can easily lead us to underestimate the true causal effect of exer-
cise in the full population, when we only consider results from training studies.

An overall conclusion is that, in spite of best intentions, training studies do
not truly randomize an unselected sample to an exercise intervention versus
a control intervention. Yet, this is what an unbiased test of causality would
require. We direly need alternative approaches to test causality that can be
used in population-based samples.

Longitudinal Studies in Population-Based Samples

To help resolve causality, epidemiological studies typically address the
exercise—mental health association in longitudinal designs. Most of these lon-
gitudinal studies reported that regular exercise at baseline was associated with
less depression and anxiety at follow-up (Brown, Ford, Burton, Marshall, &
Dobson 2005; McKercher et al. 2009; Patten, Williams, Lavorato, & Eliasziw
2009; Motl, Birnbaum, Kubik, & Dishman 2004; Sagatun, Sogaard, Bjertness,
Selmer, & Heyerdahl 2007; Jerstad, Boutelle, Ness, & Stice 2010; Wise,
Adams-Campbell, Palmer, & Rosenberg 2006; Camacho, Roberts, Lazarus,
Kaplan, & Cohen 1991; Strawbridge, Deleger, Roberts, & Kaplan 2002; van
Gool et al. 2003; Stephens 1988; Jacka et al. 2011; Dugan, Bromberger,
Segawa, Avery, & Sternfeld 2015). Some studies, however, did not find evi-
dence for a longitudinal association (Cooper-Patrick, Ford, Mead, Chang, &
Klag 1997; Birkeland, Torsheim, & Wold 2009; Strohle et al. 2007; Kritz-
Silverstein, Barrett-Connor, & Corbeau 2001; Weyerer 1992), found the
association in subgroups only (Farmer et al. 1988; Edman, Lynch, & Yates
2014), or found the association to be limited to symptom counts but not
extending to clinical diagnosed depression (Stavrakakis, de Jonge, Ormel, &
Oldehinkel 2012; Stavrakakis et al. 2013). The strong point of these longitu-
dinal studies is that they rule out reverse causality as the only explanation for
the prospective association,; if an individual that started exercising and shows
increased well-being later on, that increase in well-being clearly cannot have
influenced the past decision to start exercising.
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We need to stress, however, that an association between exercise at baseline
and mental health at follow-up does not mean that reverse causality cannot be
present as well. Mental health at baseline may in parallel be influencing exer-
cise at follow-up. Various studies have confirmed the existence of such bidir-
ectional prospective associations between exercise behavior and mental health
(Azevedo Da et al. 2012; Jerstad et al. 2010; Stavrakakis et al. 2012; Lindwall,
Larsman, & Hagger 2011; Pinto Pereira, Geoftfroy, & Power 2014; Ku, Fox,
& Chen 2012). In the field of depression, these studies conclude that these
bidirectional associations provide simultancous support for the “protection
hypothesis” that regular exercise can decrease depressive symptoms through
its biological and social actions and for the “inhibition hypothesis” that the
lack of energy, anhedonia, and social withdrawal seen in depression is nega-
tively influencing exercise behavior (Stavrakakis et al. 2012; Pinto Pereira et al.
2014). This conclusion is appealing but premature. The cited observational
longitudinal studies do not truly resolve causality. The adage “correlation is
not causation” applies in full to longitudinal correlations. They too cannot
rule out the effects of underlying factors on both exercise and well-being,
which persist across time. Lower psychological well-being at follow-up in indi-
viduals who were non-exercisers at baseline may, for instance, reflect a reluc-
tance of individuals high in the stable personality trait neuroticism to take up
exercise behavior in the first place.

To test causality in population-based samples, a different approach is
needed than simply relying on prospective associations. Below we show that
studying these associations in genetically informative samples provides a solid
step forwards.

Causality in Genetically Informative Designs

Genetically informative designs are designs that include pairs of relatives for
which the extent to which they are genetically related is known and varies
for different types of relatives. The most well-known genetically inform-
ative study is the twin study, but other studies are also available and include
adoption studies or extensions of twin or adoption studies with other types
of relatives, such as parents, children, or siblings of twin pairs or adopted
siblings. In this chapter, we will focus on twin studies. Twin studies are trad-
itionally being employed to infer whether the familial resemblance observed
for a specific behavior, disease, or trait (“the phenotype”) represents envir-
onmental influences that are shared within a family (“nurture”) or genetic
influences (“nature”). This is the so-called classical twin study, and it is
univariate (only one phenotype is studied at a time). The univariate twin
study can also be extended to a bivariate study, enabling the investigation
of why two phenotypes are associated. In this section, we will first discuss
the general principle of the univariate twin study, and then discuss in detail
the different approaches that can be taken in bivariate twin studies to study
causality.
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In univariate twin studies, “nature” and “nurture” can be separated by
comparing the phenotypic resemblance between monozygotic (MZ) and
dizygotic (DZ) twins. When twins are reared together in the same home they
share part of their environment and this sharing of the family environment is
the same for MZ and DZ twins. The important difference between the two
types of twins is that MZ twins share (close to) all of their genotypes, whereas
DZ twins share on average only half of the genotypes segregating in that
family (Falconer & Mackay 1996). This distinction is the basis of the classical
twin study. If the phenotypic resemblance within MZ pairs is larger than in
DZ pairs, this suggests that additive genetic factors (A, Figure 3.2) influence
the phenotype. If the phenotypic resemblance is as large in DZ twins as it is
in MZ twins, this indicates common/sharved environmental factors (C) as the
cause of the familial resemblance (Van Dongen, Slagboom, Draisma, Martin,
& Boomsma 2012). The extent to which MZ and DZ twins do not resemble
each other is ascribed to the unique (or non-shared) environmental factors (E).
These include all unique experiences like differential jobs, accidents or other
life events, and in childhood, differential treatment by the parents, and non-
shared friends and peers. Shared environmental factors are defined as those
environmental factors that are shared within a family, such as parenting style,
family functioning, neighbourhood, or socio-economic status. Additive gen-
ctic factors represent the sum of all linear effects of the genetic loci that influ-
ence the phenotype. The heritability of a phenotype is defined as the relative
proportion of the total variance explained by genetic factors. The univariate
twin model is sometimes also called the ACE model, referring to the three
different types of factors that are typically modelled as affecting the phenotype

MZz:1;DZ:0.5 MZ & DZ: 1
(g e Ea [¢ E e
Phenotype 1 Phenotype 1
Twin 1 Twin 2

Figure 3.2 The univariate twin model (ACE model)

MZ=Monozygotic twin pairs; DZ=Dizygotic twin pairs; A=Additive genetic
factors; C=Shared environmental factors; E=Unique environmental factors;
a=eftect of additive genetic factors on the phenotype; c=effect of shared envir-
onmental factors on the phenotype; e=effect of unique environmental factors
on the phenotype; heritability=a®/(a’+c?+e?).
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Figure 3.3 llustration of the MZ intra-pair difference approach to test causality in
the association

of interest (Neale & Cardon 1992). The univariate ACE model is depicted in
Figure 3.2.

Bivariate twin studies have been employed to study different explanations
for why two phenotypes are correlated. Different approaches can be taken
(some are illustrated in Figures 3.3 and 3.4). The oldest, most widely used,
and perhaps also most simple and intuitive approach is the co-twin control
design (Kendler & KarkowskiShuman 1997; Hrubec & Robinette 1984; Gesell
1942). When applied to exercise behavior, the co-twin control design selects
MZ twin pairs who are discordant for regular exercise, for instance with one
twin being sedentary and the other a regular exerciser. Then, if exercise has a
causal effect on less depression, and the association is not due to other “third”
factors such as genetic or shared environmental factors, one can expect that
within pairs, the twin who exercises regularly is less depressed than the co-
twin who does not exercise. If on the other hand, the phenotypic association
between exercise and depression is due to “third” factors that are shared among
MZ twins, the within twin pair association between exercise and depression is
expected to be zero (i.e. in genetically identical twin pairs who also share their
family environment, a twin who exercises more than the co-twin is not less but
equally depressed). In other words, in this design the co-twin acts as a control
of the other twin and the design is highly suitable to falsify the causal hypothesis.
If a within MZ twin pair association is found, this gives credence to the causal
hypothesis, but does not formally prove it, because “third” factors that are not
shared between twins but influence both phenotypes could also explain why
the twin who exercises more is less depressed compared to the co-twin.
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The model can be applied for cross-sectional date (both phenotypes measured at the same time
point), or for longitudinal data (phenotype 1 is asscssed at baseline, and phenotype 2 at follow-up).

Figure 3.4 Tllustration of the bivariate approach to test causality in the association
between two phenotypes in twin studies

Note: For simplification the model is drawn for a single twin of the pair only.

The co-twin control design can also be applied to two phenotypes that
are both continuous, in which case no discordant twins are selected, but
rather intra-pair differences for both phenotypes are computed for all twin
pairs with available data. Causality should induce a correlation between these
intra-pair differences, which can be tested for significance, a type of co-twin
control design that we call the MZ intra-pair differences design (De Moor,
Boomsma, Stubbe, Willemsen, & de Geus 2008) (Figure 3.3). The co-twin
control design is commonly applied to cross-sectional data, but has also
been used for longitudinal data (Bartels, De Moor, van der Aa, Boomsma,
& de Geus 2012). A longitudinal correlation between two phenotypes is
compared with a cross-sectional association, as we discussed above, often
taken as stronger evidence that an association between two phenotypes is
causal. The reason is that underlying factors that fluctuate over time cannot
account for the longitudinal association. However, a longitudinal association
can still be confounded by “third” factors that influence both phenotypes
and are stable over time. The longitudinal MZ intra-pair differences design
partly overcomes this problem by controlling for shared environmental and
genetic factors that could impact both phenotypes at each of the two time
points studied. Thus, if for example intra-pair differences in the change in
the amount of exercise across time points are not correlated with intra-pair
differences in the change in the amount of depression across time points, in
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spite of the fact that in the full set of twins exercise at the first time point is
correlated with depression at the second time point, this falsifies the hypoth-
esis that more exercise causes less depression.

Although intuitively appealing, the discordant MZ twin design uses only
a very small part of the data available in twin-family registries (i.c. only the
discordant MZ twins). Another approach that similarly aims at falsifying
the causal hypothesis, but can use the data from all twins, is the standard
bivariate twin model (De Moor et al. 2008) (Figure 3.4). In this model,
the influences of genetic, shared environmental and unique environmental
factors on each phenotype can be estimated, as has been explained above in
the context of the univariate twin model. The bivariate twin model differs
from the univariate model in that the phenotypic association between the two
phenotypes is also modelled, and is a function of overlapping (“common to
both phenotypes”) genetic, shared environmental and unique environmental
factors. This bivariate twin model does not model a direct causal effect of one
phenotype on the other, but is still informative on whether the phenotypic
association could be causal. The line of reasoning is as follows. If the observed
phenotypic association in reality reflects a causal effect, and the bivariate twin
model is fitted to the data, all factors that influence the causative phenotype
(for example A and E that influence exercise in adulthood), will through the
causal chain carry over to the effect phenotype (for example depression) and
will lead to the finding of both genetic and unique environmental factors that
are common to both phenotypes. In other words, and provided that there is
enough statistical power to detect the effects, significant genetic and environ-
mental correlations will be found (r, and r, in Figure 3.4). Again, this finding
will only be consistent with the causal hypothesis but not prove it. If either the
genetic or environmental correlation is not significant, the causal hypothesis
is falsified (e.g. it is unlikely that the observed phenotypic association reflects
a causal effect).

Exercise and Anxiety/Depression

The different approaches as described in the previous section have been
applied to thoroughly test for causality in the association between exercise
behavior and symptoms of anxiety and depression in a large sample of 5952
Dutch twins, their siblings and their parents aged 18-50 years old (De Moor
et al. 2008). In keeping with the many previous cross-sectional studies dem-
onstrating that increased exercise behavior is associated with decreased anx-
ious and depressive symptoms, the correlations between exercise behavior and
symptoms of anxiety and depression were significant but small, ranging from
-0.06 to -0.14. However, the MZ intra-pair differences method showed that
intra-pair differences in exercise behavior were not significantly correlated to
intra-pair differences in symptoms of anxiety and depression. The bivariate
twin models further showed that genetic correlations were significant and
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ranged from -0.16 to -0.24. Unique environmental correlations, ranging
from -0.07 to 0.05, were not significantly different from zero. This pattern
of findings strongly suggests that the association between exercise behavior
and symptoms of anxiety and depression is not simply explained by a causal
effect.

The longitudinal correlations between exercise behavior at baseline and
symptoms of anxiety and depression at follow-up ranged between -0.07 to
-0.14 and were all significant. As estimated in bivariate twin models, with
exercise at baseline and symptoms of anxiety or depression at follow-up, the
genetic correlations ranged from -0.21 to -0.40 and were all significantly
different from zero. This was not the case for the unique environmental
correlations, ranging from -0.12 to 0.22, which were not significantly different
from zero. Taken together, the results from this study point to common (i.c.
overlapping) genetic factors that explain the cross-sectional and longitudinal
correlations between exercise and symptoms of anxiety and depression, rather
than a causal effect of exercise on anxiety/depression being the driving mech-
anism behind these correlations.

Similar findings were obtained in a study on the association between
regular exercise behavior and internalizing problem behavior (a composite
measure of anxious and depressed symptoms, withdrawn behavior and som-
atic complaints) in a sample of 6317 Dutch adolescent twins and 1180 of
their non-twin siblings (Bartels et al. 2012). The cross-sectional phenotypic
correlation between exercise and internalizing problems was —0.13, and did
not differ between girls and boys. The MZ intra-pair differences model was
applied to cross-sectional and longitudinal data. This showed that the twin
who exercises more at baseline did not have less internalizing problems at
baseline compared to the co-twin who exercises less. Longitudinally, the twins
who increased frequency and intensity of exercise over time did not show
lower levels of internalizing problems over time than their co-twins with
decreasing levels of exercise over time.

Bivariate genetic modelling again corroborated the MZ intra-pair
differences design. The sources of individual differences in exercise behavior
and internalizing problems were different in boys versus girls, with for boys
genetic and unique environmental factors influencing both phenotypes, while
for girls also shared environmental factors played a role. In boys, it was found
that the association between exercise behavior and internalizing problems
seems to be mainly due to genetic factors that are common (i.e. overlapping)
for exercise behavior and internalizing problems. For girls, genetic and shared
environmental factors both account for the association. The unique environ-
mental correlation was not significantly different from zero, thus the causal
hypothesis was not supported in either boys or girls. Similar results were found
for the longitudinal phenotypic correlation between exercise and internal-
izing problems two years later (-0.15), which was best explained by genetic
influences common to both traits.
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Exercise and Well-Being

Several studies have focused on positive mental health outcomes, such as sub-
jective well-being, rather than on poor mental health. In the study of Stubbe
et al. (20006), the relationship between exercise participation (yes/no) with
life satisfaction (satisfied /not satisfied) and happiness (happy,/not happy) was
examined in around 8000 subjects between 18 and 65 years old using the co-
twin control method. It was found that adults who participate in exercise are
happier than and more satisfied with their lives than adults who do not partici-
pate in exercise. However, in MZ twins discordant for exercise participation,
the twins who exercised were not happier or more satisfied with their lives
than the co-twins who did not exercise.

In the study conducted in adolescents discussed in the previous section
(Bartels et al. 2012), the association between exercise behavior and subjective
well-being was also investigated by applying the same methods as for intern-
alizing problems. The findings were highly comparable. The cross-sectional
phenotypic correlation between exercise and subjective well-being was 0.12,
and the longitudinal phenotypic correlation was 0.16. These associations
disappeared when controlling for genetic and shared environmental factors
that MZ twins share (MZ intra-pair differences design). Furthermore, in the
bivariate genetic models, the associations were best explained by genetic and/
or shared environmental factors that are common to exercise and subjective
well-being, but unique environmental factors are not shared among exercise
and subjective well-being, again falsifying the causal hypothesis.

Taken together the studies that investigated the associations between exer-
cise and different indices of mental health in adults and adolescence (lack
of anxiety, depression and internalizing problems, and high subjective well-
being) make it clear that these associations do not simply reflect a causal effect
of exercise on mental health. Rather, “third” factors influenced by genetic
factors are of importance in explaining these associations. We hypothesize
that personality constitutes the underlying factor that itself causally affects
both exercise behavior and mental health. Because the stability in personality
traits is mostly caused by genetic factors, these genetic factors may explain the
genetic correlation between exercise behavior and mental health. In the next
section we investigate our hypothesis in a novel model applied to longitudinal
twin data. We expect to find that personality traits (neuroticism and extraver-
sion) causally influence exercise behavior.

Causality in the Association Between Personality and Exercise

Although a major step forward to more robustly testing causality among
phenotypes in non-experimental designs, the above reviewed bivariate twin
designs are limited in that they do not allow for the possibility that com-
binations of mechanisms explain the observed phenotypic associations. For
example, it could be that the association between personality and exercise is
partly causal, and partly explained by genetic factors that the two phenotypes
have in common. Longitudinal genetically informative designs with large
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sample sizes are needed to test for these more complex explanations of
phenotypic associations. We developed a longitudinal bivariate twin model to
examine causal effects among two phenotypes in both directions, in addition
to modelling genetic and environmental factors that both phenotypes can
have in common. The model is described in more detail below and applied to
the association between the personality traits neuroticism and extraversion on
the one hand and exercise behavior on the other hand. The model was fitted
to data from adolescent and adult twins who are voluntarily registered with
the Netherlands Twin Register and who take part in a longitudinal study on
health, lifestyle, and personality conducted in twins and their family members
(Boomsma et al. 2002).

Longitudinal data on exercise, neuroticism, and extraversion from twins
were obtained from surveys collected in 1991, 1993,1995,1997,2000, 2002,
2004, and 2009. These surveys included a number of questions on exercise
that were used for the current analyses. First it was asked whether the partici-
pant exercised regularly (“yes” or “no”). If yes, further information on type
of exercise, frequency (times per week), and duration (minutes per time) was
gathered. Each type of exercise was coded with a metabolic energy equivalent
(MET) score. A MET score of 1 corresponds to the rate of energy expended
when at rest (1 kcal/kg.h). Subsequently, the MET score was multiplied by
the hours per week spent in this type of exercise to calculate the number of
METhours spent weekly in this type of exercise. If participants reported more
than one type of exercise, METhours were summed up to obtain the total
METhours per week. The 6-month test-retest reliability of METhours was
0.82 (De Moor et al. 2008). Since the distribution of METhours was highly
skewed (many twins do not regularly exercise, and a relatively small number of
twins exercise very frequently and intensively), a square-root transformation
was applied to the data to render the data more normally distributed. Next,
sex differences in METhours were taken out by performing a linear regression
of METhours on sex and saving the unstandardized residuals, which were the
input for all reported analyses on METhours in this chapter.

The surveys collected in 1991, 1993, 1997, 2000, and 2002, contained the
Amsterdamse Biografische Vragenlijst (ABV) (Wilde 1970), a Dutch personality
questionnaire that is similar to the Eysenck Personality Questionnaire (Eysenck
& Eysenck 1964). There are 21 items in the ABV that measure extraversion
and 30 items that measure neuroticism; a summed score was computed for each
personality trait for all participants for all time points. The Cronbach’s alphas for
neuroticism and extraversion in this sample have been previously reported and
were respectively 0.89 and 0.84 (De Moor et al. 2006). Again, sex differences in
neuroticism and extraversion were regressed out and unstandardized residuals
were saved and input for all reported analyses in this chapter.

Since there was large age variation across twin pairs in each survey, the
data were restructured such that age rather than survey represented each time
point. Given that the survey data collections were always at least 2 years apart,
and to avoid excessive missingness in the age-aligned longitudinal dataset, the
following seven age bins of 2 years were created: 17-18 years; 19-20 years;
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21-22 years; 23-24 years; 25-26 years; 27-28 years; and 29-30 years. This
led to a final total sample size of 10,105 twins.

The statistical analyses were carried out in three steps. In the first step,
descriptives were calculated: means and standard deviations for the untrans-
formed METhours, neuroticism and extraversion scores across age, and
phenotypic and twin correlations for the transformed METhours, neuroticism
and extraversion scores across age. In a second step, univariate longitudinal
twin models were fitted to the data on METhours, neuroticism and extraver-
sion separately (i.e. in three different models), using the structural equation
modeling software package OpenMx as implemented in R (Boker et al. 2011).
The aim of this step was to model the stability and change of genetic and envir-
onmental influences on each phenotype, while not yet taking into account the
bivariate associations of METhours with neuroticism or extraversion. In the
third step, two bivariate longitudinal twin models were fitted to the data:
the first model modelled the association between METhours and neuroticism
(see Figure 3.5), while the second model modelled the association between
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Figure 3.5 The estimated bivariate longitudinal causal model for weekly METhours
and neuroticism

MET=Weekly METhours; NEU=Neuroticism; A=Additive genetic factors; E=Unique environ-
mental factors; ry=Additive genetic correlation; r;=Unique environmental correlation; * p<0.001;
ns=non significant (p>0.05); Note: for reasons of clarity A and E factors are drawn as one latent
variable, with the parameter estimates given twice for each A and E factors. In addition, the meas-
urement error path loadings for both variables (0.55 for METhours and 0.49 for neuroticism) at
each time point are not drawn in the figure.



Causality, Personality, and Health 83

METhours and extraversion (see Figure 3.6). The genetic and environ-
mental influences on METhours, neuroticism and extraversion were modelled
according to the outcomes of step two. In addition, the cross-sectional and
longitudinal associations between METhours and the personality trait (neur-
oticism or extraversion) were modelled as possibly arising from three sources.
First, they could be the result of genetic factors that the two phenotypes have
in common (the hypothesis of genetic pleiotropy). Second, the observed pheno-
typic associations could be explained by causal influences of the personality
trait on METhours (the dominant causal hypothesis). Third, they could occur
because of a causal effect of METhours on the personality trait (zhe hypothesis
of reverse causality). Each hypothesis can be tested by constraining the relevant
parameter(s) to zero and comparing the fit of this constrained model with the
fit of the unconstrained model by using a likelihood-ratio test. The model
comes with a number of assumptions. First, it is assumed that the phenotypic
correlation between METhours and the personality trait at the first time point,
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Figure 3.6 The estimated bivariate longitudinal causal model for weekly METhours
and extraversion

MET=Weekly METhours; EXT=Extraversion; A=Additive genetic factors; E=Unique environ-
mental factors; ry=Additive genetic correlation; r=Unique environmental correlation; * p<0.001;
ns=non significant (p>0.05); Note: for reasons of clarity A and E factors are drawn as one latent
variable, with the parameter estimates given twice for each A and E factors. In addition, the meas-
urement error path loadings for both variables (0.55 for METhours and 0.48 for extraversion) at
cach time point are not drawn in the figure.
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Table 3.1 Means (and standard deviations) of weekly METhours, neuroticism and
extraversion at each age bin

17-18 19-20 21-22  23-24  25-26 27-28  29-30
years years years years years years years

METhours 16.44 1397 1357 1285 1221 1123 1081
(22.88) (21.28) (22.42) (19.01) (18.97) (17.14) (17.79)

Neuroticism 54.38 5270 5019  49.67  47.65  46.63  45.29
(24.15)  (24.47) (24.14) (24.96) (24.88) (24.93) (23.95)

Extraversion 61.18  61.87  62.83 61.89 6217 6170  61.46
(15.78)  (15.69) (15.89) (16.61) (16.27) (16.44) (16.66)

17-18 years, fully arises from common genetic factors. Second, it is assumed
that the magnitude of the causal effects of the personality trait on METhours,
and of METhours on the personality trait does not vary as a function of age.
These assumptions might not completely hold but they are necessary in order
to identify the model and avoid problems with convergence of the model and
parameter estimation.

Means and standard deviations for the untransformed METhours, neur-
oticism and extraversion scores across age are provided in Table 3.1. As can
be seen in this table, mean levels of METhours decrease from age 17-18 to
age 29-30 years, while the variation around the mean also decreases with
age. Mean levels of neuroticism also decrease, while variation in neuroticism
remains relatively stable. Mean levels of extraversion are relatively stable,
while the variation around the mean increases with age. Table 3.2 displays the
phenotypic correlations between neuroticism and METhours, while Table 3.3
provides the phenotypic correlations between extraversion and METhours.
The cross-sectional phenotypic correlations are small and range between —0.08
and -0.13 for METhours with neuroticism, and between 0.11 and 0.17 for
METhours with extraversion, consistent with other reports (Rhodes a& Smith
2006). The longitudinal correlations between neuroticism and METhours
range between —0.05 and -0.13. The longitudinal correlations between extra-
version and METhours range between 0.05 and 0.15.

In Tables 3.4, 3.5 and 3.6, the MZ and DZ twin correlations are given for,
respectively, METhours, neuroticism and extraversion. The MZ twin correl-
ation for METhours starts highest at 0.65 at age 17-18 years, and decreases
to 0.45 at age 29-30 years. At each age bin, the DZ correlation is about
half the MZ correlation, suggesting that individual differences in exercise
behavior during young adulthood are influenced by a combination of addi-
tive genetic factors and unique environmental factors. For neuroticism, the
MZ correlations at each age bin range between 0.43 and 0.55 without a clear
trend across age, while the DZ correlations are typically about half of the MZ
correlations and range between 0.20 and 0.29. This suggests that individual
differences in neuroticism during young adulthood are also influenced by a
combination of additive genetic factors and unique environmental factors.
For extraversion, the MZ correlations at each age bin are similar to those for
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Table 3.2 Cross-sectional (diagonal) and longitudinal (off-diagonal) phenotypic
correlations between weekly METhours and neuroticism

METhours at:

17-18 years 19-20 21-22 23-24 25-26 27-28 29-30
years  years — Years — yemrs — Years — years

Neuroticism 17-18  -0.11 -0.09 -0.09 -0.10 -0.05 -0.05 -0.05
at: years
19-20 -0.13 -0.12 -0.11 -0.09 -0.06 -0.06 -0.06
years
21-22  -0.05 -0.07 -0.08 -0.09 -0.08 -0.08 -0.08
years
23-24 -0.15 -0.11 -0.07 -0.13 -0.09 -0.09 -0.09
years
25-26 -0.10 -0.12 -0.07 -0.08 -0.12 -0.12 -0.12
years
27-28 -0.10 -0.12 -0.07 -0.08 -0.13 -0.13 -0.13
years
29-30 -0.10 -0.12 -0.07 -0.08 -0.11 -0.11 -0.11
years

Table 3.3 Cross-sectional (diagonal) and longitudinal (oft-diagonal) phenotypic
correlations between weekly METhours and extraversion

METhours at:

17-18 years  19-20 21-22 23-24 25-26 27-28 29-30
years  Years Years years Years Years

Extraversion 17-18 years 0.11 0.13 0.07 0.05 0.09 0.09 0.09
at:
19-20 years 0.11 0.17 0.11 0.10 0.09 0.09 0.09
21-22 years 0.07 0.13 0.14 0.11 0.14 0.14 0.14
23-24 years 0.10 0.09 0.10 0.11 0.06 0.06 0.06
25-26 years 0.09 0.11 0.12 0.09 0.13 0.13 0.13
27-28 years  0.09 0.11 0.12 0.09 0.11 0.11 0.11
29-30 years 0.09 0.11 0.12 0.09 0.15 0.15 0.15

neuroticism (with a range between 0.41 and 0.53), but the DZ correlations
are typically less than half of the MZ correlations and range between 0.07 and
0.19. This suggests that besides additive genetic influences and unique envir-
onmental influences, there are also non-additive genetic influences at work
that explain individual differences in extraversion. The twin correlations for
these three phenotypes are consistent with what has been reported in the lit-
erature before (Vink et al. 2011; Vukasovic & Bratko 2015; Polderman et al.
2015; van den Berg et al. 2014).
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Tuble 3.4 Longitudinal twin correlations for weekly METhours

17-18 19-20 21-22 23-24  25-26 27-28 29-30
years years years years years years years
17-18 0.65 / 0.28 0.23 0.32 0.09 0.10 0.10
years 0.30
19-20 0.52 061,/ 022 0.26 0.23 0.22 0.10
years 0.32
21-22 0.36 0.41 049/ 0.20 0.12 0.21 0.22
years 0.21
23-24 0.45 0.44 0.52 055/ 012 0.24 0.14
years 0.27
25-26 0.29 0.48 0.35 0.40 046/ 017 0.27
years 0.15
27-28 0.30 0.26 0.45 0.22 0.45 046/ 0.14
years 0.25
29-30 0.22 0.35 0.22 0.30 0.38 0.37 0.45 /
years 0.09

MZ twin correlations are given on diagonal and lower off-diagonal in

correlations are given on diagonal and upper oft-diagonal i italics.

Table 3.5 Longitudinal twin correlations for neuroticism

bold, and DZ twin

17-18 19-20 21-22 23-24  25-26 27-28 29-30
years years years years years years years
17-18 0.55 / 0.25 0.27 0.18 0.16 0.26 0.17
years 0.29
19-20 0.48 0.52 / 0.27 0.24 0.16 0.25 0.15
years 0.28
21-22 0.44 0.43 049,/ 021 0.26 0.20 0.25
years 0.29
23-24 0.39 0.46 0.44 053/ 026 0.12 0.22
years 0.20
25-26 0.36 0.43 0.46 0.43 043,/ 021 0.27
years 0.22
27-28 0.41 0.42 0.51 0.49 0.47 046/ 016
years 0.25
29-30 0.32 0.34 0.41 0.43 0.48 0.49 0.51 /
years 0.20

MZ twin correlations are given on diagonal and lower off-diagonal in bold, and DZ twin
correlations are given on diagonal and upper off-diagonal in italics.

Univariate longitudinal twin models were fitted to the data on METhours,
neuroticism and extraversion separately, in order to model the stability and
change of genetic and environmental influences on each phenotype. For
METhours, a Simplex model with additive genetic and unique environmental
influences provided the best fit to the data (x*(df=57)=30.71, p=1.00). For
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Tuable 3.6 Longitudinal twin correlations for extraversion

17-18 19-20 21-22 23-24 25-26 27-28 29-30

years years years years years years years

17-18 0.53 / 0.05 0.08 0.07 0.06 0.06 0.09
years 0.07

19-20 0.43 048/ 0.12 0.11 0.15 0.11 0.11
years 0.12

21-22 0.45 0.47 052/ 019 0.11 0.14 0.14
years 0.16

23-24 0.44 0.42 0.48 048/ 0.6 0.16 0.14
years 0.18

25-26 0.42 0.40 0.51 0.48 053/ 012 0.14
years 0.18

27-28 0.41 0.38 0.46 0.45 0.51 041/ 021
years 0.15

29-30 0.40 0.43 0.52 0.50 0.54 0.50 0.59 /
years 0.19

MZ twin correlations are given on diagonal and lower off-diagonal in bold, and DZ twin
correlations are given on diagonal and upper oft-diagonal i italics.

neuroticism, again a Simplex model with additive genetic and unique envir-
onmental influences fitted the data best (x?(df=57)=43.15, p=0.91). Similarly,
for extraversion a Simplex model with additive genetic and unique environ-
mental influences fitted the data best (x*(df=57)=36.24, p=0.99).

Neuroticism and Exevcise

A bivariate longitudinal causal model was fitted to the data on neuroticism and
exercise. With regard to the genetic and environmental influences on neuroti-
cism and METhours, an AE Simplex structure was used to model the stability
and change of both phenotypes in this model. The phenotypic associations
between neuroticism and METhours could arise from four sources in this
model: additive genetic factors shared by both phenotypes, unique environ-
mental factors shared by both phenotypes, a causal effect of neuroticism on
METhours, and a causal effect of METhours on neuroticism. The estimated
model is depicted in Figure 3.5. The genetic correlation was estimated at —
0.20 and could not be omitted from the model (x*(df=1)=24.02, p<0.01).
The environmental correlation was estimated at —-0.03 and could be omitted
(x3(df=1)=0.17, p=0.68). The causal effect of neuroticism on METhours was
estimated at —0.02 but not significant (x*(df=1)=2.06, p=0.15). The reverse
causal effect of METhours on neuroticism was —0.01 and also not significant
(x*(dt=1)=0.64, p=0.42). In summary, these results suggest that genetic plei-
otropy, rather than causal effects of neuroticism on METhours or vice versa,
explains the small phenotypic correlations between METhours and neuroti-
cism. This is consistent with earlier findings (De Moor et al. 2008).
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Extraversion and Exevcise

The results of the bivariate longitudinal causal model fitted to data on extra-
version and METhours are displayed in Figure 3.6. The non-additive compo-
nent for either trait was not significant, possibly reflecting low power to detect
this component (Posthuma & Boomsma 2000). The genetic correlation was
estimated at 0.19 and could not be omitted from the model (x*(df=1)=19.34,
p<0.01). The environmental correlation was estimated at 0.10 and could
be omitted (x*(df=1)=1.36, p=0.24). The causal effect of extraversion on
METhours was 0.04 and this effect was significant (x*(df=1)=8.76, p<0.01).
The reverse causal effect of METhours on extraversion was 0.03 and not
significant (y?(df=1)=2.96, p=0.09). Together, these results suggest that
a combination of genetic pleiotropy and a causal effect of extraversion on
METhours explains the small phenotypic correlations between METhours
and extraversion.

Summary of Findings and Conclusions

Based on the literature reviewed and the new work described above we con-
clude that, in the population at large, exercise participation is associated with
higher levels of life satisfaction and happiness and lower levels of anxiety and
depression. This association does not, however, reflect a causal effect of regular
exercise on mental health. Instead, the associations are best explained by pleio-
tropic genetic factors that have an influence on regular exercise behavior while
at the same time, but independently from their effect on exercise, have an
influence on various aspects of mental well-being.

In a population of (young) adults we investigated to what extent these pleio-
tropic factors could work through an effect on the personality traits neuroticism
and extraversion, under the assumption that neuroticism and extraversion exert
a causal effect on regular exercise behavior. This latter assumption was supported
for extraversion only. Neuroticism was associated with exercise behavior, but this
association was not causal. Pleiotropic genetic factors independently affecting
neuroticism and exercise behavior were the source of their association. For extra-
version we could not reject the causal hypothesis. In other words, the personality
trait extraversion partly explains why some people participate in regular exer-
cise and others don’t. This causal effect is, however, not the only source of the
extraversion-exercise association. Here too we found pleiotropic genetic factors
that independently influence extraversion and regular exercise behavior.

Relevance to Exevcise Intevvention Programmes

With these conclusions we can re-address the conundrum stated at the begin-
ning of this chapter: If regular exercise provides a consistent reduction in anx-
ious and depressive symptoms and makes everybody “feel better,” why does
not everybody engage in it? The problem seems to be in the question itself.
As do many current population-based intervention campaigns, the question
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tacitly assumes that the associations found at a population level mainly reflect
causal effects of exercise. In this chapter we have challenged this assumption.
In the population at large, regular leisure time exercise seems associated with
better mental health largely through pleiotropic genetic effects. This opens
up the possibility that beneficial effects of exercise are more casily unlocked
by some genetic profiles than by others. Favorable genetic profiles may for
instance cause a larger sensitivity to the rewarding or a smaller sensitivity to the
punishing effects of a broad classes of activities, including exercise.

This would also explain why the favorable genetic profile for exercise is
associated with a higher probability of being low in neuroticism and high in
extraversion. For exercisers, who also tend to be more extraverted, exercising
may be associated with a strong “feel good” experience and constitute an
excellent short-term coping strategy that helps to unwind more rapidly from
daily pressures experienced in the school, job, or home environment, up to a
point where stopping exercise could lead to loss of well-being and self-esteem.
For persistent sedentary individuals, who also tend to score higher on neur-
oticism, the aversive effects of exercise, at least in the forms that they tried so
far, may greatly overwhelm the rewarding effects, causing them to drop out.

Acknowledgment of the differential genetic sensitivity to the psychological
effects of exercise is of great importance to help create better exercise programs
to engage more individuals in some form of regular exercise. Some individuals
may require a specific exercise program (with respect to social setting, inten-
sity of exercise, absence or presence of competitive elements, type of exercise)
to create a situation in which the rewarding effects of exercise can predom-
inate. This may ensure that these individuals continue to be engaged in regular
exercise while maximizing their psychological benefits in terms of increased
teelings of well-being and decreased levels of anxiety and depression.

Limitations and Divections for Future Research

In this chapter we have limited our review and our analyses almost completely
to regular voluntary exercise behavior in leisure time. We deliberately chose to
confine ourselves to this behavioral phenotype, fully knowing that it comprises
only a modest part of the total volume of energy expenditure through physical
activity for most individuals with the possible exception of vigorous exercisers
(Levine 2005; Westerterp 2003). This comes at the price that, from a health
perspective, total physical activity may be the more relevant phenotype
although the verdict on that is really still out. Moderate-to-vigorous activities
have been shown to have the largest protective effect on mortality (Samitz,
Egger, & Zwahlen 2011) and leisure time exercise activities are — for most
individuals — the major source of bouts that have a sufficient intensity and dur-
ation to induce these effects. The advantages of focusing on this subcategory
of physical activity are twofold. First, in order to reliably study the causes of
individual differences of exercise behavior in genetically informative designs,
large amounts of population-based data are needed which is currently only
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feasible using self-report in surveys. Total physical activity behavior, let alone
energy expenditure, cannot be reliably measured by self-report (Prince et al.
2008; Adamo, Prince, Tricco, Connor-Gorber, & Tremblay 2009). Objective
methods, for instance using accelerometers, are needed to reliably assess total
physical activity and energy expenditure, although the latter may require add-
itional and more expensive technology to account for individual differences
in basal metabolic rate and thermogenesis. As exercise activities that are
performed during leisure time are deliberately initiated and often clearly
defined in time, self-reports on this salient behavior are much more accurate.
Indeed, excellent test-retest reliability has been established in our own data
(De Moor et al. 2008; Stubbe et al. 2000).

However, ours may have been a too simplistic perspective on a far more com-
plex reality. Recent evidence suggested, for instance, that in college women,
where self-report of physical activity may be extra susceptible to a social desir-
ability response bias, extraversion was related to self-reported physical activity
but not accelerometer-derived physical activity. In contrast, neuroticism was
related to accelerometer-derived physical activity but not self-reported phys-
ical activity (Wilson et al. 2015). In our sample, using self-report, we find a
causal effect of extraversion on regular exercise behavior but we did not find
a causal effect of neuroticism. This raises the question of what the pattern
of findings would have been if we also had used an accelerometer-derived
measure of regular exercise behavior. No twin data are currently available to
our knowledge that could address this question. With the increased availability
of user-friendly accelerometer technology, large-scale genetic epidemiological
research on the association between mental health and total physical activity is
now becoming feasible.

A second advantage of focusing on sports and exercise is that it almost
always represents a voluntary behavior, in contrast to many forms of physical
activity like bicycling, walking, gardening, household, or work-related phys-
ical activity which are an unknown mix of obligatory and voluntary choices
(e.g. the choice to bike and not to take the car or bus may have a financial
or practical cause, but also be reflective of an innate activity-drive). As we
sought to link personality to voluntary behavioral choices, regular exercise
seemed a more meaningful choice than total physical activity. The choice for a
divide-and-conquer approach with a focus on physical activity in only one of
its SLOTH domains (sleep, leisure-time, occupation, transportation, home-
based) was further reinforced by evidence that the determinants of physical
activity can be specific to each domain (Sallis et al. 2000).

Another limitation of this chapter is that its reasoning was based strongly
on findings using the twin design. This design is based on a number of critical
assumptions including random mating, i.e. mating that is not related to the
phenotype studied, equal environment for DZ and MZ twins, and generaliz-
ability of results based on twins to singletons. Each of these assumptions seems
to hold rather well for exercise behavior (Eriksson, Rasmussen, & Tynelius
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2006; Huppertz 2015; De Moor et al. 2011). Moreover, although part of the
twin-based estimated heritability is still missing, the overwhelming message
from the recent Cambrian explosion of genome-wide association (GWA)
studies is that twin studies correctly estimated the contribution of (additive)
genetic variation to many biological and behavioral phenotypes (Visscher &
Montgomery 2009; Visscher et al. 2006; Visscher, Brown, McCarthy, & Yang
2012), and their cross-phenotype correlations (Lee et al. 2013; Bulik-Sullivan
etal. 2015).

A more serious practical limitation of the twin design is that it requires
access to data from a longitudinal twin registry, which is not feasible for
all researchers in this field. Currently, only a few research groups have the
resources to investigate causality in this specific genetically informative design.
However, a different genetically informative design is becoming available
through the online repositories with the results of hundreds of GWA studies
(www.ebi.ac.uk/gwas/). The availability of these data on a large number
of individuals makes it possible to not only test causality while controlling
for latent genetic confounds, but to directly assess and hence control for
the effects of specific genes. The Mendelian randomization technique has
gained popularity as a means to causality testing that is in principle similar
to the approach that we have used (Lawlor, Harbord, Sterne, Timpson, &
Davey-Smith 2008; Davey-Smith & Hemani 2014). Instead of correlating
latent genetic and environmental factors that are thought to influence two
phenotypes, it is based on actual measured genetic variants. More specifically, a
genetic variant that influences an exposure variable (such as exercise behavior)
should also, through the causal chain, predict an outcome variable (such as
mental health). The big advantage of the Mendelian randomization technique
is that it is based on measured genetic variants and can be applied to any large
population-based sample, whereas our methods for causality testing rely on
latent (unmeasured) genetic and environmental factors that need large twin
samples. The method however requires the identification of solid associations
of genetic markers with the exposure variables, and this is not yet the case
for most of the phenotypes concerned in this chapter. For neuroticism and
extraversion, large-scale GWA analyses have been conducted, which has led to
some promising results for neuroticism but no robust associations of genetic
variants for extraversion (van den Berg et al. 2016; De Moor et al. 2015). For
exercise behavior, robust associations with genetic markers remain to be iden-
tified (De Moor et al. 2009). It will hopefully not take long, however, for the
large worldwide consortia to tackle physical activity phenotypes with a GWA
approach.

This is a perspective to look forward to, as it will yield the required instru-
mental variables to test the many acclaimed beneficial effects of physical
activity. It will also provide unique opportunities to understand the genetic
pleiotropic associations between personality, exercise, and mental health at a
more mechanistic level.
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Introduction: Depression and Inflammation

The World Health Organization (Kolappa 2013) has stated that there is no
health without mental health. This was endorsed by the Pan American Health
Organization, the EU Council of Ministers, the World Federation of Mental
Health, and the UK Royal College of Psychiatrists (Insel 2011). Mental
disorders make a substantial independent contribution to the burden of dis-
ease worldwide (Bramer 1988). The WHO’s Global Burden of Disease report
highlighted the role of mental disorders for disability-adjusted life-year, which
is the sum of years lived with disability and years of life lost because of dis-
abilities. Mental illness accounts for a quarter of all disability-adjusted life-
years and one-third of those attributed to non-communicable diseases, such
as cardiovascular disease, neurodegeneration, and diabetes (Bramer 1988;
Insel 2011). Neuropsychiatric disorders contribute to the greatest global
burden of disease, more than cancer or cardiovascular diseases (Bramer 1988;
Insel 2011).

Depression is the most common serious mental illness. Depression is a state
of low mood and activity aversion that affects thoughts, behavior, feelings, and
sense of well-being. Major depressive disorder (MDD) is a common neuro-
logical disorder, widely distributed in the population, and usually associated
with substantial symptom severity and life impairment (Kessler et al. 2003).
The prevalence of MDD for lifetime was 16.2% and for 12-month was 6.6%,
according to WHO’s Composite International Diagnostic Interview (CIDI)
(Kessler et al. 2003). A depressed individual feels sad, anxious, empty,
hopeless, helpless, worthless, guilty, irritable, ashamed, or restless. They may
lose interest in activities that were pleasurable, experience overeating or loss



Treating Depression with Exercise 101

of appetite, have problems concentrating, remembering details or making
decisions, and may contemplate, attempt, or commit suicide. Insomnia, exces-
sive sleeping, fatigue, aches, pains, digestive problems, or reduced energy are
also related (Kessler et al. 2003).

In the last 50 years, occupational physical activity decreased to 120 kcal.
day! range, and sedentarism has emerged as an additional risk factor, along
with physical inactivity, for mental disorders (Gonzalez-Gross & Melendez
2013). Sedentarism and physical inactivity are both modifiable risk factors for
depression (Warburton, Nicol, & Bredin 2006, Babyak, Roberts, Lazarus,
Kaplan, & Cohen 2000, Camacho et al. 1991). Like depression (Babyak et al.
2000), a sedentary lifestyle is becoming a prominent risk factor for a variety
of non-communicable diseases: diabetes mellitus, cancer (colon and breast),
obesity, and hypertension (Warburton et al. 2006). Conversely, regular exer-
cise is associated with improved mental and psychological health (Warburton
et al. 2006; Camacho et al. 1991).

There is a strong association between chronic non-communicable diseases,
including cardiovascular, diabetes, cancer, and respiratory illness — the ones
with the highest worldwide rate of mortality — and emotional disorders.
There is much evidence showing that the immune system is the molecular
connection between these conditions. Inflaimmation is a protective and
coordinated response to cellular stress that results from the exquisite com-
munication among different types of immune cells. Acute inflammation is an
carly and almost immediate tissue response, namely to injury. It is nonspecific,
of short duration, and occurs before the immune response is established. At
this stage, the main objective of the immune response is to remove the cel-
lular stress: injury, injurious agents, foreign bodies or resolve hypersensitivity
reactions. On the other hand, chronic inflammation is not a part of the nat-
ural healing process, and eventually chronic inflammation will cause organ
damage, including mental illness, since the body is not prepared to cope with
persistent unfocused immune activity.

Cytokines are immunomodulatory molecules, typically produced by
immune cells (Svensson, Lexell, & Deierborg 2015) that coordinate the
inflammatory response. The immune response can be either neurotoxic or
neuroprotective, depending on which signals the immune cells receive. The
functions of different cytokines are very complex and depend on the con-
text and concentration of cytokines in relation to one another. However,
cytokines such as interleukin-6 (IL-6), tumor necrosis factor-a (TNF-«),
interferon-y (IFEN-y), and interleukin-1p (IL-1p) are considered to have
profound pro-inflammatory functions. On the contrary, cytokines such
as interleukin-4 (IL-4) and interleukin-10 (IL-10) are regarded as anti-
inflammatory (Svensson et al. 2015). The seminal observation that the acti-
vation of the immune system by an infectious agent (i.e. malaria inoculation)
can affect psychiatric function (Julius Wagner-Jauregg, Nobel Prize, 1927),
was essential to understand that cytokines signal the brain and can serve
as mediators between the immune and central nervous system. Thus, it is
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conceived that the inflammatory status in the periphery corresponds to the
level of inflammation in the brain.

Studies showing that (1) increased pro-inflammatory cytokine plasma
concentrations correlated with the severity of illness in MDD-affected
patients, who also had hypothalamic—pituitary—adrenal (HPA) axis hyper-
activity (Dantzer, O’Connor, Freund, Johnson, & Kelley 2008; Raison,
Capuron, & Miller 2006; Ridker, Cushman, Stampfer, Tracy, & Hennekens
1997), and (2) increased brain inflammatory factors, including TNF-o, IL-
6, C-reactive protein (CRP), and IL-1p induces depression-like and sickness
behaviors in animals (Garcia-Bueno, Caso, & Leza 2008; Anisman 2009),
were the basis for proposing the cytokine-induced model of depression. It is
worthwhile to highlight that most of the studies that generated the concept
that systemic inflammation is a pathological mechanism for the development
of mental health, including MDD (Dantzer et al. 2008; Raison et al. 20006),
have been conducted in subjects with sedentary lifestyle.

Treating Depression with Exercise: The Role of IL-6

Exercise is a promising intervention for the prevention and treatment of
various diseases characterized by chronic inflammation, including neuro-
logical disorders. Acrobic exercise is widely used to reduce inflammation in
the periphery and in the brain (Petersen & Pedersen 2005; Svensson et al.
2015). Many experimental studies have shown that exercise decreased pro-
liferation of microglia (Vukovic, Colditz, Blackmore, Ruitenberg, & Bartlet
2012; Kohman, Bhattacharya, Wojcik, & Rhodes 2013; Svensson et al. 2015),
decreased hippocampal expression of immune-related genes (Parachikova,
Nichol, & Cotman 2008; Martin et al. 2013), reduced nuclear NF-«xB acti-
vation (Parachikova et al. 2008), and reduced the expression of inflammatory
cytokines, such as TNF-a (Gomes da Silva et al. 2013), IFN-g (Svensson et al.
2015) and IL-1p (Erion et al. 2014) (see Figure 4.1).

Exercise is a readily available therapeutic option, effective as a first-line
treatment in mild to moderate depression. Additionally, besides preventing
depression, physical activity has extra beneficial effects on common co-
morbidities, like cardiovascular diseases and diabetes. Strong evidence shows
that the success of exercise against depression is mainly attributed to the
neurobiological induced-mechanisms that promote or enhance monoamine
metabolism (Aguiar et al. 2014; Eyre & Baune 2012), neurotrophic factors
formation and neurogenesis (Figueiredo et al. 2010; Aguiar, Speck, Prediger,
Kapczinski, & Pinho 2008), antioxidant status, appropriate HPA axis function
and reduced neuroinflammation (Sigwalt et al. 2011; Eyre & Baune 2012).

Inflammatory diseases are commonly associated with depressed mood; how-
ever, the opposite has also been recently demonstrated. Neuroinflammation
as well as microglial activation has been shown to occur in patients affected
by neurological disorders. The translocator protein density, a marker of
neuroinflammation, was found to be increased in the prefrontal cortex,
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Figure 4.1 Muscle increase of interleukin 6 (IL-6) levels as an exercise signal.
Increased IL-6 levels increases the expression of the anti-inflammatory
interleukin 10 (IL-10) and the interleukin-1 receptor antagonist (I1L-
1Ra). These molecules reduce the brain levels of inflammatory molecules
interleukin 1-beta (IL-1p) and tumor necrosis factor-alfa (TNF-a). These
exercise-induced immune changes are associated with improved overall
health and well-being, including antidepressant effects

anterior cingulate cortex, and insula in patients with major depressive episodes
secondary to MDD (Setiawan et al. 2015).

The impact of the immune system activation on mental health has been
extensively studied in animal models. The classical experimental system
involves the challenge with Gram-negative bacteria lipopolysaccharide (LPS).
LPS-treated mice display increased IL-6 and IL-1B levels in the prefrontal
cortex and hippocampus, associated with depressive-like behavior, lack of
motivation, and decreased locomotion. Six weeks of voluntary exercise in
running wheels attenuates the levels of the neuroinflammatory mediators and
also the sickness behavior (Littlefield, Setti, Priester, & Kohman 2015).

During exercise, the cascade in the cytokine response differs from the
“classical” response to infections. It has been reported that muscle and
blood IL-6 increase up to 100-fold during exercise, which is followed by
increased levels of anti-inflammatory and cytokine inhibitors such as soluble
interleukin-1 receptor antagonist (IL-1RA) and IL-10 levels (Svensson et al.
2015; Steensberg, Fischer, Keller, Moller, & Pedersen 2003) (see Figure 4.1).
Increased anti-inflammatory IL-10 levels can cause suppression of the pro-
inflammatory cytokines IL-1a, IL-1p, TNF-a and also chemokines, as well as
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a downregulation of adhesion molecules, such as ICAM-1, thereby reducing
the infiltration of immune cells (Maynard & Weaver 2008). Therefore, mus-
cular IL-6 is considered to have anti-inflammatory properties instead of pro-
inflammatory functions (Brandt & Pedersen 2010; Pedersen 2011).

In the brain, IL-6 predominantly comes from activated astrocytes (Svensson
et al. 2015). The cytokines released during exercise are thought to originate
from exercising skeletal muscles, which work in a hormone-like fashion
exerting specific endocrine effects on various organs and signaling pathways
(Hamer, Endrighi, & Poole 2012; Febbraio & Pedersen 2002; Pedersen,
Steensberg, & Schjerling 2001). The endocrine role of muscles is crucial for
the neuroimmunological effects of exercise in depression. Circulating IL-6
increased rapidly during exercise, whereas the production of IL-6 in the brain
increases at a slower rate (Febbraio & Pedersen 2002). Muscular IL-6 expres-
sion is regulated by a network of signaling cascades that are likely to involve
the Ca*? and glycogen/p38 MAPK stimuli, associated to muscle contraction
(Febbraio & Pedersen 2002) (see Figure 4.1). Therefore, several studies have
shown consistently an inverse association between regular exercise and various
inflammatory biomarkers in subjects (Hamer et al. 2012; Petersen & Pedersen
2005). Exercise provoked a reduction of IL-18, CRP, TNF-a and IL-1p
(Eyre & Baune 2012; Stewart et al. 2005; Donges, Duffield, & Drinkwater
2010), and a marked increase in anti-inflammatory mediators, such as IL-10
(Kadoglou et al. 2007).

Exercise-induced cellular neuroimmune factors also include increased
CD11band CD66b enhanced gene expression from peripheral blood mono-
nuclear cells (i.e. IL-5, IL-8, IL-2), increased regulatory T cells (Tregs) and
increased CD14*, CD16* monocytes (Timmerman, Flynn, Coen, Markofski,
& Pence 2008; Coen, Flynn, Markofski, Pence, & Hannemann 2010; Wang
ctal. 2012; Stewart et al. 2005). Exercise has also shown to increase, in par-
allel to IL-10, the levels of chemokine (C-X-C motif) ligand 1 (CXCL1),
CXCL12, and systemic macrophage-released MAPK phosphatise-1 (MKDP-
1) in rodent brain tissues (Parachikova et al. 2008). CXCL1 is considered
to be a neuroprotective biomolecule, and the up-regulation of CXCL12
is known to exert several enhancing effects on: (1) glutamate release from
astrocytes, hence regulating neuronal excitability, (2) signal propagation
within glial networks, and (3) synaptic transmission; while MKP-1 nega-
tively regulates pro-inflammatory macrophages activation. Finally, exer-
cise also increases hippocampal T cells population due to C-C chemokine
receptor type 2 (CCR2), a microglial chemoattractant factor (Parachikova
et al. 2008). T cells are responsible for neuroregeneration and modula-
tion of microglia. These effects are associated with other benefits such as a
decrease in pro-inflammatory visceral white fat mass (Esposito et al. 2003;
Petersen et al. 2005; Donges et al. 2010). Thus, it could be concluded
that the better mental well-being experienced by individuals who regu-
larly exercise might be partly explained by IL-6-induced anti-inflammatory
mechanisms.
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The therapeutic effects of exercise on depression have been shown in animal
studies as well as in humans. A protective effect of sustained and regular exercise
has been demonstrated in various experimental models of depression (Duman
2005; Aguiar et al. 2014; Cunha et al. 2013; Greenwood, Strong, Dorey, &
Fleshner 2007). In addition, randomized and crossover clinical trials dem-
onstrate the efficacy of aerobic or resistance training exercise (2—4 months)
as a treatment for depression in both young (Nabkasorn et al. 2006) and
older (Blumenthal et al. 1999) individuals. The association between depres-
sive symptoms and low-grade inflammation was partly attenuated by physical
activity in 3609 older adults from The English Longitudinal Study of Ageing
(Hamer, Molloy, de Oliveira, & Demakakos 2009). In addition to the thera-
peutic effect, evidence from human studies shows that exercise can also pro-
vide some protection against the development of depression (Strawbridge,
Deleger, Roberts, & Kaplan 2002).

Treating Depression with Exercise: The
Hypothalamic-Pituitary-Adrenal Axis

HPA axis dysregulation and increased blood cortisol levels are implicated
in mental stress (Appelhans, Pagoto, Peters, & Spring 2010; Holsen et al.
2013), and complex, bidirectional relationships operate between the HPA
axis and the immune system (Savastano et al. 1994). Cytokines influence the
neuroendocrine system, in particular the HPA axis. IL-6 and TNF-« share
HPA-activating activity, although they are less potent and effective than IL-
1, or IL-2 and IFN, which have no influence on HPA (Dunn 2000). On
the other hand, glucocorticoid hormones provoke a depression of the axis
function (Savastano et al. 1994). Thus, cytokine-HPA interactions can control
the maintenance of homeostasis and the development of diseases (Silverman,
Pearce, Biron, & Miller 2005).

Mental stress reduces the sensitivity of the immune system to dexametha-
sone (synthetic glucocorticoid) inhibition, and cortisol cannot suppress the
production of inflammatory cytokines (Rohleder, Schommer, Hellhammer,
Engel, & Kirschbaum 2001). Thus, depressed patients present HPA dys-
function, in parallel to high cortisol secretion, and impairment in responsive-
ness to glucocorticoids (Pariante & Lightman 2008). Major depression also
increases the size and activity of the pituitary and adrenal glands (Rubin &
Phillips 1993). Successtul treatment with antidepressants is associated with a
normalization of HPA axis activity and restoration of glucocorticoid receptor
function (Anacker et al. 2011; Lopresti, Hood, & Drummond 2013).

In addition to antidepressants, regular exercise can induce changes to the
HPA axis, as well as physical and mental stress. Acute exercise-stimulated
adrenocorticotropic hormone, cortisol, and lactate responses were attenuated
in trained individuals and the effect was proportional to the exercise effort
(Luger et al. 1987; Budde et al. 2010). In addition, physical training increases
tissue sensitivity to glucocorticoids, a mechanism that prevents excessive muscle
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and brain inflammatory reactions (Duclos, Gouarne, & Bonnemaison 2003;
Wittert, Livesey, Espiner, & Donald 1996; Sigwalt et al. 2011). Therefore,
based on much evidence (Luger et al. 1987; DeRijk et al. 1997; Adlard &
Cotman 2004; Mastorakos, Pavlatou, Diamanti-Kandarakis, & Chrousos
2005), the normalization of the HPA system may be considered the final step
necessary for stable remission of depression (Anacker et al. 2011; Lopresti,
Hood, & Drummond 2013).

Summary

Immunomodulation is a biological mechanism responsible for the anti-
inflammatory effects of regular exercise. At the same time, robust evidence
shows that exercised subjects are more resistant to mental stress and develop-
ment of depression, and new studies will probably better explain the molecular
basis of these findings. On the other hand, lifestyle changes and healthy habits,
including exercise, are strongly associated with physical and mental health. Still,
exercise can also bring health risks, including sudden death. Thus, an exercise-
based therapeutic intervention should be always supervised by a specialist.
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Introduction

Current estimates state that children and adolescents growing up in the
twenty-first century will experience a lower life expectancy than previous
generations (Olshansky et al. 2005). Lower life expectancy, reduced mental
and physical health may partly be attributed to increasing physical inactivity
in industrial countries like the United States (Hillman, Erickson, & Kramer
2008; Secretary of Health and Human Services and the Secretary of Education
2007). Mental disorders like depression and anxiety, for example, are on the
rise in a young age group (Viner & Booy 2005). The economic cost for
this societal inactivity is tremendous (Colditz 1999; Pratt, Macera, & Wang
2000), see also the epidemiological chapter by Kohn (2018) in this edition.
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Moreover, this inactivity does not only decrease health but may also interfere
with children’s and adolescents’ cognitive development (Vaynman & Gomez-
Pinilla 2006). These expected trends and anticipated costs of inactivity are
found, although policy makers may integrate physical activity and exercise
more effectively in different public health sectors (e.g. in schools, programs
in professional companies, or health programs financed by insurance com-
panies). Previous rescarch has strongly suggested that physical activity (PA)
and exercise benefit different areas of mental health (Hughes 1984; Taylor,
Sallis, & Needle 1985) including depression, anxiety, cognitive functioning,
and psychological well-being in adults (Gauvin & Spence 1996; Hillman et al.
2008; Wegner, Helmich, Machado, Arias-Carrién, & Budde 2014) and in
children and adolescents (Lagerberg 2005; Donaldson & Ronan 2006; Biddle
& Asare 2011; Sibley & Etnier 2003). The present chapter aims at illustrating
how physical activity and exercise contribute different areas of mental health
in children and adolescents, including their general well-being, reductions in
depression and anxiety, and benefits to cognitive functioning. We will first
define the terms physical activity, exercise, and well-being. Following this we
will present evidence primarily from high-quality studies (e.g. randomized
controlled trials) on the effects of PA and exercise on psychological well-being,
anxiety, depression, and cognitive functioning. In the concluding part of this
chapter we will present existing evidence for neurobiological explanations of
the benefits of exercise for mental health that might play a role in children and
adolescents (see Figure 5.1).

Physical activity (PA) refers to body movement that leads to energy expend-
iture and is initiated by skeletal muscles (Caspersen, Powell, & Christenson
1985; Budde et al. 2016). Exercise has been previously defined as a disturb-
ance of homeostasis through muscle activity resulting in movement and
increased energy expenditure (Scheuer & Tipton 1977). However, the critical
difference between both terms refers to the planned and structured nature
of exercise (Caspersen et al. 1985). Additionally, it has to be distinguished
between acute and chronic exercise (Budde et al. 2016). While acute exercise
is the physiological response associated with the immediate effects of a single
bout of exercise, the term chronic exercise refers to the repeated perform-
ance of acute exercise and is often referred to as training (Scheuer & Tipton
1977). Physical fitness in turn is the result of exercise or a planned, structured,
and repetitive training process and can typically address health components
like cardiorespiratory endurance, strength, muscular and skeletal flexibility, or
body composition (Howley 2001; Blair, Kohl, & Powell 1987).

It is agreed that mental health is not just the absence of mental disorders.
Mental health means mental functioning and has a physiological base. It is
interconnected with physical and social functioning as well as with health
outcomes (World Health Organization 2001). This definition of mental health
also includes concepts like subjective well-being, self-efficacy, autonomy, com-
petence, intergenerational dependence, and being able to utilize one’s intel-
lectual (e.g. cognitive functioning) and emotional potential (e.g. absence
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Figure 5.1 Exercise and mental health link and assumed neurobiological mechanisms

of depression and anxiety), and ensures social functioning (World Health
Organization 2001, 2004 ) and life satistaction (Gauvin & Spence 1996). The
present chapter focuses on four concepts included in mental health — psycho-
logical well-being; the absence of anxiety; the absence of depression; and cog-
nitive functioning as a sign of mental health.

The Exercise Effect on Psychological Well-Being in
Children and Adolescents

Subjective or psychological well-being is typically referred to as individ-
uals’ positive evaluation of their lives regarding life satisfaction or current
life accomplishments and the emotional experience (Diener & Fujita 1995;
Diener 1984). Thus, a person who evaluates his or her current life as satis-
tying and who frequently experiences positive emotions like joy and happiness
in the absence of negative emotions like sadness and anger may be described
as high in subjective well-being. It has been previously suggested that mod-
erately to highly intense acrobic exercise of 20-30 minutes embedded in
programs of 10-12 weeks is most effective (Gauvin & Spence 1996). In the
following we will present study results of chronic and acute exercise effects
on well-being.

Chronic Effects

In a study with 147 adolescents, Norris, Carroll, and Cochrane (1992)
reported a cross-sectional positive correlation between self-reported levels of
physical activity and different measures of well-being. They further investigated
this relationship by assigning the participants to four different groups for a
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10-week intervention program — a high-intensity aerobic training, a moderate
intensity aerobic training, a flexibility training, and a control group. All three
training groups met for approximately 30 minutes of exercise, two times a
week. This study found beneficial effects on well-being only for participants in
the high-intensity aerobic training group when compared to all other experi-
mental groups.

In a study by Crews, Lochbaum, and Landers (2004), 62 low-income
Hispanic children aged 10-11 years participated. Children were either assigned
to an aerobic intensity physical activity (PA) program or a control intensity
PA program lasting 6 weeks. Psychological well-being as expressed in lower
depression scores and higher self-esteem was increased after the program only
in the group participating in the aerobic PA program.

Acute Effects

In a study with 16-19 year-old low-active male and female smokers, Everson,
Daley, and Ussher (2006) investigated the effect of exercise on well-being
on the day after quitting to smoke. Participants were either assigned to 10
minutes of moderate intensity cycle ergometry or a placebo control condi-
tion including very light intensity cycle ergometry. Participants’ well-being
was measured using the Mood and Physical Symptoms Scale (MPSS; West
& Hajek 2004). Well-being (as expressed in psychological distress) scores
decreased after participating in moderate exercise when compared to the con-
trol condition. Contrary to expectations, adolescents’ desire to smoke was not
altered through the intervention.

Similarly, in a study by Lofrano-Prado and colleagues (2012) eight phys-
ically inactive obese adolescents aged 15 years performed (1) a high-intensity
exercise at 10% above their individual ventilatory threshold for 30 minutes,
(2) a low-intensity exercise at 10% below the ventilatory threshold, and were
(3) seated in a control condition for the same amount of time. Participants’
well-being was measured using the Profile of Mood States (POMS; McNair,
Lorr, & Droppleman 1992). Both exercise conditions led to decreased well-
being (as expressed in vigor scores) in obese participants in this study.

The results above suggest negative acute effects of exercise on well-being in
rather inactive adolescent groups. Petruzzello, Jones, and Tate (1997) in their
study were interested in different effects of exercise depending on participants’
physical activity status. Regularly active vs. non-active participants performed
a 24-minute moderately intense bicycle exercise. Well-being measures were
taken before, every six minutes during, and after the intervention period. The
authors could show that exercise effects on participants’ well-being depended
on how physically active adolescents were in life. Regularly active individuals
gained in well-being (positive affect compared to negative affect) through the
exercise intervention. However, non-active participants showed a sharp drop
in positive compared to negative affect, suggesting negative acute eftects on
their well-being.
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Overall, the research base of high-quality studies on the link between
exercise interventions and different well-being measures in children and
adolescents is weak; especially studies with children younger than 14 years are
missing. Studies investigating exercise programs of several weeks suggest posi-
tive chronic effects on well-being. From studies on the acute effect it can be
derived that exercise may affect well-being negatively when participants are
not regularly participating in sports.

The Exercise Effect on Anxiety in Children and Adolescents

The chronic and acute anxiolytic effects of exercise are better researched in
children and adolescents. Amxiety is a warning sign to the individual that
his or her resources are limited in face of the appraisal of a certain situation.
This unpleasant emotional state includes experiential (e.g. worry cognitions
and emotions), physiological, and behavioral components (Licbert & Morris
1967; Lazarus & Folkman 1984). According to Spielberger (1972) anxiety
can be perceived as an emotional state as well as a personality disposition
(trait). If people are high in trait anxiety they are predisposed to perceive
many different situations as threatening and respond with experiencing anx-
iety states (Spielberger 1983). If people are high in state anxiety they will
respond with higher levels of apprehension, tension, negative emotions, and
organismic arousal to threatening situations (Spielberger 1983). Anxiety is
also categorized as a mental disorder (American Psychiatric Association 2013)
and it includes diagnoses like panic disorder, agoraphobia, generalized anxiety
disorder, post-traumatic stress disorder (PTSD), social phobia, acute stress dis-
order, obsessive compulsive disorder, and disorders due to medical conditions
or substance use. More details on the definition of anxiety can be found in the
chapter by Mumm, Bischoft, and Strohle (2018) in this book.

A previous review of existing meta-analyses on the effect of exercise and
physical activity on anxiety disorders identified a small average effect size of
0.34 in adults (Wegner et al. 2014). The only meta-analysis focusing on the
anxiety-reducing effect of exercise in a younger population (Larun, Nordheim,
Ekeland, Hagen, & Heian 2006) found a slightly stronger effect (0.48) but
also included young adults up to an age of 20 years. The following published
randomized controlled studies addressed the chronic and acute anxiolytic
effects of exercise in children and adolescents.

Chronic Effects

A RCT conducted by Brown, Welsh, Labbe, Vitulli, and Kulkarni (1992) studied
the effect of a 9-week exercise program with physical education classes three
times a week in adolescents diagnosed with dysthemia and conduct disorders
(average age: M = 15.6 years). Only the girls in the study decreased their anx-
iety scores in the Profile of Mood State (POMS) inventory (McNair et al. 1992)
while the control group’s anxiety scores remained the same or slightly increased.
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Juvenile delinquents (N = 60) in a community counseling program
participated in a RCT study examining the effect of exercise on anxiety (Hilyer
et al. 1982). The students between the ages of 15 and 18 were part of an
experimental exercise group with a physical fitness program of 90 minutes,
three times a week, or a control group. The program lasted 20 weeks. Students
in the experimental group displayed lower state as well as trait anxiety scores in
the State-Trait Anxiety Inventory for children (Spielberger 1973).

In a school-based study in Chile conducted by Bonhauser and colleagues
(2005), 198 students of low socioeconomic status aged 15 years were ran-
domly selected for an intervention group or a control group. In the interven-
tion group, students participated in 90 minutes of exercise three times a week,
including stretching, dynamic large muscle movements, and skill training. The
control group participated in regular school physical education classes of 90
minutes, one day per week. The pre to post test delay was 10 weeks. Changes
in anxiety levels were measured using the Hospital Anxiety Depression Scale
(HADS) (Bjelland, Dahl, Haug, & Neckelmann 2002). The decrease in
the anxiety scores was significantly stronger in the intervention group when
compared to the control group.

In a study examining the anxiolytic effect of resistance training (Lau, Yu,
Lee, & Sung 2004 ) 36 obese Chinese teenagers aged 10-17 years participated.
Students were either assigned to the resistance-training group or a control
group. Within the resistance-training program they practiced at a level of
70-85% of 1RM (repetition maximum). Both groups additionally attended a
nutrition program. Anxiety scores were measured before and after the 6-week
exercise program using the HADS. Although the intervention group showed
a decrease in anxiety scores, this change was not significantly different from
the change in the control group.

Acute Effects

Few studies have focused on acute effects of exercise on state anxiety levels.
Recently, Wegner and colleagues (2014) performed an experimental study
with 14-year-old high school students who were randomly assigned to three
experimental groups. In the exercise group they ran for 15 minutes at a
medium intensity level of 65-75% of their individual maximum heart rate
(HR,,,,)- In the psychosocial stress condition they worked on an intelligence
test for the same time period under the assumption that their intelligence quo-
tient will be made public in front of the class immediately after the test. And in
the control group they participated in a regular teacher-centered class session.
State anxiety was measured with an adopted form of the Competitive State
Anxiety Inventory (Cox, Martens, & Russell 2003), using questions referring
to the stress situation students experienced within the experiment. Although
the students in the exercise group showed no increases in anxiety levels while
participants in the control group showed increases from pre to post test, this
result was not significant, speaking against an anxiolytic effect of acute moder-
ately intense exercise in this experiment.
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In a study by Bahrke and Smith (1985), 65 children aged 9-12 years
participated in one of three experimental groups. In the exercise group they
walked and ran for 15 minutes. In the resting control group they were sitting
quietly reading a book and in the activity control group they cut out paper
shapes for the same amount of time. State anxiety levels were measured before,
immediately after, and in a 10-minute follow-up using Spielberger’s scale for
children (Spielberger 1973). Non-significant decreases in anxiety levels were
found in all three groups 10 minutes after the intervention. Girls and boys
responded the same way.

Lofrano-Prado and colleagues (2012) had eight obese adolescents aged
15 years undergo three experimental trials in randomized order. In the first
condition they performed high-intensity exercise at 10% above their individual
ventilatory threshold for 30 minutes, which corresponded to approximately
75% of the individual VO,,,,, in this study. The second condition included
low-intensity exercise at 10% below the ventilatory threshold (approx. 55% of
VO,,.)- And in the control condition they were seated for the same amount
of time. Experimenters measured state anxiety using the STAI (Spielberger,
Gorsuch, & Luchene 1976). In this group of obese adolescents both exer-
cise trials significantly increased anxiety levels when compared to the control
condition.

Overall, findings from high-quality studies examining the anxiolytic effect
of exercise are inconsistent. Studies prefer adolescents aged at least 14 years or
older. Children younger than 14 years are hardly found in these studies. Here,
research may address the exercise—anxiety link in children more strongly in the
future. The chronic effects of exercise programs on anxiety secem to be small.
Acute effects are hardly found in experimental studies.

The Exercise Effect on Depression in Children and
Adolescents

In the Diagnostic and Statistical Manual of Mental Disorders (DSM-5;
American Psychiatric Association 2013) depression is characterized as a dis-
order with different emotional, motivational, somatic, motor-behavioral, and
interactive symptoms. A certain amount of symptoms needs to be present for
at least two weeks in order to be identified as a depressive episode. Among
these symptoms are depressed mood, helplessness, self-devaluation, loss of
interest or pleasure, increased tiredness, abnormalities in appetite and sleep,
psychomotor retardation, mimic stiffness, withdrawal from social interaction
as well as sexual inactivity. For a more detailed definition of depression and
depressive disorders please refer to Mutrie, Richards, Lawrie, and Mead’s
chapter (Mutrie, Richards, Lawrie, & Mead 2018) in this edition.

Budde and colleagues recently reviewed seven meta-analyses of 31 studies
on the effect of physical activity and exercise on depression disorders in children
and adolescents (Budde et al. forthcoming). They found a medium average
effect size of 0.38. This effect is slightly lower than the effect found in adults in
a different review of meta-analyses performed for adults (Wegner et al. 2014).



120 Mirko Wegner and Henning Budde

Here the average effect of exercise on depression was 0.56. Meta-analyses and
reviews of the exercise effect on depression in children and adolescents that
included less controlled studies (e.g. no randomized controlled trials, RCT)
consistently reported lower effect sizes (Brown, Pearson, Braithwaite, Brown,
& Biddle 2013; Cairns, Yap, Pilkington, & Jorm 2014; Craft & Landers
1998) than meta-analyses including only RCT studies. The following RCT
studies are examples for the research findings in children and adolescents and
exclusively focus on the chronic effect of exercise on depression.

Petty, Davis, Tkacz, Young-Hyman, and Waller (2009) performed a
randomized controlled trial with 207 children aged 7-11 years for an average
of 13 weeks. Children participated either in 20 or 40 minutes of acrobic
exercise per day or were part of a control group. Children participating in
40 minutes of acrobic exercise per day (highest dose) showed the strongest
decrease in the Reynolds Child Depression Scale (Reynolds 1989) when
compared to children in the low dose group (20 minutes per day) and chil-
dren in the control group.

Amnesi (2005) investigated how depression scores developed within
a 12-week period in 90 children aged 9-12 years participating either in a
physical activity after-school program or a no-exercise program control con-
dition. Participants were asked to enter their depression scores every week.
Results suggest that children in the exercise program group showed significant
reductions in depression scores, which were not found in the control group.
The effect sizes were small, deviating from what can be expected from adult
samples.

MacMahon and Gross (1988) performed a RCT study with 69 adoles-
cent delinquent males who either participated in an aerobic exercise program
or in a comparison condition with limited exertion. In the exercise condi-
tion they performed 40 minutes of acrobic exercise three times a week for
three months. Participants in the aerobic exercise group showed significantly
decreased scores in the Beck Depression Inventory (BDI) (Beck, Steer, Ball, &
Ranieri 1996) after the intervention and when compared to the control group.

Hilyer and colleagues (1982) assigned 60 juvenile delinquents aged 15 to
18 years to an experimental exercise group and a control group within a com-
munity counseling program. In the experimental group, students attended
a physical fitness program of 90 minutes per day, three days a week, for 20
weeks. Results show that participants of the experimental group benefitted
significantly regarding their depression scores in the BDI when compared to
the control group.

Brown et al. (1992) examined a group (N = 27) of psychiatrically
institutionalized adolescents (diagnoses: dysthymia, conduct disorder) aged
M = 15.6 years on average. Participants were assigned ecither to the exercise
or a control group. The exercise program lasted 9 weeks with physical educa-
tion classes three times a week and BDI scores were taken prior as well as post
intervention and in a 4-week follow-up. The authors report that only the girls
benefitted from the exercise intervention regarding their depression scores in
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the BDI consistently decreasing in level from pre to post, and to the follow-up
measure.

Despite these positive findings on the effect of exercise on depression,
some studies also reported null effects. In a study by Mendelson and associates
(2010), 97 children aged 9-11 years participated either in an interven-
tion group in which they performed yoga-based physical activity (e.g. fluid
movement, bending, stretching) or in a control group. In this RCT no signifi-
cant difference between the intervention and the control group (ES = 0.13)
could be found for children’s depressive symptoms as assessed with the child
version of the Short Mood and Feelings Questionnaire (SMFQ-C) (Angold
et al. 1995). One reason why there was no effect found is that the intensity of
the exercise program was too low.

Obese children and adolescents (N = 81) aged between 11 and 16 years
were the focus in a RCT conducted by Daley, Copeland, Wright, Roalfe, and
Wales (2006). Participants were assigned to one of three experimental groups
(exercise therapy, equal-contact exercise placebo intervention, usual care) for a
6-week program. Although participants’ self-perceptions changed significantly
over the course of the exercise program, the authors could not find significant
effects on participants’ scores in the Children’s Depression Inventory (CDI)
(Kovacs 2005) after 8, 14, and 28 weeks although the experimental exercise
group consistently scored lower in the CDI on a descriptive level.

Another study on obese teenagers was conducted by Lau and colleagues
(2004) in China. The students (N = 36) participated either in a 6-week resist-
ance exercise training set at a level of 70-85% of 1RM (repetition maximum)
or in a control group. Depression was measured using the Hospital Anxiety
and Depression Scale (Bjelland et al. 2002). Participants in the exercise group
did not show a significant decrease in their depression scores compared to the
control groups over the program period.

Compared to psychological well-being and anxiety, the research base on
the effect of exercise on depression in children and adolescents is stronger.
However, studies on preadolescent children are also rare for this particular
aspect of well-being. Moreover, the results of qualitatively high studies on the
chronic effect for children and adolescents suggest a small effect being lower
compared to adult samples.

The Exercise Effect on Cognitive Functions
in Children and Adolescents

The term cognition includes processes of perception, attention, thinking/
problem solving, memory, and language and is typically referred to as how
the mind works (Pinker 1999). Cognitive control processes, also called execu-
tive functions, include different cognitive functions such as self-control,
selective attention, cognitive inhibition, working memory, and cognitive flexi-
bility (Diamond 2013; Miyake et al. 2000). Executive functions are usually
subsumed into the three categories of self-control, working memory, and
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cognitive flexibility. Self-control involves resisting temptations and avoiding
impulsive acting. The working memory supports keeping information in mind
and allows working with this information mentally (e.g. to solve a problem).
And cognitive flexibility refers to the ability to change perspectives on how
to solve a problem, and the flexibility to adjust to changing priorities, rules,
or demands (Diamond 2013). Executive functions further contribute to the
higher-order cognitive processes of planning, problem-solving, and reasoning
and are linked to mental health (Collins and Koechlin 2012; Diamond 2013).
Individuals suffering from mental disorders (e.g. attention deficit hyper-
activity, conduct disorder, depression) show decreased executive functioning
(Diamond 2005, Fairchild, van Goozen, Stollery, Aitken, & Savage 2009;
Taylor Tavares et al. 2007).

Three previous meta-analyses illustrated the strength of the link between
exercise or physical activity and cognitive functioning in children and
adolescents showing small to medium effects (0.28 — 0.52) (Sibley & Etnier
2003; Fedewa & Ahn 2011; Verburgh, Konigs, Scherder, & Oosterlaan 2014).
Sibley and Etnier (2003) did not find differences between types of exercise on
cognition. Fedewa and Ahn (2011) found the strongest effect on cognition
for aerobic exercise programs. However, there was also some evidence that
programs involving perceptual motor aspects may also positively affect cogni-
tive performance. This point was addressed in several recent studies arguing
for the importance of cognitively involving (Crova et al. 2014; Pesce 2012)
or coordinative exercise (Budde, Voelcker-Rehage, Pietrassyk-Kendziorra,
Ribeiro, & Tidow 2008; Koutsandréou, Wegner, & Budde et al. 2016) for
improving cognitive performance. Moreover, Fedewa and Ahn (2011) found
that physical activity performed three times per week showed the strongest
effects on cognitive performance in children and adolescents. Sibley and
Etnier (2003) pointed to an age effect with 11-13-year-old children benefit-
ting most from exercise interventions followed by very young children aged
4-7 years. However, Verburgh and colleagues (2014) in their meta-analysis
found no age effect of exercise on executive functions, thus the effect did not
differ between studies examining children, adolescents, and young adults.
Among the three executive functions they found the strongest effect for self-
control /inhibition while the effect on working memory was only marginally
significant and that on cognitive flexibility was not significant. Sibley and
Etnier (2003) found the strongest effects of exercise on perceptual skills and
measures of intelligence. Furthermore, Verburgh et al. (2014) did not find
an overall meta-analytic effect for chronic exercise interventions on cognitive
function. For acute exercise interventions, however, they found a moderate
effect on cognitive functioning. Sibley and Etnier (2003), however, could
not find differences regarding the cognition effect between chronic and acute
exercise interventions. The following paragraph includes a few examples of
recent randomized controlled studies published on the chronic and acute
links between exercise and cognition not published earlier than 1990.
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Zervas, Danis, and Klissouras (1991) had N = 26 boys (9 pairs of monozy-
gotic twins and 8 normal) aged between 11-14 years participate in an exer-
cise program for 25 weeks. The experiment consisted of two control groups
and one experimental group. In the experimental group, one twin of each
of the nine pairs performed 90 minutes of interval or continuous running
aligned in intensity to their individual anaerobic thresholds three times a week.
The other single twins and eight normal boys were part of the control group
performing their regular physical education lessons 2-3 times per week. All
participants performed the Cognitrone Test (Schuhfried 1984) to assess self-
control/inhibition prior and post the intervention. The authors report that
the trained single twins showed an increased number of correct responses in
the task, implying improved cognitive performance after the 25-week inter-
vention period when compared to the control groups.

In a study with 92 obese children at the age of 9-10 years, Davis and
colleagues (2007) tested the effects of a low-dose and a high-dose exercise
program compared to a control situation. The programs lasted 15 weeks. In
the low-dose program children participated in 20 minutes of exercise 5 days
per week. In the high-dose program children performed 40 minutes of exer-
cise on 5 days a week. The Cognitive Assessment System (CAS; Naglieri &
Das 1997) was used to assess children’s executive functions. The authors
found significant improvement in the aspect of planning in the CAS only in
the high-dose group compared to the control group, suggesting that higher
doses of exercise are needed to benefit executive functioning in obese chil-
dren. In a different study by the same research group they confirmed these
results, additionally showing that exercise also benefitted math performance
in school (Davis et al. 2011).

In a 9-month intervention period, 43 children aged 7-9 years were either
randomly assigned to an afterschool physical activity program or to a waitlist
control group (Kamijo et al. 2011). Children’s working memory was measured
using a modified Sternberg Task (Sternberg 1966) before and after the inter-
vention period. Compared to the control group, children in the intervention
group significantly improved their working memory performance over the
course of the intervention program.

Recently, a study with 71 children aged 9-10 years was conducted to
examine the chronic effects of exercise on working memory (Koutsandréou
ctal. 2016). Children were randomly assigned to (1) a cardiovascular exercise
group, (2) to a motor exercise group, or (3) to a control group. The program
lasted 10 weeks. Every week, children participated in this afterschool program
for three sessions of 45 minutes each. In the cardiovascular exercise group the
children performed acrobic exercise at an intensity of 60-70% of their indi-
vidual HR,,,, in the motor exercise group they worked at 55-65% of HR
performing motor-demanding tasks like juggling or balancing. The con-
trol group did assisted homework at this time. Children’s working memory
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was measured using the letter digit span task (Gold, Carpenter, Randolph,
Goldberg, & Weinberger 1997). Results revealed that children’s working
memory in both exercise groups increased from pre to post test while it was
not different in the control group. However, only participants in the motor
exercise group showed increased working memory scores compared to the
control group after the intervention period, indicating that motor demands
may additionally benefit cognitive development.

In a study with 70 lean and obese 9-10-year-old children, Crova and
colleagues (2014 ) compared the effects of cognitively demanding and regular
physical education programs. They measured children’s inhibition and
working memory skills prior and post intervention. The intervention period
lasted 6 months. In this study only the overweight but not the lean chil-
dren benefitted from the cognitively enriched physical education program
regarding their inhibition but not their working memory scores. The regular
physical education classes did not foster executive functions in lean or obese
children.

Acute Effects

Caterino and Polak (1999) report a study with 177 participants aged 7—10 years
who were either assigned to a classroom activity (control) or a physical activity,
including 15 minutes of stretching and acrobic walking. All participants
performed the Woodcock-Johnson Test of Concentration (Woodcock &
Johnson 1989) to measure cognitive self-control. The authors report that
only the oldest children (age 9-10) benefitted significantly from the physical
activity intervention regarding their performance in the concentration task.

In a study testing the effects of acute exercise intensity on working memory
performance (Letter Digit Span; Gold et al. 1997), Budde et al. (2010)
tested 60 adolescents aged 15-16 years and randomly assigned them to two
experimental and one control group. In the low-intensity experimental group
participants performed 12 minutes of aerobic exercise at 50-65% of their indi-
vidual maximum heart rate (HR ). In the high-intensity exercise group,
participants worked at 70-85% of their individual HR . The authors found
slightly positive effects of moderately intense exercise of 50-65% individual
HR,,,, on participants’ working memory performance. This effect was especially
pronounced in participants scoring low in the pre test of working memory.

In a different study, Budde et al. (2008) had 115 participants aged 13—
16 years randomly assigned to an experimental and a control group. In the
experimental condition, participants performed 10 minutes of coordinative /
motor-demanding tasks. The control group participated in a regular physical
education lesson with no motor focus but with the same intensity for the car-
diovascular system (HR of 120 bpm). All participants performed a d2 test of
attention (Brickenkamp 2002) prior and post the experimental condition. The
authors found a positive effect on cognitive performance in the attention task
in favor of the coordinative exercise group.
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Finally, Niemann and colleagues (2013) investigated N = 42 primary
school children aged 9-10 years participating in 12 minutes of intensive phys-
ical activity at a heart rate of 180-190 bpm or a control group watching a
non-arousing movie. Children performed a d2 test of attention prior and
post the intervention. Results show no differences between the experimental
groups. All participants gained in their cognitive performance. However, the
authors state that participants reporting high levels of physical activity in their
everyday life show stronger increases from pre to post test in their cognitive
performance scores, indicating that chronic physical activity might affect the
exercise effect on cognition.

Overall, findings regarding the effects of exercise on different cognitive
functions suggest a small, positive relationship (Trudeau & Shephard 2010)
with working memory and inhibitory functions (self-control) benefitting most
in this age group. More recent findings suggest that cognitively enriched or
motor-demanding exercises may additionally benefit cognitive aspects like
inhibition and working memory in children and adolescents.

Physiological Mechanisms Underlying the Positive
Effects of Exercise in Children and Adolescents

Exercise may positively affect well-being through different neurobiological
mechanisms, including effects on the functioning of the hypothalamic-pitu-
itary-adrenal (HPA) axis, through effects on testosterone production (HPG
axis) and other sex hormones, through development in brain regions like
the limbic system, the hippocampus, and the amygdala, and through BDNF
growth factors, serotonin transporter (SERT), and other neurotransmitters
(5-HIAA). Reviews regarding these neurobiological mechanisms are given by
Mutrie and colleagues (2018) as well as McMorris (2018) in this edition and
can be found elsewhere (Helmich et al. 2010; Wegner et al. 2014).

Hypothalamic-Pituitary-Advenal (HPA) Axis

Mood disorders (e.g. depression, anxiety) have been previously linked to
clevated HPA axis activity in adults and to stressful life events occurring early
in life (Pariante & Lightman 2008; Pruessner, Hellhammer, & Kirschbaum
1999; Rubin, Poland, Lesser, Winston, & Blod 1987; Gotlib, Joormann,
Minor, & Hallmayer 2008). Although less research exists examining the link
between HPA axis activity and well-being in children and adolescents, the
existing findings point to similar processes in the young age group when
compared to older adults (Kudielka, Buske-Kirschbaum, Hellhammer, &
Kirschbaum 2004). Depressed children and adolescents, for example, show
higher baseline cortisol levels and stronger HPA axis reactivity to psycho-
logical stress (Lopez-Duran, Kovacs, & George 2009), although there are
also findings suggesting that younger dysphoric children (e.g. 10 years and
younger) may respond with hypo-reactivity of the HPA axis while older
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dysphoric adolescents (e.g. 14 years and older) show a hyper-reactivity to
stress (Hankin, Badanes, Abela, & Watamura 2010; Stroud et al. 2009).
These different reactivity patterns may be due to maturity changes in the
HPA axis throughout puberty (Gunnar, Wewerka, Frenn, Long, & Griggs
2009). Different factors were named that contribute to higher HPA axis
activity, including altered regulation of adrenocorticotropin (ACTH) and cor-
tisol secretory activity (Holsboer 2000; Parker, Schatzberg, & Lyons 2003),
increased levels of corticotropin-releasing factor (CRF) in the brain and an
increased number of neurons secreting CRF in the limbic system (Raadsheer,
Hoogendijk, Stam, Tilders, & Swaab 1994; Nemeroft et al. 1984). Previous
studies linked physical activity to HPA axis activity and reactivity in different
young age groups (Martikainen et al. 2013) with participants who are more
physically active showing higher levels of well-being and less depression.
Children that are not very physically active, however, show higher reactivity
to stress. Exercise supports glucocorticoid secretion (Budde et al. 2010a;
Budde et al. 2010b) and changes tissue sensitivity to glucocorticoids (Duclos,
Gouarne, & Bonnemaison 2003). Cortisol responses after acute exercise in
physically active individuals are dampened and consumed more quickly than in
the physically inactive (Rudolph & McAuley 1998; Mathur, Toriola, & Dada
1986). Exercise also increases plasma concentrations in the atrial natriuretic
peptide (ANP) (Mandroukas et al. 1995), which has been shown to inhibit the
HPA axis (Kellner, Wiedemann, & Holsboer 1992) and reduce, for example,
anxiety (Strohle, Kellner, Holsboer, & Wiedemann 2001).

Sex Hormones

In addition to the activity of the HPA axis, the hypothalamic-pituitary-gonadal
(HPG) axis expressed in the activity of testosterone (Wegner, Niemann, &
Budde 2015; Wegner, Windisch, & Budde 2012) and other sex hormones like
progesterone and estrogen have been discussed to be involved in depression
and mood disorders in adolescents (Angold, Costello, Erkanli, & Worthman
1999; Angold, Costello, & Worthman 1998). For cognitive functioning mod-
crate levels of testosterone have been suggested to be beneficial (Hampson
1995; Wolf & Kirschbaum 2002). In adolescents, for example, it was shown
that stress-induced changes in testosterone may be linked to manual dex-
terity when performing a fine motor task (Wegner, Koedijker, & Budde,
2014) as well as to working memory (Budde et al. 2010b). The effects have
been attributed to teststerone binding to androgen receptors in the cyto-
plasm. These androgen receptors are often found in brain areas responsible
for memory and learning such as the hippocampus and the prefrontal cortex
(Janowsky 2006). Receptors connecting with testosterone result in increased
biosynthesis of specific proteins needed for synaptogenesis (Frye, Edinger,
Seliga, & Wawrzycki 2004). Additionally, Granger and colleagues (2003)
found that low levels of testosterone or a steeper decline in testosterone
throughout the day was associated with mood disorders and depression levels
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in 13-14 year-old adolescents. By contrast, Steiner, Dunn, and Born (2003)
suggest that increased levels of sex hormones like testosterone within puberty
could be associated with higher depression levels. However, there are also
studies that do not find these associations in adolescents (Buchanan, Eccles, &
Becker 1992; Brooks-Gunn & Warren 1989).

Brain Structure

The human brain is subject to significant development of different regions
from the age of 4 to 21 (Gogtay ct al. 2004; Weir, Zakama, & Rao 2012).
Difterent studies have associated mood disorder diseases like depression with
reduced volumes in different brain regions like the white matter in the frontal
lobe (Steingard et al. 2002) and the limbic system (e.g. Rosso et al. 2005;
McKinnon, Yucel, Nazarov, & MacQueen 2009). Compared to healthy indi-
viduals children and adolescents suffering from depression show a reduced
volume of the amygdala (Rosso et al. 2005; Hamilton, Siemer, & Gotlib
2008). Additionally, the hippocampus has been shown to be reduced in
volume in children who experienced an ongoing depression for at least two
years (McKinnon et al. 2009), which can be explained in parts with a higher
concentration of the catabolic cortisol. However, MacMillan and colleagues
(2003) found that increased volumes of the amygdala in relation to hippo-
campus volume is rather linked to anxiety disorders than to severity or duration
of depression. Regarding the effects of exercise on well-being, it was found that
children and adolescents with higher fitness levels showed better performances
in memory tasks compared to less fit children, which could be linked to an
increased volume of the hippocampus (Chaddock, Pontifex, Hillman, &
Kramer 2011). Davis and colleagues (2011) additionally claim that exercise
increases activity in the prefrontal cortex and may therefore benefit cognitive
performance. Using functional magnetic resonance imaging (fMRI), chronic
exercise programs were further shown to positively affect children’s brain acti-
vation in the surrounding areas like the anterior cingulate and superior frontal
gyrus that also support executive functioning (Krafft et al. 2014).

Serotonerygic System

The functioning of the serotonin system (5-Hydroxytryptamin; 5HT)
including its main metabolite 5-hydroxyindoleacetic acid (SHIAA), decreased
plasma tryptophan, and low tryptophan-amino acid ratio have been previ-
ously identified as one of the major causes of mood disorders and depression
(Meltzer 1989; Coccaro, Siever, & Klar 1989; Quintana 1992; Triskman,
Asberg, Bertilsson, & Sjiistrand 1981). Although much of this research has
been conducted with adults, it was also shown that adolescents’ mood is
associated with peripheral serotonin levels (Crowell et al. 2008). Moreover,
treatment of depressed adolescents with selective serotonin reuptake inhibitors
(SSRI) has been shown to be very effective (Ryan 2005). Dahlstrom et al.
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(2000) pointed to a difference in serotonin activation in depressed children
compared to adults. Children’s serotonin transporter availability to the pre-
synaptic neuron, which adds to the serotonergic effect, is increased in the
midbrain and hypothalamus. It has been shown in adults that physical activity
and exercise increase SHT and 5HIAA neurotransmitter activity (Young
2007; Post and Goodwin 1974). Meta-analytic evidence supports the view
that physical activity potentially lowers depressive symptoms also in children
and adolescents (Brown et al. 2013). To date, it is assumed that serotonin
only expresses its health benefits through its effects on neurotrophic growth
factors, which explains why acute serotonergic effects on mental health cannot
be observed (Groves 2007).

Brain-Derived Neurvotrophic Growth Factor (BDNF)

From studies with animals we know that physical activity may increase BDNF
levels in the hippocampus (Cotman & Berchtold 2002; Erickson, Miller, &
Roecklein 2012), the cortex and the cerebellum (Neeper, Gomez-Pinilla,
Choi, & Cotman et al. 1996; Gomez-Pinilla, Ying, Opazo, & Edgerton
2001), which benefit health and the survival of nerve cells in these areas. In
fact, physical activity in this sense acts much like antidepressants enhancing the
expression of neurotrophic growth factors, for example, in the hippocampus
(Duman & Monteggia 2006). In adults, reduced levels of BDNF could be
associated with higher likelihood of developing depressive symptoms (Neves-
Pereira et al. 2002). It was also shown that not every individual benefits the
same from physical activity and that a certain genotype is more prone for
exercise-induced benefits to health (Mata, Thompson, & Gotlib 2010). This
effect is pronounced in girls — girls that genetically show higher risks for
depression actually benefit more from physical activity.

Still little is known about the exercise-mental health relationship regarding
physiological mechanisms in the young age group. Much of the research
suggesting positive effects stems from animal research or studies with adults.
Although bidirectional links between exercise and neurobiological activity,
exercise and mental health, as well as neurobiological activity and mental
health have been repeatedly reported, seldom do studies identify mediating
neurobiological mechanisms for the exercise—-mental health link. Future
studies are strongly needed that more closely investigate these mechanisms in
children and adolescents.
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Introduction

Preventing cognitive impairments and maintaining psychological well-
being are essential parts of healthy and satisfied aging. Promising evidence
exists that physical activity (PA) and exercise can thereby make crucial
contributions. PA is an important lifestyle factor, which has not only phys-
ical benefits, but is also associated with the preservation of mental health
across the entire life span (Kramer & Erickson 2007; Netz, Wu, Becker,
& Tenenbaum 2005). For instance, studies examining the effect of PA
and exercise on the prevention or postponement of dementia/MCI reveal
promising results (see also Chapter 18 in this book). Furthermore it seems
that PA or exercise can prevent depression and anxiety disorders, or at least
reduce the symptoms (see also Chapter 13 and Chapter 18 in this book).
Additionally, the exposure to PA leads to an increased self-perception
and self-evaluation, which is important for a successful and satistying life
(McAuley et al. 2005).

Examinations on the PA-mental health relationship investigate either the
association between an individual’s overall physical activity level with, or the
effect of a (long-term) targeted and structured exercise intervention on cogni-
tive impairment, depression, anxiety disorders, or self-perception. However,
the explaining mechanisms underlying the effects of regular physical activity
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and exercise on the different facets of mental health are not completely
understood up to now (see also Chapter 2 in this book).

Cognition

Healthy Aging of Cognitive Functions and the Brain

In mean, the aging process is characterized by a decline of important cogni-
tive functions and changes in brain structure and function. Those cognitive
functions that belong to the so-called “fluid intelligence” (for example, the
speed and accuracy of perceptual processes, working memory, and inhibitory
control functions) seem to start to decline very early in life (from 25-30 years
of age) (Hedden & Gabriceli 2004; Hommel, Li, & Li 2004). Similarly, epi-
sodic and long-term memory performance show an age-related decline from
middle adulthood on (Park et al. 2002). In contrast, cognitive functions that
belong to the “crystallized intelligence” (for example, knowledge and wisdom
based abilities, strategies of processing and learning, and learned skills like
reading, writing, or occupational skills), remain stable or even increase until
old age and are often able to compensate for the decline in the abilities of fluid
intelligence during activities of daily living. Nevertheless, particularly under
laboratory settings, differences in performance levels between young and old
subjects increase with task difficulty and /or complexity.

On the brain level, grey matter and white matter volumes decrease with
age. Declining grey matter volume has been related to a decrease in the quality
and quantity of connections between neurons (Peters 2002). Particularly, den-
dritic branches and spines show age-related decline. Further, a reduction of
blood capillaries and glial cells contributes to brain volume decline. Strongest
brain volume decline is observed in the caudate nucleus (as part of the basal
ganglia), the cerebellum, the hippocampus, and the PFC, and these changes
are well correlated to deficits in executive control and memory processes.
Spatial memory seems to be particularly sensitive to a loss of axodendritic
synapses in the dentate gyrus. On the contrary, there is much less decline in
the limbic system and occipital (visual) cortex (Park & Reuter-Lorenz 2009;
Raz & Rodrigue 2006). Also, the microstructure of the white matter changes
with age. Density and integrity of axons as well as their myelinization get
impaired and are often regarded as basis for slowed and less efficient pro-
cessing of cognitive, motor, and sensory information.

In addition to structural brain data, functional neuroimaging data reveal
“over- and underactivation” as compared to younger adults in the aging cortex
as well as changed activity patterns. Underactivation of the prefrontal cortex
(PFC) is often observed in older adults with difficulties in working memory
and executive control (Hedden & Gabireli 2004) and may be conceived as
equivalent of reduced integrity of cortical areas and neuronal circuitries. On the
other hand, overactivation has been shown in those brain regions representing
executive functions, motor control, and episodic, autobiographical, and
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working memory (Reuter-Lorenz & Lustig 2005; Seidler et al. 2010). It has
been suggested that increased activity in the PFC of older adults compensates
for processing deficits in the sensory or other domains of functioning. Further
task-specific age effects include a decreased lateralization in activation of the
PFC, which might be either the consequence of compensation processes to
enable normal cognitive functioning by recruiting contralateral resources, or
a decreased specialization of brain processes reflecting difficulties in recruiting
specialized neuronal processes (Li et al. 2004). Various findings suggest, how-
ever, that changed processing strategies in well-performing older adults may lead
to youth-like activation patterns. Based on these findings, behaviorally derived
theories suggest that along with aging a failure in top-down (self-initiated) con-
trol and regulation of activation of task-specific brain regions like the occipital
and mediotemporal cortices occurs (Reuter-Lorenz & Lustig 2005).

Cognitive and Neuronal Plasticity

The described age-related changes in brain and cognition show remarkable
individual differences (inter-individual variability) but also differences within a
person between different functions and structures (intra-individual variability).
Aging trajectories may be delayed or reveal changes in slope in both a positive
and a negative direction and reveal the plasticity of the aging process. Plasticity
denotes an individual’s potential for modifications in his or her developmental
trajectory throughout the lifespan. Cognitive plasticity refers to the potential for
the modifiability of the trajectory of cognitive development within one individual
(Baltes, Lindenberger, & Staudinger 1998). Brain plasticity denotes the fact that
the brain shows structural and/or functional changes when people are faced
with new or altering demands (Lovdén, Bickman, Lindenberger, Schaefer, &
Schmiedek 2010; Staudinger 2012) or as a reaction to a loss of neural resources
as a consequence of lesions, diseases, or even aging. The latter type of neural
plasticity is strongly tight to compensational mechanisms in the aging brain. The
degree of plasticity depends on the available individual (physiological, psycho-
logical) or contextual (social, cultural) developmental resources available (cf.
Staudinger, Marsiske, & Baltes 1995). The high inter- and intra-individual vari-
ability of cognitive impairment during aging indicates that besides genetic predis-
position individual lifestyle is a crucial factor. PA or exercise is an important and
successful possibility to stimulate cognitive and neuronal plasticity.

Dementia and Mild Cognitive Impaivment

In the western world approximately 6-8% of the older population suffers from
a mild form and another 6-8% from more severe forms of dementia (Forstl &
Lang 2011). Due to prolonged life expectancy, the incidence and prevalence
of Alzheimer’s disease and other forms of dementia are expected to quadruple
over the next 50 years (Hebert, Beckett, Scherr, & Evans 2001). Dementia is
associated with major declines in cognitive functioning through neuronal loss,
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especially in the hippocampus, substantia innominata, locus coeruleus, and in
the temporo-parietal and frontal cortex (International Statistical Classification
of Discases and Related Health Problems-10 (ICD-10). In accordance to
the ICD-10, the prerequisites for a diagnosis of dementia are decreases in
memory and intellectual capacity affecting the person’s everyday life. The most
common forms of dementia occurring in older age are the neurodegenerative
forms Alzheimer dementia (AD) and Lewy-body dementia (aggregation of
specific proteins within the brain (B-amyloid and microtubule-associated pro-
tein tau (MAPT) in AD and a-synuclein in Lewy body dementia) and vascular
dementia (difficulties with the supply of blood to the brain).

Mild cognitive impairments (MCI) are regarded and diagnosed as autono-
mous psychological disecases. MCIs have to be distinguished from “normal”
age-related decline and early stages of dementia. Itis a transitional state between
the cognitive changes of normal cognitive aging and dementia. Persons with
MCIs suffer from cognitive decline, memory impairment, and problems with
concentration. Additionally, decline of those cognitive functions, which belong
to the “fluid intelligence” can occur. In contrast to dementia, MCI does not
lead to impairments in everyday life (Petersen et al. 2001). MCls are classified
into two types. MCI that primarily affects memory is known as amnestic MCI.
Persons with amnestic MCI may start to forget important information that
they would previously have recalled easily. MCI that affects cognitive skills
other than memory is known as nonamnestic MCI. Persons with MCI have a
probability of developing a dementia within 5 years of about 50% (e.g. Boyle,
Wilson, Aggarwal, Tang, & Bennett 2006; Zaudig 2005, 2011).

A successful medical treatment to prevent the development or progression
of MCI and dementia is so far not available (Ahlskog, Geda, Graff-Radford,
& DPetersen 2011). There is, however, evidence that PA and exercise may
have a positive influence on the development of dementia and MCI even if
considering the fact that some types cannot be inhibited but at least attenuated
(see also Chapter 18 in this book). PA seems to be especially promising for
older adults with a genetic risk for dementia (Smith et al. 2011).

Physical Activity to Prevent or Postpone MCI and Dementin

An increasing number of studies have suggested that lifestyle factors like a
socially integrated network, cognitive leisure activity, and regular PA can pre-
vent or postpone dementia and MCI (Fratiglioni, Paillard-Borg, & Winblad
2004). The cognitive reserve theory suggests that these factors may have
an influence on the cognitive reserves, which allows to cope better with the
pathologic changes in dementia (Scarmeas et al. 2003; Stern 2002). Among
the lifestyle factors PA seems to have the greatest protective effect against MCI
and dementia (for review cf. Bherer, Erickson, & Teresa Liu-Ambrose 2013;
Hertzog, Kramer, Wilson, & Lindenberger 2008; Kramer, Bherer, Colcombe,
Dong, & Greenough 2004). In this vein, research on the individual genetic
predisposition underscores the meaning of PA. Generally, persons who possess
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one or more apolipoprotein E-e4 (APOE-g4) alleles are at an increased risk
to develop AD (Kim, Basak, & Holtzman 2009). However, APOE-¢4 carriers
who are physically active exhibit a reduced risk of MCI (Geda et al. 2010) and
AD (Laurin, Verreault, Lindsay, MacPherson, & Rockwood 2001) in com-
parison to sedentary carriers and even non-carriers (Etnier et al. 2007).

Also a number of longitudinal cohort studies have demonstrated that mid-
life PA or exercise may contribute to the maintenance of cognitive functioning
and delay or reduce the risk of late-life dementia (Andel et al. 2008; Geda et al.
2010; Chang et al. 2010). In this vein, a recent population-based cohort study
of over 1.1 million Swedish male conscripts revealed that poor cardiovascular
fitness was associated with a seven-fold increased risk for early-onset mild cog-
nitive impairment and dementia (Nyberg et al. 2014). A meta-analysis of 15
prospective studies (n = 33,816) documented a significantly reduced risk of
dementia associated with midlife PA (Sofi etal. 2011). Twelve years later 3,210
persons exhibited impairments in cognitive functioning. Physically active per-
sons had a 38% reduced risk of cognitive decline as compared to inactive indi-
viduals. Even a moderate level of activity resulted in a 35% reduced risk. Other
systematic reviews and meta-analyses of prospective cohort studies revealed
also positive but less convincing results with respect to dementia (Blondell,
Hammersley-Mather, & Veerman 2014: -18% reduced risk; Hamer & Chida
2009: -28% reduced risk). PA performed later in life has beneficial effects as
well. Boyle, Buchman, Wilson, Leurgans, and Bennett (2010) observed 761
healthy older persons over a period of 12 years. They demonstrated that per-
sons with a better physical condition are at lower risk of cognitive decline
or MCI. Sumic, Michael, Carlson, Howieson, and Kaye (2007) supported
these results revealing that women (85+ years) who reported exercising for
more than 4 h per week showed a by 88% reduced risk to develop cognitive
impairments as compared to those less active women. In a cross-sectional study,
Burns and colleagues (2008) used an objective measure to assess cardiovas-
cular fitness and were able to show that cardiorespiratory fitness was negatively
related to brain atrophy in the earliest clinical stages of AD and may moderate
AD-related brain volume decline. Despite these positive results it should be
taken into account that the association of PA with cognitive preservation does
not allow to draw causal conclusions and could be also explained by reverse
causality. That is, persons with very early, preclinical neurodegenerative disease
might not be motivated to engage in regular PA.

Nevertheless, reverse causality does not explain improvements in cogni-
tive functions in short-term randomized controlled trials (RCT). For instance,
Baker et al. (2010) could prove this positive effect after a 6-month high-
intensity acrobic exercise (75-85% of maximum heart rate) in comparison to
a stretching control program with 33 older patients suffering from amnestic
MCI aged 55-85 years. Their results demonstrated beneficial effects of aer-
obic exercise, especially on speed of processing and executive functioning.
However, in some tests they observed gender differences in cognitive improve-
ment despite comparable improvement in cardiorespiratory fitness. But the
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effect of PA or exercise on cognitive functioning does not seem to be so clear.
Whereas Heyn, Abreu, and Ottenbacher (2004) prove by meta-analysis that
exercise interventions lead to increases in fitness, physical functions and cog-
nition in persons suffering from dementia, in a more recent systematic review
of 22 RCTs Ohman, Savikko, Strandberg, and Pitkili (2014) revealed more
conflicting results. On the one hand, exercise in subjects with MCI can lead to
positive cognitive outcomes, mainly on global cognition, executive functions,
and attention. On the other hand, results of exercise intervention studies
among persons with dementia showed no effect of exercise on cognition. It
has to be taken into consideration that some of the studies had methodo-
logical problems in defining dementia/MCI diagnosis, in blinding the group
assignment, in recruiting adequate sample sizes (very small samples) and in
reporting dropouts, compliance, or complications. Furthermore, it is note-
worthy that physical frailty (including walking speed, muscle strength, body
composition, and fatigue) seems to have an influence on the risk of developing
cognitive decline and MCI.

Types of Exercise and Doses

Most of the studies dealing with the positive effects of PA and exercise on
MCI/dementia investigated the effect of acrobic exercise (e.g. Baker et al.
2010; Eggermont, Swaab, Hol, & Scherder 2009; Bherer et al. 2013; Ahlskog
ct al. 2011 for a review). Other studies examined the effects of other types
of exercise on MCI/dementia. For instance, Lam et al. (2011) assessed the
cognitive impact of a Tai-Chi intervention in comparison to stretching and
toning. Their results demonstrated that both groups improved in global cog-
nitive function, delayed recall, and subjective cognitive complaints. However,
improvements in Clinical Dementia Rating scores were observed only in
the Tai-Chi group. Similarly, in their systematic review and meta-analysis,
Wayne and colleagues (2014 ) concluded that Tai Chi training was effective in
improving global cognitive functions in cognitively intact but also cognitively
impaired older adults. Nagamatsu et al. (2013) compared the effect of aer-
obic and strength exercise with a sedentary control group in older adults with
possible MCI. The results showed that both experimental groups improved in
spatial memory performance in comparison to the control group. However,
only the acrobic training group exhibited a significant correlation between
spatial memory performance and overall physical capacity after the interven-
tion. The meta-analysis by Heyn, Johnsons, and Kramer (2008) confirmed the
results by Nagamatsu and colleagues (2013) revealing no differences in effect
sizes of RCTs between strength or acrobic training or a combination of both
in cognitively impaired individuals.

Current literature provides evidence that different types of exercise, like
cardiovascular exercise, Tai Chi, and strength training, might benefit cogni-
tive functions in older adults and reduce the risk for developing dementia.
However, future studies are needed to further specify which type of
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intervention — aerobic, strength training, coordinative elements (such as in
Tai Chi interventions) — is most beneficial to improve cognition in MCI/
dementia patients.

Only a few studies examined the dose-response relationship of exercise
in persons with MCI/dementia and there is no consensus in literature. For
instance, Larson et al. (2006) found a dose-response effect for exercise fre-
quency if they considered the physical functioning of the demented persons.
Patients with low physical functioning, exercising three or more times per
week, exhibited a decreased risk for dementia in comparison with those who
exercised fewer than three times. Sofi and colleagues (2011) found similar
estimates of effectiveness for both high and low-to-moderate intensity of exer-
cise whereas Laurin et al. (2001) revealed that with increased intensity the
preventive effect of PA increases. Further, Scarmeas and colleagues (2003)
support the assumption that higher levels of PA are more effective.

Mechanisms of the Exercise Effect on MCI and Dementin

Many common putative biological mechanisms explaining the positive effect
of exercise on MCI/dementia are based on the underlying assumption that
PA may facilitate neuroplasticity, which is fundamental for learning, memory,
and general cognition (Ahlskog et al. 2011). The upregulation of neuro-
trophic factors (e.g. BDNF, IGF-1) by cardiovascular exercise are in turn a
possible underlying mechanism of neuroplastic processes through PA. Further
mechanisms of the positive exercise effect in MCI and dementia are the regu-
lating effects on brain B-amyloid, MAPT, and brain vascularization.

NEUROPLASTICITY

Various animal studies identified several mechanisms whereby PA and exer-
cise may facilitate neuroplasticity. Exercise seems to increase the expression of
synaptic plasticity genes, gene products (synapsin, synaptophysin), and various
neuroplasticity-related transcription factors (Berchtold, Castello, & Cotman
2010; Shen, Tong, Balazs, & Cotman 2001). Furthermore, hippocampal den-
dritic length and dendritic spine complexity can be enhanced through exercise
(Eadie, Redila, & Christie 2005; Redila & Christic 2006). Additional research
provides evidence that exercise induces neurogenesis within the hippocampal
dentate gyrus (van Praag, Kempermann, & Gage 1999; Eadie et al. 2005;
Redila & Christie 2006; Fabel et al. 2003) even in older ages (van Praag,
Shubert, Zhao, & Gage 2005; Kronenberg et al. 20006).

NEUROTROPHIC FACTORS

It has been demonstrated that BDNF is able to modulate brain plasti-
city, including increased neurotic outgrowth and synaptic function in vitro.
Additionally, it seems to promote in vitro survival of a vast array of neurons
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affected by neurodegenerative diseases, including AD (Murer, Yan, & Raisman-
Vozari 2001). Patients with AD have reduced circulating BDNF levels (e.g.
Laske et al. 2007). Furthermore, AD patients whose state is declining rapidly
exhibit significantly lower serum BDNF levels than those whose condition is
declining slowly (Laske et al. 2011). Acute and chronic exposure to PA was
shown to result in increased peripheral levels of BDNF (for reviews see Coelho
et al. 2012; Huang, Larsen, Ried-Larsen, Mgller, & Andersen 2014).

Insufficiency of IGF-1 (insulin-like growth factor) seems to be another risk
factor for AD (Vega et al. 2006). Castellano and White (2008) demonstrated
in a small cross-sectional study that patients with AD have significantly lower
circulating IGF-1 levels than the healthy control group. IGF-1 is one of the
most important hormones for growth and development in humans (Sonntag,
Ramsey, & Carter 2005). Studies revealed that IGF-1 enhances synaptic plas-
ticity and neuronal survival and increase concentrations of BDNF (Cotman &
Berchtold 2002; Vaynman, Ying, Yin, & Gomez-Pinilla 2006). Additionally
Thornton, Ingram, and Sonntag (2000) indicated that IGF-1 replacement
enhanced learning and memory in rats. Long-term resistance training seems
to be able to increase serum IGF-1 concentrations (Adamo & Farrar 20006;
Hameed et al. 2004).

BRAIN B-AMYLOID AND MICROTUBULE-ASSOCIATED PROTEIN TAU (MAPT)

AD as the most common form of dementia is associated with the accumulation
of neuritic plaques (primary component -amyloid) and neurofibrillary tangles
which are aggregates of the hyperphosphorylated microtubule-associated
protein tau (MAPT). Liang et al. (2010) revealed that cognitively normal
older adults who are physically active have a lower density of B-amyloid. This
indicates a lower risk for neuritic plaques. However, Baker et al. (2010) could
not confirm this dependence. Further, in an animal study, Belarbi et al. (2011)
were able to prevent the phosphorylation of the tau protein in the hippo-
campus and delay memory impairment through 9 months of acrobic exercise.

VASCULAR CONTRIBUTIONS

The development of AD and vascular dementia is associated with glucose
intolerance and diabetes mellitus, hypertension, hyperlipidemia, obesity, and
different types of cardiovascular deficits (Knopman & Roberts 2010). Regular
PA is well known to prevent or at least attenuate each of these risk factors
(Smith 2001; Pitsavos, Panagiotakos, Weinem, & Stefanadis 2006; Kokkinos,
Sheriff, & Kheirbek 2011). For example, the maintenance of adequate cerebral
blood flow is essential to maintain a constant supply of oxygen and nutrients
to the metabolically active brain. It is among others influenced by the partial
pressure of arterial carbon dioxide (PaCO2, termed cerebrovascular reactivity)
and by the cardiac output (Murrell et al. 2013). A reduced cerebral blood flow
was associated with AD and dementia (de la Torre 2012; Murrell et al. 2013).
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There is conflicting evidence on the effect of PA on cerebral blood flow and
cerebrovascular reactivity. Ainslie et al. (2008) were able to demonstrate that
a greater aerobic capacity achieved through regular PA leads to higher cere-
bral blood flow in healthy older adults. Furthermore, after a 3-month cardio-
vascular training, cerebral blood volume in the hippocampus of middle-aged
adults was also enhanced, pointing to a better vascularization of the tissue, and
was in line with better memory performance of the participants (Pereira et al.
2007). However Ivey, Ryan, Hafer-Macko, and Macko (2011) could not con-
firm the findings with regard to cerebral blood flow in stroke patients after a
6-month aerobic exercise intervention. But they were able to reveal increases
in cerebrovascular reactivity. Additionally, animal studies showed that vas-
cular endothelial growth factor (VEGF) expression is enhanced after low- and
moderate-intensity exercise (Lou, Liu, Chang, & Chen 2008).

Psychological Well-Being

Maintaining psychological well-being in the face of the changes and losses of
later life (e.g. cognitive and physical aging) is a crucial part of healthy ageing
(Baltes & Baltes 1990). In this vein, Gale, Cooper, Deary, and Sayer (2014)
demonstrated that psychological well-being at the age of 60+ may be a pro-
tective factor against becoming frail over a 4-year follow-up period.

The literature provides a variety of interchangeable terms for psychological
well-being. For instance, psychological health, mental health (Netz et al.
2005), and mental well-being (Black et al. 2015). Although there is no gen-
cral applicable definition of psychological health, it is commonly accepted that
it is a multifaceted construct including hedonic (pleasure) and eudaimonic
(control, autonomy, and self-realization) dimensions (Gale et al. 2014; Netz
ct al. 2005; Ware 2003).

However, so far research on the positive effects of PA and exercise on psy-
chological well-being has not focused on the multifaceted construct, but on
selected components like depression, anxiety disorders, and self-perception
(including self-efficacy and self-esteem). In this part of the chapter we will
summarize the effects on these domains and give an overview of proposed
effect mechanism.

Depression and Anxiety

Interaction of Dementio and Depression

Depression is one of the most frequently diagnosed comorbid psychiatric
disorders of Alzheimer disecase and other types of dementia (Starkstein,
Mizrahi, & Power 2008). Up to 87% of older adults with AD are estimated to
be depressed (Carpenter, Ruckdeschel, Ruckdeschel, & Van Haitsma 2003).
Dementia in combination with depression is associated with greater disability
of daily living, a worse quality of life, a faster cognitive decline, and higher
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mortality and institutionalization rates as compared to non-depressed indi-
viduals with dementia (Lyketsos et al. 1997; Kales, Chen, Blow, Welsh, &
Mellow 2005). For example, Starkstein, Jorge, Mizrahi, and Robinson (2014)
examined the clinical correlates of depression in 670 patients with AD and
revealed that depressed patients had more severe social dysfunction and greater
impairment in activities of daily living than AD patients without depression.
It is noteworthy that even mild levels of depression are significantly associated
with more functional impairments in AD.

It has been shown that exercise is effective in reducing depressive symptoms
in cognitively intact depressed persons (cf. below). However, less is known
about the effects of exercise on depression in older adults with AD. Williams
and Tappen (2008) compared the effect of a 16-week comprehensive exercise
treatment (including strength, balance, flexibility, and aerobic exercise, n=17)
with a supervised walking-group (n=17) and an attention-control group
(n=12) in depressed patients with AD. Depression was reduced in all three
groups with some evidence of superior benefit from both exercise groups. The
findings of this study were limited because of the small sample size. Further
rescarch with a larger sample is necessary to confirm these results and to draw
conclusions about relative benefits of different types of exercise.

Depression

Depression is one of the most prevalent mental disorders in old age (Luppa
et al. 2012). In most epidemiological investigations, the prevalence of major
depressive disorder in community samples of adults aged 65+ ranges from 1%
to 5% (e.g. Hasin, Goodwin, Stinson, & Grant 2005). Especially patients with
(auto) inflammatory diseases (e.g. rheumatoid arthritis) have an increased
incidence of depressive disorders (Naarding et al. 2005).

Depressive disorders are associated with an increased risk of morbidity and
suicide as well as decreased physical, cognitive, and social functioning (Blazer
2003). The prevalence and the underlying mechanisms of late-life depression
seem not to differ from depression in younger age but the phenomenology
may be partly different. In older adults, depression seems to be especially
associated with cognitive decline, somatic symptoms, and loss of interest. In
younger adults, emotional conspicuity seems to be more prevalent (Fiske,
Wetherell, & Gatz 2009; Hegeman, Kok, van der Mast, & Giltay 2012).

Currently, antidepressant medication is the accepted treatment of choice
for depression, to some extent in combination with psychological therapy
(Robertson, Robertson, Jepson, & Maxwell 2012; Hollon, Thase, &
Markowitz 2002). However, the success of the described treatments is limited
and questioned for mild depression (Moncrieft & Kirsch 2005). Mura, Moro,
Patten, & Carta (2014) emphasize that a high percentage of patients do not
respond to a first-line antidepressant drug and that augmentation strategies
increase the risk of side effects. Additionally, the effectiveness of antidepressant
medication seems to be less effective in older patients (> age 75; Roose et al.
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2015). Therefore, there is a need for an additional therapy, which is effective
and has minimal side effects (Mura et al. 2014).

Exercise seems to be such a promising treatment method (Brenes et al.
2007; Blumenthal et al. 2007) (see also Chapter 18 in this book). Blumenthal
and colleagues (1999) conducted one of the most well-known investigations
on this topic. They compared the antidepressant effect of acrobic exercise
and medical treatment in a sample of 156 older patients. They were able
to demonstrate that the efficacy of exercise was generally comparable with
the effect of antidepressant medication (Blumenthal et al. 1999). The initial
response was faster with antidepressant medication; however, after 16 weeks
of treatment exercise was equally effective (Blumenthal et al. 1999). Based on
this result, several studies used exercise as treatment for depressive disorders
in older adults (e.g. Brenes et al. 2007; Kerse et al. 2010) and confirmed the
efficiency of exercise interventions on the reduction of depressive symptoms
in old adults (for a review and meta-analysis on 18 RTCs in older adults (cf.
Park, Han, & Kang 2014). Similarly, Sjosten and Kiveld (2006) confirmed in a
systematic review of RCTs that for older subjects exercise interventions might
be efficient in the reduction of depressive symptoms.

PA also seems to have preventive effects for the development of depressive
symptoms. In older adults it has been shown that depression is associated
with low PA levels (Hassmén, Koivula, & Uutela 2000; Farmer et al. 1988).
Strawbridge, Deleger, Roberts, & Kaplan (2002) investigated the relationship
between PA and the prevalence and incidence of depression over 5 years in
a sample of 1.947 community-dwelling adults aged 50-94 years. Even with
adjustments for age, sex, ethnicity, financial strain, chronic conditions, dis-
ability, body mass index, alcohol consumption, smoking, and social relations,
they showed a negative correlation between the level of PA and the occurrence
of depressive symptoms. In a recent review Mammen and Faulkner (2013)
emphasized that the maintenance of PA over the life span may serve as a valu-
able mental health promotion strategy in reducing the risk of developing
depression.

Which Types and Doses of Exercises Lead to Reductions in Depression?

Rethorst, Wipfli, and Landers (2009) analyzed the moderating variables of
exercise programs in terms of exercise type. They emphasize that exercise
programs with combined aerobic and resistance exercise resulted in greater
antidepressant effects than aerobic or resistance training alone. However, they
included healthy as well as clinically depressed subjects and had no focus on
older adults.

In regard to intervention parameters, a meta-analysis conducted by Park
et al. (2014) revealed that significant antidepressant benefits of exercise
interventions in older adults were apparent after 3 months. Another study
compared the effectiveness of four different doses of aerobic exercise (3 or
5 days per week with 7.0 kcal /kg/week or 17.5 kcal /kg/week). The results
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revealed that only performing PA at least 5 times per week with high dose
achieved the response rates of a medication intervention (Dunn, Trivedi,
Kampert, Clark, & Chambliss 2005). However, further research on the
optimal duration, the type of exercise, the frequency, and the intensity of the
exercise programs for the specific target group of older adults is necessary.

Anxiety Disorders

Anxiety is an umbrella term covering several different forms of abnormal and
pathological fear. Anxiety is typified by several symptoms depending on the
degree of severity including emotional (worry, self-doubt, apprehension),
behavioral (nervousness, trembling, tics) and physiological (hyperventilation,
increases in heart rate, blood pressure, muscle tension, perspiration, stress hor-
mone levels) conspicuities (ICD-10; Knapen & Vancampfort 2013). Anxiety
disorders can vary from mild discomfort to panic disorder. Anxiety which only
occurs in response to specific circumstances in which a person perceives a lack
of control or uncertainty has been defined as state anxiety, whereas a person’s
predisposition to become anxious across many situations has been termed trait
anxiety (Taylor 2000). While most studies including older adults focus on
the effects of physical activity on trait anxiety levels, less research has been
performed for the effects of physical activity on state anxiety in older adults.
Bryant, Jackson, and Ames (2008) reported that the prevalence of anx-
iety disorders in community-dwelling adults aged 55+ range from 1.2%
to 15% and is almost twice as high in clinical samples (geriatric inpatients,
nursing home residents). The prevention and treatment of anxiety disorders
is of high importance because permanent anxiety may lead to the inability
to perform activities of daily living (Trollor, Anderson, Sachdev, Brodaty,
and Andrews 2007) and to fear of social interaction or even suicide (Taylor
2000). The common treatment for anxiety is similar to that for depression
(Wipfli, Rethorst, & Landers 2008) consisting of pharmacological and psy-
chotherapeutic interventions, also for older adults (Gongalves & Byrne 2012).
Population-based evidence indicates that regular exercise also has an anxiolytic
effect and may be used at least as an additional therapy (Herring, Lindheimer,
& O’Connor 2013). This has been supported by a number of meta-analyses
which investigated the effect of exercise on trait anxiety across all age groups
(see also Mumm et al. in this book). These studies report that exercise leads
to decreases in anxiety symptoms and that its effectiveness is nearly as great
as that of the common treatments (psychotherapy and pharmacotherapy;
Kugler, Seelbach, & Kriiskemper 1994; Long & Van Stavel 1995; Petruzzello,
Landers, Hatfield, Kubitz, & Salazar 1991; Wipfli et al. 2008). Early meta-
analyses indicated that middle-aged adults benefitted the most from the anxio-
lytic effect of exercise (Schlicht 1994; Wipfli et al. 2008). However, more
recent analysis did not identify any age-related differences and confirm that the
anxiolytic effect of exercise is also valid for older individuals as well (Coventry
& Hind 2007; Netz ct al. 2005; Wegner et al. 2014). However there are also
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contradictory results in regard of the exercise effect on anxiety. For instance
a recent systematic review conducted by Snowden and others (2015) did not
found sufficient evidence for the positive exercise effect on emotional health
(and especially anxiety).

Thypes of Exercise and Doses

Early studies indicated the anxiolytic effect (on trait and state anxiety) of exer-
cise only for acrobic exercise and not for resistance training (e.g. Petruzzello
et al. 1991). In contrast, Herring and colleagues (2013) revealed also sig-
nificant reductions in trait anxiety after 6 weeks of resistance training (effect
size = 0.52; and effect size = 0.54 6 after 6 weeks of acrobic exercise) in 37 adults
with generalized anxiety disorder. The anxiolytic effect of nonaerobic training
was supported by an investigation with older adults, who tend to be anxious
(aged 65 to 75 years). Results revealed that participants who performed a high
resistance training over a period of 24 weeks exhibited a reduction in anxiety
symptoms and improved mood in comparison to a control group (Cassilhas,
Antunes, Tufik, & de Mello 2010). Considering the different effects of acute
and chronic resistance training, Bibeau and colleagues (2010) showed that
acute vigorous resistance training resulted in a temporary increase in state anx-
iety immediately after the training and a return to baseline level after 20-60
minutes. Chronic resistance training, on the other hand, was associated with
decreased state and trait anxiety (Asmundson et al. 2013). Also yoga and tai
chi seem to have anxiolytic effects (Asmundson et al. 2013). These types of
exercise may be especially interesting for older adults, who may be unable
to participate in more vigorous or high-impact exercise (e.g. jogging). Only
a few studies investigated the dose-response relation of exercise and anxiety
reduction, but none of them was conducted with older persons. As for MCI/
dementia, the power of the anxiolytic effects seems to depend on the duration
of the exercise intervention (Petruzzello et al. 1991). Further, for meaningful
reductions in trait anxiety the duration of the interventions seem to need to be
performed in bouts of at least 10 weeks and not less than 21 minutes of exer-
cise (Petruzzello et al. 1991). With regard to the frequency, exercise programs
with a frequency of 3 or 4 times per week resulted in significantly higher effect
sizes than programs with 1-2 or 5 exercise sessions per week (Wipfli et al.
2008). Further, the degree of the acute anxiolytic benefit seems to be linked
to the fitness level of a person. During exercises with higher intensities only fit
participants showed increases in exhilaration (Steptoe & Bolton 1988).

Mechanisms of the Exercise Effect on Depression and Anxiety

Depression and anxiety in late life are frequently comorbid with other phys-
ical and psychological disorders like arthritis, heart disease, diabetes, and
cancer (Blazer 2000; Roy-Byrne et al. 2008). Many bodily symptoms of
these disorders could be alleviated through PA or exercise as well. In turn



Exercise Effect in Older Adults 151

PA may have a positive influence on depression and anxiety symptoms. Thus,
PA influences depression indirectly by the alleviation of comorbid symptoms
and directly by altering the underlying neurobiological processes (Moylan
etal. 2013).

The literature presents various possible neurobiological mechanisms of PA
and exercise on the reduction in depressive and anxiolytic symptoms (Medina,
Jacquart, & Smits 2015; Wegner et al. 2014) (see also Chapter 2 in this book).
Nevertheless, there is no consensus in literature up to now. Considerable evi-
dence exists that PA leads to changes in neurotransmitter and cortisol levels,
influences the inflammatory system and results in an upregulation of neuro-
trophic factors.

NEUROTRANSMITTER

Depressed persons commonly exhibit imbalances in the production and
transmission of neurotransmitters such as serotonin, dopamine, noradren-
aline, and glutamate (Maletic et al. 2007). The most extensive research has
been conducted on the dysfunction of the serotonin system (Kari, Davidson,
Kohl, & Kochhar 1978; Lopresti, Hood, & Drummond 2013). Depression
is associated with deficits in the serotonin availability and abnormalities of
serotonin receptors (Carr & Lucki 2011). The role of serotonin in anxiety
disorders is not fully clucidated up to now. Indeed, as mentioned before,
the common successful treatment of anxiety is similar to that of depres-
sion (Wegner et al. 2014), aiming to increase the reuptake of serotonin by
increasing its availability in the synaptic cleft (Blier & de Montigny 1994).
Animal studies revealed that chronic exercise could increase neurotransmitter
levels like serotonin as well (e.g. Kiuchi, Lee, & Mikami 2012).

HPA AXIS ACTIVITY

Chronic psychological stress and aging per se are associated with a hyper-
activity of the HPA (hypothalamic-pituitary-adrenocortical) axis and increased
levels of glucocorticoids (cortisol) (Born, Ditschuneit, Schreiber, Dodt, &
Fehm 1995; Seeman, Singer, Wilkinson, & McEwen 2001). Prolonged high
activation of the HPA axis is a health risk for the organism because high levels
of glucocorticoids seem to induce brain region specific damage (e.g. Fuss
etal. 2010).

Approximately 50-60% of persons with depressive disorders exhibit changes
in the HPA system (Strohle 2003) and an increased cortisol release (Deuschle
et al. 1997). In comparison with depressive patients, persons with anxiety
disorders have lower cortisol secretion (Curtis, Cameron, & Nesse 1982), but
they still exhibit higher cortisol levels than healthy persons (Schreiber, Lauer,
Krumrey, Holsboer, & Krieg 1996).

On the one hand, in healthy young adults acute moderate PA leads to an
increased cortisol release (e.g. Kirschbaum & Hellhammer 1994; Brownlee,
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Moore, & Hackney 2005; Daly, Seegers, Rubin, Dobridge, & Hackney 2005;
Hackney 2006). On the other hand improved physical fitness is associated
with a lower reactivity of the HPA axis to an acute stressor (Rimmele et al.
2009) and lower baseline cortisol levels (measured in young depressive
women: Nabkasorn et al. 20006). It is proposed that exercise might reduce
symptoms of anxiety and depression through a reduction in the reactivity of
the HPA system and attenuated glucocorticoid responses to psychological
stress (Rimmele et al. 2009; Wegner et al. 2014).

INFLAMMATION AND OXIDATIVE AND NITROGEN STRESS

Persons suffering from a depressive disorder seem to have a dysregulation of
the inflammatory system (Hiles, Baker, de Malmanche, & Attia 2012). Dowlati
et al. (2010) confirmed clevated levels of pro-inflammatory cytokines in
depressed persons. The most reliable elevations were observed in Interleukin-
6 (IL-6). Along with the elevated levels of pro-inflammatory cytokines among
depressed individuals, several studies show lower than average levels of anti-
inflammatory cytokines such as Interleukin-10 (IL-10) (e.g. Mesquita et al.
2008). Furthermore, older patients with auto inflammatory (e.g. rheumatoid
arthritis) diseases have an increased risk for an incident depression (Naarding
et al. 2005)

In contrast to depressive disorders the role of inflammation in anxiety
disorder pathogenesis has received less attention so far, although research
is growing (Moylan et al. 2013; Hou & Baldwin 2012). Current literature
on this topic is heterogencous, including various comorbidities and use of
different inflammatory markers. Overall, anxiety disorders also seem to
be associated with the described imbalance in pro- and anti-inflammatory
cytokines resulting in an elevated inflammatory state of the central nervous
system (Moylan et al. 2013). This inflammatory state might contribute to
increased oxidative and nitrogen stress. Reactive oxygen and nitrogen species
(ROS and RNS) are produced during normal physiologic processes. However,
when their levels exceed a critical level of antioxidant capacity of cells ROS
and RNS are associated with the damage of cells (Moylan et al. 2013; Moylan
etal. 2014).

To sum up, anxiety and depressive disorders are both associated with an
increased level of oxidative and nitrogen stress markers (Hovatta, Juhila, &
Donner 2010; Leonard & Maes 2012). This state of enhanced stress leads to
brain-region specific, stress-related damage (Hovatta et al. 2010). In addition,
chronic low-grade inflammation is associated with a reduced neurotransmitter
(e.g. serotonin) biosynthesis (Sperner-Unterweger, Kohl, & Fuchs 2014).

Silverman and Deuster (2014) described an anti-inflammatory effect of
regular physical exercise through promoting an anti-inflammatory environ-
ment (see also Eyre, Papps, & Baune 2013). Acute high-intensity exercise
temporally leads to an exponential increase in the production of the pro-
inflammatory cytokine IL-6 in skeletal muscle. This, in turn, leads to an
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activation of the synthesis of anti-inflammatory cytokines (IL-10) and inhibits
the release of other pro-inflammatory cytokines such as TNF-alpha (Silverman
& Deuster 2014). Chronic exercise seems to trigger the same anti-inflammatory
processes (Kohut et al. 2006; Silverman & Deuster 2014) like acute exercise
does. Furthermore, first animal studies revealed that regular moderate exercise
is protective against oxidative stress damage through enhanced antioxidant
enzyme activity, ¢.g. MDA (marker of lipid peroxidation) (Salim et al. 2010).

NEUROTROPHIC FACTORS

The “neurotrophin hypothesis of depression” is based on observations that
decreases in hippocampal BDNF levels are correlated with stress-induced
depressive behaviors and that antidepressant treatment enhances the expres-
sion of BDNF (Duman & Monteggia 2006). Additional studies showed that
depressed persons have lower peripheral BDNF concentrations in comparison
to non-depressed individuals (Karege et al. 2002; Molendijk et al. 2014).
The role of BDNF in anxiety disorders is ambiguous. A model described by
Salim et al. (2011) assumes that sub-chronic oxidative stress, as observed in
both depression and anxiety, could lead to a degradation of BDNEF. Chan,
Wu, Chang, Hsu, and Chan (2010) proposed an antioxidant role of BDNF,
meaning that as an immediate protective mechanism, BDNF levels increase
during acute oxidative stress. When, however, the oxidative stress becomes
chronic, this protective mechanism is lacking due to the reduction of BDNF.
Additionally, BDNF is also considered to be essential for the maintenance of
the synaptic plasticity (Rothman & Mattson 2013, see section “Neurotrophic
factors” in the Dementia section). On this account, Salim et al. (2011)
concluded that a decreased BDNF level favors a condition with high oxidative
stress and reduced plasticity which are both associated with a potentially high
anxiety state.

Acute and chronic exposure to PA is able to increase the synthesis, release,
and expression of BDNF (Huang et al. 2014). A meta-analysis by Szuhany
and colleagues (2015) revealed that regularly performed PA showed greater
increases of peripheral BDNF compared to baseline level than a single session
of exercise. PA of moderate intensity might induce enhancement of peripheral
BDNF levels even in older adults (Coelho et al. 2013). However, exercise-
induced expression of BDNF is age-dependent and less pronounced in older
than in younger individuals (Adlard, Perreau, & Cotman 2005; for a review
see Mora, Segovia, & del Arco 2007).

Self-Efficacy and Self-Esteem

PA and global quality of life in older adults seems to be indirectly associated
by way of self-efficacy and physical self-esteem (White, Wojcicki, & McAuley
2009). Self-esteem is widely accepted as a key indicator of emotional sta-
bility and adjustment to life demands. Self-esteem is regarded as one of the
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strongest predictors of subjective well-being and is therefore an important
clement of mental well-being and quality of life (Fox 2000). It is unclear
whether self-esteem shows normative changes with increasing age. However,
if a decline occurs in old age, a high socioeconomic status and physical health
seem to be protective factors (Orth, Trzesniewski, & Robins 2010). PA is
an important component of positive self-evaluation (McAuley et al. 2005).
Elavsky et al. (2005) emphasized that self-esteem of older adults has consist-
ently been shown to be influenced by PA.

Self-efficacy beliefs regulate human functioning through cognitive, motiv-
ational, affective, and decisional processes. They affect whether individuals
think in self-enhancing or self-debilitating ways, how well they motivate them-
selves and persevere in the face of difficulties; the quality of their emotional
life and vulnerability to stress and depression (Benight & Bandura 2004).
Research suggests that self-efficacy can act as a determinant and a consequence
of PA participation. On the one hand, self-efficacy seems to be a significant
predictor of exercise adherence and compliance (McAuley & Blissmer 2000).
For instance, Sallis et al. (1986) were able to demonstrate that changes in self-
efficacy over time were linked to changes in PA behavior. On the other hand,
exercise could be a situation in which persons become aware of their own effi-
cacy (McAuley & Blissmer 2000). McAuley, Courneya, and Lettunich (1991)
demonstrated that acute and chronic exercise result in significant increases in
self-efficacy. McAuley et al. (2006) analyzed the interaction between PA, self-
efficacy, physical/mental health status, and global well-being. Their results
indicated that older women who were more active showed greater self-efficacy
levels as well as better physical and mental health. In turn, health status was
positively related to satisfaction with life. Additionally, Kaplan, Ries, Prewitt,
and Eakin (1994) concluded that self-efficacy is a significant predictor of long-
term survival for patients with chronic obstructive pulmonary disease (COPD).
Seeman and Chen (2002) supported this assumption by demonstrating that
changes in levels of functioning in older adults with chronic health conditions
(e.g. diabetes, hypertension high blood pressure, heart disease, cancer, broken
bones) were predicted not only by health status or discase state but also by PA
and self-efficacy. These findings are very promising concerning life-prolonging
measures for those patients.

Sonstroem and Morgan (1989) developed a generally applicable model,
which describes the relationship between exercise/PA and self-esteem
(EXSEM; they used the terms exercise and physical activity interchangeably,
see Figure 6.1). This model consists of four key constructs which could be
influenced by PA: physical self-efficacy, physical competence (perception and
evaluation of the body and its capacity), physical acceptance (body acceptance
and satisfaction), and global self-esteem. Changes in PA are only indirectly
associated with global self-esteem through the effect on self-efficacy (Edmunds
& Clow 2014).

McAuley et al. (2005) have tested the EXSEM over a 4-year period in
a sample of 174 older adults and revised the EXSEM so that both PA and
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Physical Physical Self- Physical
Activity Efficacy competence
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Self-Esteem
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Figure 6.1 Model of four key constructs which could be influenced by PA
Source: Adapted from Sonstroem and Morgan (1989). Original EXSEM

Physical

Physical Condition
Activity

Attractive Physical Global

Body Self-Esteem Self-Esteem
Self-

Efficacy

Strength

Figure 6.2 PA’s indirect influence on self-esteem
Source: Adapted from McAuley et al. (2006). Revised EXSEM

self-efficacy directly influence the domains of self-esteem (and its subdomain
measures “physical condition,” “attractive body,” “strength”), rather than
PA indirectly influences self-esteem through its effect on self-efficacy (see
Figure 6.2).

The EXSEM and its revision has created a basis for examining the under-
lying pathways by which PA behavior may lead to improvements in positive
self-perception.

”

Types of Exercise and Doses

To the best of our knowledge no review or meta-analysis investigated specific
exercise effects or dose-response relations with a special focus on older adults
as there is a lack of RTCs examining the exercise effect on self-efficacy and self-
esteem in older adults. A meta-analysis conducted by Fox (2000) included all
age groups and several types of exercise (aerobic, resistance, flexibility, martial
arts, expressive dance) and demonstrated that aerobic and resistance training
tend to be the most beneficial in improving physical self-esteem (Fox 2000).
However, a more recent meta-analysis examining adults older than 18 years
revealed no differences in the efficacy of various types of exercise (aerobic,
strength, flexibility, martial arts, mix) on self-esteem (Spence, McGannon,
& Poon 2005). Up to now, no significant dose-response relationship for
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intensity, duration, or length of the exercise program has been detected (Fox
2000; Spence et al. 2005). Only a non-significant trend, that more frequently
performed exercise (at least 2—-3 times per week) resulted in greater self-
esteem, was observed (Lindwall 2013; Spence et al. 2005). Moreover, analyses
indicated that individuals with initial low self-esteem tends to have greater
exercise benefits; however, results are not consistent (Fox 2000; Spence et al.
2005). The validity of these results for older adults has not been proven and is
only speculative and further research is needed.

Mechanisms of the Exercise Effect on Self-Efficacy and Self-Esteem

Recent literature suggests that physiological changes (measured by increases
in physical fitness) are not necessarily responsible for the improvements in self-
efficacy and self-esteem caused by PA and exercise (Edmunds & Clow 2014;
Lindwall 2013). For instance, Taylor and Fox (2005) demonstrated that after
a 10-week exercise intervention with adults (aged 40—70 years) enhancements
in self-perception were not necessarily linked to improvements in cardio-
vascular fitness and strength. On this account Edmunds and Clow (2014)
suggested that the effect of PA and exercise on self-efficacy and self-esteem
may be explained by factors like belongingness, group dynamics, feelings of
self-control, and competence.

Conclusion and Future Directions

Although exercise is a promising “easy to conduct treatment,” exercise
research comes with some limitations. That is, exercise and PA studies should
be reflected critically. First, exercise research — like most research with (older)
adults — could exhibit quite high non-response rates. Second, exercise
interventions depend upon the participants’ compliance. When participants
exhibit high non-compliance rates the validity of the results is restricted. Third,
it may be assumed that persons suffering from anxiety disorders, depression
or cognitive impairments may have a diminished motivation to be physic-
ally active. Thus research in this area might represent a positive selection.
Forth, an important restriction of studies with older adults is the sample
selectivity. In the case of aging populations, the generalizability of results can
be impaired in the ways that the average level of functional competence is
overestimated as individuals with lower levels of functioning are less likely to
participate in a study than individuals with higher levels of functioning.
Nevertheless, exercise and PA seem to be promising means to main-
tain older adults’ mental health. Thereby the effects of exercise are multi-
factorial and interrelated. Many research questions, however, still remain
unanswered. For instance, further research is necessary to clarify in more
detail which type of exercise (acrobic, strength, coordinative training) is
most beneficial for the respective domains of mental health. Also more
clarity about the dose-response effects is required. Moreover, future studies
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should target special populations of older adults and older adults of different
age groups — older adults after retirement age and (very) old adults (e.g.
80+ years) — as all groups might have special needs. Further, one important
question is how to bring research results into the community; that is, how
interventions and community approaches should be designed to reach/
motivate persons at need and how interventions should be provided to
be easily used by the older adults/patients, caregivers or physicians. For
example, one might think of IT-based instruments to outreach older adults
in the communities, also the oldest old and older adults in rural areas.
A general integration of exercise interventions for older adults in the health
system might be another approach.
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Introduction

Perhaps counterintuitively, one of the most effective ways to look after one’s
brain is physical exercise. This idea is not yet fully engrained in common views of
cognition — despite current scientific efforts emphasizing the interplay between
brain and body, the Cartesian notion of a duality between the two is long-lived.
However, evidence showing the importance of a healthy body for a healthy
mind is rapidly accumulating, and the influence of physical fitness and exercise
in this regard is well documented. Combining behavioral, neural, and neurobio-
logical findings, this line of research is complemented by theoretical frameworks
in cognitive science, together providing convincing support for the relationship
between cognitive and motor systems. In this chapter, we review the evidence
for the effect of physical exercise on cognition and the brain, discuss current
trends of work exploring the potential of physical exercise — and particularly of
complex motor activities — to enhance cognition and to remediate learning diffi-
culties, and finally suggest promising directions for future research.

Cognitive Benefits of Physical Exercise

Numerous benefits of physical exercise have been documented over the last few
decades, including a wide range of physical and mental health improvements.
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For example, in observational studies, physical fitness appears to be associated
with reduced occurrences of potentially fatal conditions, such as cardiovascular
diseases, cancers, strokes, and diabetes (Blair 1995). Even more aligned with
the perspective of this chapter, reduced risks in several cognitive or neurological
conditions have also been reported. Neurological conditions such as autism,
attention deficit/hyperactive disorder (ADHD), schizophrenia, dementia, and
Alzheimer’s disease all appear to be worsened by poor physical fitness, and
to benefit from exercise interventions (Penedo & Dahn 2005). Importantly,
this effect is not contingent on preexisting deficits, and can be generalized to
non-clinical populations — physical exercise seems to be related to better cog-
nitive function regardless of cognitive impairment. As such, individuals with
better indices of physical fitness tend to perform above average on executive
function tasks and spatial reasoning problems (Colcombe & Kramer 2003;
Hillman, Erickson, & Kramer 2008). Although a few studies have suggested
that the association between physical activity and performance is weaker when
considering tasks that do not primarily tap executive function (Kramer, Hahn,
& Gopher 1999), complementary findings support the idea of a strong rela-
tionship between physical exercise and a wide range of cognitive tasks (see for
a review Moreau & Conway 2013).

Building upon this line of research, additional work has intended to elu-
cidate the mechanisms underlying the association between physical fitness
and cognitive health. In particular, and consistent with typical concerns when
considering findings from observational studies, an important question is
whether the link is causal or driven by confounding factors. Several studies
have attempted to shed light on this issue. For example, exercise interventions
have led to attention improvements in children with developmental coord-
ination disorders (Tsai, Wang, & Tseng 2012) and in overweight children
(Davis et al. 2007). A substantial body of research has also explored the rela-
tionship between physical activity and academic performance. Students who
follow physical activity guidelines tend to have better grades than those who
do not (Coe, Pivarnik, Womack, Reeves, & Malina 2006), while reading and
mathematics competencies tend to correlate with measures of physical fitness
(Castelli, Hillman, Buck, & Erwin 2007). These are not isolated cases — the
literature concerning the relationship between physical exercise and academic
achievement is well documented, with clear and robust findings (Keeley &
Fox 2009).

Therefore, and perhaps contrary to popular belief, decreases in the amount
of physical activity at school negatively impacts academic performance (see
for a review Trudeau & Shephard 2008). Common responses to poor school
achievement such as replacing physical education classes with so-called core
academic components (i.e. English, mathematics) are thus profoundly coun-
terproductive and worsen the problem they are intended to fix (Goh, Hannon,
Webster, Podlog, & Newton 2016; Mahar et al. 2006; Trudeau & Shephard
2008). This is an important point of this chapter, since the work linking phys-
ical exercise and cognition is perhaps not appreciated as much as it deserves
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outside of exercise science and kinesiology, especially considering the vast
amount of work that has been dedicated to explaining its mechanisms and
ramifications.

At the other end of the lifespan continuum, physical exercise has also been
found to be fundamental to healthy aging, leading to better associative learning
(Fabre, Chamari, Mucci, Massé-Biron, & Préfaut 2002), better quality of life
and general cognition (Cancela Carral & Ayan Pérez 2007), and enhanced
mood and emotional stability (Blumenthal et al. 1991), although it should
be noted that these findings have been questioned by a recent meta-analysis
(Young, Angevaren, Rusted, & Tabet 2015). To be fair, we should point out
that exercise interventions is an umbrella term and that these regimens come
in many different flavors, in terms of type of training, duration, frequency,
sample population, outcome measures, and several other factors. Therefore,
pooling such disparate interventions together using meta-analytic techniques
is only informative up to a point — eventually, what needs to be determined is
not so much the absolute effectiveness of exercise interventions but the poten-
tial mediators of sizeable effects (Moreau 2014 ). What works and for whom,
and under which circumstances, remains to be informed by future research.

When examined in isolation, the literature on young and middle-aged
adults is slightly less consistent, for several reasons. Arguably, such individuals
might be at their natural cognitive peak, thus making any large improvement
difficult (Salthouse & Davis 2006). Given the lack of power most interven-
tion studies suffer from by design, effects often need to be quite substantial to
be detected. Adults typically experience environments that are typically com-
plex and stimulating — these provide naturally enriched conditions, leaving
little room for cognitive gains. From a research standpoint, there might also
be smaller incentives to target non-clinical adult populations, as opposed to
children, the elderly, or clinical populations, who all can greatly benefit from
exercise interventions.

Structural and Functional Changes in the Brain

Importantly, cognitive improvements are typically accompanied by changes
in brain structure and function. Due to the aforementioned difficulties of
detecting such changes in adult populations, this line of research is mostly
based on evidence in children and the elderly. For example, several studies
indicate that children show greater integrity in two main neural networks after
a physical exercise intervention: the uncinate fasciculus (Schaefter et al. 2014),
a white matter tract connecting parts of the limbic system and the prefrontal
cortex; and in the superior longitudinal fasciculus (Kraftt et al. 2014), a long
bundle of axons linking frontal and occipital lobes, and part of parietal and
temporal lobes. This line of research is based on Diffusion Tensor Imaging
(DTI), an MRI technique that allows probing the brain’s white matter tracts
through detailed mapping of water molecules diffusion. Cross-sectional studies
support the hypothesis of an effect of physical exercise on brain structure, via
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evidence for differences in white matter integrity between higher and lower fit
children (Chaddock-Heyman et al. 2014).

In older adults, studies have shown that exercise interventions can coun-
teract age-related brain atrophy (Colcombe et al. 2003), and that this effect
might mediate the association between aerobic fitness and executive function
(Weinstein et al. 2012). Higher physical fitness has also been associated with
larger cortical areas, especially frontal regions (Weinstein et al. 2012), and
larger hippocampus (Erickson et al. 2009; Makizako et al. 2015). Training
interventions corroborate these findings, showing volume increases in frontal
(Colcombe et al. 2006; Ruscheweyh et al. 2011) and hippocampal (Erickson
et al. 2011; Ruscheweyh et al. 2011) areas after undergoing physical exercise
training.

More subtle functional changes have also been documented. Until
recently, most of this evidence in children was based on correlational findings,
reporting an association between aerobic fitness or physical exercise and brain
function mostly based on fMRI and EEG techniques (Chaddock et al. 2012;
Moore, Drollette, Scudder, Bharij, & Hillman 2014). However, this line of
research has also been strengthened by experiments (RCTs) highlighting the
benefits of a physical exercise intervention on brain function (Chaddock-
Heyman et al. 2013; Davis et al. 2011; Hillman et al. 2014; Kamijo et al.
2011). In parallel, cross-sectional evidence for the relationship between phys-
ical exercise and brain function is available for older populations (Berchicci,
Lucci, Perri, Spinelli, & Di Russo 2014; Prakash et al. 2011; Smith et al.
2011), and these are also supported by more direct experimental findings
(Chapman et al. 2013; Colcombe et al. 2004; Smith, Nielson, Woodard,
Seidenberg, & Rao 2013). Specifically, physical exercise is associated with
increased connectivity between prefrontal, cingulate, and hippocampal areas,
which results in better performance on several cognitive tasks (Burdette et al.
2010; Voss et al. 2010).

Besides promising evidence at the behavioral and neural levels, the associ-
ation between physical exercise and cognition is also consistent with findings
at the neurobiological level, which help explain the mechanisms responsible
for the observed correlations or improvements. Seeking corroborating evi-
dence at the neurophysiological level is akin to zooming in further, from
overt behaviors and neural correlates at the system level to their underlying
mechanisms. This line of work is discussed in the next section.

Neurobiological Mechanisms of Exercise-Induced
Improvements

Most of the neurobiological correlates of exercise-induced cognitive enhance-
ment are now well understood (for a detailed account of the changes associated
with exercise, see McMorris & Corbett 2016). Physical exercise leads to an
increase in cerebral vascularization (Black, Isaacs, Anderson, Alcantara, &
Greenough 1990), proteins and neurotransmitters (Mora, Segovia, & del Arco
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2007), heightened insult resistance (Stummer, Weber, Tranmer, Baecthmann,
& Kempski 1994), enhanced neurogenesis (van Praag et al. 2002), synaptic
metabolism (Vaynman, Ying, Yin, & Gomez-Pinilla 2006), angiogenesis
(Black et al. 1990), neuronal survival (Vaynman et al. 2006), and enhanced
overall brain volume (Colcombe et al. 2006). More specifically, brain-derived
neurotrophic factor (BDNF) appears to play an active role in mediating the
eftect of physical exercise on cognition. Animal studies have found increases in
hippocampal BDNF post-exercise (Neeper, Gémez-Pinilla, Choi, & Cotman
1995), particularly significant considering the central role of the hippocampus
in learning and memory and its deterioration in many degenerative diseases
including Alzheimer’s. These effects have been found to last at least several
weeks (Berchtold, Kesslak, Pike, Adlard, & Cotman 2001), therefore poten-
tially playing a critical role in exercise-induced neural plasticity. Besides its
effect on hippocampal areas, BDNF also increases post-exercise in the spinal
cord (Gémez-Pinilla, Ying, Opazo, Roy, & Edgerton 2001), the cerebellum
and several cortical regions (Neeper, Gomez-Pinilla, Choi, & Cotman 1996),
possibly through increased levels of Insulin-like Growth Factor-1 (IGE-1), a
growth factor involved in neuronal development (Arsenijevic & Weiss 1998).
Based on this evidence, it has been suggested that IGF-1 might be a key
determinant in the effect of physical exercise on BDNF levels (Cotman &
Berchtold 2002), and thus on cognition more generally.

Increased BDNF levels in cortical areas are consistent with the documented
effects of exercise on serum BDNF (sBDNF). Several studies have found
that exercise induces an augmentation in sSBDNF levels (Griffin et al. 2011,
Schmolesky, Webb, & Hansen 2013), typically within a few hours, with the
magnitude of the increase dependent on exercise intensity (Ferris, Williams,
& Shen 2007). Thus, these findings provide additional support for the idea
that acrobic exercise might not be the most optimal way to target cognitive
improvement in healthy individuals, and that more intense forms of exercise
could induce larger gains.

Overall, the remarkable consequence of these potent underlying
mechanisms is that physical exercise provides a powerful way to stimulate
general health. In addition to favoring positive changes, exercise also allows
controlling harmful factors, such as stress. Corticosteroids, or stress hormones,
have a damaging effect on BDNF concentration, and can therefore, if
sustained, lead to neuronal degradation and dendritic atrophy (Gould, Woolley,
Frankfurt, & McEwen 1990). Exercise prevents this debilitating effect by
blocking downregulations of BDNF, particularly in the hippocampus (Russo-
Neustadt, Ha, Ramirez, & Kesslak 2001). Further evidence has highlighted
the impact of exercise on levels of monoamine neurotransmitters (e.g. dopa-
mine, epinephrine, norepinephrine) and tryptamine neurotransmitters (¢.g.
serotonin, melatonin), which could be responsible for some of the benefits
typically observed after physical training (Winter et al. 2007). This line of
rescarch therefore provides compelling evidence for the role of neurobiological
factors in mediating the behavioral changes typically observed post-exercise.
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The Embodied Cognition Framework

The coherent view emerging from the integration of behavioral, neural, and
neurobiological findings also resonates well with motor theories currently
getting traction in cognitive science (e.g. Jeannerod 2001). In particular, the
embodied cognition framework (e.g. Barsalou 2008; Gallese & Sinigaglia
2011; Glenberg 2010) argues that the motor system is involved in most of
our actions, and that motor processes influence cognitive function drastically.!
Although legitimate criticisms have been raised against several findings and
their embodied interpretation (Wilson 2002) or about the way the embodied
framework is typically defined (Wilson & Golonka 2013), the framework
remains informative to further understand the link between physical exercise,
motor activities, and cognition.

Morcover, the embodied cognition framework is corroborated by
numerous compelling findings, which indirectly support the link between
exercise and cognition, and by extension the potential of motor activities to
enhance cognition. For example, prior work has shown that different levels
of motor expertise are associated with differences in performance on motor
processing (Giildenpenning, Koester, Kunde, Weigelt, & Schack 2011). These
findings also extend beyond motor tasks — spatial ability (Moreau 2012) and
working memory capacity tasks (Moreau 2013), good indicators of cognitive
abilities known to be central to human cognition (Carroll 1993) and to have
tremendous ramifications on numerous everyday tasks (Hegarty & Waller
2005; Kane et al. 2004), are also influenced positively by motor expertise.

In addition, other components of cognition, such as the ability to solve
complex problems, are improved when gestures are consistent with the motor
actions naturally associated with a particular task, suggesting that gestures
ground mental representation in action (Beilock & Goldin-Meadow 2010).
Further research indicates that such associations are also found in linguistic
domains, with motor actions influencing language comprehension (Holt &
Beilock 2006), a finding corroborated by neural changes in language compre-
hension depending on motor experience (Beilock, Lyons, Mattarella-Micke,
Nusbaum, & Small 2008).

Beyond these correlational associations, experimental evidence has also
demonstrated that the link is causal — motor training leads to enhanced per-
formance on spatial ability and working memory capacity tasks (Moreau, Clerc,
Mansy-Dannay, & Guerrien 2012; Moreau, Morrison, & Conway 2015), and
these behavioral changes are mediated by cortical changes (Adkins, Boychuk,
Remple, & Kleim 2006). This line of research paves the way for interesting
applications intended to target cognitive gains via behavioral interventions,
which we discuss in the next section.

Beyond Mere Physical Exercise: Complex Motor Activities

The effect of physical exercise on cognition is well documented and largely
replicated — alternative forms of cognitive enhancement based on behavioral
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interventions can hardly compare with the extensive literature linking physical
exercise and cognition (see for a review Moreau & Conway 2013). However,
that physical exercise appears to be one of the most effective ways to trigger
substantial and durable changes does not mean that it should be exclusive —
adequate combinations can provide interesting benefits over interventions
solely based on physical exercise.

Approaches seeking to combine cognitive training activities have flourished
in the past few years. For example, research has investigated the potential of
combining physical exercise with meditation (Astin et al. 2003), with cogni-
tive training (Shatil 2013), or with transcranial Direct Current Stimulations
(tDCS; Ditye, Jacobson, Walsh, & Lavidor 2012; Madhavan & Shah 2012;
Martin et al. 2013; Moreau, Wang, Tseng, & Juan 2015). These approaches
all have merit of their own, as they represent a step toward more advanced
frameworks of cognitive enhancement. Yet they typically combine two
successful approaches separately — interventions focus on the different types
of regimen ecither successively or in an interleaved fashion. This approach
might be suboptimal considering the opportunity costs associated with cog-
nitive training and techniques of enhancement (Moreau & Conway 2014).
In addition, the potential side effects of these interventions can possibly be
concerning, whether it is the psychiatric risks of mindfulness meditation
(Lazarus 1976; Shapiro 1992) or the inherent blur over techniques that
stimulate the brain with direct current (Davis 2014).

In a recent study, we tested the idea of integrating cognitive demands
within a physical exercise regimen as an optimal solution to cognitive enhance-
ment (Moreau, Morrison, & Conway 2015). The rationale was that aerobic
workouts, typically favored in cognitive training interventions based on phys-
ical exercise (Hillman et al. 2008), might benefit from additional cognitive
challenges. Because aerobic exercise is merely demanding cognitively, most
of the cognitive gains typically observed post-training are due to neuro-
physiological mechanisms, either direct (e.g. BDNF, IGF-1) or in response
to changes in a mediating factor, such as sleep or stress. These types of gains
are potent, yet in our view they could be further maximized by the addition
of specific components directly tapping cognitive abilities. Following this idea,
we presented participants with perceptive, motor, and cognitive problems, to
solve in a movement-based framework, while continuously sustaining moderate
physical activity. Specifically, perceptive problems included situations where
participants had to rely on different sensory inputs to make decisions, often
including limited visual inputs. In everyday life, most of our motor actions
are typically vision-centered; therefore, we hypothesized that depriving indi-
viduals of this source of information had the potential to improve processing
quality of alternate inputs (see also Landry, Shiller, & Champoux 2013), along
with favoring complex computations to circumvent atypical demands. Motor
problems were intended to promote unusual motor coordination in three-
dimensional space, for example with transitions from different levels of motion
(e.g. standing, kneeling, lying). In a way, the underlying idea is somewhat
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similar to that used in Constraint-Induced (CI) therapy, either in stroke
recovery or in motor impairment (Taub, Uswatte, & Mark 2014). Ad hoc
motor problems prompted unfamiliar situations that had to be dealt with in
a timely manner, based on little prior experience. Finally, cognitive problems
included memorizing sequences of movements for subsequent recall and exe-
cution, or the presentation of situations where different strategies had to be
considered and evaluated in order for participants to respond successfully.
Throughout the program, difficulty was adjusted to participants’ performance
to ensure sustained motivation and continuously challenging material.

Consistent with our initial hypothesis, we found that an integrated
approach combining physical and cognitive demands within a single activity
was the most effective to induce cognitive and physiological gains. Specifically,
we looked at transfer to working memory capacity and spatial ability, cogni-
tive constructs with important ramifications to numerous activities (Moreau
2015). For both of these constructs, the integrated approach based on com-
plex motor activities was superior to either cognitive or physical exercise
components alone. In addition to cognitive changes, complex motor training
also induced improvements in biomarkers associated with general health,
namely blood pressure and resting heart rate, similar to those following the
aerobic exercise regimen.

This training intervention lies within a broader line of research, with encour-
aging early findings. For example, a study assessing the potential for games
combining exercise and cognitive challenges has shown promises in school
settings, and provide additional evidence for the relevance of an integrated
approach (Tomporowski, Lambourne, & Okumura 2011). In addition, sev-
eral studies have demonstrated that a combination of executive function and
physical demands (e.g. martial arts) might be particularly beneficial, especially
in children (see for a brief review Diamond & Lee 2011).

Clearly, combining interventions also has pitfalls — researchers need to
identify the effect of components in isolation, and a combined regimen can
obscure their respective effects or require large sample sizes to compensate for
the additional cells in a factorial design. Good experiments allow a comparison
of the integrated approach with all the components in isolation — for example,
a combination of physical and cognitive training compared with either phys-
ical or cognitive training alone, as described previously (Moreau et al. 2015).
Obviously, this approach is costly in terms of sample size to achieve adequate
power, and brings up problems of its own, such as matching duration, fre-
quency, and motivational factors between regimens. Yet in our view it represents
a necessary line of research if this field is to impact society meaningfully.

Taking Advantage of Developmental Plasticity:
Applications in the Classroom

As we alluded to in the previous section, adopting an integrated approach
also has ramifications in the classroom. In a period of intense neural plasticity,
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the influence of environmental factors on children is potentially greater than
at any other age across the lifespan. This brings tremendous possibilities to
teachers, educators, and the educational system in general, but also important
responsibilities: the type and strength of learning children experienced will
have large eftects and repercussions on their lives.

Situations that favor multi-sensory integration of motor and cognitive
demands in the classroom should therefore be encouraged. For example,
rescarch at the intersection of spatial and embodied cognition shows that the
addition of passive or active motor features (e.g. action observation, gestures)
helps reinforce learning and ensure it is integrated meaningfully with existing
knowledge (Broaders, Cook, Mitchell, & Goldin-Meadow 2007; Cook,
Mitchell, & Goldin-Meadow 2008). In addition, structured plays combining
cognitive challenges and physical motion are also essential to optimal cogni-
tive development, and school environments are especially suitable to this type
of learning. This can come from blends across subjects — for example, physical
exercise with mathematics, physics or biology, to understand and experience
the concepts that are being taught. Facilitating these kinds of translational
approaches also provide additional motivational components. More than at
any other age, children are interested in novel and diverse items, a feature
largely exploited in the preferential looking paradigm on which most psych-
ology research in infants is based (Golinkoff, Hirsh-Pasck, Cauley, & Gordon
1987). Thus, an approach emphasizing diversity in learning content has the
potential to remain more appealing to children in the long run.

Finally, through the process of knowledge generalization, transfer emerges
given sufficient encounters with particular content (Christiansen & Curtin
1999). This means that multiple explanations of the same ideas are often needed
before an idea or a concept is well understood and can be applied more generally.
In the context of school learning, it follows that the process of extracting rules
can be favored by concurrent or subsequent presentation of the same principle
in different situations, either across subjects (gravitational forces in physics and
mathematics, heart rate in biology and PE), or within a particular subject (e.g.
concept introduced through geometry and further strengthened with algebra).
The approach proposed here can help diversify learning content in this regard,
a facet that increases chances of proposing content adapted to each individual,
based on individual abilities and preferences. The implementation of original
pedagogical situations requires creativity, willingness, and effort, but can have
tremendous impact on children’s experience in the classroom.

Other novel approaches are promising and could contribute further to
bringing physical exercise to the classroom (e.g. High Intensity Training,
HIT; see Moreau 2015). Most importantly, it is worth reiterating that
common reductions in physical exercise classes in favor of “core” subjects
are profoundly ill-conceived, and have shown disastrous consequences when
implemented (Strong et al. 2005). On the contrary, more time should be
dedicated to activities that challenge children cognitively and physically, and
that encourage the development of complex motor coordination.
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Concluding Remarks: Toward Personalized Regimens

The line of research discussed in this chapter comes at a time of sizeable excite-
ment and promises, but also of greater awareness concerning the subtleties of
the interaction between physical exercise, brain, and cognition. As the field of
cognitive training matures, researchers are transitioning from dichotomous
beliefs about the absolute effectiveness of training regimens toward a finer
understanding of the inherent mechanisms at play in such complex dynamics.
In particular, many would now argue that the possibility to impact cognitive
abilities through training is not the core of the debate, which rather is currently
focused on the effectiveness of respective components for given populations
(e.g. Moreau 2015). This idea implies that cognitive abilities thrive in environ-
ments that are individualized, and thus underline the need to deliver content
adapted to specific deficits and imbalances (Moreau 2014).

In addition, if the neurobiological and neural correlates of the association
between physical exercise and cognitive improvement are well understood, the
meaning of cognitive enhancement in general is not. What are the underlying
mechanisms leading to improvement in cognitive abilities? Can gains last?
Why do some individuals fail to improve at all? Are there potential tradeofts?
These are just a few of the numerous questions this trend of work is bound to
explore and try to answer. Limitations of the current picture have been raised
elsewhere (e.g. Hills & Hertwig 2011), and can be circumvented only with
the establishment of a theoretical framework of cognitive enhancement. Until
then, cognitive training studies will remain a heterogeneous collection of work
with no clear common mechanism and connection.

Eventually, one important goal for research at the crossroad of cognitive
neuroscience and exercise science is to inform policies more directly, so that
individuals can have access to the tools and knowledge they need to make
more informed choices when it comes to cognitive health and to maximizing
their cognitive potential. Advances in this regard, although less dramatic than a
novel drug or a groundbreaking treatment in the eyes of the public, are none-
theless critical, as they can allow dysfunctions or disorders to be alleviated,
postponed, or even prevented by early interventions.

Note

1 Caution is required when defining such a broad field, because this oversimplifi-
cation has often led to a misperception of embodied theories and of their core
differences with more traditional models of cognition. One particular point that
has done a disservice to the field of embodied cognition is the recurrent tendency
to promote embodied theories by opposition to outdated approaches of cognitive
processing. Some researchers still present embodied cognition as an alternative
to purely amodal and propositional models of cognition, implicitly or explicitly
suggested as the current state admitted in cognitive science. This approach is
clearly misleading and does not make a compelling case for an embodied alterna-
tive to more traditional cognitive theories.
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Introduction

The optimization of motor learning is of particular importance in many sport-
related settings such as disease prevention, rehabilitation after neurological
or orthopedic injury, physical education as well as competitive sports. A huge
body of literature in movement and training science proposes strategies to
optimize motor-skill learning with a strong emphasis on practice distribution
(for example massed vs. distributed practice), scheduling (blocked vs. random
practice), variation of motor tasks (constant vs. variable practice) as well as
movement feedback or attentional focus (Magill 2011; Schmidt & Lee 2014).
From a more mechanistic perspective, strategies to enhance motor learning
should also take into account the underlying neurobiological mechanisms
of skill acquisition, stabilization, and retention in the brain. One strategy to
stimulate the brain and to improve the capacity for information processing and
learning is physical exercise. Here, we will review physical (endurance) exercise
as a new approach to enhance motor skill learning through facilitation of the
underlying neurobiological processes.

Mounting evidence demonstrates that physical activity, defined as any bodily
movements produced by skeletal muscles that result in energy expenditure
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(Caspersen, Powell, & Christenson 1985), affects brain structure and function
from the molecular to the systems level. More specifically, exercise also posi-
tively affects subsequent neuroplastic changes induced by learning (Hillman,
Erickson, & Kramer 2008; Voss, Vivar, Kramer, & van Praag 2013b). Thus,
it is expected that brain changes induced by exercise are causally related to
exercise-induced improvement in motor learning and the facilitation of spe-
cific neuroplastic events.

This chapter attempts to highlight the potential of endurance exercise,
encompassing physical activities that recruit mainly the oxidative metabolism
for energy supply and are sustained for a long period of time (Jones & Poole
2009), to affect neuroplasticity in the motor system in the form of motor skill
learning. A definition of the term motor (skill) learning typically comprises
practice- and/or experience-induced and relatively permanent changes in
motor behavior (Schmidt & Lee 2011). The aim of motor skill learning is
to acquire new or to stabilize /enhance already practiced motor skills (Magill
2011), recognized as voluntary or intentional movements in order to achieve
a certain environmental goal.

While the vast majority of studies examining the influence of exercise on
cognition focused on non-motor aspects (Smith et al. 2010; Chang, Labban,
Gapin, & Etnier 2012; Roig, Nordbrandt, Geertsen, & Nielsen 2013; see
also Chapter 7, this volume), its effects on motor skill learning remain poorly
understood (Voss et al. 2013b). Thus, this chapter pursues several objectives,
amongst them to provide a summary of the current state of research, to high-
light important knowledge gaps and to make proposals for future studies to
add to the field.

First, we will focus on the neurobiology of exercise and motor learning in
the central nervous system (CNS) with the aim to outline potential interactions
between exercise- and skill-related brain adaptations. Second, we will discuss
the existing behavioral studies examining exercise-induced changes in motor
learning. Based on the insights gained in these two sections, we will then pre-
sent hypothetical mechanisms on a molecular level translating the effects of
exercise-induced muscle activity to improved neuroplasticity of the sensori-
motor system and infer proposals to optimize exercise interventions. Finally,
we want to outline potential future directions of the field.

Throughout this chapter, we follow the notion of neuroplasticity as the
neural basis of motor learning in the CNS (Dayan & Cohen 2011). This means
that motor learning is based upon changes of neural networks that occur
through lasting biochemical modulations in synaptic transmission (Rioult-
Pedotti, Friedman, & Donoghue 2000; Butefisch et al. 2000; Donchin,
Sawaki, Madupu, Cohen, & Shadmehr 2002; Antonov, Antonova, Kandel,
& Hawkins 2003), including the coordinated strengthening (e.g. LTP)
and weakening (e.g. LTD) of synaptic connections (Mayford, Siegelbaum,
& Kandel 2012; Lee, Im Rhyu, & Pak 2014). In this respect, long-term
potentiation (LTP) and long-term depression (LTD) are considered as the
cellular analogue of memory. LTP and LTD reflect sustained changes in
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synaptic efficacy in response to the correlated arrival of action potentials
between neurons. Note that the early phase of LTP (E-LTP) mainly in M1 is
hypothesized to reflect short-term (motor) memory (Mayford et al. 2012),
whereas the late phase of LTP (L-LTP) is considered as the cellular analogue
of the neuropsychological concept of long-term (motor) memory (Hillman
ct al. 2008; Mayford et al. 2012). The central question that runs through the
following chapter is how endurance exercise may contribute to the creation
of a productive neural environment that supports plastic processes responsible
for motor skill learning.

Exercise- and Motor Learning-Induced Adaptations of
the Central Nervous System

In this section, we focus on endurance exercise- and motor learning-induced
CNS-adaptations associated with LTP or LTP-like plasticity at different levels
of brain organization.

Before reviewing the current literature, we will highlight some historical
aspects of experience-induced neuroplasticity with the aim to better integrate
these new findings into a coherent view on exercise- and motor learning-
induced neuroplasticity. Since the earliest days of research in neural plasticity,
it was speculated if and how experience and training impact brain structure
and function (Bennett, Diamond, Krech, & Rosenzweig 1964). Interestingly,
coordinative-demanding physical activities and endurance exercise programs
were both incorporated in early animal experiments aiming at identifying neural
correlates of experience-dependent brain plasticity as originally hypothesized by
Hebb (Rosenzweig & Bennett 1996). Hebb reports that rats he took at home,
enabling them to move freely and collect a lot of new experiences, outperformed
their cage-reared litters in a problem-solving task (Hebb 1949). In a series
of early experiments with rats, Rosenzweig and co-workers demonstrated, for
example, an increased weight of the rat brain cortex and increased enzymatic
activity after exposure to enriched environments (Bennett et al. 1964). Note
that these paradigms did not allow disentangling the relative contribution of
endurance exercise and more coordinative-demanding activities to brain plasti-
city. While Anderson et al. showed that both exercise and motor skill learning,
for example, increase the thickness of the motor cortex (Anderson, Eckburg,
& Relucio 2002), Black and co-workers first demonstrated that rats exposed
to a challenging environment with atfordances like a rope ladder or a seesaw
for 30 days show distinct alterations in the cerebellum to those who exercised
either voluntarily or forced in a running wheel for the same amount of time.
Specifically, the acrobatic (motor learning) condition led to an increase in the
number of synapses per Purkinje cell, whereas the acrobic exercise conditions
led to an increase in capillary density (Black, Isaacs, Anderson, Alcantara, &
Greenough 1990). This was the first work suggesting that endurance exercise
and more coordinative-demanding activities likely impose specific demands on
the brain, that in turn lead to apparently distinct adaptations of the CNS.
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Accordingly, the key notion of this section is that endurance exercise and
motor skill learning affect the CNS, at least in part, distinctly (Markham &
Greenough 2004; Thomas, Dennis, Bandettini, & Johansen-Berg 2012;
Voelcker-Rehage & Niemann 2013) and these differences may be exploited
to subsequently facilitate motor learning (Adkins, Boychuk, Remple, & Kleim
2000). First, we deal with structural and functional neuroplastic changes on
the systems level of brain organization using novel techniques to study brain
morphometry and large-scale structural and functional connectivity. Such
changes are in part based on adaptations at the cellular level (Nudo 2008;
Zatorre, Fields, & Johansen-Berg 2012), which are in turn promoted, for
example, by the action of neuromodulatory transmitters and neurotrophic
factors on the moleculnr level. Throughout, we will relate these changes to
the proposed mechanisms of motor learning (e.g. LTP). Brain adaptations
to endurance exercise are just treated inasmuch as essential for a basic
understanding of the assumed mechanisms. For a more comprehensive view,
we refer the reader to Chapter 2 (this volume).

Systems Level

Endurance exercise and motor skill learning are accompanied by a bunch of
neuroplastic changes at the systems level. We will focus primarily on studies
that investigate human participants using transcranial magnetic stimulation
(TMS) as well as structural (sMRI) and resting state functional magnetic res-
onance imaging (rs fMRI).

Transcranial Magnetic Stimulation (TMS)

TMS is a non-invasive technique to focally stimulate superficial cortical brain
region across the scalp. Application of a single, suprathreshold TMS pulse over
the primary motor cortex (M1) causes peripheral activity of the target muscle
that can be recorded via electromyography, typically referred to as motor
evoked potential (MEP). The dependent TMS variables used to characterize
motor learning-related changes are the size of cortical area from which an
MEP could be evoked (movement representation), the lowest stimulus inten-
sity to evoke an MEP (motor threshold), and the size of the MED at a defined
stimulation intensity (1mV MEP). In general, motor learning increases motor
map size, decreases motor thresholds, and increase MEP amplitudes (Pascual-
Leone, Amedi, Fregni, & Merabet 2005; Adkins et al. 2006). More recently,
these indices have also been recorded in response to endurance exercise.
Exhaustive exercise lowers the motor threshold indicating increased cortico-
spinal excitability (Coco et al. 2010). Also, increased cortical excitability as
evidenced by an increased input-output curve slope was observed in very active
compared with sedentary subjects (Cirillo, Lavender, Ridding, & Semmler
2009). Moreover, Singh, Neva, and Staines (2016) investigated whether
20 min of moderate continuous exercise (65-70% of age-predicted HR,,,,)
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could enhance the neural correlates of motor learning. For this purpose, the
authors used single-pulse TMS (extensor carpi radialis, ECR) and acquisition
performance in a bimanual motor task as dependent variables. Participants
were divided into two groups and three experimental conditions. The exercise
group performed exercise alone and exercise followed by motor task practice,
whereupon these two experimental sessions took place at least one week apart.
The training group solely practiced the bimanual motor task. Statistical ana-
lysis revealed that the combination of exercise and training increased MEDP
amplitude to a greater extent than motor task practice alone. Despite the
observation of potentially favorable excitability changes when pairing exercise
and motor task practice, acquisition performance in the bimanual motor task
remained unaffected.

These single-pulse TMS results are complemented by paired pulse TMS
studies that allow specific examination of local inhibitory or facilitative
processes within the motor cortex (intra-cortical excitability). This technique
pairs two TMS pulses with a particular inter-stimulus inter