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ABOUT THIS WORK

This thesis results from three years of in -depth study and research conducted in
collaboration with the University of Burgundy. The thesis aims to explore the neural
contribution to physical ac tivity. The work is divided into two chapters containing research
conducted in Italy, France or both states. The first chapter includes four behavioural
studies aimed at evaluating the reciprocal relationship between physical activity and
cognition. The second chapter contains two neurophysiological studies aimed at
investigating the muscle length and the type of contraction's contribution to the activity of

the motor system.

Chapter one investigates how motor condition influences cognitive processes and vi ce

versa. Several studies suggested that engaging in physical activity programs elicits a wide

range of neural changes. One of those is enhancing cognitive performance ( e.g.,working

memory or information processing speed). On the other side, specific cogn itive
interventions (e.g., action observation or motor imagery) can ameliorate motor
performance. This reciprocal interaction could produce adverse effects if people exceed

one of these two activities, which induce a fatiguing state. B& é Nz & ~ H &position, nje & ©
cause the variety of topics treated in chapter one, it will be discussed three issues

providing a general view of:
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1 the benefit of physical activity in mental and brain health

1 the adverse consequence of a muscle and mental fatigue state

1 the learni ng effect induced by action observation and motor imagery
After the elab oration of these issues, it will be presented four behavioural studies, which
investigated the four interactions between physical and mental activity.
The first study checked the correlation between physical exercise and executive
performance in forty subjects (middle, high school, and university students), assessing a
good motor condition's positive effects on working memory functions.
The second study aimed to verify whether a cognitive practice such as motor imagery could
positively affect the performance of a motor gesture. Also, in this case, subjects belonging
to the school group were tested, specifically high school students.
The third study examined the possible adverse effects that excessive motor practice
(muscle fatigue) could bring on a cognitive level. Precisely, it was verified whether a
condition of muscle fatigue could alter a subject's capacity for temporal expectation.
The fourth study investigated the possible adverse effects of excessive cognitive practice
(mental fatigue) on a motor level. It verified whether a continuous and repeated action

observation could alter the subject's motor performance.

Chapter two looks into the acti vity of the corticomotor system as a function of muscle
length and type of contraction. After a general introduction exploring previous studies

investigating the role of muscle length (in static and dynamic form) on the corticomotor

system, the chapter will present two studies.

The first study examined the influence of muscle length on neuromuscular function and
corticospinal excitability.

The second study investigated the difference in primary motor cortex excitability when

preparing concentric and eccentric contractions.
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1.1 Physical activity and cognition:
How motor condition influence s

cognitive processes and vice versa

The World Health Organization (WHO)defines physical activity as any bodily movement
produced by skeletal muscles that require energy expenditure. It refers to all movement s,
including leisure time, transport to get to a nd from places, or part of a person's work.
Physical activity has been widely indicated as a strategy for promoting health in all ranged
population, from infants (less than one year) to the elderly (above 65). Studies suggest that
the benefits induced by r egular physical activity reach both aspects of human beings: bod y
and mind (5, 32).

More than 60 years ago, Morris and colleagues (29) conducted one of the first work
investigating the importance of physical activity in health benefit. They noted that men in
physically active jobs (i.e., postal workers) had a lower incidence of coronary heart disease
in middle age than men in physically inactive jobs (i.e., transport workers). More
importantly, the disease in physically active workers was not so severe, ten ding to present
first in them as angina pectoris and other relatively benign forms and to have a smaller

early case fatality and a lower early mortality rate. This research is the pioneer study

PATRIZIO CANEPA (o}
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showing the importance of physical activity in preventing path ologies related to a
sedentary lifestyle.

A series of studies had investigated the potential benefit associated with physical activity
in several diseases in the years to come.

In 1990 Cochrane and Clark (8) tested the clinical and physiological effects of a medically
supervised, indoor physical training programme in 36 asthmatic subjects, obtaining
significant improvements in fithess and cardiorespiratory performance.

In 1991 Eriksson and Lindgarde (13) screened 6956 men with type 2 diabetes mellitus and
planned for 41 of them a physical activity program that produced substantial metabolic
improvement and reduced the symptoms related to the disease.

Years later, a series of studies had accumulated evidence linking physical exercise and a
wide variety of oth er chronic diseases, such as cancer (colon and breast), obesity, and bone
and joint diseases (osteoporosis and osteoarthritis) (40).

Nowadays, physical exercise is a primary prevention factor to reduce mortality risk (Figure
11.1)1, 43.

PATRIZIO CANEPA 10
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Figure 111| Physical activity and disease/mortality risk in a lifetime perspective: the lower line shows the hypothetical
risk in active subjects, the upper line in inactive subjects (from Department of Health, 2004 and published from Zaccagni
et al. 2014(43)).

For this reason, WHO widely recommended constant motor activity (about 30 minutes/die
of moderate intensity at least five days a week), which should be considered part of
primary health care (19, 21). This amount of activity can be achieved in any number of ways
during leisure time and at work, with the required duration depending on relative
intensities of the activities undertaken (Figure 1 .12)(28).

Engaging in physical activity, in addition to the physical benefits described above, can also
contribute to mental and brain health. Exercise improves emotional well -being, reduces
symptoms of depression and anxiety (34), and brings positive advantages in
neurophysiological disease (30) and mental disorders (15).

Regular exercise also contributes to brain healt h, promoting a wide range of neural
changes. In rodent (38), voluntary exercise alone is sufficient for enhanced neurogenesis.
In healthy humans, short-term exercise increases the circulating brain -derived
neurotrophic factor (BDNF) level (9), a protein that facilitates neurogenesis and

neuroprotection (36).
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Figure 1.1.2| Physical activity energy expenditure (PAEE) of common activities performed during leisure time and at work.
MET=metabolic equivalent of task. WHO=World Health Organization (from Mok et al. 2019).

Physical activity also elicits structural modifications in  the human brain. Voss et al. (40)
observed that greater aerobic fithess was associated with significant changes in white
matter integrity in the frontal and temporal lobes in older adults. Other studies reported
evidence of a protective (or even restorati ve) role of cardiorespiratory fitness against

cognitive and neurobiological impairments (24, 25, 40).
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Finally, aerobic exercise induces effects at a behavioural level producing outcome in
cognitive function. For example, Voss et al. (40) showed that indivi dual differences in
aerobic fitness were associated with cognitive control performance among children. A few
years later, Kao et al. (22) observed in children a significant positive correlation between
aerobic fithess and working memory as well as aerobic fithess and academic achievement.
These mental and brain benefits associated with physical activity prompted researchers to
investigate the topic linking physical activity and cognition profoundly.

The term cognition, referred to academic or general cognit ive performances, is a mental
function involved in learning and comprehension (14).

In one way, it was showed that engaging in physical activity programs elicit a wide range
of neural changes (12). One of those is improving executive functions associated with
executive control processes, such as planning, scheduling, inhibition, and working memory
(23).

On the other way, recent studies also established that several types of cognitive or
combined cognitive -motor intervention might improve physical functions (32) and motor
performances (4, 18). For example, motor imagery (the mental simulation of action without
its actual execution (20)) and action observation (the process of observing actions
performed by other people) are two mental techniques that were succ essfully applied as
motor learning techniques (244, 11, 36).

The scientific rationale behind this idea is that motor imagery and action observation
activate neural substrates partially overlapped with those activated by movement
execution (Hgure 113) (16, 20, 34). A shared neural representation would support the
hypothesis that motor imagery and action observation may promote neural plastic
changes and behavioural improvements similar to movement execution.

In the half of the nineties, Pascual -Leone (31)discovered that enhancement in motor
performance could be obtained with physical and mental practice. In 15 subjects, he used
motor imagery as a mental activity to produce positive effects in learning new piano

sequences.
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When associated with somatosensory input, motor imagery influences motor performance
similarly to motor execution, increasing movement speed, inducing plasticity, and retaining
motor skill in the following days (7).

Similarly, action observation facilitates motor planning, execution, and memory formation.
The athletes’ training frequently includes the attentive viewing of sport and other
performances by applying the same concepts of motor imagery described above.
Unfortunately, this reciprocal influence between mental and physical activity does not
produce exclusively positive effects. As research has shown, the impact of motor exercise
on executive function could be harmful when people overcome a specific motor effort and
approach exhaustion (10), which disrupts the mental benefits related to exercise and

promote an inhibiting effect on cognitive performance (26).
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Figure 1.13 | Outline of overlap between executed, observed, and imagined reaching in left dorsal premotor (superior
frontal sulcus and gyrus) and left posterior parietal areas, on group surface-averaged activations from 15 subjects,
displayed on one subject's inflated hemisphere . (a) Dorsal view of left hemisphere. (b) Medial view of left hemisphere.
Executed, observed, and imagined reaching all activated a medial parietal area located in -between the parieto -occipital
sulcus and the posterior end of the cingulate sulcus, outlined in light blue.  Sup. frontal gyr = superior frontal gyrus; POS
= parieto -occipital sulcus; calcarine=calcarine sulcus; cingulate sulc = cingulate sulcus. From Filimon et al. 2007 (16).

Similarly, also reciprocal interaction was observed. Marcora et al. (27) demonstrated that
physical performance results in impairment after a prolonged cognitive task (more than
30 minutes). He found that mentally fatigued people reached their maximal level of
perceived exertion and disengaged from a physical task earlier than people mentally

rested.
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Summarising the concepts described above, we can assume that taking part in controlled
and well-dosed physical or mental activity programs can improve the reciprocal activity
without directly training it. However, if people ex ceed one of these two activities (physical
exercise or mental activity), they could negatively affect them.

These contrasting results obtained are discriminated by the presence or not of fatigue.
Fatigue can refer to a subjective symptom of malaise and ave rsion to activity or to
objectively impaired performance. It has physical and mental aspects (38), which take
muscle and mental fatigue names. Muscle fatigue is an exercise -induced reduction in
maximal voluntary force (17), while mental fatigue represents a psychobiological state
caused by prolonged periods of demanding cognitive activity (6).

After an elaboration of several topics concerning the key concepts of physical activity in
health, fatigue, action observation and motor imagery, this chapter will pr esent four
studies, which investigated the four interactions between physical and mental activity
described above.

The first study checked the correlation between physical exercise and executive
performance in forty subjects (middle, high school, and unive rsity students), assessing a
good motor condition's positive effects on working memory functions.

The second study aimed to verify whether a cognitive practice such as motor imagery could
positively affect the performance of a motor gesture. Also, in this case, subjects belonging
to the school group were tested, specifically high school students.

The third study examined the possible adverse effects that excessive motor practice
(muscle fatigue) could bring on a cognitive level. Precisely, it was verified whether a
condition of muscle fatigue could alter a subject's capacity for temporal expectation.

The fourth study investigated the possible adverse effects of excessive cognitive practice
(mental fatigue) on a motor level. It verified whether a continuous and repeated action

observation could alter the subject's motor performance.

PATRIZIO CANEPA 16
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1.1.1Physical activity in mental and brain health

The oldest studies linking physical activity and mental health investigated the role of
physical exercise in the management of mild -to-moderate mental health diseases,
especially depression and anxiety (27, 28).

Physical exercise was primarily associated with psychological well -being because it was
shown to increases levels of endorphins (8, 33), endogenous opioid polypeptides
compound produced during strenuous exercise, excitement and pain.

Physical exercise that overlaps a certain threshold of workload p roduce a neurophysiologic
sense of well-being (9) because induces an increased exertion of norepinephrine (8). In
addition, exercise's benefits well -accepted include also psychologic well -being through
improved self-esteem, feelings of achievement and accomplishment, improved body
image, and stress reduction (28).

The beneficial effects of physical activity and exercise on depression symptoms and
general mood have been confirmed in individuals of all ages. A small beneficial effect of
exercise in reducing depression and anxiety scores was observed in children and
adolescents (25). In younger adults, exercise interventions increase positive mood (14),
while in older adults alleviate symptoms of major depression (16, 26). Elderly who remains
physically active across time demonstrate lower levels of depression symptoms compared
to those who adopt inactive lifestyles when they get older (24).

Regular exercise also contributes to brain health, promoting a wide range of neural

changes.
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In 1999, Praag (36) exposedadents to various conditions: water -maze learning (learner),
swim-time -yoked control (swimmer), voluntary wheel running (runner), and enriched
(enriched) and standard housing (control) groups. This study determined whether physical
activity, whether volunt ary, forced or combined with a learning task, was involved in the
enhanced adult mice hippocampal neurogenesis, just previously observed in the late
nineties following exposure to enriched environments (21, 22). The results showed that cell
proliferation i ncreased in mice housed with unrestricted access to a running wheel (Figure
111.1) (runners).

control
a - b
A learner
000 - *_ [] swimmer 000 -
; | B runner E
=]
E oo _ B enriched  E g |
= c
: —
4000 . | _ = 4000 < : "
a— - —
7 :
g / 5
= 2000 + =4 2000 I
T — E T .
=] / o % E
] A 1] %

Figure 11.1.1 | BrdU-positive cell number. (a) Total number of BrdU -positive cells per dentate gyrus one day after the
last BrdU injection, to estimate ongoing proliferation. Significantly more cells were labelled in the runners as compared
to the other groups. *p < 0.02. (b) Total number of BrdU -positive cells per dentat e gyrus four weeks after the last BrdU
injection, to estimate survival of labelled cells. Enrichment and running significantly increased the survival of newborn

cells. *p < 0.02. From Praag et al. 1999 (36).

This potential neurogenesis induced by training was attributed to different proteins

capable of favourite the brain's growth. At present, brain -derived neurotrophic factor
(BDNF), insulinlike growth factors (IGFs) and vascular endothelial -derived growth factor
(VEGF) are the principal growth factors known to mediate the effects of exercise on the
brain. These growth factors work in concert to produce complementary functional effects,

modulating both overlapping and unique aspects of exercise -related benefits in brain
plasticity, function, and health (7) .

Current literature clearly shows that physical activity enhances BDNF serum levels but

reported results slightly discordant related to IGF -1.
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Recently, Griffin and colleagues (15) demonstrated that a short period of high -intensity
cycling results in enha ncements of concentration of BDNF, but not IGF-1, in the serum of
exercising adults. If the aerobic training is maintained for five weeks, the serum BDNF
response to acute exercise increase.

A few years later, Jeon and Ha (18) enrolled 20 juniorhigh-school students with no history
of physical illness and divided them into an exercise group and a control group. The
exercise group performed treadmill exercise (consuming 200 kcal) three times per week
for eight weeks. The exercise group showed statistically significant in increases serum
BDNF and IGFL after eight weeks, suggesting that long-term regular aerobic exercise
positively affects serum BDNF levels at rest and IGF1 of adolescents (who are still
undergoing brain developments).

Meanwhile, research on children and young adults concentrated on exercise's
neurogenetic property; studies on older adults investigated the effects of aerobic exercise
in grey and white matter volumes.

Ageing is often characterised by deterioration of both white matter and grey m atter tissues
in the prefrontal, temporal, and parietal cortices with relative sparing of tissue in other
regions such as the primary motor and visual cortex. For this reason, the effect of exercise
on grey and white matter volumes was firstly investigated in older adults' populations.
Colcombe et al. (5) demonstrated, in a cross-sectional sample of fitter and less fit older
adults, that fitter individuals had greater grey matter volume in the prefrontal, parietal,
and temporal regions and greater white mat ter volume in the genu of the corpus callosum

than their less -fit counterparts (Figure 1.11.2).
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Age- Related Declines  Amelioration by Fitness

Grey
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Maps of grey matter showing regions that  Maps of grey matter showing regions that
shrink with age. Clusters with largest shrink preservation with cardiovascular
peaks are evident in the fitness. Clusters with largest peaks in the
frontal/prefrontal cortex (Bas 46/9,6) frontal/prefrontal cortex (Bas 46/96)
parietal cortex (Bas 40,21,5) and temporal  parietal cortex (Bas 40) and temporal cortex
cortex (Bas 2138) (Bas 21,22,38)

White

Matter

Maps of white matter showing greatestage- Maps of white matter showing regions of
related changes in the anterior white matter relative from age-related dedine with
tracts and the more posterior tracts in the  fitness. Most regions that show age-related
parietal lobes decline also show spiring with fitness.

Figure 111.2| Statistical maps derived from multiple regressions of age and cardiovascular fithess on gr ey (top row) and
white matter (bottom row) density. Images are rendered for display purposes as glass brains, thresholded at a minimum

Z of 3.25, p, .002, collapsig across the sagittal (top row) and axial (bottom row) planes. The brighter colours represent
greater tissue density changes with age (left side) and greater sparing of tissue density with increasing fitness (right
side). From Colcombe et al. 2003 (5).

A few years later, the same group of authors (6) found that the six months of aerobic
training increased grey matter volume in the frontal and superior temporal lobe and
increased white matter volume in the genu of the corpus callosum, while the control grou p
(who participated to toning and stretching training) underwent a slight decline in cortical

volume. These results suggested that cardiovascular fitness is associated with the sparing

PATRIZIO CANEPA 23



UniGe | DIMES

of brain tissue in ageing humans and that even relatively short exercis e interventions can
begin to restore some of the losses in brain volume associated with normal ageing.

The training time of six months could be the closest capable of producing significant
effects in white and grey matter structures. Indeed, a recent study (30), investigating the
effects of a shorter aerobic training programme (twelve -week) on cardiorespiratory fitness
and magnetic resonance imaging (MRI) outcomes, found an increased cardiorespiratory
fithess which does not produce significant changes in me asures of brain structure in older
adults.

Erickson and colleagues (10) carried out a randomised controlled study with 120 older
adults participating in aerobic exercise or stretching and toning condition (control) lasting
one year. He observed that aerobic exercise training increases the size of the anterior
hippocampal volume by 2% and associated this finding with greater serum levels of BDNF-.
All these studies obtained a significant increase in white or grey matter volumes applying
to participants an aerobic exercise program, while other physical activity programs obtain
inconsistent results.

Physical activity and aerobic fithess are distinct concepts. Caspersen (3) defined physical
activity as "any bodily movement produced by skeletal muscles that result in energy
expenditure”. On the other hand, physical fithess is a condition or adaptive state that
individuals have or achieve.

Ruotsalainen et al. (29) measured both physical activity and aerobic fitness in the same
study to differentia te the association between these two measures in grey matter volume.
This study, conducted on sixty adolescents, demonstrated the unequal contribution of
physical activity and aerobic fithess on grey matter volumes, with inherent or achieved
capacity (aerobic fitness) showing more evident associations than physical activity.

These improvements in grey matter volume described above are accompanied by altered
brain activity measures, translating into a more efficient and effective neural system. For
this reason, some of the studies previously exposed, in addition to white and grey matter
volumes, also measured memory, processing speed and other executive functions (10, 15,
30).
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Recent reviews concluded that exist a positive relationship between physical activi ty and
cognitive functioning in all range populations (2, 11, 12, 32). A series of tools were used to
assess cognitive functioning, such as perceptual skills, intelligence quotient, achievement,
verbal tests, math tests, memory, developmental level/academi c readiness, creativity,
concentration, cross-disciplinary batteries, and others. Working memory and perceptual
skills are two of the cognitive functions most studied in association with physical exercise.
This could be owed to their easy-administration te sts, reliability and validity of
assessments, or their role in cognitive development and predictiveness of real -world
outcomes (34).

Perceptual speed reflects the ability to compare different stimuli accurately and quickly
(e.g., numbers, symbols, patterns) while working memory reflects the capacity to maintain
information in active memory while simultaneously performing distracting or interfering
activities (34).

Sibley's meta-analysis (32) determined a positive relationship between physical activity
and cognitive performance in school -age children (aged 4 &L8 years) in eight measurement
categories (perceptual skills, intelligence quotient, achievement, verbal tests, mathematic
tests, memory, developmental level/academic readiness and other). A beneficial
relationship was found for all categories, except for memory, which was unrelated to
physical activity behaviour, and for all age groups (although it was stronger for children in
the age ranges of 447 and 1141l3 years, compared with the age ranges of 840 and 14418
years).

Until 2011 most studies involving children have focused on the relationship between
aerobic fitness and academic achievements rather than correlate it to a subset of top -
down mental processes which implement goal -directed behaviour and enhan ce academic
performances (4, 12, 17).

Kamijo and colleagues (19) firstly observed several improvements in preadolescent's
working memory after a 9 -month physical activity intervention.

Subsequently, Kao et al. (20) investigated the relationship between wor king memory and
academic achievement with aerobic and muscular fitness. Hierarchical regression analyses

indicated that after controlling for demographic variables (age, sex, grade, IQ,
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socioeconomic status), higher aerobic and muscular fitness levels were associated with
greater performance in task conditions that placed greater demand on working memory.
By contrast, only aerobic fithness showed a positive correlation with mathematic
performance in algebraic functions, suggesting a selective benefit related to cortical grey
matter thinning during brain maturation.

In young adults (aged 19-30), a similar association was observed. Lambourne (23) recruited
42 male and female college students divided into groups based on self -reported physical
activity level. The physically active group contained participants who met the physical
activity requirements specified by the Center for Disease Control and Prevention, while the
inactive group included only inactive people. Both groups performed a reading span task
to assess the participant's working memory capacity. Analysis of variance results
demonstrated that exercise was associated with enhanced working memory, generalising
previous results obtained in young people.

More objective measurement still referred to young a dults were collected in a study by
Aberga (1). This research, conducted in larger sample size, aimed to determine the
association between physical activity and cognitive performance, screening results for
military service at 18 years of age from all Swedish men born from 1950 through 1976. He
correlated test's results from more than one million men enlisted for military service. When
were recruited, the freshmen performed a cycle -ergometry test (to assess
cardiorespiratory fitness), a series of isometric mu scle strength tests, and four cognitive
tests covering the following areas: logical performance test, a verbal test of synonyms and
opposites, a test of visuospatial/geometric perception, and technical/mechanical skills
including mathematical/physics probl ems. The results showed that cardiovascular fitness,
but not muscular strength, was positively associated with intelligence after adjusting for

relevant confounders (Figure 1.113).
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Figure. 11.1.3| Change in cardiovascular fitness between age 15 y and18 y predicts intelligence scores. From all subjects
with physical education grades at age 15 y and cardiovascular fitness scores at age 18 y, the 10% of subjects with the
highest and lowest changes in fitness scores compared with predicted scores were se lected (<10th percentile; 10% lowest
vs. predicted scores; > 90th percentile, 10% highest vs. predicted scores; 10th90th percentile, remaining 80%). Mean
global intelligence, logical, verbal, visuospatial, and technical scores were compared among the 3 pe rcentile groups and

significant differences were found among all groups (P < 0.0001). The SDs were 1.841.97. FromAberga et al. 2009 (1).

Similar results were later obtained by Esmaeilzadeh et al. (11). In this research, conducted
in larger sample size, authors aimed to explore the association of different components of
physical fitness (i.e. aerobic fitness and muscular st rength) and motor fitness (i.e., speed
and agility) with cognition (processing speed and inhibition) in a sample of 211 young males
(aged 1924). He found, also after adjustment for potential confounders (e.g. age,
socioeconomic status, adiposity and physical activity), that aerobic fitness, represented by
shorter time in the one -mile run, was positively associated with composite inhibito ry
control scores. In contrast, explosive strength was negatively associated with composite
information processing scores and composite inhibitory control scores. This study, also
considering previous research, confirmed that cardiorespiratory fitness is a n essential
aspect of physical fitness to indicate the level of cognitive performance.

In the same year, a group of the University of Dallas screened the older adults’ population

(13). The research group measured physical function such as cardiorespiratory fitness and
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cognitive function tests in about five thousand men and women aged 55 and older.
Cardiorespiratory fitness was quantified as the duration of a maximal treadmill exercise
test highly correlated with laboratory measures of maximal oxygen uptake in men and
women. Cognitive function was assessed via the MoCA, a paper and pencil screening tool
designed to identify cognitive impairment by assessing multiple cognitive domains,
including attention, concentration, executive functions, memory, language, visuospatial
skills, calculation, and orientation. Ferrall and colleagues found that low fit elderly
(included in quintile 1) had a significantly increased risk of developing cognitive
impairment.

Other previous studies showed that exercise training is ben eficial for older adults'
cognitive functions. For example, Suzuki et al. (31) examined the effects of a Xyear
multicomponent exercise training program on the cognitive function of 50 older men and
women with mild cognitive impairment. Subjects completed 90 min of supervised aerobic,
strength, and balance exercises per day on two days per week. Compared to the control
group, who received education only, the exercise intervention group showed significant
improvement in general cognitive function, immediate memory, and language ability.
Smith et al. (35) performed a meta-analytic review of randomised control trials that
examined the effects of aerobic exercise training on neurocognitive performance. Twenty -
nine studies representing 2,049 participants were eva luated. Among individuals randomly
assigned to aerobic exercise training, a modest improvement in attention and processing
speed, executive function, and memory was found.

Considering all research presented in this paragraph, we can assume that physical ac tivity
is associated with improved mood state and induces a wide range of neural changes: from
molecular to behavioural levels. This evidence could be considered as one the
consequence of the other like physical exercise activates a ripple effect which int erest first
a molecular change (BDNF and IGF1), then a structural change (white and grey matter
volumes) and at least a behavioural change (improvement or preservation of cognitive
functions). Results also suggested that all ranged population could benefi t from controlled
and well-dosed physical activity programs, with specific age -related positive advantages

on cognitive function. The strongest documentations are reported from studies that
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investigate cardiorespiratory fithess as a measure identifying phy sical activity level. This

last one presents a robust correlation with cognitive functions when estimated through

objective measures rather than questionaries.
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1.1.2 Muscle and mental fatigue

The term fatigue ¢ ° nja é ean axtiemg tiredmess resulting from mental or physical
exertion or illness". This definition opens the possibility of using this term to indicate
physiological or pathological conditions as well mental or physical states. In all cases,
fatigue is never considered a good state in which people can get.

Firstly, fatigue was studied as a condition interconnected to physical exertion.

The oldest witness on the injurious effects induced by a fatigue condition comes from
Arthur Thomson in the far 1800s (66). In 1836 solders enrolled in the 17th regiment landed
at Bombay from New South Wales split into two groups. One group took part in an
exhausting expedition lasting about fourteen months in which soldiers covered distance
of 1800 miles and suffered many privations. The other group remained in defence of the
regiment. When the two groups have reunited the health of all men was good.
Unfortunately, during homecoming, the regiment registered a considerable number of
soldiers affected by a pulmonic disease, a circumstance p resumed to have been produced
by the rapid change of climate and temperature. Thomson noted that soldiers who faced
the expedition developed sever symptoms that caused a higher death's number than
symptoms developed by soldiers who had not served. He attri buted this great difference
in the amount of mortality to the exhaustion of the constitution produced by the prolonged
and severe exertion to which soldiers engaging the expedition were exposed.

Other studies in the following years investigated fatigue onl y as a general physical
symptom affecting the human body unescorted by direct measures. Only one hundred
years later Borg (12) noticed the need for scientists to use a standard method to quantify

symptoms related to subjective perceived exertion. He develo ped a ratio -scaling method
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to indicate the degree of physical strain with  Table 112.1| The 15grade scale for ratings of
perceived exertion, the RPE scale from Borg 197

verbal anchors, which partially overcame (12).

interindividual comparisons. The Borg's rate of 6
perceived exertion (RPE) scale became very 7 Very, very light
popular and was translated into many languages 8
(Table 112.1) This scale, currently still used, 9 Very light
ranges from 6 to 20 and can be used to denote 10
heart rates ranging from 60 to 200 be ats per 11 Fairly light
minute. 12
A new category scale with ratio properties was 13 Somewhat hard
developed a few years later (13). The main idea 14
was that numbers had been anchored by verbal 15 Hard
expressions easily understandable by most 16
people. 17 Very Hard

18

19 Very, very hard
Muscle fatigue 20

Concomitant to these studies, in th e early 1900s,

Marx (55) focused his research on the muscle tissue, providing more specific investigations
to what is now called muscle fatigue. He studied the chemical products resulting from the
muscular activity, such as lactic acid, creatinine, and pho sphoric acid. He assumed that the
substances generated by muscle activity overflow into the general circulation and, as
consequence, produce symptoms of general fatigue. The first effect supposed was the
depression of other muscles, including the muscles o f the heart and blood vessels. This,
in turn, would lead to a diminution of circulation and oxidation and the vicious cycle of
added fatigue. He also assumed an altered functioning of the nerve cells and the central
nervous system, which would suffer direc tly from the fatigue substances and indirectly by
diminished oxidation. This process finally ended in impairments of muscular power, tempo
and coordination of intentional and unintentional motion, and motion sequences. All

impairments gradually investigate d over the years.
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The decline in muscle performance could not interest the muscle's power output
exclusively. Indeed, the power output is the product of muscle's force generated and
muscle's shortening velocity.

Although both topics were studied, recent re search described muscle fatigue as the
gradual decrease in muscle force capacity or the endpoint of sustained activity (18). A more
accurate, although more general, definition came from Allen and colleagues (1) who
described muscle fatigue as any decline i n muscle performance associated with muscle
activity. However, because fatigue in these definitions can encompass several phenomena
that are each the consequence of different physiological mechanisms (18), today most
investigators invoke a more focused def inition of muscle fatigue: an exercise -induced
reduction in the ability of a muscle to produce force or power whether or not the task can
be sustained.

A critical feature of this last definition is the distinction between muscle fatigue and the
ability to continue the task. Accordingly, muscle fatigue is not the point of task failure or
the moment when the muscles become exhausted. Instead, muscle fatigue decreases the
maximal force or power that the involved muscles can produce, and it develops gradually

soon after the onset of sustained physical activity (Figure 11.2.1).
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Figure 112.1| Schematic to illustrate different mechanisms leading to exhaustion. Dashed line shows how the maximum
force (or power) declines during repeated tetani. Solid red line indicates a submaximal force required for a particular

activity. Exhaustion (failure to produce the required force) occurs at the intersection of the two lines  (red and blue lines) .
Increases and decreases in the required force (arrow 1) will cause earlier and later onset of exhaustion, respectively.
Increases and decreases in the maximum force that the muscle can produce (arrow 2) will also change the time to
exhaustion. Finally, changes in the intrinsic fatiguability of the muscle (arrow 3) will also change the time to exhaustion.
Repainted from Allen et al. 2008 (1).

At this point, it is necessary noticing that voluntary contractions are activated by complex
pathways starting in the cortex, leading to the spinal cord, reaching the muscle's
neuromuscular junction, and ending with muscle contractions. The processes happening
inside the spinal cord and above are defined as central, whereas the processes occurring
in the peripheral nerve, neuromuscular junction, and muscle are defined as peripheral.
Fatigue can potentially arise at many points in this pathway, so that it can be helpful divide

it into central and peripheral fatigue.

Peripheral fatigue

Researchers investigated peripheral fatigue by studying the principal changings occurring

in the chain of e vents involved in excitation -contraction coupling in skeletal muscle. They

PATRIZIO CANEPA 35



UniGe | DIMES

supposed that a failure anywhere in this chain could contribute to developing peripheral
fatigue.

ATP depletion was the first substance studied because it is considered the most dir ectly
involved in the transduction of chemical -free energy into mechanical work (28). Many
subsequent kinds of research have reported that cytoplasmic [ATP] does not drop below
60% of the resting level during either imposed stimulation or voluntary exercis e (3, 61, 72),
though these values remain challenging to interpret (for a rev see Allen 2008 (1)).

Another substance of interest is inorganic phosphate (Pi) a product of ATP consumed
during contraction. According to present models of cross -bridge force pro duction, the
myosin head is first bound weakly and firmly to the actin filament. After that, Pi is released,
possibly resulting in a further increase in force production. This implies that increased Pi
inhibits the transition to high force cross -bridge states, and fewer cross-bridges would be
in high-force states when Pi increases during fatiguing stimulation. In line with this,
experiments on skinned fibres consistently show a substantial decrease of force
production in the presence of elevated Pi (45, 49).

Lactate is another historically suggested molecule causing muscle fatigue. Lactate is the
primary source of acid production in skeletal muscle and a relationship between lactic
acid production and muscle activity has long been recognised (20). This belie f sinks its
roots in a series of old studies (for a rev. see Fitts 1994 (20)), which related the production
of lactic acid to contractile activity and leading the foundation for the hypothesis that lactic
acid caused muscle fatigue. These previous works edablished that resting muscles in
oxygen produced little lactate, while lactate production was high under anaerobic
conditions. These authors suggested that the lactic acid may self -limit by inducing fatigue
in the stimulated muscle. This concept was suppo rted by connections between
development and recovery from fatigue and the appearance and disappearance of lactic
acid. Contrary, experiments with skinned muscle fibres have shown that lactate, at
concentration even up to 50 mM, has relatively little effect on force production by the
contractile apparatus (2, 17). Furthermore, it was shown that twitch and tetanic forces are

virtually unchanged in the presence of 30 mM cytoplasmic lactate (Figure 11.22) (51).

PATRIZIO CANEPA 36



UniGe | DIMES

100-
F

e (o)) (e0]
°© 3 9

Relative force (% of maximum)
Y
(en)

T T T 1

80 75 70 65 60 55 50 45 40
pCa

Figure 1122 | Effect of 30 mM L(+}lactate on the Ca2+ sensitivity of a single, mechanically skinned rat skeletal muscle
fibre. The force/pCa relationship is shown before (z ), in the presence of 30 mM lactate (y) and after (& ) washout of
lactate. The fitted curves were generated using the Hill equation . From Posterino et al. 2001 (51).

A large and rapidly growing literature establishes that reactive oxygen species (ROS) are
produced in active muscles and have some role in fatigue. The most convincing evidence
that ROS catributes to fatigue comes from experiments with exogenously added ROS
scavengers, which reduce fatigue in isolated muscles of intact animals and humans (1).
The role of ROS in development of muscle fatigue was studied using N -acetylcysteine
(NAC), a ROScawvenger, injected into the circulation.

In animals, NAC injection into the circulation does not affect the control force but increased
the force at the end of a fatiguing electrical stimulation (20 -Hz phrenic nerve stimulation)
(59).

Highly similar result s were also obtained in human subjects by Reid et al. (53). He observed
that a pre -treatment with NAC intravenous infusion did not alter the function of unfatigued
muscle: MVC performance and the muscles' force-frequency relationship was unchanged.
Otherwise, during fatiguing contractions, NAC increased force output, an effect that was

evident after 3 min of repetitive contraction and persisted throughout the 30  -min protocol.
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Contrasting results were obtained more recently by Medved and colleagues (43) who
conducted a double -blind, crossover study investigating NAC's role in the time to fatigue
during prolonged submaximal cycling exercise. The authors hypothesised a performance
enhancement after NAC intravenous infusion, based on Reid's findings described ab ove.
Although they found no effect on time to fatigue in the whole group of subjects, a result
probably remarked by different responsiveness of individuals to NAC. For the first time,
this study showed that the effects of NAC on prolonged exercise are depe ndent on the VO2

peak, with a tendency for time to fatigue to be increased in the fitter subjects.

Central fatigue

We must not forget that just as many sites within the muscle cell control force, so many
sites within the central nervous system (CNS) can modify the output of motoneurons.
Mosso, in the early 1900s, reported the first evidence of this purpose. He compared fatigue
in voluntary and electrically induced contractions and measured central fatigue using
various new techniques and devices such as Mosso's ergograph and Mosso's balance
(Figure 112.3)(rediscovered by Sandrone et al. 2014 (56)). Over the years, the development

of new neurophysiological techniques has allowed in -depth studies on central fatigue.
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Figure 112.3| On the left: photograph of Angelo Mosso and his signature (courtesy of Marco R. Galloni). On upper right:

Angelo Mosso performing one of his experiments (courtesy of Marco R. Galloni). On bottom right: 3N ' ° N ®° oH-« 3 f y
lezl«~qf enNny 3faqfylael - & dringrestisgiarfd ceghitive states &igtird and figure Angedo

BN N® NEkeleyfq nkzf.eyl L 3nneéean fyn fnfd™ &n EramSand®ne’ * N1 f
et al. 2014 (56).

Studying central fatigue trough peripheral nerve stim ulation

About 20 years later Reid (52) compared a maximal voluntary contraction (MVC) of finger
flexion with force produced by electrical stimulation of the median nerve under isometric
conditions. He found no marked difference from both forces disproving the standard view
that the maximal contractile force was so high that "strength is kept in bounds by the
inability of the higher centres to activate the muscles to the full” (44).

Merton (44) provided additional insight when he showed that the force increm ent added

by a stimulus to the ulnar nerve was inversely proportional to the level of initial force
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during a voluntary effort. No force increment appeared when voluntary force approached
maximal values.

Similarly, Newham et al. (47) observed an inverse but near linear relationship between the
additional force elicited by the superimposed stimulation of the quadriceps muscle and
the force contractions level ranging between 5 and 100% of subjects’ maximal effort.

This proportional decline with increasing cen tral drive, confirmed in later studies (for a
rev. see Gandevia 2001 (21)), became a valid method to assess voluntary activation of
muscle (Figure 112.4)

Studies used this so-called twitch 100

g i o Observed
interpolation technique, following a E 80 | :mgg:t:gfle
series of different methodo logical < 5
approaches (single, double, or train :;i 60 |
pulse superimposed stimulations). f; 40
Kent-Braun (30) found that a é 20 |
superimposed train of stimuli is more é
sensitive than either a superimposed % 0 O 2l0 4'0 6.0 8.0 160
single or double stimulus in detecting Voluntary force (% MVC)

central activation failure during  Figure 11.2.4| Real and simulated twitch interpolation for adductor
pollicis. amplitude of interpolated twitches (expressed as a

maximal voluntary isometric percentage of resting twitch amplitude) at contraction intensities
) of 04100% MVC. Experimental data are shown, as well &
contractions. simulations with single and paired interpolated stimuli . From

. . . . Gandevia 2001 (21).
Using this technique, it has been

deduced that central fatigue contributed to the force loss experienced during sustai ned or
repeated MVC (8, 30, 58).

Few authors have first studied this change of central activation during sustained
contraction (5, 22). The oldest study conducted by Bigland-Ritchie et al. (6, 7) did not find
any central activation failure in adductor poll icis. The second showed that central
activation was kept optimal at the beginning of a 5 -min sustained MVC of tibialis anterior
and first dorsal interosseus muscles, but substantial failure occurred during the last 3 min.
Gandevia's group was the only one that showed the development of central activation

failure during a sustained maximal contraction in biceps brachii (22). They presented the
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superimposed force responses as a percentage of the voluntary force. This method did
provide good insight into the d evelopment of central fatigue but did not allow
guantification of force loss.

Recently, the interpolated twitch technique to assess central fatigue was slightly criticised
(50, 58). This criticism is based on essential feature related to unit of measure. S ince the
level of voluntary activation is calculated through force's measure electrically evocated,
use a superimposed force response to estimate the amount of failure of central drive does
not consider the potential contribution of peripheral fatigue, whi  ch decreases the maximal
possible force response (50, 58).

Schillings and colleagues (58) conducted a study to find the relative contributions of
central and peripheral factors to fatigue during a maximal sustained 2 -min voluntary
contraction in healthy su bjects. They used electrical stimulation and measurements of
muscle fibre conduction velocity simultaneously. They discovered that peripheral and
central fatigue does not change in parallel: during the first minute, the decline of voluntary
force can be explained almost exclusively by peripheral factors. After about 1 min, however,
peripheral fatigue levels off. Then, the further decrease of voluntary force can almost
totally be attributed to central fatigue.

In addition, they tested two new methods to esti mate central fatigue compensating the
influence of peripheral fatigue: they normalised the superimposed force response by
comparing it with the actual voluntary force and or by comparing it with the estimated
linearly interpolated stimulated force. This la st provides the most reliable quantification
of central fatigue.

The decrease in voluntary activation observed in the studies described above could result
from spinal or supraspinal mechanisms that alter the final output of force generated.
Researchers inwestigated muscle spindle, Golgi tendon organ, small -diameter muscle,
presynaptic modulation motoneuron properties, and others at the spinal level.
Motoneurons possess an intrinsic property to adapt their discharge frequency to injected
current (57). The dscharge rate typically exhibited a rapid initial decline, characterised by

a linear frequency -time relation, followed by a gradual exponential decline that continued
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for the duration of current injection. This behaviour is similar to the discharge frequenc vy

recorded in a single human motor unit during an MVC (Figure 11.2.5X41).

Figure 112.5| On the left : discharge frequency of the same unit during the MVC is shown as the reciprocal of the period
occupied by 10 consecutive spikes. Points were plotted at the end of the 10-spike period. A curve has been fitted to the
decline in rate. The highest initial peak firing rate was 150 Hz. Arrow and horizontal dashed lines mark a period when
discharge rate almost doubled, evidence of prior submaximal vol untary drive. On the right: dashed curve shows response

to current injection lasting 1 min in rat motoneuron studied in vitro. If the stimulus Il ~ zz&ay~ _ f‘ 3IkZzedéq”

horizontal bars), the initial adaptation recovered. From Gandevia 200121).

Other arguments suggested that muscle spindle inputs can facilitate human motoneurons
during strong isometric contractions and fatigue (21). Two findings support this
assumption. First, the firing rate of motor units decreases and becomes more irregul ar
during a partial block of the motor nerve with a local anaesthetic that tends to block
preferentially small fibres (25) (including fusimotor axons). Second, tendon vibration that
activates muscle spindle endings can increase force during an isometric MV C of ankle
dorsiflexors (Bongiovanni et al.1990). Unfortunately, these results should not necessarily
be used to argue the decline in maximal motor unit firing rates during sustained MVCs due
to reduced muscle spindle facilitation. Instead, it shows that a ugmentation of muscle
spindle discharge facilitates motoneuron discharge when voluntary activation has
declined during fatigue (21).

Group Il and IV muscle afferents innervate free nerve endings plentiful and are distributed
widely throughout the muscle. These afferents are either silent or maintain low

background discharge rates. They respond to local mechanical, biochemical, and thermal
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