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Summary

Summary
For over a century, mechanisms of exercise-induced muscle fatigue have been
investigated. As it can be taken from the first documented studies, muscle fatigue
has early been supposed to comprise both a peripheral and a central component.
In fact, as proven later, muscle fatigue arises not only from peripheral processes
within the working muscle, but also from central mechanisms residing in the
central nervous system at spinal and supraspinal levels. Since the beginning of
research on muscle fatigue, substantial progress has been achieved in unravelling
peripheral, spinal and supraspinal mechanisms by means of state-of-the-art
methods. However, only few principles have emerged characterizing the
phenomenon of muscle fatigue and still, most of presumed underlying
mechanisms cannot be stated with certainty.
With the present doctoral thesis, a more complete understanding of supraspinal
processes of muscle fatigue and performance limiting neuronal systems was
targeted using a diversity of methodological approaches.
As contributing factors concerning supraspinal fatigue, which has been associated
with a submaximal central command descending from the primary motor cortex
(M1), small-diameter muscle afferents (groups III/IV) have been assumed. These
afferents have been supposed to exert inhibitory influence either directly on M1
or indirectly via brain regions, e.g. the cingulate and insular cortex projecting
onto M1. Indeed, as demonstrated in the first study of this thesis, a causal
relationship between group III/IV muscle afferents and M1 inhibition was
revealed by a temporary afferent blockade attenuating inhibitory intracortical
influence on M1.
Considering supraspinal fatigue as an adaption mechanism limiting physical
performance in order to prevent body harm, a concept of a central governor has
been proposed. It predicts that both workload and termination of a fatiguing
exercise (task failure) is regulated as part of a brain’s network by integrating and
evaluating somatosensory input, e.g. provided by type III/IV muscle afferents, all
to ensure that homeostatic balance is maintained. With the prefrontal cortex as
well as the insular and cingulate cortex, few specific brain structures have
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hypothetically been stated, which might act as potential key regions within a
central governor’s fatigue related network.
In fact, the insular cortex seems to play an important role in mediating task
failure, as observed in the second study showing significantly increased activity
within the mid/anterior part of this structure during the final few seconds before
task failure in handgrip contractions compared with the same contractions, in
which no task failure emerged. In previous imaging studies, the insular cortex has
consistently been shown to be involved in processing various distressing stimuli
threatening homeostasis such as air hunger or hunger for food. Moreover,
anatomical findings indicate that homeostatic regulations may occur via lamina I
spino-thalamic neurons, which are connected with small-diameter afferents and
project, inter alia, to the mid/anterior insular cortex.
Within the scope of this thesis’ third study, intracortical communication between
the mid/anterior insular cortex and M1 was investigated. Data revealed
significantly increased intracortical communication between these regions at the
end of fatiguing cycling, which returned to pre-fatigue baseline during a period of
recovery cycling following subjects’ cessation of exercise.
Taken together, data of this thesis demonstrate that the mid/anterior insular
cortex plays a pivotal role not only in mediating task failure, but is also involved
in supraspinal processes during a fatiguing exercise by communicating with M1.
Based on previous functional and anatomical results showing mid/anterior
insular participation in various homeostatic regulation processes and suggesting
an integration of afferent feedback via lamina I neurons, the thesis’ findings give
further reason to assume that this structure might be part of a brain’s protective
network determining work rate and task failure in dependence of afferent
feedback, all to ensure that homeostatic balance is maintained.
For follow-up studies it remains to be empirically established whether the
mid/anterior insular cortex indeed integrates afferent feedback and whether an
inhibition of M1 proven to depend on afferent feedback arises from an inhibitory
influence exerted from this structure.
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Zusammenfassung
Seit

mehr

als

einem

Jahrhundert

werden

die

Mechanismen

von

belastungsinduzierter muskulärer Ermüdung untersucht. Bereits den ersten
dokumentierten Studien kann man entnehmen, dass bei muskulärer Ermüdung
sowohl eine periphere, als auch eine zentrale Komponente vermutet wurde.
Tatsächlich ist es so, dass nicht nur intramuskuläre (periphere) Prozesse, sondern
auch zentralnervöse (zentrale) Mechanismen auf spinaler und supraspinaler
Ebene zu muskulärer Ermüdung führen. Mithilfe modernster Technik konnten in
den vergangenen Jahren substanzielle Fortschritte bei der Aufklärung peripherer,
spinaler und supraspinaler Mechanismen erzielt werden. Jedoch erschlossen sich
nur wenige Erkenntnisse, die das Phänomen der muskulären Ermüdung
grundsätzlich erklären, und die meisten Mechanismen, von denen man ausgeht,
können noch immer nicht eindeutig belegt werden.
Ziel der vorliegenden Dissertation war es, mithilfe verschiedener methodischer
Ansätze zu einem ganzheitlicheren Verständnis supraspinaler Prozesse von
muskulärer Ermüdung und leistungsbegrenzenden neuronalen Systemen
beizutragen.
Als mögliche Ursachen supraspinaler Ermüdung, die mit einem submaximalen
neuronalen Output vom Primären Motorkortex (M1) einhergeht, wurden
Muskelafferenzen des Typs III/IV diskutiert, die direkt oder indirekt via
Hirnregionen wie das Cingulum oder die Insula einen hemmenden Einfluss auf
M1 ausüben könnten. Mit der ersten Studie dieser Arbeit konnte ein solcher
Kausalzusammenhang zwischen afferentem Feedback und M1-Inhibition
empirisch nachgewiesen werden, indem Muskelafferenzen vorübergehend
geblockt wurden, was zu einer abgeschwächten Hemmung von M1 führte.
In einem sogenannten Central Governor Modell wird supraspinale Ermüdung
mit einem Schutzmechanismus assoziiert. Basierend auf somatosensorischem
Input z.B. von Typ III/IV Muskelafferenzen reguliere und determiniere das
Gehirn sowohl Beanspruchungsgrad als auch Abbruch (Task Failure) einer
physischen Belastung mit dem Ziel, lebenswichtige homöostatische Regelkreise
aufrecht zu erhalten. Mit dem präfrontalen Kortex sowie der Insula und dem
Cingulum wurden vereinzelte Hirnstrukturen in Erwägung gezogen, die in einem
III
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solchen neuronalen Netzwerk eines Central Governors eine wichtige Rolle
spielen könnten.
Die Resultate der zweite Studie lassen vermuten, dass die Insula tatsächlich in die
Vermittlung von Task Failure involviert ist, denn es zeigte sich eine signifikant
stärkere neuronale Aktivität im mittleren/anterioren Bereich der Insula kurz vor
Abbruch einer Kontraktion im Vergleich zu Kontrollkontraktionen, die nicht
zum Abbruch führten. In mehreren bildgebenden Studien wurde der Insula im
Zusammenhang mit homöostatischen Regulationsprozessen (z.B. Wahrnehmung
von Dyspnoe oder Hunger) eine wichtige Rolle zugeschrieben. Darüber hinaus
weisen

auch

anatomische

Befunde

darauf

hin,

dass

homöostatische

Regulationsmechanismen über Lamina I spino-thalamische Neurone erfolgen
könnten, die mit somatosensorischen Afferenzen verschaltet sind und unter
anderem zur mittleren/anterioren Insula ziehen.
Im Rahmen der dritten Studie wurde intrakortikale Kommunikation zwischen der
mittleren/anterioren Insula und M1 untersucht. Dabei zeigte sich, dass die
Kommunikation zwischen diesen beiden Arealen am Ende eines Belastungstests
auf dem Fahrrad signifikant stärker ist als zu Beginn und nach Abbruch des
Tests.
Die Daten dieser Arbeit belegen, dass die mittlere/anteriore Insula nicht nur eine
entscheidende Rolle spielt bei der Vermittlung von Task Failure, sondern auch in
supraspinale Ermüdungsprozesse involviert ist, indem sie mit M1 kommuniziert.
Aufgrund der bisherigen funktionellen und anatomischen Befunde, die eine
Beteiligung dieser Struktur bei verschiedenen homöostatischen Prozessen
nachwiesen und eine Integration afferenten Feedbacks via Lamina I Neurone
nahe legten, geben die vorliegenden Resultate weiteren Grund zur Annahme,
dass die mittlere/anteriore Insula Teil eines neuronalen Netzwerkes sein könnte,
welches – basierend auf afferentem Feedback – den Output so bestimmt, damit
lebensnotwendige homöostatische Systeme aufrecht erhalten bleiben.
Eine empirische Überprüfung, ob die mittlere/anteriore Insula tatsächlich
afferentes Feedback integriert und ob eine intrakortikale Inhibition von M1, die
von afferentem Feedback abhängt, von dieser Struktur ausgeübt wird, steht in
Folgestudien aus.
IV
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Chapter 1
General Introduction
For over a century, physiological causes responsible for muscle fatigue in healthy
humans have been investigated. In 1889, at the first International Congress of
Physiologists held in Basel, Switzerland (Franklin KJ 1968, Rothschuh KE 1973),
the Italian scientist Angelo Mosso (1846-1910) presented his findings on muscle
fatigue by demonstrating a self-designed ergograph, which enabled recording and
quantification of concentric contraction work performed by the right middlefinger flexors lifting and lowering a load (1-3 kg) as many times as possible. Using
this protocol, he studied fatigue effects after physical training, with changes in
atmospheric pressure and environmental temperatures, with different emotions
and in different age groups. Moreover, he found that electrical stimulations of the
finger flexors generate similar ergographic tracings to that observed with
voluntary contractions, and concluded that muscle fatigue comprises a central
(mental) as well as a peripheral (muscular) component. In his publication
La Fatica in 1891, he associated peripheral fatigue with central fatigue (Di Giulio,
et al. 2006) stating that “fatigue of brain reduces the strength of the muscles”
(Mosso 1891).
Since this seminal work, substantial progress has been achieved in the study of
muscle fatigue by means of various stimulation techniques as well as state-of-theart neuroscience methods such as functional magnetic resonance imaging (fMRI)
or electroencephalography (EEG). Accordingly, as previously suggested, exerciseinduced muscle fatigue defined as a reversible decline in force- or powergenerating capacity of the neuromuscular system (Bigland-Ritchie, et al. 1983;
Fitts and Holloszy 1976) has been verified to arise not only from peripheral
processes at or distal to the neuromuscular junction, but also from central
mechanisms residing in the central nervous system (CNS).
However, despite accumulation of extensive literature on this topic, few
principles have been revealed characterizing the phenomenon of muscle fatigue
and still, most of the presumed underlying central mechanisms remain uncertain
and a matter of debate.
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With the current doctoral thesis, a more comprehensive understanding of central
fatigue and performance limiting processes was aimed at by providing empirical
evidence for existent hypothetical concepts and extending previous findings
using a diversity of methodological approaches.

1.1 Central Fatigue
Central fatigue can be defined as a reversible exercise-induced decrease of
voluntary muscle activation (Gandevia, et al. 1995) and has commonly been
quantified by percutaneous electrical stimulation of a motoneuron during a
subject’s performance of an isometric maximal voluntary contraction (MVC)
(Belanger and McComas 1981; Merton 1954). If such a superimposed twitch
elicits a twitch-like increase in force, voluntary muscle activation was < 100%,
concluding that despite subjects’ maximal effort some motor units were either
not recruited or did not fire fast enough for the muscle fibres to generate all
possible force (Taylor, et al. 2006). An increasing superimposed peak force
during a fatiguing exercise indicates a progressive impairment of voluntary
muscle activation and thus, central fatigue [(Bigland-Ritchie, et al. 1978;
Gandevia, et al. 1996; 1995; Lloyd, et al. 1991); for review see Enoka, et al.
(2011)]. Central fatigue has been estimated to account for 12% (Schillings, et al.
2003) to 20% (Kent-Braun 1999) of force loss during a sustained MVC of the
arm flexors and the ankle dorsiflexors, respectively.
Various processes within the CNS may be responsible for a centrally caused
decrease in force generation (Boyas and Guevel 2011). At this, alterations can
occur in: 1) activation of neurons within the primary motor cortex (M1), 2)
corticospinal propagation of neural command to the motoneuron, 3) activation
of the motoneuron and, 4) motoneuronal propagation of neural command to the
neuromuscular junction (Fig.1.1).
In the following, central fatigue-related processes influencing M1 will be
focussed.
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Fig. 1.1: Centrally caused decrease in force generation may occur due to changes in:
1) activation of neurons within the primary motor cortex, 2) corticospinal propagation
of neural command to the motoneuron, 3) activation of the motoneuron, and 4)
motoneuronal propagation of neural command to the neuromuscular junction.

1.1.1 Supraspinal Fatigue
In analogy with electrical stimulation of motoneurons, transcranial magnetic
stimulation (TMS) of M1 can be applied during performance of short MVCs: An
increasing amplitude of TMS-induced superimposed peak force over the time
course of a fatiguing exercise reflects supraspinal fatigue, which has been
associated with a submaximal central command descending from M1 (Sogaard, et
al. 2006; Taylor, et al. 1996). In several different exercise paradigms including
maximal and submaximal isometric contractions, as well as concentric and
eccentric exercise, a supraspinal component of central fatigue has been
established (Gandevia, et al. 1996; Loscher and Nordlund 2002; Taylor, et al.
2000a; Todd, et al. 2003a; 2003b). However, the mechanisms underlying
supraspinal fatigue are still largely unknown.
As one explanatory hypothesis for development of supraspinal fatigue, changes
in concentration of specific brain neurotransmitters have been discussed; e.g.
brain’s serotoninergic activity has been assumed to increase with prolonged
exercise, which in turn limits central command and thus, the recruitment of
motor units (Newsholme, et al. 1978). Hereby, dopamine may play an indirect
role by acting on tryptophan hydroxylase, the key enzyme in serotonin synthesis
(Chaouloff 1989; Chaouloff, et al. 1987). Moreover, other neurotransmitters such
as glutamate, acetylcholine, adenosine and gamma-aminobutyric acid (GABA)
3
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have been suggested to be involved in the development of fatigue (Conlay, et al.
1992; Davis, et al. 2003). However, a comprehensive understanding of how these
neurotransmitters might mediate a reduction in central command to the fatiguing
muscles remained elusive.
Another hypothesis concerning supraspinal fatigue suggests that small-diameter
muscle afferents (groups III/IV) responding to a range of noxious, mechanical
and chemical changes within the muscle contribute to supraspinal fatigue. In fact,
a causal relationship between activity of group III/IV afferents and excitability of
M1 has been proven in studies of experimentally induced muscle pain (Le Pera,
et al. 2001; Martin, et al. 2008). An increased activity of these muscles afferents
triggered via injection of hypertonic saline into relaxing muscles leads to a
decrease in M1 excitability. Likewise, an increased muscle fatigue related firing
rate of these muscle afferents (Darques, et al. 1998; Darques and Jammes 1997)
are expected to exert inhibitory influence either directly on M1 (Martin, et al.
2008) or indirectly via brain regions, e.g. cingulate and insular cortices (Liu, et al.
2002; 2003) projecting onto M1 (Gandevia, et al. 1996; Taylor, et al. 1996; 2000b)
and thus, contribute to supraspinal fatigue.
Considering supraspinal fatigue as a mechanism for adaption limiting physical
performance in order to prevent body harm, a concept of a central governor has
been proposed (Kayser 2003; Lambert, et al. 2005; Noakes, et al. 2001; Noakes
and St Clair Gibson 2004; Rauch, et al. 2005; St Clair Gibson and Noakes 2004).
It predicts that both the maximal possible work rate sustained for an anticipated
exercise duration and the final cessation of a fatiguing exercise task (task failure)
is determined by the brain, all to ensure that body homeostatic balance is
maintained. This centrally governed system has been supposed to regulate
performance via recruitment of motor units in dependence of central command
and to be guided by somatosensory input, e.g. provided by type III/IV muscle
afferents. With the prefrontal cortex as well as the insular (Rauch, et al. 2005) and
cingulate cortex (St Clair Gibson and Noakes 2004) few specific brain structures
have hypothetically been stated, which might act as relay stations in the central
governor’s fatigue related network regulating central command.
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Taken together, muscle afferents of type III/IV have been supposed to be
involved in a supraspinal fatigue dependent decrement of central command by
exerting inhibitory influence either directly on M1 or indirectly via brain regions
projecting onto M1. As cortical structures, the prefrontal as well as the insular
and the cingulate cortex have been suggested as potential relay stations affecting
the generation of central command. Altogether, these processes have been
hypothesized to occur as part of a regulated control system protecting the body
from self-threatening physiological demands by determining work rate and
cessation of exercise.

1.2 Objectives
The aims of the doctoral thesis were:
-

To empirically demonstrate that muscle fatigue-induced cortical effects
within M1 indeed are causally related to somatosensory input provided by
type III/IV muscle afferents.

-

To elucidate specific brain structures involved in mediating cessation of a
muscle fatiguing exercise.

-

To provide evidence of a muscle fatigue-induced increase in intracortical
communication with M1.
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In order to achieve these objectives, i.e. to demonstrate that cortical effects
within M1 depend on somatosensory input, to reveal brain structures mediating
task failure, and to establish a fatigue-related intracortical communication with
M1, the following 3 studies were conducted:
-

Study 1 (Chapter 2): Spinal Opioid Receptor-Sensitive Muscle Afferents
Contribute to the Fatigue-Induced Increase in Intracortical Inhibition in
Healthy Humans.

-

Study 2 (Chapter 3): Limitation of Physical Performance in a Muscle
Fatiguing Handgrip Exercise Is Mediated by Thalamo-Insular Activity.

-

Study

3

(Chapter

4):

Fatigue-Induced

Increase

in

Intracortical

Communication between Mid/Anterior Insular and Motor Cortex during
Cycling Exercise.
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Chapter 2
Spinal Opioid Receptor-Sensitive Muscle Afferents
Contribute to the Fatigue-Induced Increase in
Intracortical Inhibition in Healthy Humans
Published in Experimental Physiology 2011, 96(5): 505-17.

2.1 Introduction
When the central projection of lower limb muscle afferents is pharmacologically
blocked (via lumbar anaesthesia) during cycling time trial exercise, voluntary
neural drive/output from the spinal motoneuron pool is substantially increased
compared to the same exercise performed with an intact sensory feedback system
(Amann, et al. 2008; 2009). These findings during whole body exercise support
the notion of a net inhibitory effect of mechano- and metabosensitive (Kaufman,
et al. 1983; Light, et al. 2008) group III and IV muscle afferents on the output
from the spinal motoneuron pool. The impact of these somatosensory afferents
is considered as one of several determinants of central fatigue (Gandevia 2001;
Nybo and Secher 2004), i.e. the exercise-/fatigue-induced reduction in voluntary
neural drive to the working muscle (Bigland-Ritchie, et al. 1986).
Evidence from single muscle exercise suggests that fatigue-sensitive smalldiameter afferents compromise the neural drive to working muscles via exerting
various inhibitory influences on the human motor pathway – from the brain to
the muscle (Taylor and Gandevia 2008; Taylor, et al. 2006). This may include
inhibition of M1 cells (Martin, et al. 2008) and/or spinal motoneurons (Garland
and Kaufman 1995; Martin, et al. 2006), and sites driving M1 (Gandevia, et al.
1996; Taylor, et al. 1996; 2000b). However, a comprehensive understanding of
how the ensemble input of these muscle afferents mediates the fatigue-induced
reduction in neural drive to the working muscle remains elusive.
TMS of M1 offers the opportunity to quantify the effects of exercise-induced
muscle fatigue and the associated increased firing rate of muscle afferents
7
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(Darques, et al. 1998; Darques and Jammes 1997) on the excitability of the
central motor pathway and on cortical inhibition (Gandevia 1996). TMS evokes
brief changes in the ongoing electromyography (EMG) of the target muscle.
Suprathreshold TMS evokes an initial short-latency motor evoked potential
(MEP), indicative of M1 excitability of the motor pathway, which is followed by a
prolonged absence of descending drive, the cortical silent period (CSP). The early
phase of the CSP is, at least in part, related to spinal inhibition, whereas the later
part depends on the interruption of voluntary drive at the cortical level (Classen
and Benecke 1995; Fuhr, et al. 1991) resulting from the activation of inhibitory
intracortical circuits (Chen, et al. 1999; Inghilleri, et al. 1993; Siebner, et al. 1998).
An inhibition of corticospinal neurons is thought to lead to a disfacilitation, i.e.
reduced firing probability, of motoneurons and might thus contribute to the
development of central fatigue (Butler, et al. 2007). Immediately following
fatiguing exercise, MEPs during relaxation have been reported to be reduced
(Brasil-Neto, et al. 1993; Liepert, et al. 1996; Maruyama, et al. 2006; McKay, et al.
1995; Samii, et al. 1996; Zanette, et al. 1995) and CSP lengthened (McKay, et al.
1996).
The purpose of the present study was to evaluate the fatigue-induced net effect
of spinal μ-opioid receptor-sensitive lower limb muscle afferents on the
excitability of the motor pathway from M1 to the target muscle and on
intracortical inhibition immediately following the termination of fatiguing
exercise. Since a low level of muscle activation facilitates TMS-evoked EMG
responses (Kalmar and Cafarelli 2006), we investigated the effects of these
afferents during a very light voluntary contraction immediately following
fatiguing intermittent, isometric submaximal knee-extensor exercise. We
hypothesized that the fatigue-induced post-exercise reduction in quadriceps MEP
and CSP lengthening observed under placebo conditions is substantially
attenuated when the identical exercise is repeated with lumbar intrathecal fentanyl
blocking the central projection of spinal μ-opioid receptor-sensitive lower limb
muscle afferents.

8
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2.2 Methods
Ethical approval
Written informed consent was obtained from each participant prior to the
beginning of the experiments. All procedures were approved by the Ethics
Committee of the canton Zurich and conformed to the standards set by the
Declaration of Helsinki.

Subjects and protocol
Seven recreationally active males (age: 23.4 ± 3.5 yr [mean ± standard deviation,
SD], mass: 80.9 ± 11.8 kg) participated in this study. The subjects were asked to
visit the laboratory four times. During the first visit, participants were evaluated
for eligibility criteria and thoroughly familiarized with various procedures
including isometric intermittent right-quadriceps exercise, magnetic femoral
nerve stimulation, magnetic M1 stimulation, and CO2 sensitivity test (hypercapnic
ventilatory response, HCVR). On day two, all subjects conducted a second
practice trial, which was also used to individually determine the exercise intensity
and duration performed on day three and four. On day three and four, the
volunteers performed the identical right-quadriceps exercise (as determined on
day two) either under control conditions including a sham interspinous ligament
injection of normal saline at vertebral interspace L3-L4 (placebo trial), or under
experimental conditions including intrathecal fentanyl applied at vertebral
interspace L3-L4. Exercise sessions three and four were double-blind,
randomized, and separated by at least 72 h. Subjects were instructed to refrain
from caffeine and stressful exercise for 12 h and 24 h, respectively, prior to each
exercise session.
The sessions on day three and four started with three HCVR tests. Following
these tests, quadriceps function [including muscle compound action potentials
(M-waves)] and TMS-evoked EMG responses of quadriceps were assessed. This
initial phase was named pre-exercise test (Fig. 2.1 A). After these procedures, either
fentanyl or saline was injected. As previously shown, intrathecal fentanyl has no
effect on the maximal force generating capacity of the quadriceps (Amann, et al.
9
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2010; 2009; Grant, et al. 1996; Standl, et al. 2001). About 10-20 min after the
injection, subjects underwent three additional HCVR tests. Venous blood was
sampled immediately prior to the beginning of the right-quadriceps fatigue protocol
(Fig. 2.1 B). Magnetic femoral nerve and M1 stimulations were used to evoke
quadriceps twitch forces, M-waves, MEPs, and CSPs at the beginning as well as
at the end of the fatigue protocol. Upon completion, subjects remained seated
and rested for 7 min. Then, the same procedures described for pre-exercise test were
repeated. This phase was named post-exercise test (Fig. 2.1 C). During the entire
session, subjects remained in a reclined position (hip angle 135°) on a
dynamometer chair with their right leg fixed (90° knee joint angle) and their
hands resting on their belly.

CO2 sensitivity
HCVRs were performed at the beginning of each visit to the laboratory. To
determine whether fentanyl migrated within the cerebrospinal fluid (CSF) to
reach the medulla (which would cause a reduction in CO2 sensitivity), CO2
sensitivity tests were repeated 10-20 min after the injection of either placebo or
fentanyl (day three and four). For these measurements, participants sat
comfortably in a chair while breathing room air through a mouthpiece with a
nose clip in place. Using a calibrated metabolic cart (OxyconGamma, Jaeger,
Hoechberg, Germany), ventilatory variables [minute ventilation (VE), tidal
volume (VT), respiratory frequency (fR)] and end-tidal partial pressure of CO2
(PETCO2) were measured for each breath. Upon reaching a steady state of
eupneic air breathing (< 3 min), breath-by-breath data were recorded for 1 min.
Following this initial phase, a valve close to the mouthpiece was turned to switch
the subjects into a re-breathing circuit (Bell spirometer). The re-breathing circuit
was initially filled with a gas mixture consisting of 3% CO2, 27% N2 and 70% O2
and the gas volume in the circuit was individually set at 0.5 l above the subject’s
vital capacity (6.4 ± 1.0 l). Subjects re-breathed the gas mixture until PETCO2
reached 55 mmHg. The measurements were repeated three times separated by at
least 5 min of exposure to room-air to allow ventilatory variables to return to
baseline levels. The slope of HCVR (∆VE/∆PETCO2) was determined for each
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trial by applying a best-fit regression line across the range of response of VE vs.
PETCO2 throughout the re-breathing period (Amann, et al. 2010).

Fig. 2.1: Experimental design. The experiments, identical on day three and four, began
with three hypercapnic ventilatory response (HCVR) tests. Then, neuromuscular
function (panel A, pre-exercise test) and, 5 min later, magnetic stimulation-evoked
electromyography responses were measured. This latter part consisted of a 60 s period,
during which the right quadriceps was contracted at 3% maximal voluntary contraction
[(MVC); light grey bar], and during which either the femoral nerve or the motor cortex
were alternately stimulated to evoke M-waves and motor evoked potentials/cortical
silent periods, respectively (black and white triangles, femoral nerve stimulations
followed 1.5 s after motor cortex stimulations, 6 s break between each motor cortex
stimulation). Then, either placebo or fentanyl was injected and three additional HCVR
tests were conducted. Immediately before the fatigue protocol (panel B) was started, about
40 min after the injection, a venous blood sample was obtained. Panel B depicts the first
set (set 1) and the last set of the fatigue protocol (in total 4.9 ± 1.2 sets). Each set
comprised eight intermittent submaximal right-quadriceps contractions (62.7 ± 7.4%
MVC; dark grey bars; 5-s duty cycle) and one MVC (black bars). The fatigue protocol
was concluded by a 60-s MVC, which was followed by another 3% MVC pre-activation
phase, during which the femoral nerve and the motor cortex were alternately stimulated
(black and white triangles). 7 min after the fatigue protocol, neuromuscular function was
assessed again (panel C, post-exercise test).
11
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Electromyography
As previously described (Amann and Dempsey 2008), EMG was recorded from
the right vastus medialis muscle using monitoring electrodes (2 cm x 3.5 cm
recording surface area) with full-surface solid adhesive hydrogel (Kendall H59P,
Mansfield, MA, USA) and a commercially available data acquisition system
(MP100WSW, Biopac Systems, Santa Barbara, USA). In bipolar configuration,
electrodes were placed over the muscle belly of the vastus medialis muscle. After
placement of the active electrode over the motor point of the muscle, the
recording electrode was moved along the muscle until a good configuration, as
confirmed by “maximal” M-wave shape, was achieved. The reference electrode
was placed over the tuberositas tibiae, an electrically neutral site. The position of
the EMG electrodes was marked with indelible ink to ensure same electrode
placement at subsequent visits. However, proper electrode configuration was
rechecked at the beginning of each session. Electrode cables were fastened to the
subject’s quadriceps using adhesive tape to minimize movement artefacts. The
electrodes placed on the vastus medialis muscle were used to record magnetically
evoked M-waves, MEPs, and CSPs to evaluate changes in muscle membrane
excitability, M1 excitability, and intracortical inhibition, respectively. M-waves,
MEPs, and CSPs were analyzed for peak amplitude and duration, respectively.
The duration of the CSP was automatically determined as the time between
stimulus onset (0 ms) and the resumption of spontaneous EMG activity. The
onset of spontaneous EMG activity was defined as the point at which the EMG
signal following a MEP first surpasses the upper Bollinger Band (moving average
over a window length of 50 ms + 4 SD from this average) (Cahen 2001). The
initial 5 ms after stimulus onset were set to zero to remove the stimulus artefacts.
EMG signal was amplified by 1000 and high pass filtered with a cut off frequency
of 1 Hz and sampled at 1 kHz by a 16 bit A/D converter (EMG100C, Biopac
Systems, Santa Barbara, USA).

12
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Magnetic femoral nerve stimulation: Quantification of quadriceps
function
For a detailed description we refer the reader to Amann and Dempsey (2008),
and Amann, et al. (2006; 2007). Briefly, subjects lay semi-recumbent (hip angle
135°) in a chair with the right thigh resting at a knee joint angle set at 90º of
flexion and the hands resting on the belly. A magnetic stimulator (Magstim 200,
The Magstim Company, Wales, UK) connected to a double 70 mm coil was used
to stimulate the femoral nerve. The evoked quadriceps twitch force was obtained
from a force transducer (strain gauge LC4102-K060, A&D CO, Tokyo, Japan)
connected to a non-compliant strap (in line of force application), which was
placed around the subject’s right leg just superior to the ankle malleoli. The
signals from the force transducer ranges from 0 V (0 N) to 5 V (1820 N), and is
digitized at a rate of 1 kHz. No amplification and filtering were applied to the
force signal. To determine whether nerve stimulation was supramaximal, three
single unpotentiated quadriceps twitches were obtained at 50, 60, 70, 80, 85, 90,
95, and 100% of maximal stimulator power output. The time between twitches
was 30 s. We saw a 2.4% increase in twitch force (p = 0.05) from 90 to 95% of
the stimulator output and an 0.4% increase (p = 0.29) from 95 to 100%.
Therefore, it is likely that we were within 1% of a truly supramaximal stimulus.
Although we cannot absolutely exclude the possibility of sub-supramaximal
stimulation, we doubt whether this would have influenced our results, particularly
because submaximal stimulation tends, if anything, to underestimate the
magnitude of fatigue (Davies and White 1982). The potentiated quadriceps twitch
force (Qtw,pot) is more sensitive for detecting fatigue than the non-potentiated
twitch (Kufel, et al. 2002). Accordingly, we measured quadriceps twitch force 5 s
after a 5-s MVC of the quadriceps and repeated this procedure six times such that
six Qtw,pot were obtained (Kufel, et al. 2002). Like others (Kufel, et al. 2002), we
found that the degree of potentiation was slightly smaller after the first and, to a
lesser extent, after the second MVC. Therefore, we discarded the first two
measurements. The assessment procedure was performed before and 7 min after
the right-quadriceps exercise, i.e. fatigue protocol (Fig. 2.1 A & C). Furthermore,
Qtw,pot was also measured following the MVC at the end of each set performed
during the fatigue protocol (Fig. 2.1 B). For all Qtw,pot, peak force, maximal rate
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of force development (MRFD) and maximal rate of relaxation (MRR) were
analyzed.

Transcranial magnetic motor cortex stimulation
The best coil position on the vertex was determined before the experiments in
each session. During this procedure, a magnetic stimulator was set at 45%
maximal output and the figure-8 cone-shaped coil (Magstim 130 mm Double
Cone Coil, The Magstim Company, Wales, UK) was moved over the vertex until
the position evoking the largest MEP in the right vastus medialis muscle was
found. The junction of the figure-8 coil was aligned tangentially with the sagittal
plane, with the center of the coil < 2 cm to the left of the vertex. Then, the
position was marked on a tight-fitting swimming cap.
It has been shown that resting motor threshold is typically higher for lower
extremity muscles than for distal hand muscles and that MEP amplitudes are
highly inconsistent with muscles at rest (Kalmar and Cafarelli 2006). Therefore,
subjects performed a sustained 3% MVC of the right quadriceps (pre-activation
of the vastus medialis muscle) during both locating the best coil position and
during various subsequent TMS procedures. On each day, active motor threshold
(52.1 ± 2.7% of maximal stimulator output) was determined by increasing
stimulator output until at least 50% of the evoked MEPs exceeded 50 µV in
amplitude. Maximal stimulator output during the experiments was set at 120%
active motor threshold.
During the 60-s pre-activation periods (consisting of a 3% MVC) in the preexercise test and the fatigue protocol (Fig. 2.1 A & B), 10 stimulations of both
the femoral nerve and M1 were alternately applied. For further data analyses, only
MEPs which were within ± 2 SD from mean were considered.

Intrathecal fentanyl
A 20 gauge venous catheter was inserted into a vein at the back of the hand and a
bolus of about 500 ml of normal saline was infused to correct any potential drop
14
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in blood pressure (Shannon and Ramanathan 1998). In flexed sitting position, the
subject’s skin and subcutaneous tissue were anesthetized at the L3-L4
intervertebral space using 2-4 ml of 1% (10 mg/ml) lidocaine. On the fentanyl
day, a 25 gauge, 90 mm needle (REGANESTH® Spinal needle pencil-point,
TRANSMED Medizintechnik GmbH, Bad Wuennenberg, Germany) was
advanced into the intrathecal space. After aspiration of a small amount of CSF,
1 ml containing 25 μg of fentanyl (0.025 mg/ml) was slowly injected intrathecally.
To minimize the potential risk of a cephalad spread within the CSF, subjects
remained in an upright sitting position during the remainder of the experiment.
On the placebo day, the intravenous saline infusion, anesthesia of skin and
subcutaneous tissue were the same as on the fentanyl day. However, the spinal
needle was not advanced into the intrathecal space. Instead, 1 ml of normal saline
was injected into the ligaments between the processus spinosi of the vertebrae at
L3-L4 vertebral interspace level. Time between the applications and the start of
the exercise was about 40 min.
During the injection and the remaining procedures of the study, subjects were
monitored with electrocardiogram, non-invasive blood pressure, and pulse
oxymetry (Vital signs monitor, SpaceLabs Medical, SE Issaquah, WA, USA).
To determine a potential diffusion of fentanyl into the systemic circulation, a
venous blood sample from the hand catheter was collected between 30-40 min
following both the fentanyl and the placebo injection. Liquid chromatography
mass spectrometry was used to quantify plasma fentanyl concentrations. The
detection threshold was 0.1 µg/l. Sensory testing of painful stimuli (pinprick) and
touch (cotton wool) on the torso and the lower extremities was performed
immediately prior to exercise to determine the effective level of anaesthesia.

Quadriceps fatigue protocol
With the purpose to induce a substantial degree of peripheral muscle fatigue,
multiple sets of intermittent submaximal isometric contractions of the right
quadriceps were performed. Each set comprised an initial 30-s phase (besides the
first set) during which the quadriceps was completely relaxed, immediately
15
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followed by eight submaximal isometric quadriceps contractions and one MVC,
each separated by 5 s (Fig. 2.1 B). The intensity of the submaximal quadriceps
contractions, i.e. target force (62.7 ± 7.4% MVC, equals 45.8 ± 4.8 kg), was
individually determined during visit two to ensure that each subject was able to
perform at least three complete sets. Submaximal and maximal quadriceps
contractions lasted 5 s and were separated by a break of 5 s. On day two, the
subjects were asked to perform as many sets as possible and the protocol was
terminated when subjects failed to achieve ≥ 70% MVC or to reach the predetermined target force during two consecutive submaximal contractions. As
individually determined on day two, the identical exercise [i.e. the absolute force
output required for the submaximal quadriceps contractions (45.8 ± 4.8 kg) and
the number of muscle contractions (4.9 ± 1.2 sets)], was repeated on day three
and four. About 10 s after the last set, or partial set, was completed, subjects
performed a 1-min MVC immediately (3-5 s) followed by a 1-min quadriceps
contraction at 3% MVC. To ensure proper force output during the submaximal
contractions, visual feedback (computer monitor) was given during the entire
exercise session.

Reliability measures
On a separate day, five of the subjects performed the pre-exercise test (Fig. 2.1
A) twice, without any physical activity in between. Following the first run, the
subjects left the dynamometer chair and conveniently rested in another chair for
15 min after which they returned to the dynamometer chair and the pre-exercise
test was repeated. Pearson product-moment correlation coefficients were
calculated to compare outcome values obtained before vs. after the 15-min break.
Various correlations were significant and indicated acceptable degrees of
reproducibility: MVC, r = 0.93; Qtw,pot, r = 0.95; M-wave peak, r = 0.93; MEP
peak, r = 0.98; CSP, r = 0.72.
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Statistical analyses
Statistical analysis of the dependent variables CSP and MEP was performed by a
two-way repeated measures analysis of variance (ANOVA) with the factors
fatigue (2 levels: pre- and post-exercise) and injection (2 levels: fentanyl and
placebo). Additionally, for all relevant variables students paired t-tests were
applied for comparison between groups or conditions. Calculations were done
using SPSS 15.0. Data are expressed as means ± standard error of the mean
(SEM). Statistical significance was set at p < 0.05 a priori.

2.3 Results
Effects of intrathecal fentanyl on CO2 sensitivity, hypoalgesia and
hypoesthesia, and venous fentanyl concentration
Table 2.1 illustrates group mean values of the HCVR. HCVR slopes were similar
between fentanyl and placebo day in all subjects (p > 0.7). Sensory testing just
prior to the start of the exercise revealed cutaneous hypoalgesia to pinprick in
one subject (below level T10). All the other subjects reported hypoesthesia to
touch (below level T4-T6) but no hypoalgesia. None of the subjects reported
altered sensations at higher levels. No detectable level (< 0.1 µg/l) of fentanyl
was found in systemic venous blood samples of any of the participants.

Effects of intrathecal fentanyl on neuromuscular transmission and
TMS-evoked EMG responses during low muscle activation
No systematic effects of placebo and intrathecal fentanyl on neuromuscular
transmission (M-waves) and TMS-evoked EMG responses (MEPs and CSPs)
were detected (all p ≥ 0.3).
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Tab. 2.1: Ventilatory response during the HCVR test.
Placebo

Fentanyl

eupneic

end of

eupneic

end of

breathing

re-breathing

breathing

re-breathing

VT [l]

0.82 ± 0.05

2.14 ± 0.22

0.85 ± 0.10

2.24 ± 0.21

fR [min-1]

16.0 ± 0.5

18.8 ± 0.7

15.7 ± 0.9

19.2 ± 1.1

PETCO2 [mmHg]

34.2 ± 0.9

54.4 ± 0.5

31.5 ± 1.3

54.3 ± 0.4

HCVR

1.2 ± 0.2

1.2 ± 0.2

[l • min-1 • mmHg-1]

VT, tidal volume; fR, respiratory frequency; PETCO2, end-tidal partial pressure of CO2;
HCVR, hypercapnic ventilatory response. Values are means ± SEM.

Effects of isometric unilateral knee-extensor exercise on
peripheral fatigue and M-waves
Femoral nerve stimulation. Our main indicator for exercise-induced peripheral
quadriceps fatigue is ∆Qtw,pot and changes in associated within-twitch variables
from the pre- to the post-exercise phase (Fig. 2.1 A & C). Following the fatigue
protocol on both days, quadriceps function was, compared to pre-exercise
baseline, reduced 7 min after the exercise was terminated (all p < 0.01; Tab. 2.2).
The exercise-induced changes in right-quadriceps muscle function occurred in all
subjects and were similar between the placebo and the fentanyl trial. An
additional indicator of peripheral quadriceps fatigue is the exercise-induced
reduction in Qtw,pot as obtained during the fatigue protocol. Qtw,pot progressively
decreased from the beginning to the end of the fatigue protocol in both the
placebo trial and the fentanyl trial (both p < 0.05). The exercise-induced
reduction in Qtw,pot during the fatigue protocol was similar in both trials (-32.1 ±
9.9% and -30.9 ± 7.5% for placebo and fentanyl, respectively, p = 0.9).
M-waves. M-wave amplitudes did not change during the fatigue protocol and
remained consistent from the beginning to the end in both conditions (p > 0.4).
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Tab. 2.2: Effects of the intermittent isometric knee-extensor exercise on
peripheral quadriceps fatigue.
Placebo

Fentanyl

P
vs. Fentanyl

Percent change from pre- to 7 min post-exercise
Qtw,pot

-34.6 ± 5.8 %

-38.9 ± 5.8 %

0.38

MRFD

-36.9 ± 6.8 %

-34.1 ± 4.4 %

0.69

MRR

-38.8 ± 8.1 %

-31.2 ± 9.0 %

0.13

MVC

-10.7 ± 1.7 %

-11.0 ± 1.7 %

0.89

Qtw,pot, potentiated quadriceps twitch force; MRFD, maximal rate of force development;
MRR, maximal rate of relaxation; MVC, maximal voluntary contraction. Values are
means ± SEM. Pre-exercise, resting mean values for Qtw,pot, MRFD, MRR, and MVC
were 162.0 ± 25.0 N, 4.3 ± 0.7 N/ms, -1.7 ± 0.3 N/ms, and 708.1 ± 48.9 N,
respectively, for placebo, and 173.0 ± 23.3 N, 4.3 ± 0.6 N/ms, -1.8 ± 0.3 N/ms, and
702.6 ± 41.4 N, respectively, for fentanyl. Pre-exercise values in both trials were not
significantly different.

Effects of intrathecal fentanyl on TMS-evoked EMG responses
Transcranial magnetic motor cortex stimulation. At the beginning of the fatigue
protocol, MEPs (normalized to maximal M-wave) and CSPs were not different
on the placebo and fentanyl day (0.15 ± 0.04 and 169.8 ± 6.5 ms vs. 0.13 ± 0.04
and 178.1 ± 6.0 ms, respectively; both p > 0.3). At the end of the fatigue
protocol on the placebo day, MEPs were about 15% reduced from pre-exercise
baseline, but this reduction was not significant according to t-tests (p = 0.5) (Fig.
2.2). On the fentanyl day, MEPs were about 39% increased compared to preexercise baseline, but this increase was not significant according to t-tests (p =
0.9). ANOVA revealed no main effect of fatigue on MEPs (F = 0.04, p = 0.8) or
interaction fatigue x injection (F = 0.07, p = 0.8) (Fig. 2.2). On the other hand,
fatigue significantly influenced CSPs (main effect fatigue: F = 11.9, p < 0.05).
This influence acted differentially for the two injection conditions [interaction
fatigue x injection: (F = 6.5, p < 0.05)]. At the end of the fatigue protocol on the
placebo day, group mean CSP was longer compared to pre-exercise
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(203.3 ± 9.7 ms vs. 169.8 ± 6.5 ms, respectively, p < 0.01; Fig. 2.2). At the end of
the fatigue protocol on the fentanyl day, group mean CSP was not significantly
different from pre-exercise values (192.0 ± 7.2 ms vs. 178.1 ± 6.0 ms,
respectively, Fig. 2.2). Figure 2.3 illustrates the effects of prior exercise and
peripheral fatigue on TMS-evoked EMG responses of one subject measured at
the end of the fatigue protocol.

Fig. 2.2: Mean fatigue-induced changes from pre-exercise baseline to immediately postexercise under placebo and fentanyl conditions in motor evoked potential (MEP),
normalized to maximal M-wave (panel A), and in cortical silent period (CSP), (panel B).
*
p < 0.05 from pre-exercise.
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Fig. 2.3: Five transcranial magnetic stimulation-evoked electromyography responses (laid
on top of each other) from a single subject are used to illustrate the effects of fatiguing
quadriceps exercise on motor evoked potentials (MEP) and cortical silent periods (CSP)
from before (panel A) to immediately after exercise performed either under placebo
(panel B) or fentanyl (panel C) condition. The responses were elicited during a preactivation phase of the quadriceps consisting of a light voluntary contraction (3%
maximal voluntary contraction).
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2.4 Discussion
The present study investigated the effects of spinal μ-opioid receptor-sensitive
lower limb muscle afferents on the excitability of the central motor pathway and
on cortical inhibition in healthy humans. In order to “naturally” increase the
discharge frequency and thus the central projection of these fatigue-sensitive
small-diameter muscle afferents, peripheral quadriceps fatigue was induced via
isometric, intermittent unilateral knee-extensor exercise. To achieve a temporary
afferent blockade during and after exercise, intrathecal fentanyl, a selective μopioid receptor agonist, was used. The impact of these afferents on the central
motor pathway and cortical inhibition was evaluated during a light voluntary
contraction performed during the first few seconds immediately after the
fatiguing muscle contractions were stopped. Although post-exercise MEPs were
not different from pre-exercise baseline in both experimental conditions, we saw
a tendency towards a reduction under control conditions and a tendency towards
an augmentation when spinal opioid receptor-sensitive afferent feedback was
blocked. In contrast, whereas CSP duration substantially lengthened from pre- to
immediately post-exercise in the placebo trial, no significant increase in CSP was
observed when the spinal μ-opioid receptor-sensitive afferent feedback was
blocked during the identical exercise causing the same degree of peripheral
quadriceps fatigue. Taken together, these findings suggest that – in the face of
significant

peripheral

fatigue

during

very

light

post-exercise

muscle

activity – spinal μ-opioid receptor-sensitive muscle afferents have little to no net
effect on the excitability of the motor pathway from M1 to the fatigued muscle,
but facilitate intracortical inhibition, which has been considered as one of several
contributors to central fatigue.

Attenuating the central projection of group III/IV muscle
afferents via intrathecal fentanyl
The discharge frequency of group III/IV muscle afferents is increased during
and shortly after fatiguing muscular contractions (Darques, et al. 1998; Darques
and Jammes 1997). We used lumbar intrathecal fentanyl to block the central
projection of spinal μ-opioid receptor-sensitive lower limb muscle afferents
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during and immediately after fatiguing quadriceps exercise. This sensory feedback
is mediated via spinal muscle afferents, most of which synapse on cells in the
lumbar dorsal horn of the spinal cord (Kalia, et al. 1981; Mense and Craig 1988).
Stimulation of spinal μ-opioid-receptors, as found in the superficial dorsal horn
(Besse, et al. 1991; 1990), inhibits the transmission of group III and IV afferents
to the spinal cord (Kalliomaki, et al. 1998; Meintjes, et al. 1995; Yaksh 1981;
Yaksh and Noueihed 1985; Yaksh and Rudy 1977) without affecting efferent
nerve activity and the force generating capacity of skeletal muscle (Amann, et al.
2010; 2009; Grant, et al. 1996; Standl, et al. 2001). This is supported by animal
and human studies showing that intrathecal opioid-receptor agonists reduce the
group III/IV dependent exercise pressor reflex (McCloskey and Mitchell 1972) in
anesthetized cats (Hill and Kaufman 1990; Meintjes, et al. 1995), exercising dogs
(Pomeroy, et al. 1986) and exercising humans (Amann, et al. 2010).

Did lumbar intrathecal fentanyl migrate to directly affect brain
opioid receptors?
Controversy exists regarding the extent of the rostral movement of fentanyl
within the CSF following the lumbar intrathecal injection (Gourlay, et al. 1989;
Hill and Kaufman 1990; Swenson, et al. 2001; Ummenhofer, et al. 2000) and the
diffusion of the drug from the subarachnoid application site into systemic blood
(Ummenhofer, et al. 2000). A cephalad movement of fentanyl within the CSF to
or beyond the brainstem, or passage of fentanyl to the systemic circulation and
then across the blood-brain barrier (Scott, et al. 1991) could have annihilated the
significance of our findings since a direct effect of the drug on the brain has been
shown to affect intracortical circuits (Vogt, et al. 1995). Also, a direct effect of
fentanyl on medullary opioid-receptors reduces the rate and depth of resting
respiration and attenuates the ventilatory response by blunting the CO2
dependent respiratory drive (i.e., CO2 sensitivity) (Lalley 2008). To minimize a
potential cephalad migration of lumbar intrathecal fentanyl, the drug was
administered in a sitting position and the subjects were kept upright during the
entire protocol.

23

Muscle Afferents Contribute to Intracortical Inhibition

In order to be sure about a strictly segmental effect of fentanyl, we conducted
several tests, and, based on the outcome, confidently excluded a migration of
fentanyl to or beyond the medulla. First, the similar ventilatory responses to a
wide range of CO2 in all of our subjects confirm that neither resting eupneic
ventilation and arterial PCO2 nor ventilatory sensitivity to CO2 were affected by
intrathecal fentanyl, suggesting that the drug remained below medullary neuronal
sites concerned with the chemical control of breathing. Second, immediately
prior to the beginning of the experiments, cutaneous hypoalgesia to pinprick
occurred in only one subject and below T10. All the other subjects reported
hypoesthesia to touch below level T4-T6. And third, no detectable level of
fentanyl was observed in systemic venous blood, sampled 40 min following the
injection. Taken together, these findings provide evidence suggesting that
fentanyl remained at the spinal level and thus had no direct effect on cerebral
opioid receptors.

Effect of spinal opioid receptor-sensitive muscle afferent
feedback on TMS-evoked EMG responses
During fatiguing muscle contractions, MEPs and CSPs progressively increase
(McKay, et al. 1995; McNeil, et al. 2009; Sacco, et al. 1997; Taylor, et al. 2000a;
1996). Immediately following fatiguing exercise, MEPs are reduced (Brasil-Neto,
et al. 1993; Liepert, et al. 1996; Maruyama, et al. 2006; McKay, et al. 1995; Samii,
et al. 1996; Zanette, et al. 1995) and CSP lengthened (McKay, et al. 1996).
Reductions in MEP amplitudes have been attributed to changes in the postsynaptic properties of cortical neurons, neurotransmitter depletion (Brasil-Neto,
et al. 1994; 1993) or altered synaptic inhibition or facilitation (Lentz and Nielsen
2002; Taylor and Gandevia 2001), all of which might account for a depressed M1
excitability. In our study, MEP amplitudes were not significantly altered following
exercise which, especially in the case of our control trial, contradicts numerous
previous reports (Brasil-Neto, et al. 1993; Liepert, et al. 1996; Maruyama, et al.
2006; McKay, et al. 1995; Samii, et al. 1996; Zanette, et al. 1995). Although we
found a small pre- to post-exercise reduction in MEP amplitude following placebo
exercise and an increase following fentanyl exercise, the changes were statistically
not significant (Fig. 2.2). The lack of a significant reduction on the placebo day
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may be explained by the fact that we elicited MEPs during a light voluntary
quadriceps activation whereas some of the previous investigations reporting
reduced post-exercise amplitudes measured MEPs with the muscle at rest
(Liepert, et al. 1996; Maruyama, et al. 2006; Samii, et al. 1996). Sacco, et al. (2000)
found the post-exercise MEP depression to be reversed – compared to with the
muscle at rest – when the subjects performed a weak voluntary contraction
during the MEP assessment phase occurring before and after the exercise. They
attributed this compensatory effect to increases in the excitability of spinal
motoneurons during voluntary muscle activation and suggested that this
increased excitability is sufficient to overcome the post-exercise MEP depression
as observed with the muscle at rest. The trend towards an increased post-exercise
MEP amplitude on the fentanyl day (compared to placebo) could hint at an
involvement of muscle afferents in the post-exercise MEP depression as – again,
by trend – observed during the placebo day and in numerous other studies
(Brasil-Neto, et al. 1993; Liepert, et al. 1996; Maruyama, et al. 2006; McKay, et al.
1995; Samii, et al. 1996; Zanette, et al. 1995).
Although only little is known about specific mechanisms modulating the CSP, its
duration has been described to rely on inhibitory mechanisms. The later part of
the CSP (after ~50-100 ms) is attributed to intracortical inhibition presumably
involving GABAB receptors (Chen, et al. 1999; Inghilleri, et al. 1993; Siebner, et
al. 1998). A lengthening of the CSP has been assumed to arise from an increase in
cortical inhibition (McNeil, et al. 2009). Similar to others (McKay, et al. 1996),
our study revealed a significantly prolonged CSP immediately after fatiguing
exercise in the placebo condition. This prolongation appears to be influenced by
opioid receptor sensitive muscle afferents, as revealed by the interaction between
fatigue and type of injection: Following the identical exercise – inducing the same
level of peripheral quadriceps fatigue – but performed with blocked spinal opioid
receptor-sensitive afferent feedback from the lower limb, the duration of the CSP
remained unchanged from pre-exercise baseline. This suggests that these muscle
afferents play a role in the development of intracortical inhibition during kneeextensor exercise, which in turn might contribute to the inhibition of sites driving
M1 without affecting its excitability (Gandevia, et al. 1996; Taylor, et al. 1996;
2000b).
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In arm flexor muscles, fatigue-induced changes in MEP and CSP have been
suggested to be independent of the increased firing in metabosensitive muscle
afferents (Gandevia, et al. 1996; Taylor, et al. 2000b). This was inferred from the
observation that MEP and CSP in elbow flexor muscle return to control values
following exercise despite maintained increased firing of metabosensitive muscle
afferents – as achieved during post-exercise rest via cuff inflation trapping
intramuscular metaboreceptor stimuli. However, substantial differences regarding
metabosensitive group III/IV effects on flexor and extensor muscles have been
found in humans (Martin, et al. 2006) and animals (Kniffki, et al. 1979;
Schomburg, et al. 1999). In contrast to human elbow flexors, fatigue-induced
inhibition of extensor motoneurons does not recover for as long as the muscle is
kept ischemic (cuff inflation) following exercise, i.e. for as long as increased firing
of group III/IV afferents is maintained post-exercise (Martin, et al. 2006).
Combined, these findings suggest that, at least in the upper limb, fatigue-sensitive
muscle afferents might have no effect on post-exercise corticospinal tract/TMSevoked EMG responses in flexor muscles, but might influence those variables in
extensor muscles. Our observation of an unaltered CSP duration immediately
following knee-extensor exercise with attenuated sensory feedback indirectly
supports the effects of muscle afferents on upper limb extensors and extends
these findings to lower limb extensor muscle.
Other studies have aimed to investigate the effects of group III/IV muscle
afferents on the central motor pathway by inducing muscle pain mediated by
these sensory neurons. For example, Le Pera, et al. (2001) found that nociceptive
afferent feedback triggered via hypertonic saline infusion into the relaxed
abductor digiti minimi muscle reduces the MEP amplitude in the same muscle by
~40%. Furthermore, the central effects of nociceptive group III/IV muscle
afferents, as triggered by intramuscular hypertonic saline infusion, reduce triceps
brachii muscle (upper arm extensor) MEPs by ~15% during a light voluntary
contraction (20% MVC) (Martin, et al. 2008). Nevertheless, experimental pain in
this study was induced in the biceps brachii muscle (upper arm flexor), whereas
the subsequent impact on MEP amplitudes was obtained in the triceps brachii
muscle (arm extensor). Combined, these studies indicate an inhibitory influence
of group III/IV muscle afferents on the human motor pathway but they clearly
contrast previous conclusions based on post-exercise ischemia experiments on
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upper limb flexor muscle (see above) (Gandevia, et al. 1996; Taylor, et al. 2000b).
In this context, it should be considered that “non-natural” nociceptive stimuli, as
evoked by intramuscular hypertonic saline, presumably activate different
molecular receptors on group III/IV muscle afferents as compared to those
activated by voluntary muscle contractions and associated intramuscular
metabolic changes (Light, et al. 2008). This could lead to different group III/IV
muscle afferents-mediated central effects and thus, at least in part, account for
the different conclusions from experimental pain studies vs. post-exercise
ischemia experiments. However, post-exercise muscle ischemia is also associated
with pain and this condition (pain and metabolic perturbations) might stimulate
yet another combination of receptors which perhaps leads to specific group
III/IV-mediated central effect.

Limitations
The number of participants in the current study is low. Given the highly invasive
nature of our procedures and the associated potential risks, our approach is
justified by the fact that the best power-to-health risk ratio is achieved with a low
subject number. This is explained by the fact that the health risk adds up linearly
with each subject whereas power increases with the square root of the subject
number (Cohen 1969). However, this approach bears a higher risk of missing
significant effects and leads us to more closely scrutinizing effects, which do not
reach significance. Consequently, with respect to the discussion of null effects,
we need to emphasize that they may indicate missing power rather than a missing
effect.
Technical difficulties kept us from determining % voluntary muscle activation,
MEPs and CSPs during the fatigue protocol. Therefore, we cannot comment on
the effects of attenuated spinal μ-opioid receptor-sensitive afferent feedback on
the progression of these variables during the development of peripheral muscle
fatigue. Furthermore, due to issues concerned with subject safety and comfort,
we deliberately refrained from obtaining cervicomedullary motor evoked
potentials, which might have provided additional information about the effects of
muscle afferents on the central motor pathway.
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Our conclusions are drawn from data obtained immediately after the fatiguing
exercise was terminated. This limits the generalizibility of our findings and we
cannot be certain that our observed effects of muscle afferents on motor
pathway excitability and intracortical inhibition are the same during exercise.
Furthermore, we do not know whether the effects of muscle afferents are similar
with a different exercise modality, e.g. dynamic exercise.

Conclusion
The current results suggest that spinal μ-opioid receptor-sensitive muscle
afferents from a lower limb extensor have little or no net effect on the excitability
of the motor pathway from M1 to the fatigued muscle. However, since the CSP
is thought to reflect intracortical inhibition, which potentially contributes to
central fatigue, our findings of a prolonged CSP in the placebo trial and an
unchanged CSP in the fentanyl trial indicate that μ-opioid receptor-sensitive
muscle afferents might facilitate intracortical inhibition and thus influence central
fatigue.
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Chapter 3
Limitation of Physical Performance in a Muscle
Fatiguing Handgrip Exercise Is Mediated by
Thalamo-Insular Activity
Published in Human Brain Mapping 2010, preprint, DOI: 10.1002/hbm.21177.

3.1 Introduction
As one factor exerting influence on central fatigue, activity of small-diameter
(groups III and IV) muscle afferents has been considered (Gandevia 2001; Nybo
and Secher 2004). Responding to a range of noxious, mechanical and chemical
changes, these afferents have been shown to increase their firing rate when
metabolites in the fatigued muscle accumulate or when muscle pain was
experimentally evoked (Kniffki, et al. 1979; Li and Sinoway 2002; Mense 1977;
Paintal 1960; Rotto and Kaufman 1988; Sinoway, et al. 1993). Activity of such
fatigue-sensitive small-diameter afferents has been supposed to affect M1 cells
(Gandevia, et al. 1996; Martin, et al. 2008; Taylor, et al. 1996; 2000b). However, it
is debatable whether afferent influence on M1 is exerted directly or via
intermediate relay stations, and exact cortical mechanisms underlying central
fatigue remain hypothetical.
Using fMRI, several studies investigated the time course of brain activity during
sustained or intermittent submaximal or maximal contractions, and revealed an
increased activity of the sensorimotor cortex contralateral to the fatiguing
muscles, corresponding to an increase in fatigue (Benwell, et al. 2007; Liu, et al.
2003; Post, et al. 2009; van Duinen, et al. 2007). In a maximal 2-min handgrip
contraction, the number of activated voxels in the sensorimotor cortex gradually
increased during the first minute of the contraction but then decreased to a level
similar to that at the initial phase (Liu, et al. 2002). An early increase in the size of
the activation cluster was thought to be due to additional neuron recruitment in
order to compensate for force loss, whereas a decrease of cluster size at later
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stages of the contraction was supposed to result from inhibitory influence of
group III and IV afferents acting possibly via brain structures such as the
cingulate and insular cortices (Liu, et al. 2002; 2003). Experimentally induced
muscle pain has indeed been proven to increase neural activity within the anterior
and mid cingulate cortex and widespread insular regions, along with other regions
typically also activated by other forms of pain (Henderson, et al. 2006; Kupers, et
al. 2004). Notably, deviations of muscle pain processing from processing of
surface pain seem to be most pronounced within primary sensory cortex and
motor regions (Henderson, et al. 2006).
The final moment of cessation during a fatiguing task (task failure) has been
supposed to be determined by the CNS to ensure that homeostasis is maintained
(Noakes, et al. 2005). This concept of a central governor (St Clair Gibson and
Noakes 2004) has gained considerable value in the past few years and faces the
originally hypothesized “catastrophe” model, which posits that a fatiguing
exercise terminates when physiological and biochemical limits of the body are
exceeded leading to a catastrophic failure of intracellular homeostasis (Edwards
1983). Centrally governed changes in pace and termination of a fatiguing exercise
have been assumed to occur as part of a regulated system (Noakes, et al. 2005)
and locomotor power output has been shown to be causally connected with
afferent feedback from exercising muscles (Amann, et al. 2009). As an alternative
hypothesis, changes in the concentration of specific brain neurotransmitters, e.g.
serotonin (Blomstrand 2001; Davis 1995), dopamine (Bailey, et al. 1993; Ziv, et
al. 1998) and acetylcholine (Conlay, et al. 1992) cause fatigue. Hereby it is not
clear whether precursors produced in the peripheral tissue and crossing the
blood-brain barrier (Blomstrand, et al. 1991; Guezennec, et al. 1998) or an
increased neural activity causes the changes in the concentration.
With increasing perception of discomfort produced by exhausting exercise, the
conscious desire to over-ride the control mechanism decreases (Noakes 2004),
thus also accounting for determination of exercise cessation (Sgherza, et al. 2002).
Neuroimaging investigations of sensations of discomfort alerting the organism to
urgent homeostatic imbalance such as air hunger (urge to breath) revealed
activations in the anterior cingulate as well as in the anterior insular cortex
(Brannan, et al. 2001; Evans, et al. 2002; Liotti, et al. 2001) and in the thalamus
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(Banzett, et al. 2000; Evans, et al. 2002). In line, the same structures were also
identified during hunger for food (Tataranni, et al. 1999), and both the anterior
cingulate cortex and the thalamus were shown to participate in sensations of
thirst (Denton, et al. 1999). Taken together, in various homeostatic processes
consistent activations were described within the anterior insular as well as within
the anterior cingulate cortex and the thalamus, with the former two structures
also being involved in integrating afferent input.
On the basis of the assumption that task failure is a process related to sensory
feedback signalling homeostatic imbalance, we hypothesized that in the context
of muscle fatigue a centrally governed system comprising sensorimotor regions,
the anterior insular cortex and the anterior cingulate cortex is involved in the
mediation of task failure by exerting influence on motor regions. This contrasts
the view of loss of neural efficiency in motor regions as cause for task failure.
Thus, an fMRI study was designed to allow for comparison of blood oxygen level
dependent (BOLD) signal during the final seconds before task failure with an
equivalently defined time window in control trials without task failure.

3.2 Methods
Subjects
Fifteen right-handed (self-report) male subjects (age: 26.4 ± 4.5 yr [mean ± SD])
with no record of neurological or psychiatric illness volunteered to participate in
the study. All subjects were familiar with endurance and/or strength training.
From each participant written informed consent was obtained. All procedures
were approved by the Ethics Committee of the canton Zurich and performed
according to the guidelines of the Helsinki Declaration.

Motor task
Subjects performed a muscle fatiguing exercise of the right finger flexors during
fMRI data acquisition of the brain. The examination protocol comprised 39
intermittent, submaximal, isometric handgrip contraction trials each lasting 13 s
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and separated by a resting period of randomized 5-6 s. Prior to the experiment,
individuals’ MVC was assessed. Force requirement for the initial contraction was
set at 70% MVC. Increased or reduced force was demanded with a probability of
80% after two succeeding trials in which subjects succeeded or failed,
respectively, to maintain the target force. The amount of increase, or reduction,
respectively, of target force, was 20%. Purpose of this adaptive, partly stochastic
protocol was to induce task failure trials (see below) in approximately 50% of the
contractions evenly distributed over all trials.
To minimize head movements throughout the scanner session, subjects’ head
was fixated with an adjustable vacuum cushion (Synmedic, Zurich, Switzerland).
For motivational reasons, the experiment was carried out as a competition
honouring the best three volunteers’ performances with a prize money of
CHF 300.-, 200.- and 100.-. The ranking based upon 1) the MVC assessed prior
to the experiment, 2) the duration of achieved target forces summed up
throughout the 39 trials, and 3) the number of succeeded trials (see below). The
participants were aware of these ranking conditions and the number of rivals.

Force measurement
The applied forces were assessed with a custom made MRI-compatible isometric
handgrip dynamometer (Sensory-Motor Systems Laboratory, ETH Zurich and
University of Zurich, Switzerland). During the fMRI experiment, subjects were
comfortably lying supine with the right upper arm positioned along the body and
an elbow flexion of 90° thus not to enable the subjects to make any contact with
the handgrip dynamometer except for the right hand they were pressing with.
The handgrip dynamometer was grasped in a squeezing grip with the thumb
opposite to the fingers. Force values were converted to a serial signal (RS232)
and logged on a PC running Presentation® control software (Neurobehavioral
Systems, Albany, NY, USA) with a sampling frequency of 60 Hz. The PC was
connected to a projector to allow for real-time visual feedback of the applied
force in relation to the required target force.
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Visual feedback
At the beginning of each trial, a rectangular dark-green target field positioned
above a red horizontal bar on a black background was projected onto a screen
located in front of the scanner inside the darkened MRI room. A mirror fixed to
the head coil directly above the subjects’ eyes provided a clear, unobstructed sight
of these projections while lying in the scanner. Subjects had to press the
dynamometer handgrip to raise the red horizontal bar into the target field, and to
hold this position as long as possible. As visual help, the colour of the bar
changed from red to lime green when the target field was reached. Furthermore,
to inform the subjects about time progression, a yellow horizontal midline in the
target field linearly prolonged from the centre and reached the rectangle’s
margins after 13 s. During the resting periods between the contractions, a white
cross was presented in the middle of the black screen to prevent eye movements.
After each set of 10 trials, columns with the height indicating the duration of
maintained target forces were presented for each performed trial. Stimuli
presentation and force response acquisition was controlled with Presentation®
11.0.

fMRI data collection
Data acquisition occurred on a Philips Achieva 3T whole-body MR unit (Philips
Medical Systems, Best, Netherlands) equipped with an 8-channel Philips SENSE
head coil. Structural images of the whole brain were acquired by using a T1weighted three-dimensional, spoiled, gradient echo pulse sequence (repetition
time = 20 ms; echo time = 2.30 ms; flip angle = 20°; field of view = 220 mm ×
220 mm; matrix size = 224 × 224; voxel size = 0.98 mm × 0.72 mm × 1.22 mm,
resliced to 0.98 mm × 0.98 mm × 1.5 mm, 180 slices). Functional data of the
whole brain comprised 315 scans per run and were obtained by using a sensitivity
encoded (SENSE, R = 2.0) single-shot echo planar imaging technique (repetition
time = 2500 ms; echo time = 35 ms; flip angle = 78°; field of view = 220 mm ×
220 mm; matrix size = 80 × 80; voxel size = 2.75 mm × 2.75 mm × 4 mm,
resliced to 1.72 mm × 1.72 mm × 4 mm; 33 transverse slices acquired in
interleaved order).
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fMRI data analysis
fMRI

data

were

pre-processed

and

analyzed

using

SPM5

(http://fil.ion.ucl.ac.uk/spm) running on MATLAB 7.7.0 (Mathworks, Natiek,
MA, USA). All images were realigned to the first volume to correct for
movement artefacts, stereotactically normalized into standard brain space [EPItemplate provided by the Montreal Neurological Institute (MNI)] and smoothed
using a 6 mm full-width-at-half-maximum (FWHM) Gaussian kernel.
To identify activated voxels, the General Linear Model approach was used. At
first-level-analysis, task failure trials and succeeded trials were modelled: Trials were
defined as failed, if the target force was achieved for ≥ 3.5 s but < 12.5 s; if the
required force was performed for ≥ 12.5 s, trials were classified as succeeded.
Trials in which the target force was sustained for < 3.5 s were discarded from
further analysis. From the shortest task failure trial performed by a subject, time
windows W of a consistent length (≥ 3.5 s) were determined such that the
endpoint of W matched the occurrence of task failure resulting in a window
length of 4.76 ± 1.0 s (mean ± SD) over the subjects (Fig. 3.1). To each task
failure trial, we randomly assigned a succeeded trial with an equivalently defined
initial- and end-point of W.

Fig. 3.1: Illustration of a task failure trial and a succeeded trial laid on top of each other from
a single subject. A time window W was defined such that the endpoint of W matched
the occurrence of task failure. To each task failure trial, a succeeded trial with an
equivalently defined initial- and end-point of W was randomly assigned.

34

Limitation of Physical Performance Mediated by Thalamo-Insular Activity

To investigate the contrast of interest, namely brain areas showing specific
activity related to task failure, single-subject estimates of the time-windowed task
failure trial conditions were compared with those obtained from the
corresponding time window of the assigned succeeded trial conditions for each
voxel and each subject (Friston, et al. 1995) resulting in a set of voxel values
yielding a statistical parametric map of the t-statistic (SPM {t}) for the
investigated contrast in each subject. Contrast images were further smoothed
using an 8 mm FWHM Gaussian kernel, leading to an overall smoothing of
(62 + 82)0.5 = 10 mm FWHM, in order to reduce remaining interindividual
variance and increase signal to noise ratio. To allow for population inferences, a
second-level-analysis over the entire group was performed by comparing voxel
activation values (beta weights) of the time-windowed task failure trial and succeeded
trial conditions using the smoothed contrast images obtained from all fifteen
subjects. Reported are clusters that survived significance thresholding at p < 0.05,
family wise corrected for multiple comparisons with a spatial extent threshold of
k = 10 voxels.

3.3 Results
Behavioural data
On average, 17.1 ± 5.0 (mean ± SD) task failure trials, and 18.3 ± 2.0 succeeded trials
were performed by the subjects. A two tailed paired t-test revealed no significant
difference in the number of task failure trials as well as succeeded trials for the first
and second half of the experiment [t(15) = -1.8 and t(15) = -0.4, respectively;
both p > 0.05]. The distribution of succeeded trials and task failure trials over the
experimental session of 39 trials performed by the fifteen participants is shown in
Figure 3.2 together with discarded trials. Group mean values of maximal forces
performed in task failure trials were significantly higher than in succeeded trials [220.9
± 29.0 N vs. 208.7 ± 33.0 N; t(15) = -4.0; p = 0.001]. Averaged maximal forces
of the last 5 succeeded trials were significantly lower than those obtained in the first
5 succeeded trials [167.7 ± 35.3 N vs. 271.6 ± 46.4 N; t(15) = 8.8; p < 0.001].
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Fig. 3.2: Distribution of succeeded trials and task failure trials over the experimental session
of overall 39 trials. Trials in which the participants did not reach the target force for at
least 3.5 s were discarded.

Imaging data
Group results of the analysis relevant to test our hypothesis: Time-windowed task
failure trial > succeeded trial. A significantly activated cluster contralaterally to the
used hand in both the mid/anterior insular cortex and the thalamus is revealed,
as shown in Figure 3.3 and Table 3.1.
For completeness, activations obtained from the contrast succeeded trial > baseline,
and task failure trial > baseline are reported in Table 3.2 (A and B, respectively).
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Fig. 3.3: Statistical maps of significant brain activity associated with task failure
superimposed onto transversal and coronal sections of the structural standard Montreal
Neurological Institute template. Max t-values for the activated clusters are indicated by
the scale bar (thresholded at p < 0.05, corrected for multiple comparisons).

Tab 3.1: Activation sites from group analysis of the task failure trial > succeeded trial
contrast.

Anatomical Description

Cluster

MNI

max

size

Coordinates

t-value

[n Voxel]

X Y Z [mm]

Thalamus

104

0

-18

14

5.99

Insular Cortex

101

-42

8

10

5.06

Cluster size, coordinates in Montreal Neurological Institute (MNI) space, and max
t-values are shown for the local maxima in each cluster (p < 0.05, corrected for multiple
comparisons, cluster extent threshold = 10 voxels).
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Tab. 3.2 A: Activation sites from group analysis of the succeeded trial > baseline
contrast. If an activated region spans several anatomically distinct areas, locations
of further local maxima are given in the following line(s).

Anatomical Description

Cerebellum

Cluster

MNI

max

size

Coordinates

t-value

[n Voxel]

X Y Z [mm]

1572

-6

-32

-16

8.64

246

-8

-30

10

8.54

249

-2

12

-12

6.08

Inferior Temporal Gyrus

146

54

-50

-20

5.70

Parietal Operculum

239

56

4

8

5.07

Parahippocampal Gyrus
Hippocampus
Parahippocampal Gyrus
Hippocampus
Subcallosal Cortex
Medial Frontal Cortex
Basal Ganglia

Cluster size, coordinates in Montreal Neurological Institute (MNI) space, and max
t-values are shown for the local maxima in each cluster (p < 0.05, corrected for multiple
comparisons, cluster extent threshold = 10 voxels).
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Tab. 3.2 B: Activation sites from group analysis of the task failure trial > baseline
contrast. If an activated region spans several anatomically distinct areas, locations
of further local maxima are given in the following line(s).

Anatomical Description

STG / Temporal Pole

Cluster

MNI

max

size

Coordinates

t-value

[n Voxel]

X Y Z [mm]

2574

-52

4

-16

7.49

249

-36

-32

-16

7.26

662

34

30

-14

6.78

Cerebellum

105

10

-90

-32

5.98

Cerebellum

66

-22

-88

-32

5.60

Temporal Fusiform Cortex

131

42

-24

-20

5.57

Temporal Pole / STG

219

48

16

-28

5.19

Frontal Orbital Cortex

145

-18

20

-26

5.05

Parahippocampal Gyrus

69

16

4

-30

5.00

Insular Cortex
Amygdala
Temporal Fusiform Cortex
Inferior Temporal Gyrus
Frontal Orbital Cortex
Insular Cortex

Inferior Temporal Gyrus

Cluster size, coordinates in Montreal Neurological Institute (MNI) space, and max
t-values are shown for the local maxima in each cluster (p < 0.05, corrected for multiple
comparisons, cluster extent threshold = 10 voxels). STG, Superior Temporal Gyrus.
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3.4 Discussion
In this study, central/supraspinal mechanisms mediating cessation of a fatiguing,
intermittent handgrip exercise were investigated by using fMRI. As expected, few
seconds before failure of a 13-s isometric, submaximal contraction performed
with the right hand, the BOLD response in the contralateral mid/anterior insular
cortex was significantly increased. Additionally, the data revealed an increased
hemodynamic signal in the contralateral thalamus.

Behavioural results and their implications
The mean number of succeeded contraction trials and failed contraction trials,
respectively, indicates that the protocol designed to induce task failure trials in
approximately 50% of contractions was appropriate. Moreover, task failure trials
were evenly distributed over the 39 performed trials, thus no sequence effect was
observed, which might have influenced fMRI data. Since group mean values of
maximal forces performed in task failure trials were significantly higher than in
succeeded trials, an alternative explanation for increased insular and thalamic activity
during task failure trials may be their involvement in force coding. To assess this
possibility an additional analysis was conducted to test for brain regions showing
a positive correlation between the BOLD signal and the magnitude of the applied
force including all trials. However, no increase in M1 activity was found for the
more forcefully performed task failure trials. Furthermore, since differences
between force levels, although significant, were much smaller than in studies
designed to investigate force coding, we assume that the protocol used here to
compare task failure with succeeded trials was not sensitive to effects of force coding.
More important to note is the fact that in the insular cortex as well as in the
thalamus the activity did not correlate with the applied force, neither in our
results nor in other studies of force coding (Dai, et al. 2001; Dettmers, et al.
1995). Therefore, increased activity in both the insular cortex and the thalamus
revealed by contrasting time-windowed task failure trials > succeeded trials cannot be
attributed to higher force requirements in task failure trials.
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fMRI results
In the present study, a prominent cluster of increased neuronal activity was
observed few seconds before cessation of a muscle fatiguing handgrip
contraction in the mid/anterior insular cortex. This finding may be related to the
long discussed notion that the insular cortex has a function in autonomic
processes. In fact, the insular cortex has been shown to be involved in the
control of cardiac function: By electrically stimulating the insular cortex, changes
in both the heart rate and the blood pressure were elicited not only in monkeys
(Kaada, et al. 1949; King, et al. 1999) but also in patients undergoing surgery for
epilepsy (Oppenheimer, et al. 1992). Similar cardiovascular effects after patients’
insular cortex stimulation were also reported by other researchers (Sander and
Klingelhofer 1995; Svigelj, et al. 1994) and next to respiratory inhibition several
sensory experiences such as pain and smell was evoked (Penfield and Faulk
1955). In an fMRI study of healthy humans, King, et al. (1999) suggested that
both the anterior and posterior insular cortex as well as the thalamus have some
role in the control and regulation of autonomic conditions since these regions
revealed higher neuronal activity during periods of significant increases in blood
pressure and/or heart rate, induced by maximal inspiration, Valsalva’s manoeuvre
or isometric handgrip contractions. Due to technical limitations throughout our
exercise of fatiguing handgrip contractions in the scanner, cardiovascular changes
could not be assessed, so that we have to take into account that they could be
related to insular and thalamic activation preceding task failure. However, in our
task setting, no marked differences in heart rate and blood pressure are expected
between task failure trials and succeeded trials, which were both performed near the
individual performance limit. In line, another study of handgrip exercise found
increased insular activity not associated with blood pressure elevation
(Williamson, et al. 2003), and it was supposed that a neural network including
insular and cingulate cortex interpret sensory input in concert or independently in
order to elicit appropriate autonomic adjustments to exercise (Jouanin, et al.
2009; Williamson, et al. 2006; 2003). In the context of processing both visceral
and cutaneous pain, the anterior insular cortex has consistently been shown to
play an important role [(Baciu, et al. 1999; Binkofski, et al. 1998; Casey 1999;
Derbyshire, et al. 1997; Iadarola, et al. 1998); for reviews see Apkarian, et al.
(2005) and Peyron, et al. (2000)]. Similar to pain, air hunger and hunger for food
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are strong sensations to alert the organism of a potential physiological threat. As
it was demonstrated in several neuroimaging experiments, the anterior insular
cortex has been thought to participate in the evaluation of such distressing
(Cannon 1935) internal stimuli (Banzett, et al. 2000; Brannan, et al. 2001; Evans,
et al. 2002; Liotti, et al. 2001; Parsons, et al. 2001; Peiffer, et al. 2001; Tataranni,
et al. 1999) and was denoted as a nonspecific “alarm center” for physiological
threat (Reiman 1997). Increased activity of insular cortex immediately before task
failure thus strengthens the view of this structure being involved in regulatory
processes in order to keep up a homeostatic balance. The current study provides
evidence for task failure, or more general motor fatigue, to rely on similar
processes. With regard to lateralization of autonomic regulatory sites, handedness
may play a role. King, et al. (1999) revealed opposite lateralization of insular
activity due to autonomic regulation in a single left-handed subject compared to
the right-handed individuals. However, lateralization in the cingulate and insular
cortex in studies of cold pressor application to the forehead, Valsalva manoeuvre
and hyperoxia has been demonstrated to appear independently of handedness
and inconsistent for the stimulus (Harper, et al. 2000; Macey, et al. 2007).
Therefore we do not attempt to interpret the fact that the current activity pattern
was left lateralized (contralateral to the used hand) as an indication in favour of
or against autonomic regulation of homeostasis playing a role in the current
study.
Considerable evidence exist for a lamina I spino-thalamic pathway processing
homeostatic regulation in humans. Neurons originating in the lamina I of the
superficial spinal dorsal horn are monosynaptically activated by small-diameter
afferents that provide information about physiological changes within various
tissues

of

the

(thermoreceptors),

body,

e.g.

acidic

evoked
pH

by

pain

(nociceptors),

(metaboreceptors),

heat/cold

hypo-osmolarity

(osmoreceptors) (Craig, et al. 2000). In primates, lamina I neurons project to
spinal autonomic and brainstem homeostatic integration sites including the
caudal and rostral ventrolateral medulla, parabrachial nucleus, periaqueductal gray
and catecholamine cell groups A1-A2, A5-A7. Furthermore, ascending in the
lateral spino-thalamic tract the lamina I neurons also project to two sides of the
contralateral thalamus: The posterior part of the ventral medial nucleus (VMpo)
and the ventral caudal part of the medial dorsal nucleus (MDvc). Such sensory
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projections in homeostasis have also been proposed to play an important role
during prolonged cycling exercise (Rauch, et al. 2005) and effects on autonomic
cardiorespiratory adjustments to muscular work have been proven (Wilson, et al.
2002). Whereas VMpo has been assumed to project topographically to the
mid/anterior insular cortex (Craig, et al. 1994), MDvc is thought to have
efferents to the anterior cingulate cortex, which has been associated with the
affective motivational component of pain (Vogt 2005). Although anatomic
knowledge would suggest VMpo thalamic activity corresponding with insular
activation, we rather estimate the location of the thalamic activation cluster found
in our study as MDvc. Activation in the MDvc observed in the present study
contralaterally to the used hand just before task failure thus supports the
proposed role of the thalamus as a visceral relay-point supervising the
maintenance of essential homeostatic balances and allowing their regulation in
accord with insular activity. Nevertheless, no significant influence on the anterior
cingulate cortex could be revealed. Interpretation of such a null finding must
remain cautious and with the current study, a separation of autonomic regulation
and pain processing is difficult. However, activations in typical “pain matrix”
regions such as anterior cingulate cortex, somatosensory cortex, or parietal
opercular cortex that account for experience of pain were absent. The networks
involved in homeostatic regulation of several functions and in pain processing
seem to partly overlap, especially regarding anterior cingulate, insular and
thalamic activity which underlines the view of pain as a homeostatic emotion
(Craig 2003b). Interestingly, overlap with these systems also exists with the
current data concerning mid/anterior insular cortex and thalamus, pointing to a
common denominator of the involved processes.
From the viewpoint of a homeostatically regulated determination of an
exhaustive exercise task in order to prevent body harm, the commonly used term
task failure (Hunter, et al. 2004; Maluf and Enoka 2005) is probably not
appropriate. Since cessation of a fatiguing exercise might not reflect a failure but
rather a biologically wise decision, we suggest an alternative denotation for future
studies considering the aspect of body protection.
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Similarly, the fact that data from this experiment indicate a brain system actively
leading to a reduction in force production, contrasts the view that reduction of
neural efficiency, e.g. due to neurotransmitter depletion, causes task cessation.
With the current study, however, it was not possible to demonstrate whether an
increase in insular and thalamic activity merely reflects homeostatic disturbances
in the muscle and/or indeed reduces neuronal output from M1. To assess an
effective connectivity between these regions, a Dynamic Causal Modelling
(DCM) approach (Friston, et al. 2003) could be applied in future studies. Since
well discernable “key regions” on the first-level-analysis is an essential
prerequisite to compute DCM, the current study design should be adjusted to
additionally comprise activity in M1, e.g. by lengthening the time period between
the contraction trials in order to provide more complete recovery and thus
detection of a re-increase of the BOLD signal in M1.
Since the fatiguing exercise was carried out as a competition with attractive prize
money to maximally motivate the subjects, the central mechanism of task failure
proposed here is not likely to be influenced from areas involved in motivational
processes, e.g. the prefrontal cortex. However, other brain areas “upstream” of
M1 still have to be considered when discussing the mechanisms of central fatigue
(Gandevia, et al. 1996).
Taken together, our data revealed significantly increased activity in both the
contralateral mid/anterior insular cortex and the thalamus during the final few
seconds before subjects had to cease a fatiguing isometric handgrip contraction
(task failure), compared with an equivalently defined time window in control
contractions not exhibiting task failure. In accordance with previous studies of
autonomic regulation and homeostatic processes, we conclude that increased
thalamo-insular activation may be of essential relevance during a force
demanding handgrip exercise by acting as a central instance mediating the
termination of a muscle fatiguing task in order to protect the integrity of the
organism.
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Chapter 4
Fatigue-Induced Increase in Intracortical Communication
between Mid/Anterior Insular and Motor Cortex
during Cycling Exercise
4.1 Introduction
Muscle afferents type III/IV sensitive to mechanical, chemical or noxious stimuli
of other origin have been assumed to inhibit M1 cells (Martin, et al. 2008) and/or
sites driving M1 (Gandevia, et al. 1996; Taylor, et al. 1996; 2000b) thus exerting
potential influence on supraspinal fatigue. Indeed, a causal relationship between
spinal µ-opioid receptor-sensitive muscle afferents and M1 inhibition was
demonstrated by a temporary afferent blockade attenuating a fatigue-related
increase in intracortical inhibition (Hilty, et al. 2011). However, a comprehensive
understanding of a brain’s fatigue-related neural network comprising assumed
relay stations communicating with M1 cells remains elusive.
In an fMRI study investigating neural activity during a maximal 2-min handgrip
contraction, brain structures such as the insular and cingulate cortex have been
reported to play an important role in integrating inhibitory influence arising from
group III and IV muscle afferents (Liu, et al. 2002; 2003). In studies of
experimentally induced muscle pain, an increase in neural activity within
widespread regions of both the insular and cingulate cortex was proven, beside
other regions found to be activated also by other forms of pain (Henderson, et al.
2006; Kupers, et al. 2004). Furthermore, the anterior insular cortex has
consistently been shown to be involved not only in pain processing, but also in
the evaluation of other homeostatic processes such as air hunger and hunger for
food (Brannan, et al. 2001; Craig 2003b; Evans, et al. 2002; Liotti, et al. 2001;
Tataranni, et al. 1999). In accordance, prominent mid/anterior insular activation
was revealed directly before task failure in an isometric muscle fatiguing handgrip
contraction potentially alerting the organism to urgent homeostatic imbalance
(Hilty, et al. 2010).
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In consideration of these findings, we assume that during fatiguing exercise the
mid/anterior insular cortex is of essential relevance not only by signalling
forthcoming physiological threat (Reiman 1997), but also by acting in
communication with M1. On the basis of surface EEG signals transformed into
3D spatial current density distributions, neurophysiological inter- and
intrahemispheric communication between time series corresponding to different
spatial locations can be assessed by computing lagged phase synchronization of
oscillatory neural activity (Pascual-Marqui 2007). We hypothesized that at the end
of an exhaustive cycling exercise signalling between mid/anterior insular and M1
is increased, and thus lagged phase synchronization is higher than at beginning.

4.2 Methods
Subjects
Seventeen male subjects (age: 25.9 ± 3.5 yr [mean ± SD], height: 184.4 ± 5.8 cm,
mass: 80.7 ± 8.0 kg, peak oxygen consumption, VO2peak: 4.7 ± 0.5 l•min-1)
participated in this study. Due to technical difficulties, data from one subject had
to be excluded, resulting in a final sample of sixteen subjects considered for data
analyses. All subjects were regularly performing a minimum of 3 h weekly
endurance training. They did not suffer from any neurological/respiratory
disorders and did not take any medication/nutritional supplements. Subjects were
instructed to refrain from stressful activities and to adhere to usual caffeine
consumption, 24 h and 12 h, respectively, prior to exercise participation. Each
subject was precisely informed about any risks and inconveniences associated
with the experiment before written informed consent was obtained. All
procedures were conducted in accordance to the standards set by the Declaration
of Helsinki.
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Procedure
In a pre-test, participants had to perform an all-out incremental exercise test on a
cycling ergometer (Ergoline 800, Ergonometriesysteme, Bitz, Germany) in order
to assess VO2peak using a calibrated metabolic cart (OxyconPro, Jaeger,
Hoechberg, Germany). This exercise test, throughout which a freely chosen
pedalling frequency of > 70 revolutions per min had to be kept constant (Kohler
and Boutellier 2005), consisted of a 4 min warm-up cycling at 100 W followed by
subsequent, iterative workload increases of 50 W every 2 min.
Separated by at least 4 days from this pre-test, an experimental exercise test had
to be performed. Subjects exercised on a racing bicycle attached to an
electromagnetic cycle trainer (Tacx cycleforce basic T1601, Wassenaar,
Netherlands) by providing the same pre-assessed pedalling frequency at a
workload of 60% VO2peak (245.6 ± 28.6 W) until volitional exhaustion. Instead of
using the electromagnetic power control of the cycle trainer, its resistance was
mechanically adjusted until appropriate constant workload was generated at the
individual’s chosen pedalling frequency. Both power output and pedalling
frequency were continuously assessed by means of an SRM Training System
(PowerMeter IV, SRM, Jülich, Germany). However, only pedalling frequency was
visualized to the subjects throughout exercise. An EEG cap was mounted on the
subjects’ scalp and two electrodes were placed on the subjects’ neck muscles
bilaterally (M. trapezius, pars descendens) in order to check for muscle artefacts.
Cables of the cap were stuck on the subjects’ back in order to minimize shifting
during exercise. After a 4 min warm-up cycling inside an air-conditioned Faraday
cage (temperature: 19.6 ± 0.3 °C, humidity: 31.2 ± 5.6%), subjects rested on the
bicycle and EEG electrodes were checked for required impedances (< 30 kΩ; see
EEG recordings). In addition, three 30-s sessions of eyes closed (EC) alternating
with three 30-s sessions of eyes open (EO) were recorded. During EO, subjects
had to fixate a cross marked on a white sheet, which was stuck on a wall in front
of them. Throughout the following constant-load exercise test, EEG analysis
periods of 1 min duration were given, during which the subjects were instructed
to keep their upper body as still as possible while keeping up cycling. These
periods were repeated every 5 min with the first period assessed 1 min after
exercise beginning. Onsets and time progression of each 1-min period were
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verbally announced in order to sensitize and remind the subjects to fixate the
cross, relax their jaw muscles and move their upper body as little as possible.
Ratings of perceived exertion (RPE) were assessed on a scale ranging from 6-20
(Borg 1975) directly after each period. Heart rate was continuously recorded with
a Polar Sports Tester (Polar Electro, Kempele, Finland). When subjects were
exhausted and gave up cycling, they were instructed to rest calmly on the bicycle.
During this resting period, the same alternating sessions of EO and EC were
carried out again. Thereafter, the resistance of the cycle trainer was released and
subjects cycled at the same cadence as before providing 50-60 W for another
15 min. During the last min of recovery cycling, a final EEG analysis period was
assessed with the same instructions mentioned above.

EEG recordings
Dense array EEG System from Geodesics [128-channel HydroCel Geodesics
Sensor Net, Net Station software 4.3.1 (Electrical Geodesics, Eugene, OR, USA)]
was used for EEG data acquisition. An appropriate elastic tension 128-Ag/AgClElectrode Sensor Net cap was individually selected from three different sizes and
impedances were improved by soaking synthetic sponges with KCl-solution for
10 min prior to the experiment. Data were sampled at 500 Hz, filtered using an
infinite impulse filter (0.3-100 Hz), digitized with a 16-bit A/D converter and
referenced to the vertex (Cz).

Data analysis
Brain Vision Analyzer 2.0 software (Brain Products, München, Germany) was
used for off-line processing of the EEG raw data. A rather narrow band pass
filter from 3.75 to 30 Hz (time constant: 0.0424, 24 db/octave) was used in order
to remove movement and muscle artefacts, which were to be expected around 11.5 Hz [pedalling frequency (movement artefacts)] and > 30 Hz (muscle
artefacts). Independent Component Analysis was subsequently calculated in
order to effectively detect, separate and remove activity in EEG records arising
from various artefactual sources such as eye blinks (Jung, et al. 1998). In each
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participant, 20 channels located marginally on the EEG cap were excluded from
further analysis since they frequently suffered from bad skin contact. From the
remaining 108 electrodes intervals of EEG signals were skipped if any of the
following criteria defined in a semi-automatic raw data inspection were not met:
Low activity, > 0.3 µV; amplitude, -200 µV to 200 µV; difference (Max-Min),
< 200 µV; gradient, < 50 µV/ms. Moreover, if a channel’s signal comprised
> 10% artefact contaminated intervals (occurring on average in 2.9 ± 1.7
electrodes per subject), its signal was interpolated with data of its four nearest
neighbours. Then, EEG artefact-free data were fragmented into data sets of 1-s
duration providing on average 55 ± 6 and 54 ± 5 segments per subject from the
first and last period of the fatiguing cycling exercise, as well as 56 ± 2 from the
last period of recovering cycling. Finally, 1-s segments of the four conditions
were exported into standardized Low Resolution Brain Electromagnetic
Tomography (sLORETA) software (http://www.unizh.ch/keyinst/loreta.htm)
(Fuchs, et al. 2002; Jurcak, et al. 2007; Pascual-Marqui 2002).
In order to eliminate potential remaining risks of electromyographic activity
contaminating EEG data in the β (12.5-35 Hz) band (Davidson 1988; O'Donnell,
et al. 1974), sLORETA analysis of EEG data during exercise cycling was
restricted to investigations of EEG signals in the α/mu (7.5-12.5 Hz) band. This
frequency band has been shown to be particularly sensitive to various aspects of
motor activity (Pfurtscheller, et al. 2000).
Two anatomical regions of interest (ROI) were constructed on each hemisphere
by defining all voxels located within a radius of 5 mm around designated seed
points. For the first ROI on each hemisphere, seed points were located at MNI
coordinates (Evans, et al. 1993) [-10 -40 65 (x y z) and 10 -40 65 (x y z),
respectively], since they cover left and right representations of the legs within M1.
In terms of the second ROI covering left and right mid/anterior insular region,
MNI coordinates [-40 5 10 (x y z) and 40 5 10 (x y z), respectively] were
determined with respect to a previously conducted study, showing that this part
of the insular cortex is involved in limiting physical performance in a muscle
fatiguing exercise (Hilty, et al. 2010).
Dynamic changes of fatigue-related functional coupling in the α/mu band
between the defined ROI have been assessed by calculating mean lagged phase
49

Communication between Mid/Anterior Insular and Motor Cortex during Exercise

synchronization (Pascual-Marqui 2007) of intra-hemispheric connections (left
insular cortex with left M1 and right insular cortex with right M1) from both the
first and the last period of fatiguing cycling as well as during the last min of
recovery cycling. Since lateralization was not the focus of this study, lagged phase
synchronization values within each hemisphere were averaged over hemispheres.
Lagged phase synchronization computation is based on a collection of single
epoch data (cross-spectra calculated for each condition and subject) and a
corresponding discrete Fourier Transform for signal within the ROI. Unlike
other coherence measures, phase synchronization is insensitive to amplitude
information. Since we merely test for increasing communication but would like to
include activating as well as inhibiting signalling, we do not necessarily assume a
positive correlation of amplitudes and thus expect phase synchronization to be
the most suitable measure. In fact, inhibitory influences from mid/anterior
insular cortex to M1 would be most likely, for which phase synchronization is
likely to be most sensitive. We computed lagged measures since this approach has
the advantage over non-lagged calculations that it is insensitive towards volume
conduction. In order to ensure that modulations in lagged phase synchronization
did not arise due to changes in EEG power (Florian, et al. 1998), mean α/mu
power was assessed at the same pre-defined ROI (left and right insular cortex,
left and right M1) from the first and the last period of fatiguing cycling as well as
during the last min of recovery cycling. Additionally, mu power serves as an
indicator of overall neuronal activity in M1 (Laufs, et al. 2003; Pfurtscheller, et al.
2006).
Another parameter having been presumed to confound EEG activity is
hyperthermia (Ftaiti, et al. 2010; Nielsen, et al. 2001; Rasmussen, et al. 2004).
Therefore, body temperature was assessed by using an electronic thermometer
(Welch Allyn 690 SureTemp Plus, Welch Allyn, NSW, Australia; ± 0.1 °C
accuracy) and by averaging values from three repetitive oral measurements just
prior to exercise, and from eight measurements performed within 4 min after
exhaustion, respectively. During temperature measurements, subjects were
instructed to keep their mouth permanently closed with the probe maintained in
the right posterior sublingual pocket at the base of their tongue. Subjects were
allowed to drink from a water-filled CamelBak® as much as preferred, though,
only between periods of EEG measurements and until a RPE of 18 was reached.
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Furthermore, after subjects’ cessation of exercise they were instructed to close
their mouth and breathe through their nose. These restrictions were met, firstly,
in order to avoid movement artefacts due to drinking and, secondly, to ensure
proper post-exercise measurements of oral temperature unaffected by water
intake or increased respiration.
With particular regard to a pioneering study of Schneider, et al. (2009), who
recorded brain cortical activity in the α and β band with EC before and after
different kinds of fatiguing exercises, in the present study both the α and β band
were analyzed during resting conditions with EC before and after fatiguing
cycling.

Statistics
Electrophysiological data were subjected to repeated measures ANOVAs with
the factor Time with three levels: Beginning of cycling, end of cycling, and
recovery cycling. To guard against effects of heteroscedasticity, GreenhouseGeisser correction was used. Where ANOVA revealed significant effects, posthoc t-tests were applied. Results are expressed as means ± SD.
To assess differences in α and β power at resting conditions during EC between
measurements before and after exercise, nonparametric randomization tests were
used. Reported are voxels that survived significance thresholding at p = 0.05,
defined by 5000 randomizations, corrected for multiple comparisons.

4.3 Results
Behavioural data, heart rate and body temperature
Mean exercise time of the experimental cycling exercise was 35.5 ± 9.9 min
(mean ± SD) with 6.4 ± 1.7 periods of EEG analysis included. After subjects’
access to water was quit (RPE 18), mean exercise time until exhaustion (RPE 20)
was 10.3 ± 4.7 min. At the end of the fatiguing protocol, mean heat rate was
significantly higher than at the beginning of cycling [150.5 ± 10.1 vs. 181.7 ± 8.6
beats per min, respectively, t(15) = -18.5, p < 0.001]. A significant increase was
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also found in body temperature after fatiguing cycling compared to pre-exercise
values [36.9 ± 0.2 °C vs. 37.0 ± 0.2 °C respectively, t(15) = -2.375, p = 0.031].

Electrophysiological data
ANOVA

of

lagged

phase

synchronization

between

intra-hemispheric

mid/anterior insular and M1 connection revealed a significant effect of Time
within the α/mu band [F(1.965, 15) = 10.049, p = 0.001]. Subsequent post-hoc ttests showed a significantly higher lagged phase synchronization at the end of
cycling than at the beginning of cycling [t(15) = -3.383, p = 0.004] (Fig. 4.1). A
significantly lower lagged phase synchronization was found during recovery
cycling than at the end of cycling [t(15) = 4.158, p = 0.001]. No significant
change in lagged phase synchronization was observed from the beginning of
cycling to recovery cycling [t(15) = 0.571, p = 0.576].
Analysis of mean α/mu power within the mid/anterior insular cortex revealed a
significant effect of Time [F(1.101, 15) = 5.470, p = 0.03] (Fig. 4.2 A). During
recovery cycling, α/mu power was significantly lower than at both the beginning
[t(15) = 2.787, p = 0.014], and the end of cycling [t(15) = 6.480, p < 0.001]. No
significant change in α/mu power could be detected from the beginning to the
end of cycling [t(15) = 0.995, p = 0.336].
Only a trend was found for Time to influence α/mu power within M1 [F(1.039,
15) = 3.838, p = 0.067] (Fig. 4.2 B).
Whole brain analysis during resting conditions of EC revealed a widespread
increase within both the α and β power, which reached significance [t(15) =
4.229, Max t = 9.04, Extreme P < 0.001 for α, and t(15) = 4.08, Max t = 4.95,
Extreme P = 0.005 for β] only in Brodmann area 11 after exhaustive cycling
exercise (Fig. 4.3).
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Fig. 4.1: Mean lagged phase synchronization between the mid/anterior insular and the
motor cortex within α/mu frequency band during resting (pre-/post-exercise) and
cycling conditions (beginning/end/recovery) of eyes open. Error bars represent SD.
Within the cycling conditions a main effect of Time was revealed. Significant changes
from post-hoc t-tests are depicted by **p < 0.01; n.s., not significant.

Fig. 4.2: Mean α/mu power in the mid/anterior insular (A) and the motor cortex (B)
during resting (pre-/post-exercise) and cycling conditions (beginning/end/recovery) of
eyes open. Error bars represent SD. For the mid/anterior insular cortex but not for the
motor cortex, a main effect of Time was revealed within the cycling conditions.
Significant changes from post-hoc t-tests are depicted by **p < 0.01;
*p < 0.05; n.s., not significant.
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Fig. 4.3: Statistical parametric maps of sLORETA showing regional changes within the
α and β frequency bands after fatiguing cycling exercise compared to prefatigue baseline
during eyes closed. Areas coloured in yellow/red and blue represent activity increases
and decreases, respectively, within the specific frequency band. Orthogonal views from
different perspectives are displayed. L, left hemisphere; R, right hemisphere; A, anterior;
P, posterior.

4.4 Discussion
In the present EEG study, fatigue-related neural communication between
mid/anterior insular and M1 was investigated during a constant-load cycling
exercise by calculating lagged phase synchronization within α/mu rhythm at the
beginning vs. the end of exercise as well as vs. recovery cycling. As hypothesized,
data revealed a significant increase in lagged phase synchronization at the end of
cycling, which levelled off and returned to baseline during recovery cycling after
subjects’ cessation of exercise.

Lagged phase synchronization unaffected by power and
temperature
This increase in lagged phase synchronization cannot be explained by changes in
power of the respective frequency band (Jung, et al. 1998), because regarding
mean α/mu power in the mid/anterior insular and M1 at the end of cycling, no
significant increase was found. Rather, α/mu power tended to decrease over
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time, which – considering negative correlation of α power with cortical activity
(Laufs, et al. 2003) – confirms previous findings from fMRI studies showing an
increased cortical activity within the mid/anterior insular (Hilty, et al. 2010) and
the sensorimotor cortex (Liu, et al. 2003) towards the end of a fatiguing exercise.
As a consequence of prolonged exercise in the heat, high body temperature has
been shown to increase α/β power index, which is defined as the area of α power
spectrum divided by the area of β power spectrum (Ftaiti, et al. 2010; Nielsen, et
al. 2001; Nybo and Nielsen 2001; Rasmussen, et al. 2004). In order not to
misinterpret EEG data potentially contaminated by movement and muscle
artefacts, β power was not assessed during cycling exercise, and thus, α/β power
index could not be calculated. However, controlled ambient temperature of
19.6 ± 0.3 °C and an observed increase in body temperature of < 1 °C at the end
of exercise don’t allow to assume an influence on EEG, since similar conditions
in control trials of hyperthermia-related studies did not lead to changes in α/β
power index (Nielsen, et al. 2001; Nybo and Nielsen 2001). Moreover, by
positioning an electrode 1 cm in front of Cz chosen to represent motor areas of
the legs, hyperthermic-induced increase in α/β power index was demonstrated to
arise from decreased β power (Nybo and Nielsen 2001) rather than an increase in
α power. Thus, we conclude that our result of decreased α/mu power at the end
of fatiguing exercise is not influenced by thermic effects.

Role of mid/anterior insular cortex in homeostasis considering
anatomic connections
Over the past few years, a concept of a central governor has been elaborated,
which posits a brain’s regulative network both integrating afferent information
from the periphery and determining work rate as well as exercise termination, all
to ensure that homeostasis is maintained (Noakes, et al. 2005; St Clair Gibson
and Noakes 2004). Using neuroimaging methods, the anterior insula has been
elucidated as a structure being involved in the evaluation of various distressing
stimuli threatening homeostasis (Cannon 1935) such as visceral and cutaneous
pain (Baciu, et al. 1999; Binkofski, et al. 1998; Casey 1999), air hunger (Brannan,
et al. 2001; Evans, et al. 2002; Liotti, et al. 2001) and hunger for food (Tataranni,
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et al. 1999). Furthermore, prominent mid/anterior insular activity was also
demonstrated just before cessation of a fatiguing handgrip exercise, suggesting
this structure may be of essential relevance for mediating the termination of a
muscle fatiguing exercise in order to protect the integrity of the organism (Hilty,
et al. 2010). With the current data, previous findings of a mid/anterior insular
cortex signalling potential physiological threat (Craig 2003a; Reiman 1997) are
extended by demonstration of a fatigue-related increase in communication
between the insular cortex and M1 in the context of an exhaustive bodily
exercise. However, it remains speculative whether this increased intracortical
communication arises from processes driven bottom up, e.g. by muscle afferents
type III/IV and/or from influences interacting from top down. From anatomical
observations, evidence exists for an afferent processing via lamina I spinothalamic pathway involved in homeostatic regulation in humans: Small diameter
afferents relating information on the physiological status of various tissues – that
is,

e.g.

pain

(nociceptors),

heat/cold

(thermoreceptors),

acidic

pH

(metaboreceptors) and hypo-osmolarity (osmoreceptors), monosynaptically
activate neurons, which originate in the lamina I of the superficial spinal dorsal
horn (Craig, et al. 2000). In primates, lamina I neurons project not only to various
brainstem homeostatic integration sites, but also to two sides of the contralateral
thalamus, namely, the posterior part of the ventral medial nucleus and the ventral
caudal part of the medial dorsal nucleus, with the former region being assumed to
further project topographically to the mid/anterior insular cortex (Craig, et al.
1994). Lamina I neurons have been shown to provide an ascending pathway for
autonomic cardiorespiratory adjustments to muscular work (Wilson, et al. 2002)
and may be of essential relevance also during prolonged cycling (Rauch, et al.
2005).
From the mid/anterior insular cortex efferents were found to project to the
primary somatosensory cortex (Flynn, et al. 1999), which in turn has been shown
to be directly connected with M1 in cats (Porter and Sakamoto 1988).
Alternatively, intracortical communication between the mid/anterior insular and
M1 may occur via relay stations such as motor control areas, e.g. the
supplementary motor area, which has been shown both to receive input from
mid insula (Flynn, et al. 1999) and to project directly to M1 (Picard and Strick
1996). Thus, anatomical knowledge gives reason to assume that afferent
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information about the physiological status of the periphery might reach M1 by
motor and/or sensory efferents from the mid/anterior insular cortex, which in
turn receives input from the lamina I pathway via thalamic relay.

Fatigue-induced changes in brain cortical activity
Indications that other regions are also involved in the cortical phenomenon
related to muscle fatigue come from α and β power analyses before and after
cessation of exhaustive exercise (Schneider, et al. 2009). These authors found
significant increases in α and β power within parietal as well as limbic regions
after an incremental cycling exercise. In part, we can replicate their findings
revealing an increased β power over parietal regions in our data, but moreover,
widespread increases in α and β power reaching significance were found in
Brodmann area 11 (medial orbitofrontal cortex, mOFC).
Termination

of

an

unpleasant

or

painful

event

can

be

rewarding

(Seymour, et al. 2005) – an emotional experience the mOFC has consistently
been shown to play a prominent role in (McClure, et al. 2004; Sellitto, et al. 2010;
Xu, et al. 2009). Moreover, the mOFC has been demonstrated to be involved in
processing mental fatigue (Tajima, et al. 2010), which has been associated with
physical fatigue not only in various disorders such as Parkinson’s disease (Lou, et
al. 2001) or multiple sclerosis (Schreurs, et al. 2002), but also in exercising healthy
humans (Marcora, et al. 2009). Furthermore, the mOFC is associated with a
“quasi-hyperbolic” time-discounting function (Laibson 1997) reflecting a tradeoff between short-term and long-term reward-related decision outcomes, and has
been shown to be preferentially activated for choices involving an immediate
reward (McClure, et al. 2004). In the context of an exhaustive exercise, reward
has to be postponed, but instead an increasing perception of discomfort has to
be endured. A prominent increase in power within the mOFC immediately after
termination of cycling might be interpreted as a consequence of a prolonged
deactivation of this structure.
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Limitations
Fatigue-induced lagged phase synchrony does not give evidence about any
directional properties of functional interconnectivity, i.e. whether mid/anterior
insular activity influences M1 activity or vice versa. Based on previous anatomical
findings showing efferent pathways from the mid/anterior insular cortex
projecting onto M1, an increasing influence from the mid/anterior insular cortex
to M1 seems more likely than vice versa. Moreover, observations of a
significantly decreased α/mu power (possibly meaning increased cortical activity)
within the mid/anterior insular cortex compared to only a trend of decrease
within M1 at the end of fatiguing exercise with respect to its begin, give reason to
assume that active inhibitory influence of the mid/anterior insular cortex may be
exerted on M1 activity.

Conclusion
Data of the present study revealed enhanced lagged phase synchronization
between the mid/anterior insular cortex and M1 at the end of a fatiguing cycling
exercise demonstrating a fatigue-induced increase in communication between
those regions. These new insights provide a valuable basis for further studies
investigating cortical mechanisms of supraspinal fatigue. Applying causal analysis
methods, the M1 could be tested on inhibitory/excitatory influences exerted
from the mid/anterior insular cortex. Moreover, it remains to be established
whether M1 is further influenced directly or indirectly by other regions, e.g. the
prefrontal cortex involved in motivational processes.
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Chapter 5
General Discussion
With the present thesis, a more complete understanding of supraspinal/cerebral
processes of muscle fatigue and performance limiting neuronal systems were
aimed. Using various methods in order to approach supraspinal fatigue from
different perspectives, this work was pursued to make a valuable contribution in
unravelling underlying processes by extending previous findings and providing
empirical evidence for existent hypothetical concepts. In a first study of this
thesis using TMS, a causal relationship between fatigue-induced changes in M1
properties and somatosensory input provided by type III/IV muscle afferents
were investigated. In a subsequent fMRI study, brain structures were analyzed,
which limit physical performance by mediating task failure. Finally, within the
scope of a third study, fatigue-induced intracortical communication with M1 was
examined by means of EEG.
Data of each study have specifically been discussed in the corresponding
discussion sections. In this last chapter, thus, individual findings will be discussed
in conjunction with each other and with respect to the aims of this thesis outlined
at the end of the general introduction. Moreover, limitations of this thesis will be
addressed and an outlook as well as a conclusion will be given.

Studies 1 ∩ 2
In study 1 comprising fatiguing isometric contractions performed with the right
quadriceps, duration of CSP was observed to be causally influenced by group
III/IV muscle afferents. The findings alluded that these afferents might facilitate
intracortical inhibition and thus contribute to supraspinal fatigue. However, the
question remained whether an inhibitory influence of these afferents on M1 is
exerted directly (Martin, et al. 2008) or indirectly via intermediate relay stations
projecting onto M1 (Gandevia, et al. 1996; Taylor, et al. 1996; 2000b). From
previous studies using fMRI, inhibitory somatosensory information from group
III/IV afferents has been supposed to act via brain structures such as the
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cingulate and insular cortex (Liu, et al. 2002; 2003), thus contributing to
supraspinal fatigue. Indeed, there is some reason to assume that the latter brain
structure is involved in supraspinal processes of muscle fatigue, based on the
findings obtained from study 2. In that study, the mid/anterior insular cortex was
revealed to play a prominent role in mediating cessation of fatiguing isometric
handgrip contractions performed with the dominant right hand. Since this
structure has long been associated with various sensations alerting the organism
to urgent homeostatic imbalance, mediation of task failure by mid/anterior
insular activity could be interpreted as kind of a safety stop function in order to
prevent body harm. In line, the insular cortex has previously been proposed to
play an essential role in the context of a centrally governed system both
regulating and limiting performance in dependence of somatosensory input from
III/IV muscle afferents (Rauch, et al. 2005). Moreover, anatomical findings
indicate that homeostatic regulation may occur via type III/IV afferent-lamina I
spino-thalamic pathways projecting to the mid/anterior insular cortex (Craig, et
al. 1994; 2000).
Although supraspinal fatigue and task failure may be processed differently, some
basic principles may be in common. An increase in CSP during a fatiguing
exercise (Taylor, et al. 2006) might arise from inhibitory influences subliminally
exerted from the mid/anterior insular cortex until a threshold is reached, beyond
which any further performance of the fatiguing task would threaten the integrity
of the organism. Thereafter, activity within the mid/anterior insular cortex may
escalate resulting in final cessation of the fatiguing task. Immediately after task
failure, as observed in study 1, M1 is still inhibited, which might be compared
with some characteristics of a refractory period in order to prevent an override of
the system. Since Somogyi, et al. (1998) proposes that GABAergic neurons
mainly serve local circuits, inhibitory influences on M1 are likely to be effectuated
through excitatory axons that project from the mid/anterior insular cortex to M1.
Similar intracortical inhibitory mechanisms have been discussed to be responsible
for contralateral inhibition of M1 homologue areas (Chen 2004).

60

General Discussion

Studies (1 ∩ 2) ∩ 3
As discussed in the previous section, the mid/anterior insular cortex is involved
not only in mediating task failure, but also might play a role in processing
supraspinal fatigue by exerting inhibitory influence on M1. In order to check
whether the mid/anterior insular cortex indeed is involved in supraspinal
processes during a fatiguing exercise, and moreover, whether this structure
interacts with M1, from which per definition a submaximal central command
descends when fatigued, study 3 was conducted. The results of this study
demonstrated that in fact, at the end of a fatiguing constant load cycling test,
intracortical communication between mid/anterior insular cortex and M1 is
enhanced and reached pre-fatigue baseline again after a light recovery cycling.
This indicates that the mid/anterior insular cortex might not only signal
threatening homeostatic imbalance, inter alia, in the context of task failure, but
also interacts with M1 – possibly in an inhibiting way – during a fatiguing
exercise.
Briefly assembling the facts, studies 1-3 demonstrated that in the context of a
physically fatiguing exercise, the mid/anterior insular cortex interacts with M1,
whose inhibition has been verified to depend on small-diameter muscle afferents.
Moreover, the same insular region was elucidated to limit muscle activity by
mediating task failure.

Limitations
Due to the high complexity and diversity of mechanisms concerning central
fatigue, this thesis’ studies were limited to investigate processes at a supraspinal
level. However, as mentioned in the introduction, various other mechanisms may
further contribute to central fatigue, e.g. an inhibitory influence on motoneuron
activity exerted from group Ia and II afferents (Bongiovanni and Hagbarth 1990;
Gandevia 2001), group Ib afferents (Gandevia 1998), or also group III/IV
afferents (Garland and McComas 1990; Kaufman, et al. 1984; Woods, et al.
1987).
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Moreover, it is difficult to exactly ascertain whether/to what extent the results of
the current studies are influenced by motivational aspects. Reduction of central
command descending from M1 associated with supraspinal fatigue has been
supposed to depend on somatosensory afferents (bottom-up modulation;
involuntary) – potentially acting via mid/anterior insular cortex. However, also
frontal regions involved in motivational processes (top-down modulation;
voluntary) may further influence central command. In primates, the premotor
cortex has been suggested to play a role in the decision to expense effort (Roesch
and Olson 2004), possibly driven by other brain areas depending on the
situational context (Pessiglione, et al. 2007; Pessoa 2009). In order to
(theoretically) assess pure fatigue-related processes, in the present studies,
subjects’ motivation was constantly kept maximal during physical performances
by cheering (studies 1 and 3) or provision of attractive prize money (study 2).
Following the argument, that central command is influenced not only by
involuntary inhibitory mechanisms (fatigue), but also by voluntary motivational
processes, supraspinal fatigue should be defined more concisely as a reduced
maximum voluntary central command descending from M1, instead of merely a
reduction in central command as generally done (Sogaard, et al. 2006; Taylor, et
al. 1996). In practice, though, level and fluctuations of motivation during the task
are difficult to control for and neuronal consequences on supraspinal fatigue
remain unsolved so far.

Open questions and outlook
With the present doctoral thesis, some further fundamental jigsaw pieces could
be found in order to provide a more comprehensive overview of supraspinal
processes of muscle fatigue. In a next step, by conducting a follow-up study such
as outlined below, additional missing pieces could be brought into place. Hereby,
it should be examined, firstly, whether an inhibitory influence of muscle afferents
type III/IV exerted on M1 (as found in study 1) contributes to a decrease in
central

command,

i.e.

supraspinal

fatigue,

assessed

by

means

of

% voluntary muscle activation via TMS, secondly, whether the fatigue-related
mid/anterior insular interaction with M1 (as found in study 3) is of inhibitory

62

General Discussion

origin, and thirdly, whether this brain structure is responsible for integrating
somatosensory information provided by muscle afferents type III/IV.
These open questions could be approached in a paradigm emerging from studies
1 and 3: During an exhaustive constant-load cycling test performed following
placebo or fentanyl injection, cortical activity would be recorded during repetitive
artefact-free periods by means of EEG. By applying a dynamic causal analysis to
the EEG data, an inhibitory insular influence on M1 could be tested.
Additionally, duration of CSP as well as % voluntary muscle activation should be
assessed prior to the cycling test and immediately after cessation. If fentanyl not
only attenuates a fatigue-related increase in CSP but also attenuates a fatiguerelated decrease in % voluntary muscle activation, it can be concluded that
intracortical inhibitory processes indeed leads to supraspinal fatigue. Moreover, if
a fatigue-induced inhibitory insular influence on M1 differs between the placebo
and fentanyl trial, this brain structure indeed can be supposed as an integration
site processing somatosensory information from muscle afferents type III/IV.

Conclusion
Taken together, data of this thesis demonstrate that the mid/anterior insular
cortex plays a pivotal role not only in supraspinal processes during a fatiguing
exercise by communicating with M1, but also in limiting physical performance by
mediating task failure. Based on previous functional and anatomical results
showing a mid/anterior insular participation in various homeostatic regulation
processes and suggesting an integration of afferent feedback via lamina I spinothalamic neurons, the thesis’ findings give further reason to assume that this
structure – as hypothetically stated in the concept of a central governor – might
be part of a brain’s protective control system regulating work rate and
determining task failure by consideration of afferent feedback, all to ensure that
the organism’s homeostatic balance is maintained. However, it remains to be
empirically established whether this structure in fact integrates afferent feedback
and whether an inhibition of M1 verified to depend on afferent feedback arises
from an inhibitory influence exerted from the mid/anterior insular cortex.
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Abbreviations
ANOVA

analysis of variance

BOLD

blood oxygen level dependent

CNS

central nervous system

CSF

cerebrospinal fluid

CSP

cortical silent period

DCM

dynamic causal modelling

EC

eyes closed

EEG

electroencephalography

EMG

electromyography

EO

eyes open

(f)MRI

(functional) magnetic resonance imaging

fR

respiratory frequency

FWHM

full-width-at-half-maximum

GABA

gamma-aminobutyric acid

HCVR

hypercapnic ventilatory response

M1

primary motor cortex

MDvc

ventral caudal part of the medial dorsal nucleus

MEP

motor evoked potential

MNI

Montreal Neurological Institute

mOFC

medial orbitofrontal cortex

MRFD

maximal rate of force development

MRR

maximal rate of relaxation
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MVC

maximal voluntary contraction

PETCO2

end-tidal partial pressure of CO2

Qtw,pot

potentiated quadriceps twitch force

ROI

region of interest

RPE

rating of perceived exertion

SD

standard deviation

SEM

standard error of the mean

sLORETA

standardized low resolution brain electromagnetic
tomography

TMS

transcranial magnetic stimulation

VE

minute ventilation

VMpo

posterior part of the ventral medial nucleus

VO2peak

peak oxygen consumption

VT

tidal volume

86

Curriculum Vitae

Curriculum Vitae
Personal

Lea Hilty
born July 13, 1983 in Altstätten (SG), Switzerland

Education

2008 - 2011

PhD student
Exercise Physiology, Institute of Human
Movement Sciences, ETH Zurich; and
Institute of Physiology, University of
Zurich, Switzerland
Institute of Psychology, Department of
Neuropsychology, University of Zurich,
Switzerland

2003 - 2007

Student of Human Movement Sciences,
ETH Zurich, Switzerland

1998 - 2002

High School in Heerbrugg (SG),
Switzerland

1996 - 1998

Secondary School in Grabs (SG),
Switzerland

1990 - 1996

Publications

Primary School in Grabs (SG), Switzerland

Hilty L, Jäncke L, Lüchinger R, Boutellier U, Lutz K. (2010):
Limitation of physical performance in a muscle fatiguing
handgrip exercise is mediated by thalamo-insular activity. Hum
Brain Mapp, preprint, DOI: 10.1002/hbm.21177.
Hilty L, Lutz K, Maurer K, Rodenkirch T, Spengler CM,
Boutellier U, Jäncke L, Amann M. (2011): Spinal opioid
receptor-sensitive muscle afferents contribute to the fatigueinduced increase in intracortical inhibition in healthy humans.
Exp Physiol 96(5): 505-17.
87

