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Abstract: In this study, we investigated central/supraspinal processes mediating cessation of a muscle
fatiguing exercise. Fifteen male subjects performed 39 intermittent, isometric handgrip contractions (13
s on, 5–6 s off) with the dominant right hand while brain activation was assessed by means of func-
tional magnetic resonance imaging (fMRI). An adaptive, partly stochastic protocol was designed such
that in approximately 50% of the contraction trials the required force could not be held until the end
of the trial (task failure trial). Trials performed in compliance with the force requirements (succeeded
trial) were compared with task failure trials concerning neural activity during a small time window
before task failure occurred. The data revealed significantly increased activation contralaterally in both
the mid/anterior insular cortex and the thalamus during the investigated time window in the case of
subsequent task failure. In accordance with other studies investigating sensations that alert the orga-
nism to urgent homeostatic imbalance such as air hunger, hunger for food, and pain, we assume that
an increased thalamo-insular activation in the context of a fatigue-induced handgrip exercise could
reflect increased homeostatic disturbance in the exercising muscle and may be of essential importance
by mediating task failure to maintain the integrity of the organism. Hum Brain Mapp 32:2151–2160,
2011. VC 2010 Wiley Periodicals, Inc.
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INTRODUCTION

Exercise-induced muscle fatigue can be defined as a re-
versible decline in force- or power-generating capacity of
the neuromuscular system [Bigland-Ritchie et al., 1983;

Fitts and Holloszy, 1976]. Muscle fatigue arises not only
from peripheral processes within the working muscle but
also from central mechanisms residing in the sensorimotor
pathway of the central nervous system (CNS).

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 fir-

ing 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
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supposed to affect motor cortical cells [Gandevia et al., 1996;

Martin et al., 2008; Taylor et al., 1996; Taylor et al., 2000].

However, it is debatable whether afferent influence on the

motor cortex is exerted directly or via intermediate relay sta-

tions, and exact cortical mechanisms underlying central fa-

tigue remain hypothetical.
Using functional magnetic resonance imaging (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 sen-
sorimotor cortex contralateral to the fatiguing muscles, cor-
responding 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 acti-
vated 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 to com-
pensate for force loss, whereas a decrease of cluster size at
later stages of the contraction was supposed to result from
inhibitory influence of group III and IV afferents acting pos-
sibly 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 ac-
tivity within the anterior and mid cingulate cortex and
widespread insular regions, along with other regions typi-
cally 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 Gib-
son and Noakes, 2004] has gained considerable value in the
past few years and faces the originally hypothesized ‘‘catas-
trophe’’ model, which posits that a fatiguing exercise termi-
nates when physiological and biochemical limits of the
body are exceeded leading to a catastrophic failure of intra-
cellular 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 ac-
etylcholine [Conlay et al., 1992] cause fatigue. Hereby, it is
not clear if 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 override the con-

trol mechanism decreases [Noakes, 2004], thus also account-
ing for determination of exercise cessation [Sgherza et al.,
2002]. Neuroimaging investigations of sensations of discom-
fort 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 [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 cingu-
late 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 an-
terior 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 signaling homeostatic imbalance,
we hypothesized that in the context of muscle fatigue a cen-
trally governed system comprising sensorimotor regions, the
anterior insular cortex and the anterior cingulate cortex is
involved in the mediation of task failure by exerting influ-
ence on motor regions. This contrasts the view of loss of neu-
ral 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.

METHODS

Subjects

Fifteen right-handed (self-report) male subjects [26.4
years (SD 4.5)] with no record of neurological or psychiat-
ric illness volunteered to participate in the study. All sub-
jects were familiar with endurance and/or strength
training. Written informed consent was obtained from
each participant. 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, and separated by a resting period of random-
ized 5–6 s. Before the experiment, individuals’ maximal
voluntary contraction (MVC) was assessed. Force require-
ment for the initial contraction was set at 70% MVC.
Increased or reduced force was demanded with a proba-
bility 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
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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 vac-
uum cushion (Synmedic, Zurich, Switzerland).

For motivational reasons, the experiment was performed
as a competition honoring the best three volunteers’ per-
formances with a prize money of CHF 300.-, 200.-, and 100.-.
The ranking based on (1) the MVC assessed before 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 com-
fortably 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 dynamom-
eter 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 con-
verted to a serial signal (RS232) and logged on a PC running
PresentationV

R

control software (Neurobehavioral Systems,
Albany, NY) 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.

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 mir-
ror 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 dyna-
mometer handgrip to raise the red horizontal bar into the
target field, and to hold this position as long as possible.
As visual help, the color of the bar changed from red to
lime green when the target field was reached. Further-
more, to inform the subjects about time progression, a yel-
low 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 dura-
tion of maintained target forces were presented for each
performed trial. Stimuli presentation and force response
acquisition was controlled with PresentationVR 11.0.

fMRI Data Collection

Data acquisition occurred on a Philips Achieva 3T whole
body MR unit (Philips Medical Systems, Best, The Nether-
lands) equipped with an 8-channel Philips SENSE head coil.
Structural images of the whole brain were acquired by using
a T1-weighted three-dimensional, spoiled, gradient echo
pulse sequence [repetition time (RT) ¼ 20 ms; echo time
(TE) ¼ 2.30 ms; flip angle ¼ 20�; field of view (FOV) ¼ 220 �
220 mm; matrix size ¼ 224 � 224; voxel size ¼ 0.98 � 0.72 �
1.22 mm, resliced to 0.98 � 0.98 � 1.5 mm, 180 slices]. Func-
tional data of the whole brain comprised 315 scans per run
and were obtained by using a sensitivity encoded (SENSE,
R ¼ 2.0) single-shot echo planar imaging (EPI) technique
(RT ¼ 2500 ms; TE ¼ 35 ms; flip angle ¼ 78�; FOV ¼ 220 �
220 mm; matrix size ¼ 80 � 80; voxel size ¼ 2.75 � 2.75 � 4
mm, resliced to 1.72 � 1.72 � 4 mm; 33 transverse slices
acquired in interleaved order).

fMRI Data Analysis

fMRI data were preprocessed and analyzed using SPM5
(http://fil.ion.ucl.ac.uk/spm) running on MATLAB 7.7.0
(Mathworks, Natiek, MA). All images were realigned to the
first volume to correct for movement artifacts, stereotactically
normalized into standard brain space (EPI-template provided
by the Montreal Neurological Institute) and smoothed using a
6-mm full-width-at-half-maximum (FWHM) Gaussian kernel.

To identify activated voxels, the General Linear Model
(GLM) approach was used. At first-level-analysis, task fail-
ure trials and succeeded trials were modeled: 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. To each task fail-
ure trial, we randomly assigned a succeeded trial with an
equivalently defined initial- and endpoint ofW (Fig. 1).

To investigate the contrast of interest, namely brain
areas showing specific activity related to task failure, sin-
gle-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 þ 82)0.5 ¼ 10 mm
FWHM, 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
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weights) of the time-windowed task failure trial and suc-
ceeded 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 ¼ 10 voxels.

RESULTS

Behavioral 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 experi-
ment [t(15) ¼ �1.8 and t(15) ¼ �0.4, respectively; both
P > 0.05]. The distribution of succeeded trials and task
failure trials over the experimental session of 39 trials per-
formed by the fifteen participants is shown in Figure 2 to-
gether with discarded trials. Group mean values of
maximal forces performed in task failure trials were signif-
icantly higher than in succeeded trials [220.9 � 29.0 N vs.
208.7 � 33.0 N; t(15) ¼ �4.0; P ¼ 0.001]. Averaged maxi-
mal forces of the last five succeeded trials were signifi-
cantly lower than those obtained in the first five
succeeded trials [167.7 � 35.3 N vs. 271.6 � 46.4 N; t(15) ¼
8.8; P < 0.001].

Imaging Data

Group results of the analysis relevant to test our hypoth-
esis: 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 thal-
amus is revealed, as shown in Figure 3 and Table I.

For completeness, activations obtained from the contrast
succeeded trial > baseline, and task failure trial > baseline
are reported in Table II and Table III, respectively.

DISCUSSION

In this study, central/supraspinal mechanisms media-
ting cessation of a fatiguing, intermittent handgrip exercise

Figure 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.

Figure 1.

Illustration of a task failure trial and a succeeded trial laid on top

of each other from a single subject. A time windowW was defined

such that the endpoint of W matched the occurrence of task fail-

ure. To each task failure trial, a succeeded trial with an equiva-

lently defined initial- and endpoint ofW was randomly assigned.
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were investigated by using fMRI. As expected, few sec-
onds before failure of a 13-s isometric, submaximal con-
traction 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.

Behavioral 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 approxi-
mately 50% of contractions was appropriate. Moreover,
task failure trials were evenly distributed over the 39 per-
formed trials thus no sequence effect was observed, which
might have influenced fMRI data. Because group mean
values of maximal forces performed in task failure trials
were significantly higher than in succeeded trials, an alter-
native explanation for increased insular and thalamic ac-
tivity 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. How-
ever, no increase in motor cortex activity was found for
the more forcefully performed task failure trials. Further-
more, because differences between force levels, although
significant, were much smaller than in studies designed to
investigate force coding, we assume that the protocol used

Figure 3.

Statistical maps of significant brain activity associated with task failure superimposed onto transver-

sal and coronal sections of the structural standard MNI template. Max t values for the activated

clusters are indicated by the scale bar (thresholded at P < 0.05, corrected for multiple

comparisons).

TABLE I. Activation sites from group analysis of the

task failure trial > succeeded trial contrast

Anatomical
description

Cluster
size

[n voxel]
MNI coordinates

X�Y�Z [mm]
Max

t value

Thalamus 104 0 �18 14 5.99
Insular Cortex 101 �42 8 10 5.06

Cluster size, coordinates in 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 ¼ 10 voxels).
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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 thala-
mus 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.

fMRI Results

In the present study, a prominent cluster of increased
neuronal activity was observed few seconds before cessa-

tion 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 cardiovas-
cular effects after patients’ insular cortex stimulation were
also reported by other researchers [Sander and Klin-
gelhofer, 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

TABLE II. Activation sites from group analysis of the succeeded trial > baseline

contrast

Anatomical description
Cluster size
[n voxel]

MNI coordinates
X�Y�Z [mm]

Max
t value

Cerebellum, parahippocampal
gyrus, hippocampus

1572 �6 �32 �16 8.64

Parahippocampal gyrus,
hippocampus

246 �8 �30 10 8.54

Subcallosal cortex, medial
frontal cortex, basal ganglia

249 �2 12 �12 6.08

Inferior temporal gyrus 146 54 �50 �20 5.70
Parietal operculum cortex 239 56 4 8 5.07

If an activated region spans several anatomically distinct areas, locations of further local maxima
are given after the comma.
Cluster size, coordinates in 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 ¼ 10 voxels).

TABLE III. Activation sites from group analysis of the task

failure trial > baseline contrast

Anatomical description
Cluster size
[n voxel]

MNI coordinates X�Y�Z
[mm]

Max
t value

STG/temporal pole, insular
cortex, amygdala

2574 �52 4 �16 7.49

Temporal fusiform cortex,
inferior temporal gyrus

249 �36 �32 �16 7.26

Frontal orbital cortex, insular cortex 662 34 30 �14 6.78
Cerebellum 105 10 �90 �32 5.98
Cerebellum 66 �22 �88 �32 5.60
Temporal fusiform cortex,

inferior temporal gyrus
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

If an activated region spans several anatomically distinct areas, locations of further local maxima
are given after the comma.
Cluster size, coordinates in 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 ¼ 10 voxels).
STG, Superior temporal gyrus.
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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 because these regions revealed
higher neuronal activity during periods of significant
increases in blood pressure and/or heart rate, induced by
maximal inspiration, Valsalva’s maneuver 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 preced-
ing 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 pres-
sure elevation [Williamson et al., 2003], and it was sup-
posed that a neural network including insular and
cingulate cortex interpret sensory input in concert or inde-
pendently to elicit appropriate autonomic adjustments to
exercise [Jouanin et al., 2009; Williamson et al., 2003; 2006].
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; Binkof-
ski et al., 1998; Casey, 1999; Derbyshire et al., 1997; Iadar-
ola et al., 1998; for reviews see Apkarian et al., [2005] and
Peyron et al., [2000]]. Similar to pain, air hunger and hun-
ger for food are strong sensations to alert the organism of a
potential physiological threat. As it was demonstrated in
several neuroimaging experiments, the anterior insular cor-
tex 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 in-
sular cortex immediately before task failure thus strength-
ens the view of this structure being involved in regulatory
processes 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 laterali-
zation 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 in-
sular cortex in studies of cold pressor application to the
forehead, Valsalva maneuver and hyperoxia has been dem-
onstrated 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 favor of
or against autonomic regulation of homeostasis playing a
role in the current study.

Considerable evidence exist for a lamina I spino-tha-
lamic pathway processing homeostatic regulation in
humans. Neurons originating in the lamina I of the super-
ficial spinal dorsal horn are monosynaptically activated by
small-diameter afferents that provide information about
physiological changes within various tissues of the body,
e.g., evoked by pain (nociceptors), heat/cold (thermorecep-
tors), acidic pH (metaboreceptors), hypo-osmolarity
(osmoreceptors) [Craig et al., 2000]. In primates, lamina I
neurons project to spinal autonomic and brainstem homeo-
static integration sites including the caudal and rostral
ventrolateral medulla, parabrachial nucleus, periaqueduc-
tal gray and catecholamine cell groups A1-A2, A5-A7. Fur-
thermore, ascending in the lateral spinothalamic tract the
lamina I neurons also project to two sides of the contralat-
eral thalamus: the posterior part of the ventral medial nu-
cleus (VMpo) and the ventral caudal part of the medial
dorsal nucleus (MDvc). Such sensory projections in home-
ostasis 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 topographi-
cally 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 moti-
vational component of pain [Vogt, 2005]. Although ana-
tomic 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 thala-
mus as a visceral relay-point supervising the maintenance
of essential homeostatic balances and allowing their regu-
lation in accord with insular activity. Nevertheless, no sig-
nificant 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 auto-
nomic regulation and pain processing is difficult. How-
ever, 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, 2003]. Interestingly, overlap
with these systems also exists with the current data con-
cerning mid/anterior insular cortex and thalamus, point-
ing to a common denominator of the involved processes.

From the viewpoint of a homeostatically regulated
determination of an exhaustive exercise task to prevent
body harm, the commonly used term ‘‘task failure’’
[Hunter et al., 2004; Maluf and Enoka, 2005] is probably
not appropriate. Because cessation of a fatiguing exercise
might not reflect a failure but rather a biologically wise
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decision, we suggest an alternative denotation for future
studies considering the aspect of body protection.

Similarly, the fact that data from this experiment indi-
cate a brain system actively leading to a reduction in force
production, contrasts the view that reduction of neural ef-
ficiency, 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 the
motor cortex. To assess an effective connectivity between
these regions, a ‘‘dynamic causal modeling’’ (DCM)
approach [Friston et al., 2003] could be applied in future
studies. Because 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 the motor cortex, e.g., by
lengthening the time period between the contraction trials
to provide more complete recovery and thus detection of a
re-increase of the BOLD signal in the motor cortex.

Because the fatiguing exercise was performed as a
competition with attractive prize money to maximally
motivate the subjects, the central mechanism of task fail-
ure proposed here is not likely to be influenced from
areas involved in motivational processes, e.g., the pre-
frontal cortex. However, other brain areas ‘‘upstream’’ of
the motor cortex still have to be considered when dis-
cussing the mechanisms of central fatigue [Gandevia
et al., 1996].

Taken together, our data revealed significantly increased
activity in both the contralateral mid/anterior insular cor-
tex and the thalamus during the final few seconds before
subjects had to cease a fatiguing isometric handgrip con-
traction (task failure), compared with an equivalently
defined time window in control contractions not exhibiting
task failure. In accordance with previous studies of auto-
nomic regulation and homeostatic processes, we conclude
that increased thalamo-insular activation may be of essen-
tial relevance during a force demanding handgrip exercise
by acting as a central instance mediating the termination
of a muscle fatiguing task to protect the integrity of the
organism.
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