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Fatigue centrale ou 
périphérique ? 
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«  Sensation d’affaiblissement physique ou cognitif 
qui peut survenir suite à des efforts physiques et/ou 
cognitifs, se traduisant par une difficulté à poursuivre 
l’effort »  

    p. 33 

Vous avez dit  “fatigue” ? 
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Ergographe.  
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Couplage fatigue ‘musculaire’ et 
fatigue ‘mentale’ 
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Facteurs multiples, complexes et interconnectés : système intégratif  
L’exercice « commence dans le cerveau par un recrutement musculaire et finit 
dans le cerveau par un dé-recrutement musculaire »  =2>?:@")*++.-"

Des hypothèses musculaires et 
cérébrales 
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De la commande à l’effecteur 
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La fatigue est tâche dépendante 



Même si chacun avait partiellement raison, 
tous étaient dans l'erreur 

"Les aveugles et l'éléphant » 
 

La fatigue : une vision plurielle à 
partager 
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Nature complexe de la fatigue 
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COUNTERPOINT: AFFERENT FEEDBACK FROM FATIGUED
LOCOMOTOR MUSCLES IS NOT AN IMPORTANT
DETERMINANT OF ENDURANCE EXERCISE PERFORMANCE

Since Noakes’ controversial lecture on the central governor
(23), brain regulation of endurance performance has been a hot
topic in exercise physiology. In this series, Dr. Markus Amann
argues that afferent feedback related to peripheral locomotor
muscle fatigue is an important determinant of endurance per-
formance. I have two objections to this hypothesis. First, there
is no experimental evidence to support it. In fact, in two
separate studies, spinal blockade of inhibitory afferent feed-
back from group III-IV receptors sensitive to fatigue-inducing
metabolites did not improve performance in 5-K cycling time
trials (5, 6). Actually, in the epidural lidocaine study, there was
a significant reduction in time-trial performance (5). Amann
and colleagues proposed that this net negative effect is the
product of two contrasting effects of epidural lidocaine on
exercise performance: 1) the negative effect mediated by the
iatrogenic reduction in locomotor muscle strength, and 2) the
positive effect of blocking somatosensory feedback from the legs.
However, reduced locomotor muscle strength per se has a small
effect on endurance performance (21). Therefore, if Amann and
colleagues’ proposition is true, afferent feedback from fatigued
leg muscles must have an even smaller and, thus, negligible effect
on exercise performance.

My second objection to this supraspinal reflex inhibition
model of endurance performance (1, 3, 4) is more theoretical.
This feedback loop (Fig. 1) is attractive to physiologists be-
cause they are familiar with subconscious autonomic regula-
tion (e.g., the exercise pressor reflex) and the mechanisms of
central fatigue during maximal voluntary contractions (26).
However, it is not a valid representation of what happens
during the time trials chosen by Amann and colleagues to test
their hypothesis (5, 6). In fact, during endurance exercise,
voluntary muscle contractions are always submaximal (8) and,
therefore, central fatigue is not a relevant concept (19, 26).
Furthermore, during time trials, power output is consciously
self-regulated by the subject, e.g., by changing gears. These are

not trivial details (2), but considerations that suggest a more
relevant question: does afferent feedback from fatigued loco-
motor muscles affect the brain processes determining con-
scious self-regulation of submaximal power output during time
trials?

To answer this question, it is important to remind ourselves
that voluntary actions like cycling as fast as possible for 5-K
are the opposite of simple reflexes (13). This is why the
feedback loop proposed by Amann and colleagues (1, 3, 4) can
not be an adequate model of endurance performance. I propose
a different approach based on the principle that conscious
self-regulation, like other mental phenomena, is caused by
lower-level neurobiological processes in the brain (25). There-
fore, time-trial performance can be understood in psychologi-
cal terms before investigating the neurobiology underlying the
relevant constructs. This is why I call it the psychobiological
model of exercise performance (21).

According to this model, conscious self-regulation of sub-
maximal power output during time trials is determined primar-
ily by the following cognitive/motivational factors:

1) Perception of effort;

Fig. 1. Schematic illustration of the suprapinal reflex inhibition model of
endurance exercise performance proposed by Amann and colleagues (1, 3,
4). The continuous red line indicates efferent nerve activity (central motor
drive), the dashed white line indicates afferent nerve activity. This regu-
latory mechanism shows that the cortical projection of muscle afferents
(inhibitory feedback) affects the determination of the magnitude of central
motor drive which in turn determines power output of the locomotor
muscles. The magnitude of power output determines the metabolic milieu
within the working muscles, which in turn determines the magnitude of the
inhibitory afferent feedback. Reprinted with permission from Amann and
Dempsey (3).
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! Adaptabilité du système neuromusculaire  
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Fatigue can be defined as any exercise-
induced reduction in the ability to exert
muscle force or power, regardless of
whether or not the task can be sustained
(Gandevia, 2001). There is no doubt that
in sports performance where time to
completion is the outcome measure, the
management of fatigue is probably the
determining factor of success. However,
in exercise physiology, interventions and
mechanisms have traditionally be mea-
sured using time to exhaustion tasks,
where “the point of fatigue” occurs at task
failure. The problem with this approach
is that in sports performance, tasks are
self-paced, and therefore in a successful
performance, task failure (and thus the
traditional concept of fatigue) never actu-
ally occurs. Therefore, which mechanisms
govern fatigue in task failure, and which
mechanisms govern work rate regulation
(and thus the management of the process
of fatigue) are very different constructs,
which should not be used synonymously.

Whilst fatigue has previously been
explained from a peripheral perspective
(Kent-Braun, 1999), this standpoint is
largely based on fatigue at task failure.
More recently, greater focus has been
placed on central mechanisms of fatigue
(Gandevia, 2001; Noakes, 2012), so that
now the role of the brain as a con-
tributor to fatigue (at least in self-paced
performance) is largely uncontested. This
has led to the suggestion that perceived
exertion is primarily derived from cen-
tral command (Marcora, 2009), and con-
versely that somatosensory feedback from
locomotor muscles is the major cause
of fatigue (Amann and Secher, 2010).
However, it is more likely that fatigue
(in terms of endurance performance),
is balanced through an interaction of
these efferent and afferent systems (Perrey,
2010). By attributing a more “intelligent”
role for the brain, Noakes’ (2012) theory

of central control suggests that afferent
feedback from the periphery is collated
and processed in conjunction with past
experience and current knowledge of the
external environment to produce a “sen-
sation” of fatigue on which the level of
motor output is based. The conjecture
that fatigue is a sensation is probably not
compatible with its role in task failure,
and is therefore a highly disputed con-
cept. However, that decision-making dur-
ing (and before) exercise is based on the
knowledge of the task and the self (i.e.,
pacing), and that this is a major fac-
tor in endurance performance (Mauger
et al., 2009), is more widely accepted.
Therefore, the variables which are used in
this decision-making process (i.e., to up-
or down-regulate work rate) are of con-
siderable interest to the physiologist and
psychologist, as the moderation of these
has the potential to improve athletic per-
formance.

There are numerous studies which
have provided insight into which factors
influence decision-making in exercise per-
formance, including but not limited to;
distance knowledge (Mauger et al., 2009),
prior experience (Mauger et al., 2009),
distance feedback (Albertus et al., 2005;
Mauger et al., 2010b), performance feed-
back (Mauger et al., 2011), knowledge of
ambient conditions (Castle et al., 2012),
knowledge of the physiological state of the
body (Tucker et al., 2004; Rauch et al.,
2005; Noakes and Marino, 2007), exter-
nal competition (Corbett et al., 2012)
and motivation (Cabanac, 1986). Whilst
these studies provide a useful insight
into what information is required to suc-
cessfully regulate work rate and which
aspects may improve this process, many
of these variables are either inherently
present (or not) during competition, or
are very difficult to manage. However,
one variable which is frequently referred

to by athletes, coaches and commen-
tators, but has received peculiarly little
focus in research, is exercise-induced pain.
Indeed, pain during exercise is popularly
referred to as a major inhibiting factor
during exercise, and it is suggested that
athletes who are better able to tolerate
or overcome pain will be more success-
ful. As exercise-induced pain is present
in nearly all forms of time-dependent
competition, the requirement for under-
standing its influence on performance and
how athletes respond to its presence is
imperative. The International Association
for the Study of Pain define pain as an
unpleasant sensory and emotional experi-
ence associated with actual or potential tis-
sue damage, or described in terms of such
damage. This implies that pain is always
subjective, has an emotional element and
that this is not always directly related to
the magnitude of the nociceptive signal.
Therefore, the nature of the athlete’s per-
ception of the nociceptive signal is a key
element to the experience of pain, which
provides a promising basis for effective
intervention and subsequent performance
improvement.

During high intensity exercise, Type
III and IV nociceptors, are stimulated by
mechanical pressure, heat, cold, noxious
pressure, and endogenous pain producing
(algesic) substances. These contribute to
the acute muscle pain associated with par-
ticular forms of exercise (O’Connor and
Cook, 1999), which is ultimately inter-
preted in the brain and perceived as
exercise-induced pain. Given that the con-
scious awareness of the self is an important
facet in pacing based decisions in exercise,
it is logical that exercise-induced pain may
provide an individual with useful infor-
mation regarding the relative “strain” on
the body, and thus use this to inform a
conscious decision to increase or decrease
exercise intensity (Mauger et al., 2010a).
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Ensemble de procédures opératoires utilisées par le SNC pour 
substituer à la fonction dégradée un nouveau mode opératoire 
préservant ou non l’invariance comportementale .. . 
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Remaniement des aires corticales en fonction  
•!des informations sensorielles afférentes 
•!des commandes motrices efférentes  
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Fatigue : un modulateur des liens 
dynamiques cerveau-mouvement 
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2 expériences 

TMS (n = 15) 

Tâche de temps de réaction (TR) simples et visuels, 30 min. 
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TR 
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Evolution de l’excitabilité cortico-spinale (TMS) durant les intervalles inter-stimuli. 
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-! Pas de différence entre groupe TMS et NIRS ce qui concerne l’évolution du TR, p = 0,77. 
-! Augmentation significative du TR au cours du temps pour les 2 groupes, p < 0,001.  

Fatigue mentale : " ressources attentionnelles  
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Flexibilité corticale : engagement des structures motrices 
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-! Augmentation significative de l’amplitude du MEP au cours du temps, p < ,001. 
-! Pas de variation significative du MEP au cours du temps chez le groupe contrôle, p = 0,72.  
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Results

Physiological parameters during exercise testing

Physiologic parameters during the incremental cycling, 
heart rate (HR), and relative volume of oxygen uptake (VO2) 
increased during the test and reached maximum values at the 
time of abortion (HR: 190 ß  6 bpm; VO2: 55.41 ß  7.48 mL/
min/kg). Respiratory exchange ratio (RER) showed similar 
results and reached 1.16 ß  0.05 at the end of the test.

O2Hb and HHb concentrations

PFC

A significant effect was found for between time and oxy-
genation (F(4, 72) D  19.62, p < .001, Fig. 1a). Post hoc anal-
ysis revealed that O2Hb continuously increased from stage 
1 to stage 2 (p < .05) and from stage 2 to stage 3 (p < .001) 
and levelled between stage 3 and 4 (p > .05). No significant 
changes could be obtained for HHb.

MC

In the motor cortex, an opposite effect was noticeable 
(F(4, 72) D  13.53, p < .001, Fig. 1b). O2Hb was found to be 
decreased in stages 3 and 4 compared to rest and stage 1 
(p < .05), whereas HHb concentration increased in stages 3 
and 4 in comparison with rest and stage 1 (p < .01).

OCC

No significant differences could be obtained for O2Hb and 
HHb concentration in the occipital cortex (F(4, 72) D  .62, 
p D  .65, Fig. 1c).

VL

Changes in O2Hb and HHb concentration in the vastus lat-
eralis were similar to those in the motor cortex (F(4, 72) D   
34.43, p < .001, Fig. 1d). Whereas O2Hb showed signifi-
cant lower values at stages 2, 3, and 5 compared to rest and 
stage 1 (p < .05), and HHb concentrations were increased 
in stages 2, 3, and 4 (p < .05). Interestingly, no further 
changes were noticeable between stages 3 and 4.

Discussion

This study aimed to identify whether a previously reported 
deoxygenation in the PFC at a state of maximum physical 
activity measured by NIRS is region specific and reflects a 
potential reason for the abortion of exercise, or whether this 
decrease is simply caused by a systemic blood volume redis-
tribution. To test this, NIRS was measured in three different 
brain regions (PFC, MC, and OCC) and in the working skel-
etal muscle (VL) during incremental cycling till exhaustion.

As expected, an increase in deoxygenated hemoglobin in 
the working skeletal muscle was found in the last stages. 

Fig. 1  Concentrations (µmol/L) 
in O2Hb and HHb in the 
prefrontal cortex (a), the motor 
cortex (b), the occipital cortex 
(c), and m. vastus lateralis (d) 
measured at rest and dur-
ing stages 1–4. *(p < .05), 
**(p < .01), ***(p < .001) 
indicate changes to previous 
stage. †(p < .05), ††(p < .01), 
†††(p < .001) indicate changes to 
rest condition and (if indicated 
by numbers) stage 1, stage 2, 
and stage 3

Cortex 
Moteur 
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main effect for the EEG response for both ROI (P �  0.018) 
and time (P �  0.001). There was no interaction effect 
(P > 1.0) between any factors; therefore, the pattern of 
response for each EEG bandwidth was similar irrespective 
of the region or time point measured. The changes in each 
bandwidth response over time in the VLPFC can be seen in 
Fig. 2.

Time points

A representative data set from one individual showing 
simultaneous time course changes in both αS EEG and  
can be seen in Fig. 3. Pairwise comparison revealed signifi-
cant increases in EEG response from 50 % �  to VT 
(P < 0.05) and RCP (P < 0.02), followed by a significant 

decreases from VT to END (P < 0.02) and RCP to END 
(P �  0.004). There was also no difference (P �  1.000) 
between 50 % �  and END values suggesting a return 
to near baseline values at the end of exercise, immediately 
prior to exhaustion. Key individual bandwidth changes over 
time are detailed below.

Regions of interest

Pairwise comparisons highlighted the differences between 
the regions to be between the MC and the VLPFC. The 
overall change in VLPFC was significantly higher through-
out the exercise test and showed a greater decline at the end 
(see Fig. 4). Repeated measures one-way ANOVAs showed 
the significance to lie within both alpha waves, with αS and 
αF significantly higher at each time point compared to the 
MC (see Fig. 4). The αS response was significantly higher 
(P < 0.05) in the VLPFC compared to the MC at 50 % 
�  (14.9 �  10.0 and 10.0 �  10.0) VT (20.8 �  11.2 

and 14.5 �  11.3), RCP (23.8 �  15.5 and 15.5 �  16.2) and 
END (14.4 �  10.3 and 9.3 �  9.9). The αF response was 
significantly higher (P < 0.01) in the VLPFC compared to 
the MC at 50 % �  (18.9 �  10.6 and 14.4 �  10.7) 
VT (24.3 �  9.8 and 18.4 �  10.5), RCP (26.1 �  12.7 and 
18.4 �  13.7) and END (17.7 �  8.8 and 13.3 �  8.6). Both 
alpha waves significantly increased in the VLPFC from 
50 % �  to VT and RCP (P < 0.01). The decrease 
in both alpha waves was also significant following the 
RCP with αS dropping from 23.8 �  15.5 to 14.4 �  10.3 
(P < 0.001) and αF dropping from 26.12 �  12.7 to 
17.7 �  8.8 (P < 0.01) to END. There was only one change 
in the MC over time which was a significant decrease from 
VT to End in αF.

Fig. 1  Simultaneous time changes in  response and αS EEG 
power spectral density (PSD) changes in each ROI; anterior pre-
frontal cortex (AntPFC) (filled square), dorsolateral prefrontal cor-
tex (DLPFC) (open inverted triangle), ventrolateral prefrontal cor-
tex (VLPFC) (open square), motor cortex (MC) (filled circle). EEG 
values are expressed as percentage change in PSD from baseline 
(mean �  SD) and  as L min−1 (mean �  SD). Significant dif-
ferences across time in AntPFC, DLPFC and VLPFC from 50 % 
�  to VT a(P < 0.05) and RCP b(P < 0.05) and significantly 

lower at END compared to RCP c(P < 0.05)

Fig. 2  Simultaneous time changes in  response and αS EEG 
power spectral density (PSD) changes in the ventrolateral prefrontal 
cortex (VLPFC). EEG values are expressed as percentage change in 
PSD from baseline (mean �  SD) and  as L min−1 (mean �  SD). 
EEG bandwidth responses significantly greater than 50 % �  at 
VT a(P �  0.007) and RCP b(P �  0.005) and significantly lower at 
END compared to RCP c(P �  0.001) and VT d(P �  0.001)

Fig. 3  Representative data from one subject showing the simul-
taneous time course changes as % of test time for EEG and  
responses. EEG data is αS in the ventrolateral prefrontal cortex 
(VLPFC) as 5 s average (open circle) with  as % of �  
(filled square). The dashed line marks the identification of the RCP
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success. That is, the Kalenjin runners were able to maintain the
oxygenation of their prefrontal lobe through the 5-km time
trial. This may contribute to the attenuation of the development
of central fatigue and a subsequent decline in performance, as
has been observed on several occasions during maximal exer-
cise in well-trained athletes (4, 26, 27).

The Cox profile measured during the PTS test is in agree-
ment with the literature (2, 27, 37). We found a typical increase
in Cox in the first part of the test (Fig. 3) (12, 30), which has
classically been attributed to a local increase in cerebral blood
flow in response to increased O2 demand (30) from progressive
neuronal activation (7). This typical increase was followed by
a reduction in Cox at running speeds greater than the second
ventilatory threshold, and continued until exhaustion. This too
agrees with previous studies (27, 30) and can be explained by
a reduction in arterial carbon dioxide tension (PaCO2

) as a result
of increasing hyperventilation at higher workloads, a phenom-
enon that has been confirmed in previous research on Kenyan
runners (8). This has been shown to cause cerebral vasocon-
striction and diminished cerebral blood flow (2, 20, 30).

In contrast, the Cox profile observed during the 5-km TT
differed from the PTS test and previous studies (4). As in the
PTS, Cox increased from rest to 2.5 km during the 5-km TT,
driven by a local increase in cerebral blood flow subsequent to
enhanced O2 demand from neuronal activation (4, 7). Follow-
ing this first increase, Cox remained constant until the com-
pletion of the time trial, which contrasts with previous research
showing a significant decline in Cox during a 5-km TT in
well-trained runners (4). In that study, it was proposed that a
reduction in Cox was related to the pacing strategy employed

during the trial, and only occurred once the known endpoint of
exercise was approaching as part of the regulation to prevent
premature fatigue caused by excessive disruptions to homeo-
stasis.

Our results do not necessarily contradict these previous
findings by Billaut et al. (4), as the pacing strategy was
different between the two studies. The prefrontal cortex plays
a fundamental role in movement planning and decision-mak-
ing, as well as the control of pacing (14). The treadmill speed
curve observed in the present study does not represent the
typical pace in a running time trial (22), because the Kenyan
runners did not exhibit a final end spurt at the end of the 5-km
TT (Fig. 1). Pacing strategy involves the conscious and/or
subconscious variation of workload over the exercise in order
to optimize performance by avoiding premature fatigue (39).
Usually, the presence of an end spurt is associated with a
reserve, and Billaut et al. (4) proposed that this reserve was
utilized to produce the final end spurt, which then caused the
deoxygenation they observed in the final part of the time trial.
This implies that the stable Cox during the second half of the
5-km TT in the present study may simply be a consequence of
a more aggressive pacing strategy (due to the financial incen-
tives) in the whole group (CV ! 6% in the speed curve during
the whole 5-km TT, Fig. 1), which subsequently negated the
end spurt at the end of the trial (39).

Alternatively, the absence of progressive and potentially
limiting cerebral deoxygenation during the 5-km TT may be
viewed as a result of the exercise intensity not being high
enough to tax the brain, since a drop in Cox only occurs at
intensities beyond the ventilatory threshold (Fig. 2A). How-

Fig. 2. Changes in cerebral oxyhemoglobin ("[O2Hb]) (A), deoxyhemoglobin ("[HHb]) (B), tissue oxygenation index (TOI) (C), and normalized total
hemoglobin index (nTHI) during the 5-km time trial. *Different from values at 2.5 km (P ! 0.05).
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success. That is, the Kalenjin runners were able to maintain the
oxygenation of their prefrontal lobe through the 5-km time
trial. This may contribute to the attenuation of the development
of central fatigue and a subsequent decline in performance, as
has been observed on several occasions during maximal exer-
cise in well-trained athletes (4, 26, 27).

The Cox profile measured during the PTS test is in agree-
ment with the literature (2, 27, 37). We found a typical increase
in Cox in the first part of the test (Fig. 3) (12, 30), which has
classically been attributed to a local increase in cerebral blood
flow in response to increased O2 demand (30) from progressive
neuronal activation (7). This typical increase was followed by
a reduction in Cox at running speeds greater than the second
ventilatory threshold, and continued until exhaustion. This too
agrees with previous studies (27, 30) and can be explained by
a reduction in arterial carbon dioxide tension (PaCO2

) as a result
of increasing hyperventilation at higher workloads, a phenom-
enon that has been confirmed in previous research on Kenyan
runners (8). This has been shown to cause cerebral vasocon-
striction and diminished cerebral blood flow (2, 20, 30).

In contrast, the Cox profile observed during the 5-km TT
differed from the PTS test and previous studies (4). As in the
PTS, Cox increased from rest to 2.5 km during the 5-km TT,
driven by a local increase in cerebral blood flow subsequent to
enhanced O2 demand from neuronal activation (4, 7). Follow-
ing this first increase, Cox remained constant until the com-
pletion of the time trial, which contrasts with previous research
showing a significant decline in Cox during a 5-km TT in
well-trained runners (4). In that study, it was proposed that a
reduction in Cox was related to the pacing strategy employed

during the trial, and only occurred once the known endpoint of
exercise was approaching as part of the regulation to prevent
premature fatigue caused by excessive disruptions to homeo-
stasis.

Our results do not necessarily contradict these previous
findings by Billaut et al. (4), as the pacing strategy was
different between the two studies. The prefrontal cortex plays
a fundamental role in movement planning and decision-mak-
ing, as well as the control of pacing (14). The treadmill speed
curve observed in the present study does not represent the
typical pace in a running time trial (22), because the Kenyan
runners did not exhibit a final end spurt at the end of the 5-km
TT (Fig. 1). Pacing strategy involves the conscious and/or
subconscious variation of workload over the exercise in order
to optimize performance by avoiding premature fatigue (39).
Usually, the presence of an end spurt is associated with a
reserve, and Billaut et al. (4) proposed that this reserve was
utilized to produce the final end spurt, which then caused the
deoxygenation they observed in the final part of the time trial.
This implies that the stable Cox during the second half of the
5-km TT in the present study may simply be a consequence of
a more aggressive pacing strategy (due to the financial incen-
tives) in the whole group (CV ! 6% in the speed curve during
the whole 5-km TT, Fig. 1), which subsequently negated the
end spurt at the end of the trial (39).

Alternatively, the absence of progressive and potentially
limiting cerebral deoxygenation during the 5-km TT may be
viewed as a result of the exercise intensity not being high
enough to tax the brain, since a drop in Cox only occurs at
intensities beyond the ventilatory threshold (Fig. 2A). How-

Fig. 2. Changes in cerebral oxyhemoglobin ("[O2Hb]) (A), deoxyhemoglobin ("[HHb]) (B), tissue oxygenation index (TOI) (C), and normalized total
hemoglobin index (nTHI) during the 5-km time trial. *Different from values at 2.5 km (P ! 0.05).
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test for pairwise comparisons. The magnitude of differences or effect
sizes (ES) were calculated for significant differences according to
Cohen’s d (6) and interpreted as small (!0.2 and "0.6), moderate
(!0.6 and "1.2), and large (!1.2 and "2). Significance for all
analyses was set at P " 0.05.

RESULTS

Descriptive characteristics and maximal treadmill test results
of Kenyan runners participating in this study are listed in Table 1.
Subjects can be considered elite competitive runners, as indi-
cated by the average 10-km race time of 28.7 # 0.3 min
corresponding to a pace of 5.8 # 0.06 m/s (CV $ 1.0%). The
mean V̇O2max and running economy were 71.9 # 5.1
ml·kg%1·min%1 and 185.2 # 9.4 ml·kg%1·km%1, respectively
(CV $ 7.1% and 5.1%). The homogeneity of the group is
indicated by a coefficient of variation (CV) " 4% for all
performance-related variables: 10-km race time (CV $ 1.0%),
half-marathon time (CV $ 1.6%), and PTS (CV $ 3.7%).
With respect to anthropometry, the group was also homoge-
nous: height 170.5 # 6.3 cm (CV $ 3.7%); body mass 54.8 #
6.3 kg (CV $ 11.5%), BMI 18.8 # 1.3 (CV $ 6.9%), and
body fat content 8.7 # 0.5% (CV $ 5.7%).

The average treadmill speed recorded every 0.5 km during
the 5-km TT in this elite Kenyan group is displayed in Fig. 1.
The average time taken to complete the 5-km TT was 15.2 #
0.2 min (CV $ 1.3%).

The changes in cerebral hemodynamics measured over the
prefrontal lobe during the 5-km TT are displayed in Fig. 2.
Cerebral oxygenation increased progressively over the first half
of the trial (increased &[O2Hb] and &[HHb], Fig. 2, A and B,
respectively), suggestive of increased cardiac output and/or
cerebral vasodilation after the commencement of exercise.
Thereafter, &[O2Hb] remained constant (ES $ 0.33, small
effect, Fig. 2A), whereas &[HHb] increased until the end of the
5-km TT (P " 0.05; ES $ 3.13, large effect, Fig. 2B). The TOI
decreased over the first 1.5 km and then remained stable until
completion of the test (ES $ 0.02, trivial effect, Fig. 2C). The
total hemoglobin content (nTHI) was stable for the first half
of the test and increased progressively from 3 km until com-
pletion, being significantly greater in the final 0.5 km of the
5-km TT (P " 0.05; ES $ 1.73, large effect, Fig. 2D).

The average maximal speed achieved during the PTS was
21.6 # 0.8 km/h (CV $ 3.7%). The changes in cerebral
hemodynamics measured over the prefrontal lobe during the
PTS are displayed in Fig. 3. During the first part of the PTS,
Cox increased compared with baseline (increased &[O2Hb] and
&[HHb], Fig. 3, A and B, respectively). From a running speed
of approximately 17 km/h, &[O2Hb] began to decline and was
significantly lower from the speed corresponding to the second
respiratory threshold (19.7 # 0.9 km/h, P " 0.05; ES $ 1.51,
large effect). &[HHb] increased progressively until exhaustion
(P " 0.05; ES $ 1.22, large effect). The TOI remained stable
throughout the PTS (ES $ 0.42, small effect) and was signif-
icantly higher than the values measured during the 5-km TT
(P " 0.001; ES $ 3.08; very large effect, Fig. 3C). The nTHI
remained stable until a running speed corresponding to the
second respiratory threshold was reached, when it decreased
(P " 0.05; ES $ 1.08, moderate effect). The values measured
at exhaustion (Fig. 3D) were lower than those measured at the
end of the 5-km TT (Fig. 2D, P " 0.001; ES $ 2.36, large
effect).

With regards to the SpO2 data, there was little variation
among subjects prior to the 5-km TT (SpO2 $ 99.7 # 0.6%;
CV $ 0.6%) corresponding to a range similar to well-trained
runners. SpO2 fell at the beginning of the 5-km TT (to 97.0 #
2.5% at 500 m; P " 0.05, ES $ 2.07, large effect) and then
remained stable until the completion of the test (ES $ 0.44,
small effect). During the PTS, SpO2 decreased over the first
minute of the test (from 98.7 # 1.8% to 97.3 # 3.4%, P "
0.05, ES $ 0.51, small effect), and then remained stable during
the rest of the test (ES $ 0.14, trivial effect).

DISCUSSION

The novel aspect of the present study is that we examined
the cerebral oxygenation response to maximal performance in
elite Kalenjin runners, who are considered the best long-
distance runners in the world (18, 40). We have found that
changes in cerebral oxyhemoglobin and deoxyhemoglobin in
these elite runners are similar to what has been reported for
well-trained runners during maximal incremental exercise to
volitional exhaustion. However, their cerebral oxygenation
response differs from that previously observed during self-
paced 5-km time trials and offers another possible physiolog-
ical mechanism for their unparalleled, multifactorial sporting

Table 1. Physical characteristics and maximal test results of
the Kalenjin runners

CV, %

Age, yr 23.7 # 4.2 17.7
PTS, km/h 21.6 # 0.8 3.7
V̇O2max, ml·kg%1·min%1 71.9 # 5.1 7.1
10-km race time, min 28.7 # 0.4 1.4
Half-marathon time, min 62.2 # 1.0 1.6
Mean RE, ml·kg%1·km%1 185.2 # 9.4 5.1
Training, km/wk 128.9 # 18.8 14.6
Height, cm 170.5 # 6.3 3.7
Mass, kg 54.8 # 6.3 11.5
BMI, kg/m2 18.8 # 1.3 6.9
Body fat, % 8.7 # 0.5 5.7
! 8 Skinfold, mm 34.2 # 6.7 19.5

Values are means # SD; n $ 15 participants; CV, coefficient of variation;
PTS, peak treadmill speed; V̇O2max, maximum oxygen uptake; RE, running
economy; BMI, body mass index, ! 8 skinfolds, biceps, triceps, subscapular,
supraspinale, abdominal, suprailiac, mid-thigh, and medial calf.

Fig. 1. Average treadmill speed recorded every 0.5 km during the 5-km time
trial.
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ever, we discarded this possible explanation as the heart
rates measured were near peak levels (compared with the
incremental test to maximal effort) and TOI values were
even lower than those measured at exhaustion during the
PTS test (Figs. 2C and 3C).

Rather, we propose the influence of early-life factors, such
as prenatal exposure to high altitude and high physical activity
levels during childhood (5) to explain the ability to maintain
Cox in elite Kenyan runners. Prenatal exposure to high altitude
triggers cerebral vasodilator responses at muscle and endothe-
lium level by stimulating extensive cerebrovascular remodel-
ing that increases wall thickness but decreases overall contrac-
tility (25). Many of these adaptations to chronic hypoxia
appear to be homeostatic and mediated by vascular endothelial
growth factors (VEGF). The main member of the VEGF
family, VEGF-A165, is upregulated in response to hypoxia and
directly influences the expression and function of different
contractile proteins of the cerebrovascular smooth muscle,
such as !-actin and SM1 myosin (25). Therefore, this partic-
ular early-life factor may allow an increased Cox response
during later-life maximal exercise through gene expression
adjustments during fetal growth. With regards to the high
physical activity levels during childhood, they may cause,
among other adaptations, the stimulation of trophic factors and
neuronal growth as well as augmented cerebral circulation
through increased vascularization of the brain (28).

In addition, we also propose that the elite Kenyan runners
may have an attenuated reduction in PaCO2

during the 5-km TT,
which would delay the cerebral vasoconstriction that has been
demonstrated at high intensities. In fact, African runners dis-

play an increased oxidative enzyme activity and a subsequent
lower lactate production (16, 31, 33, 44). The consequences of
this more-efficient aerobic metabolism would be that Kenyan
runners are able to exercise at higher intensities, relying more
on aerobic sources of energy and producing less CO2 through
the bicarbonate breakdown to compensate for acidosis. This
would ultimately attenuate hyperventilation, hypocapnia, and,
finally, vasoconstriction (30).

However, some technical limitations have to be acknowl-
edged. First, we acknowledge that prefrontal lobe oxygenation
is a regional measurement that may not be reflective of global
Cox. However, this area of the brain has been associated with
global changes in cerebral blood flow, oxygenation of premo-
tor and motor cortexes, and locomotor muscle performance (1,
30, 34, 36, 37). Another limitation of the present study was that
NIRS-determined cerebral oxyhemoglobin measurements may
be affected by changes in extracranial blood flow (10) and that
skin pigmentation may interfere with the reflected NIRS signal
(43). Although we used a probe where emitter and detector
were separated by 3.0 cm to avoid decreases in signal quality,
this also implies that our Cox measurements were more super-
ficial than those from studies using a distance of 4.5 cm.
Therefore, results reported in this study should be interpreted
with caution.

In conclusion, this study shows that elite Kenyan runners
maintain their cerebral oxygenation within a stable range
during a self-paced maximal 5-km time trial, possibly due to
specific early-life factors shared by Kenyan runners including
prenatal exposure to high altitude and high physical activity
levels during childhood. This maintained cerebral oxygenation

Fig. 3. Changes in cerebral oxyhemoglobin ("[O2Hb]) (A) and deoxyhemoglobin ("[HHb]) (B), TOI (C), and nTHI (D) during peak treadmill speed test.
*Different from values at 19.5 km/h (P # 0.05).
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periods of EEG measurements and until a RPE of 18 was reached.
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 a and b band with
EC before and after different kinds of fatiguing exercises, in the
present study both the a and b band were analysed during resting
conditions with EC before and after fatiguing cycling.

Statistics

Electrophysiological data were subjected to repeated-measures ano-
vas with the factor Time with three levels: beginning of cycling; end
of cycling; and recovery cycling. To guard against effects of
heteroscedasticity, Greenhouse–Geisser correction was used. Where
anova revealed significant effects, post hoc t-tests were applied.
Results are expressed as mean ± SD.
To assess differences in a and b band power at resting conditions

during EC between measurements before and after exercise, non-
parametric randomization tests were used. Reported are voxels that
survived significance thresholding at P = 0.05, defined by 5000
randomizations, corrected for multiple comparisons.

Results

Behavioural data, heart rate and body temperature

The 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 §
min, respectively, t15 = )18.5, P < 0.001). A significant increase was
also found in body temperature after fatiguing cycling compared with
pre-exercise values (36.9 ± 0.2 !C vs. 37.0 ± 0.2 !C, respectively,
t15 = )2.375, P = 0.031).

Electrophysiological data

anova of lagged phase synchronization between intra-hemispheric
mid § anterior insular and motor cortex connection revealed a signif-
icant effect of Time within the a § l band (F1.965,15 = 10.049,
P = 0.001). Subsequent post hoc t-tests showed a significantly higher
lagged phase synchronization at the end of cycling than at the
beginning of cycling (t15 = )3.383, P = 0.004; Fig. 1). A significantly
lower lagged phase synchronization was found during recovery
cycling than at the end of cycling (t15 = 4.158, P = 0.001). No
significant change in lagged phase synchronization was observed from
the beginning of cycling to recovery cycling (t15 = 0.571, P = 0.576).
Analysis of mean a § l power within the mid § anterior insular cortex

revealed a significant effect of Time (F1.101,15 = 5.470, P = 0.03;
Fig. 2A). During recovery cycling, a § l power was significantly lower
than at both the beginning (t15 = 2.787, P = 0.014) and the end of
cycling (t15 = 6.480, P < 0.001). No significant change in a § l power
could be detected from the beginning to the end of cycling
(t15 = 0.995, P = 0.336).

Only a trend was found for Time to influence a § l power within the
motor cortex (F1.039,15 = 3.838, P = 0.067; Fig. 2B).
Whole-brain analysis during resting conditions of EC revealed a

widespread increase within both the a and b power, which reached
significance (t15 = 4.229, Max t = 9.04, Extreme P < 0.001 for a, and
t15 = 4.08, Max t = 4.95, Extreme P = 0.005 for b) only in Brodmann
area 11 after exhaustive cycling exercise (Fig. 3).

Discussion

In the present EEG study, fatigue-related neural communication
between mid § anterior insular and motor cortex was investigated
during a constant-load cycling exercise by calculating lagged phase
synchronization within a § l 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 a power in the mid § anterior insular and the
motor cortex at the end of cycling, no significant increase was found.
Rather, a power tended to decrease over time, which – considering
negative correlation of a 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 a § b power index, which is
defined as the area of a power spectrum divided by the area of b power
spectrum (Nielsen et al., 2001; Nybo & Nielsen, 2001; Rasmussen
et al., 2004; Ftaiti et al., 2010). In order not to misinterpret EEG data
potentially contaminated by movement and muscle artefacts, b power
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Fig. 1. Mean lagged phase synchronization between the mid § anterior insular
and the motor cortex within a § l frequency band during resting (pre- § post-
exercise) and cycling conditions (beginning § end § recovery) of EO. Error bars
represent inter-individual 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.
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The OFC is also able to integrate multiple sources of
information regarding the outcome of a task response and, in
effect, calculate how rewarding an action is (11). To maintain
exercise under intolerable conditions, external cues such as
visual feedback of performance (35), other competitors (34), or
internal cues like self-belief (13) may play a role in our
interpretation of how rewarding tolerating disrupted physio-
logical signals might be. The OFC processes both emotional
and motivational responses to stimuli in an ongoing manner
that would be required to make continuous decisions about
motor output (30). This process is likely to be in conjunction
with the ACC (4, 24) and other reward centers such as the
amygdala, thus increasing the implication of dopamine and its
role in exercise tolerance (33). The ACC is proposed to give
motivational context to situations by providing incentive val-
ues from past events (14). This pathway may provide the
experiential nature of exercise as previously reported (19)
where interpretation of homeostatic signals is likely to play a
role (19). During interpretation of afferent feedback there is
coactivation of the ACC with the AIC, suggesting that both
these are involved in perception of bodily states (10, 24).

Processing task response selection is suggested to involve
the LPC in conjunction with information delivered by the ACC
and OFC (3). Sustaining motor output under conditions of
homeostatic perturbations is likely to trigger internal conflict
(34), which is suggested to involve the ACC (3, 22). The LPFC
integrates internal conflict about selecting a response in com-
bination with the reward outcome, to guide selection of an
appropriate response, which occurs in conjunction with PMA
(17). Together these pathways are suggested to act in an
integrated manner to choose a response that is likely then
passed through the basal ganglia (BG) for motor execution (14)
(see Fig. 1). The competitive nature of the brain means that

expression of a certain behavior will be achieved by the
pathways with the strongest sources of support (20). An ath-
lete’s ability to sustain exercise, despite severe deficiencies in
motor control, may be implemented in situations where
psychological drive ensures that the task-relevant response
chosen is to continue exercise (30). Attention paid to moti-
vational and emotional cues from the environment and
situation, rather than from the homeostatic signals, would
facilitate this, which has been shown to be relevant for both
incremental tests to exhaustion (35) and self-paced exercise
(5). Persistent choice of specific task responses reinforces
neural pathways (20) and may explain why athletes have a
higher ability to tolerate such sensations (29). Although the
PFC may not be considered to be involved directly in the
execution of motor output (16), we posit it may be inti-
mately involved in the capacity to tolerate high levels of
physical exertion and possibly in the determination of ex-
ercise termination. As such, evaluating neurophysiological
and psychological responses when high levels of physiolog-
ical demand are present, during externally controlled and
self-paced exercise, will assist in our understanding of
cerebral alterations in exercise tolerance and how they
impact our regulation of exercise performance.
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Fig. 1. During exercise such as self-paced or
exhaustive incremental exercise, decisions
are made about when to stop or how to
regulate pace such that exercise can be com-
pleted without catastrophic failure or a
meaningful slow down before the finish line.
The lateral prefrontal cortex (LPFC) allows
for integration of afferent signals in combi-
nation with a motivational and emotional
context provided by the anterior cingulate
cortex (ACC) and the orbitofrontal cortex
(OFC). Once these signals are integrated, a
decision about the most relevant task re-
sponse to the situation can be made. Depend-
ing on the mode of exercise, choices will
vary from response 1 (R1) acting to modify
the exercise pace by speeding up, slowing
down or maintaining pace, to response 2
(R2), which will terminate exercise. The task
response is carried out via the pre motor area
(PMA) and the basal ganglia (BG).
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