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Endurance Performance

Performance during whole-body physical tasks lasting 

more than 75 sec up to several hours/days



Limit

Noun

/ˈlɪmɪt/

a point at which 

something stops 

being possible or 

existing



Limit
The point at which cycling at a given/desired power 

output/speed stops being possible or existing.

Also known as:

• The point of fatigue

• Exhaustion

• Task failure



Aldo Sassi, Cycling Coach and Sport 

Scientist, 1959-2010

“With the 

exception of the 

race winner, for 

everybody else 

the race is a time 

to exhaustion test”



Time to Exhaustion at 5.5 W/kg

(“Endurance Test”)

Elite 423W     Subelite 410W410W

Sassi et al. (2005)



What causes exhaustion?



What causes exhaustion?

Muscle 

Fatigue
Exhaustion

Perception 

of Effort

Exhaustion

Potential 

Motivation

A)

B)



With young athletic people 

one may be sure that they 

really have gone "all out", 

moderately certain of not 

killing them, and practically 

certain that their stoppage is 

due to oxygen-want and to 

lactic acid in their muscles.

AV Hill. Muscular Activity. 

Williams & Wilkins, Baltimore,

1926.

A) Physiological Model



A) Physiological Model

Energy Depletion



A) Physiological Model

Central Fatigue



Basic Assumption of Physiological Model:

Muscle Fatigue Causes Exhaustion

O



EJAP 2010; 109(4):763-70

]
10 ± 2 minutes



Cadence fixed at 80 RPM

] ]



ATP at exhaustion = 17-

18 mmol/kg of wet muscle

This amount of anaerobic 

energy would permit 7-8 

extra minutes of 

exercise at 100% of 

VO2max





What causes exhaustion?

Muscle 

Fatigue
Exhaustion

Perception 

of Effort

Exhaustion

Potential 

Motivation

A)

B)

X



RPE Scale

Perception of Effort

Physical Workload

(Borg, 1965)

Psychophysical

Construct



Leg Effort and Dyspnea

(Jones and Killian, 2000)



Potential motivation = maximum effort one is willing to exert in 

order to succeed in the task.



B) Psychobiological Model of 

Endurance Performance

(Marcora, 2007, 2008a, 2008b, 2009, 2010, 2012, 2015, 2020)



B) Psychobiological Model of 

Endurance Performance

(Marcora, 2007, 2008a, 2008b, 2009, 2010, 2012, 2015, 2020)

Experimentally testable predictions:

• An increase in motivation increases time 

to exhaustion

• An increase in perception of effort reduces 

time to exhaustion

• A reduction in perception of effort increases 

time to exhaustion



Wilmore JH. Influence of motivation on physical work 

capacity and performance. Journal of Applied Physiology 

24: 459-463, 1968.

P < 0.05



B) Psychobiological Model of 

Endurance Performance

(Marcora, 2007, 2008a, 2008b, 2009, 2010, 2012, 2015, 2020)

Experimentally testable predictions:

• An increase in motivation increases time to 

exhaustion

• An increase in perception of effort 

reduces time to exhaustion

• A reduction in perception of effort increases 

time to exhaustion



Muscle Fatigue



(Marcora et al., JAP 2008)

100 Drop Jumps

(one jump every 20 seconds)
Time to Exhaustion at 230W

(80% of Peak Power Output)

Mental Fatigue and Endurance Performance

Endurance PerformanceMuscle Fatiguing Task

Randomized crossover experiment N = 10



P < 0.05

Muscle Fatigue and Endurance Performance

Marcora et al. AJP- Reg, Integr and Comp Physiol, 2008.



Marcora et al. AJP- Reg, Integr and Comp Physiol, 2008.

Muscle Fatigue and Endurance Performance

---------------------------------------------------------------------------------------------

------------------------------------



What causes exhaustion?

Muscle 

Fatigue

Perception 

of Effort

Exhaustion

Potential 

Motivation



Mental Fatigue



(Marcora et al., JAP 2009)

AX-Continuous Performance 

Task (AX-CPT) for 90 min
Time to Exhaustion at 230W

(80% of Peak Power Output)

Mental Fatigue and Endurance Performance

Endurance PerformanceMentally Fatiguing Task

Randomized crossover experiment N = 16



(Marcora et al., JAP 2009)

P < 0.05

Mental Fatigue and Endurance Performance



------------------------------------------------------------------------------------------------------

---------------------------------------

(Marcora et al. JAP 2009)

Mental Fatigue and Endurance Performance



B) Psychobiological Model of 

Endurance Performance

(Marcora, 2007, 2008a, 2008b, 2009, 2010, 2012, 2015, 2020)

Experimentally testable predictions:

• An increase in motivation increases time to 

exhaustion

• An increase in perception of effort reduces 

time to exhaustion

• A reduction in perception of effort 

increases time to exhaustion



Caffeine Supplementation



Caffeine Supplementation



P < 0.05

Smirmaul et al. EJAP, 2017.

Caffeine Supplementation



Caffeine Supplementation

Smirmaul et al. EJAP, 2017.

--------------------------------------------------------------------------------------------------------

-----------------------------



Self-Talk and Endurance Performance



Time to Exhaustion at 80% 

Peak Power Output

Self-Talk and Endurance Performance

Endurance Performance TestSelf-Talk Statements

RCT: n = 12 Self-Talk vs. n = 12 Control(Blanchfield et al., MSSE 2014)

Hang on in there

Come on, get up for it

Go for it

Dig Depp

Push It

You're a winner

You can do it

Keep going, be strong



(Blanchfield et al., MSSE 2014)

Self-Talk and Endurance Performance



(Blanchfield et al., MSSE 2014)

Self-Talk and Endurance Performance

---------------------------------------------------------------

--------------------------



Neurophysiology of Perception of Effort

Neural Signals

Brain 

Processing

Perception



Neurophysiology of Perception of Effort

(Marcora. JAP 2009)



Zenon et al. The Journal of Neuroscience. 2015, 35(23): 8737-8744.

These findings indicate 

that effort perception 

relies on the 

processing of a signal 

originating from 

motor-related neural 

circuits upstream of 

M1 and that SMA is a 

key node of this network



Practical Applications:

• Improve physical fitness and minimize muscle fatigue

through regular physical training, monitoring, tapering, and 

nutrition (e.g. carbs and hydration)

• Minimize mental fatigue through monitoring, tapering, 

reduction of sport-related and external psychological load, 

caffeine

• Make systematic use of psychological interventions

known to improve endurance performance

• Future: Brain Endurance Training (BET), brain stimulation, 

neurofeedback, non-conscious psychological 

interventions, […]
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Practical Applications:

• Improve physical fitness and minimize muscle fatigue

through regular physical training, monitoring, tapering, and 

nutrition (e.g. carbs and hydration)

• Minimize mental fatigue through monitoring, tapering, 

reduction of sport-related and external psychological load, 

caffeine

• Make systematic use of psychological interventions

known to improve endurance performance

• Future: Brain Endurance Training (BET), brain stimulation, 

neurofeedback, non-conscious psychological 

interventions, […]



Psychobiological Monitoring

Viveiros et al. (2011)



Psychobiological Monitoring



Sleep well and avoid mentally draining 

activities before competitions



Sleep well and avoid mentally draining 

activities before competitions





Reduce cognitive workload 

during competitions

Cognitive Drafting
(Hutchinson, 2018)



Practical Applications:

• Improve physical fitness and minimize muscle fatigue

through regular physical training, monitoring, tapering, and 

nutrition (e.g. carbs and hydration)

• Minimize mental fatigue through monitoring, tapering, 

reduction of sport-related and external psychological load, 

caffeine

• Make systematic use of psychological interventions

known to improve endurance performance

• Future: Brain Endurance Training (BET), brain stimulation, 

neurofeedback, non-conscious psychological 

interventions, […]



www.resist-stopping.com

Psychological Interventions:

• Self-talk

• Reappraisal

• Pacing

• Attentional focus

• Goal-setting

• Cue your form

• Relaxation



Practical Applications:

• Improve physical fitness and minimize muscle fatigue

through regular physical training, monitoring, tapering, and 

nutrition (e.g. carbs and hydration)

• Minimize mental fatigue through monitoring, tapering, 

reduction of sport-related and external psychological load, 

caffeine

• Make systematic use of psychological interventions

known to improve endurance performance

• Future: Brain Endurance Training (BET), brain stimulation, 

neurofeedback, non-conscious psychological 

interventions, psychoactive nutrients other than caffeine 

[…]



Questions?



Afferent Feedback Model of Perceived Effort 

(Hampson et al., 2011)



Cardiopulmonary Sources of Afferent Feedback

RPE and heart rate during 
incremental exercise tests in

2,560 Men and Women

(Scherr et al., 2013) 



Cardiopulmonary Sources of Afferent Feedback
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(Myers et al., 1987)

Nine men with chronic atrial fibrillation during treadmill exercise testing



Peripheral/Metabolic Sources of Afferent Feedback

RPE and blood lactate during 
incremental exercise tests in

2,560 Men and Women

(Scherr et al., 2013) 



(Kjaer et al. 1999)

Epidural anaesthesia at 

lumbar level

Cycling exercise for 20 min 

at 46% VO2max

Afferent Feedback and Perception of Effort



Afferent Feedback and Perception of Effort
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(Kjaer et al. 1999)

Normoxia (20.9% oxygen) Hypoxia (11.5% oxygen)
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Mitchell et al. (1989)
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Peripheral/Metabolic Sources of Afferent Feedback



Motor-Related Cortical Potentials

Electroencephalography 

(EEG)



Left. Experimental set-up. Right. Strength loss after fatiguing protocol. †
significant paired difference.

50 lifts 

each arm 

with two 

different 

weights 

De Morree  et al. Psychophysiology 2012; 49(9): 1242-1253

Central Command and Perception of Effort



Rating of perceived effort for all four weightlifting conditions. Data are presented as means ±

standard deviations. # Significant main effect of fatigue (p < 0.001), * significant main effect of 

weight (p < 0.001).

Central Command and Perception of Effort



Movement-related cortical potentials at five electrodes for the four weightlifting conditions over time. 

contra is contralateral to the movement and ipsi is ipsilateral to the movement. Time 0 s is EMG onset.

Central Command and Perception of Effort



Within-subject correlation between rating of perceived effort and average Cz amplitude during the first 
1000 ms of movement. Each data point represents the means ± standard errors for one of the four 
conditions. The correlation coefficient was r(14) = -0.64 (p < 0.001).

Central Command and Perception of Effort



PRACTICAL APPLICATIONS OF THE 

PSYCHOBIOLOGICAL MODEL:

• Reduce mentally draining activities before and during competitions

• Psychobiological monitoring of training

• Psychological interventions:

a) Conscious

b) Non-conscious

• Psychoactive Substances:

a) Nutrition

b) Drugs

• Brain Endurance Training (BET)

• Brain Stimulation



Use (legal) psychostimulants



Brain Stimulation (TMS/tDCS)



Angius et al. (2017)

23% 

improvement 

in cycling time 

to exhaustion

10 min tDCS stimulation of 

both primary motor cortexes 

prior exercise

Brain Stimulation (TMS/tDCS)



Brain Endurance Training

(BET)



Mentally Fatiguing Tasks

AX-Continuous 

Performance 

Task

Flanker Task



Systematic repetition of 

mentally fatiguing tasks:

• increases training load on the 

brain

• induces adaptations in the 

ACC or other relevant cortical 

areas

• reduces perception of effort

• Increases endurance 

performance

Hypotheses



40 healthy and physically active males were randomly assigned to 

two different training groups: BET and control. Five dropouts (12%).

© Crown copyright 2013.  Published with the permission of the Defence Science and 

Technology Laboratory on behalf of the Controller of HMSO.

METHODS



“I tried out a 

researcher's new 

brain training 

protocol, and it 

wasn't easy.”

Alex Hutchinson 

Sweat Science Blog

Runner’s World 

September 17, 2013

METHODS

Cycling exercise for 60 min at 65% VO2max,

three times a week for 12 weeks, with and without BET



Experimental Treatment

Both groups trained on a cycle ergometer for 60 min at 65% VO2max, 

three times a week for 12 weeks.

Whilst cycling, the BET group performed a mentally fatiguing task on a 

computer (60 min of the AX-CPT task).

The control group was not involved in any mentally fatiguing task whilst 

cycling.

Study Protocol

METHODS



Results: VO2max Test

© Crown copyright 2013.  Published with the permission of the Defence Science and 

Technology Laboratory on behalf of the Controller of HMSO.



© Crown copyright 2013.  Published with the permission of the Defence Science and 

Technology Laboratory on behalf of the Controller of HMSO.

Results: Time to Exhaustion Test



© Crown copyright 2013.  Published with the permission of the Defence Science and 

Technology Laboratory on behalf of the Controller of HMSO.

Results: Time to Exhaustion Test



Brain Endurance Training

in the field

Auditory Tasks via Smartphone App


