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Abstract In exercise physiology, it has been traditionally assumed that high-intensity aerobic exercise stops at the point commonly called exhaustion because fatigued subjects are no longer able to generate the power output required by the task despite their maximal voluntary eVort. We tested the validity of this assumption by measuring maximal voluntary cycling power before (mean § SD, 1,075 § 214 W) and immediately after (731 § 206 W) (P < 0.001) exhaustive cycling exercise at 242 § 24 W (80% of peak aerobic power measured during a preliminary incremental exercise test) in ten Wt male human subjects. Perceived exertion during exhaustive cycling exercise was strongly correlated (r = ¡0.82, P = 0.003) with time to exhaustion (10.5 § 2.1 min). These results challenge the long-standing assumption that muscle fatigue causes exhaustion during high-intensity aerobic exercise, and suggest that exercise tolerance in highly motivated subjects is ultimately limited by perception of eVort. Keywords Muscle fatigue · Exercise tolerance · Performance · Perceived exertion · Muscle power · Motivation · EVort



Communicated by Susan Ward. S. M. Marcora (&) · W. Staiano School of Sport, Health and Exercise Sciences, Bangor University, Normal Site, Holyhead Road, Bangor, Gwynedd LL57 2PZ, Wales, UK e-mail: [email protected]



Introduction The capacity to sustain aerobic exercise (exercise tolerance) is very important for endurance athletes (Coyle et al. 1988), and poor exercise tolerance is strongly associated with disability, risk of cardiovascular disease, and mortality in the general population (Gulati et al. 2005; Myers et al. 2002; Newman et al. 2006). Because of these important implications, the mechanisms determining exercise tolerance have been intensely investigated for over a century (McKenna and Hargreaves 2008). Most of this research has been based on the assumption that, in highly motivated subjects, the tolerable duration of aerobic exercise is limited by central and/or peripheral muscle fatigue (Fig. 1) (Allen et al. 2008; Amann and Calbet 2008; Burnley and Jones 2007; Noakes and St Clair Gibson 2004; Secher et al. 2008; Walsh 2000). In other words, it is assumed that aerobic exercise stops at the point commonly called exhaustion because fatigued subjects are no longer able to generate the power output required by the task despite their maximal voluntary eVort. Indeed, task failure/exhaustion is often referred to as the “point of fatigue” (Barry and Enoka 2007). As a result, research into the mechanisms determining exercise tolerance has focused on the cardiovascular, respiratory, metabolic, and neuromuscular mechanisms of muscle fatigue (McKenna and Hargreaves 2008). These physiological mechanisms include limited oxygen delivery (Amann and Calbet 2008; Burnley and Jones 2007), metabolic and ionic changes within the active muscles (Fitts 2008; McKenna et al. 2008), supraspinal reXex inhibition from muscle aVerents sensitive to these changes (Amann and Calbet 2008), and altered cerebral blood Xow and metabolism (Secher et al. 2008). However, to the best of our knowledge, nobody has ever tested the basic
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Procedures Visit 1



Fig. 1 Schematic to illustrate diVerent mechanisms leading to exhaustion. Dashed line shows how the maximum force (or power) declines during repeated tetani. Solid red line indicates a submaximal force required for a particular activity. Exhaustion (failure to produce the required force) occurs at the intersection of the two lines. Increases and decreases in the required force (arrow 1) will cause earlier and later onset of exhaustion, respectively. Increases and decreases in the maximum force that the muscle can produce (arrow 2) will also change the time to exhaustion. Finally, changes in the intrinsic fatiguability of the muscle (arrow 3) will also change the time to exhaustion. Reprinted with permission from Allen et al. (2008) (color Wgure online)



assumption that exhaustion during high-intensity aerobic exercise occurs because fatigued subjects are no longer able to generate the power output required by the task despite their maximal voluntary eVort. Therefore, in spite of its long-standing recognition in the Weld of exercise physiology (Noakes and St Clair Gibson 2004), the validity of the muscle fatigue model of exercise tolerance is unclear. The primary aim of our study was to test the basic assumption of the muscle fatigue model of exercise tolerance by measuring maximal voluntary cycling power (MVCP) immediately after a time to exhaustion test performed on a cycle ergometer. The secondary aim of the present investigation was to describe the time-course of muscle fatigue induced by high-intensity aerobic exercise.



Methods Participants Ten healthy male human subjects were recruited from Bangor University’s rugby league team. Their characteristics were age 22 § 2 years, height 182 § 7 cm, body mass 81.6 § 14.0 kg, peak oxygen uptake (VO2peak) 50.2 § 6.3 ml/(kg min). All subjects signed an informed consent form describing the study protocol which was approved by the Ethics Committee of the School of Sport, Health and Exercise Sciences, Bangor University, according to the standards set by the Declaration of Helsinki.
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Participants visited the Physiology Laboratory on Wve diVerent occasions with a minimum of 48 h between visits. All visits were completed within a period of 2 weeks. Environmental conditions in the laboratory were kept between 18 and 22°C for temperature and 45 and 60% for humidity. During the Wrst visit, subjects performed a preliminary incremental exercise test (2 min at 50 + 50 W increments every 2 min) until exhaustion [operationally deWned as a pedal frequency of 
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