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RESUMO 
 

A influência do nível de performance dos ciclistas na sua estratégia de prova 
e na fadiga depois de uma prova de ciclismo de contrarrelógio é desconhecida. Assim, 
o objetivo do presente estudo foi investigar o efeito de diferentes níveis de 
desempenho em uma prova de ciclismo de 4 km sobre a estratégia de prova e a fadiga 
central e periférica ao final da prova. Tinta e seis ciclistas completaram uma prova de 
ciclismo contrarrelógio de 4 km e, de acordo com seu desempenho na prova, foram 
classificados como “alto desempenho” (HP, n = 12) ou “baixo desempenho” (LP, n = 
12). Os atletas posicionados no meio (n = 12) foram excluídos para evitar 
sobreposição no desempenho entre os grupos. As mudanças entre o pré e o pós-
exercício na contração voluntária isométrica máxima (CVIM), na força potencializada 
pelo estímulo de 1 Hz (Qtw,pot) e na ativação voluntária (VA) foram usadas como 
marcadores de fadiga muscular, periférica e central, respectivamente. O grupo HP 
realizou uma saída rápida acima do ponto de compensação respiratória, enquanto o 
grupo LP manteve-se ao longo de toda a prova próximo ao ponto de compensação 
respiratória. A redução na MVIC do momento pré- para o pós-exercício foi maior no 
HP do que no grupo LP (-31,6 ± 24,7% vs. -17,3 ± 10,1%, interação grupo vs. momento 
p = 0,01), sem diferença entre os grupos para a redução de Qtw,pot (HP: -39,5 ± 21,9% 
vs. LP: -25,5 ± 21,4%, interação grupo vs. momento p = 0,08) ou VA (HP: -7,2 ± 12,7% 
vs. LP: -4,5 ± 7,5%, interação grupo vs. momento p = 0,63). Em conclusão, atletas 
com maior nível de desempenho adota uma estratégia mais agressiva, passando mais 
tempo acima do ponto de compensação respiratória, tendo como consequência mais 
fadiga muscular pós-exercício que seus congêneres de menor nível de desempenho. 

 
Palavras-chave: Desempenho atlético, ciclistas, pacing, função neuromuscular. 
  



ABSTRACT 
 

The influence of cyclists’ performance level on pacing strategy and muscular 
fatigue after a cycling time trial (TT) is underexplored. Thus, the present study aimed 
to investigate the effects of different performance levels in a 4-km cycling TT on pacing 
strategy and end-exercise central and peripheral fatigue. Thirty-six male cyclists 
performed a self-paced 4-km cycling TT, and then were classified as “high performing” 
(HP, n = 12) or “low performing” (LP, n = 12) in according with their trial performance. 
The athletes positioned in the middle (n = 12) were excluded to avoid overlap between 
groups. Pre- to post-trial changes in maximal voluntary isometric contraction (MVIC), 
potentiated 1 Hz force twitch (Qtw,pot), and voluntary activation (VA) were used as 
markers of muscular, peripheral, and central fatigue, respectively. The HP group 
performed a fast start, which was above the respiratory compensation point, while the 
LP group maintained throughout trial close to the respiratory compensation point. Pre- 
to post-trial decline in MVIC was greater in the HP than in the LP group (-31.6 ± 24.7% 
vs. -17.3 ± 10.1%, group vs. time interaction p = 0.01), without difference in the 
reduction of Qtw,pot (HP: -39.5 ± 21.9% vs. LP: -25.5 ± 21.4%, group vs. time interaction 
p = 0.08) or VA between the groups (HP: -7.2 ± 12.7% vs. LP: -4.5 ± 7.5%, group vs. 
time interaction p = 0.63). In conclusion, high-performing athletes adopted an 
aggressive pacing strategy expending more time above respiratory compensation 
point, which resulted in a greater amount of muscle fatigue, when compared to the low-
performing athletes. 
 
Keywords: Athletic performance, cyclists, pacing, neuromuscular function. 
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1 INTRODUCTION 

 

During a cycling time trial (TT), athletes regulate their pacing (i.e., power output) 

to reach the trial endpoint as fast as possible (ABBISS; LAURSEN, 2008). In particular, 

during a middle-distance TT such as a 4-km cycling TT, the power output might transit 

between heavy- and severe-intensity exercise domain (AZEVEDO et al., 2019; 

CHIDNOK et al., 2013; FELIPPE et al., 2018). The heavy-intensity exercise domain is 

any power output above the gas exchange threshold and below critical power, while 

the severe-intensity exercise domain is any power output above critical power (POOLE 

et al., 2016; THOMAS et al., 2016). Thus, the critical power is the boundary separating 

the heavy- and severe-intensity domain. However, the heavy- and severe-intensity 

domain can also be delimited by using the respiratory compensation point (RCP), 

which might work as a surrogate of critical power (KEIR et al., 2015; THOMAS et al., 

2016). One study showed that athletes perform in the severe intensity only at the 

beginning and end of a 4-km cycling TT (AZEVEDO et al., 2019), while others showed 

that athletes perform in the severe intensity throughout the trial (AZEVEDO et al., 

2021a; FELIPPE et al., 2018). Alternating between severe- and heavy-intensity domain 

or performing entirely in the severe-intensity domain probably influence the amount of 

end-exercise muscular fatigue, but there is limited research addressing this question.  

Exercise-induced muscular fatigue is characterized by the magnitude of decline 

in measures of performance (e.g. power, force, performance time) (ENOKA; 

DUCHATEAU, 2016), which can be of central (i.e., processes residing above 

neuromuscular junction) or peripheral causes (i.e., processes impairing the contractile 

function) (GANDEVIA, 2001). As the magnitude of central (measured via a reduction 

in voluntary activation, VA) and peripheral fatigue (measured via a reduction in 

quadriceps potentiated muscle twitch force, Qtw,pot) is dependent on exercise-intensity 

domain (BURNLEY; JONES, 2018), the amount of time expended in severe- and 

heavy-intensity domains might influence both central and peripheral fatigue. A study 

showed that a 4-km cycling TT mostly performed in the heavy-intensity domain reduces 

VA by ~8% and Qtw,pot by ~26% (AZEVEDO et al., 2019). On the other hand, a 4-km 

cycling TT mostly performed in the severe-intensity domain reduces VA and Qtw,pot by 

~10 and ~60%, respectively (AZEVEDO et al., 2021a). Another study showed that a 

4-km cycling TT mostly performed in the severe-intensity domain produced only ~5% 
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of reduction in VA and ~15% in the Qtw,pot (FELIPPE et al., 2018). Thus, it remains 

uncertain whether a greater amount of time expended in the severe-intensity domain 

during a 4-km cycling TT would result in greater end-exercise central or peripheral 

fatigue. 

A potential confusing factor when investigating the influence of time expended 

in the severe-intensity domain and muscular fatigue is the athletes’ training status. 

High-performing (HP) athletes expend a greater amount of time in severe-intensity 

domain during a TT than low-performing (LP) athletes (LIMA-SILVA et al., 2010). In 

addition, highly trained athletes might tolerate an increased task demand without 

resulting in additional central or peripheral fatigue (ANSDELL et al., 2018; SANTOS et 

al., 2020). A limited number of studies has, however, produced conflicting results. A 

study comparing these training status found no differences in the magnitude of 

reduction in Qtw,pot (~24 vs. ~23%, respectively) after a 4-km cycling TT (SANTOS et 

al., 2020), while another study found a smaller reduction in Qtw,pot for professional 

(~29%) than for moderately trained (~52%) cyclists after a 10-min cycling TT 

(DUCROCQ et al., 2021). Similarly, high trained group increased (~1%) and less 

trained group reduced VA (~3%) after the trial (SANTOS et al., 2020), while VA 

reduced similarly between both groups after the 10-min cycling TT (~11 vs. ~12%, 

respectively) (DUCROCQ et al., 2021). None of these studies, however, measured the 

amount of time and work performed in the severe-intensity domain, which makes no 

possible to ascertain the potential influence of different times and work done in the 

severe-intensity domain on post-exercise central and peripheral fatigue. Given these 

discrepant results and the lack of information concerning the time expended in the 

severe-intensity domain in high and less trained athletes, more research on this topic 

is necessary. 

Therefore, this study aimed to compare the amount of time and work done 

above RCP (i.e., in the severe-intensity domain) during a 4-km cycling TT and post-

exercise central and peripheral fatigue between two groups with different performance 

level. We hypothesized that HP cyclists would expend more time and do more work 

above RCP, which might result in greater amount of peripheral fatigue. 
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2 LITERATURE REVIEW 

 

In this literature review, it is discussed the concept of fatigue and its dependence 

on exercise-intensity domains, principally the heavy- and severe-intensity domains. 

 

2.1 MUSCULAR CONTRACTION 

 

Muscular contraction occurs by an electrical impulse from the motor cortex 

along the spinal cord to the motor neurons, releasing acetylcholine at the 

neuromuscular junction and thus generating an action potential in the sarcolemma 

(SAWCZUK; POWERS; BINDER, 1995; STEPHENSON et al., 1995). The action 

potential involves the interaction of potassium (K+), sodium (Na+), and chloride (Cl-) 

ions between the intra and extracellular parts of the sarcolemma (CLAUSEN, 2003). 

The events between the action potential in the sarcolemma and the beginning of 

contraction is known as excitation-contraction coupling (STEPHENSON et al., 1995). 

This sequence occurs in four steps (Figure 1): 1) the action potential propagates along 

the sarcolemma to the transverse tubules; 2) the depolarization of the membrane of 

transverse tubules occurs throughout the dihydropyridine protein (DHP) sensitive to a 

voltage, which releases a small amount of calcium (Ca2+) from its channels; 3) the 

released Ca2+ binds to the ryanodine receptor (RyR), releasing Ca2+ from the 

sarcoplasmic reticulum to cytoplasm; and 4) Ca2+ in the cytoplasm allows the 

interaction between actin-myosin through the binding of Ca2+ to troponin C 

(STEPHENSON et al., 1995). 

The binding of Ca2+ with troponin C alters the conformation of tropomyosin, 

allowing myosin-actin interaction and therefore muscle contraction (GEEVES; 

HOLMES, 1999). Muscle contraction is dependent on the breakdown of adenosine 

triphosphate (ATP) into adenosine diphosphate (ADP) through the ATPase enzyme 

(GEEVES; HOLMES, 1999). The relaxation is established when the transverse tubules 

and the sarcolemma have their electrochemical gradient reestablished, and the Ca2+ 

is pumped back to the sarcoplasmic reticulum by the Ca2+ pump (CLAUSEN, 2003). 

The energy needed to maintain muscle contraction comes from the hydrolysis of ATP 

derived from the breakdown of phosphocreatine, anaerobic glycolysis, and oxidative 

pathways. 
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FIGURE 1 – STEPS OF EXCITATION-CONTRACTION COUPLING OF SKELETAL MUSCLE. 

 
NOTE: 1) Action potential propagates along the membrane (green arrow); 2) dihydropyridine protein 
(DHP) release Ca2+ to the intracellular space; 3) Ca2+ binds to the ryanodine receptor (RyR) that release 
the Ca2+ from the sarcoplasmic reticulum, and; 4) Ca2+ ions bind to troponin C to initiate contraction. 
SOURCE: the author (2021). 

 

It is important to note that athletes highly trained have increased mitochondrial 

respiration (BISHOP; GRANATA; EYNON, 2014), which can improve ATP resynthesis 

via aerobic pathways and reduce the dependence on anaerobic pathways. Endurance 

training also increases skeletal muscle buffering capacity (GIBALA et al., 2006). These 

differences might have some influence on muscle fatigue. 
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2.1.1 Central fatigue 
 

Central fatigue is defined by a failure in the central nervous system (CNS) to 

produce the appropriate electric impulses to motor neurons (GANDEVIA, 2001; 

VØLLESTAD, 1997). When the CNS is not able to completely recruit motor units during 

a maximal voluntary isometric contraction (MVIC), maximum force will be reached if 

an external electrical stimulus is applied on the active muscle (MERTON, 1954). This 

technique, the so-called twitch interpolation technique, was developed by Merton 

(MERTON, 1954), who observed that maximum recruitment of adductor pollicis muscle 

could be reached through an external electrical stimulus applied to the motor nerve. 

Many studies have refined this technique and thus assessed central fatigue in 

locomotor muscles such as quadriceps muscle (AMANN et al., 2006; GANDEVIA, 

2001; STROJNIK; KOMI, 1998). 

The development of central fatigue occurs during a high rate of firing by the 

motor cortex or by sustaining firing for a long period (BURNLEY; JONES, 2018; 

POOLE et al., 2016), which may result in reduction of cortical excitability (GANDEVIA 

et al., 1996). Furthermore, the accumulation of hydrogen (H+) and K+ in the active 

muscles activate type III and IV afferent sensory neurons, which could cause an 

inhibitory effect in the central motor command, decreasing thus the rate of firing of 

motoneurons (AMANN, 2011; BLAIN et al., 2016). 

Changes in the levels of some neurotransmitters induced by exercise may also 

be related to the development of central fatigue (MEEUSEN; ROELANDS, 2018; 

TAYLOR et al., 2016). The main neurotransmitters related to exercise are dopamine, 

norepinephrine, and serotonin monoamine (5-hydroxytryptamine; 5-HT) (TAYLOR et 

al., 2016). During prolonged exercise, increased concentrations of 5-HT in the brain 

might reduce brain excitability and mood, resulting in increased perception of exertion 

and central fatigue (DAVIS; ALDERSON; WELSH, 2000; NEWSHOLME; 

BLOMSTRAND, 1995). Nevertheless, there is no consensus about this mechanism 

due to the complexity of the neurotransmitters system (TAYLOR et al., 2016). Using 

data from animals, Davis and Bailey (DAVIS; BAILEY, 1997) extended this central 

fatigue hypothesis suggesting that an increase in brain dopamine can delay fatigue 

through inhibition of 5-HT synthesis, and directly activate motor pathways (MEEUSEN; 

ROELANDS, 2018). However, studies in humans suggested that increased levels of 
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dopamine increase exercise performance only in high temperatures (MEEUSEN; 

ROELANDS, 2018; TAYLOR et al., 2016).  

 

2.1.2 Peripheral Fatigue 
 

Peripheral fatigue is comprehended as a reduction in the muscle's ability to 

respond to a neural stimulus, causing failure in the contractile components (AMANN, 

2011; BLACK et al., 2017). This failure in muscle contractility is caused by changes in 

the excitability of the sarcolemma membrane, in the propagation of the action potential 

throughout the transverse tubules, failure in the release of calcium by the sarcoplasmic 

reticulum, and by the accumulation of metabolites that are the product of intense 

contractions (ALLEN; LAMB; WESTERBLAD, 2008; BLACK et al., 2017; FITTS, 1994). 

Changes in Na+ and K+ concentrations during exercise are associated with the 

development of peripheral fatigue (MCKENNA; BANGSBO; RENAUD, 2008; 

STEPHENSON et al., 1995). This occurs during intense contractions due to an 

irregularity in the process of establishing the gradient between Na+ and K+ in the intra- 

and extracellular environment, which reduce the excitability of the cell membrane to 

receive the sequential stimulus, causing a reduction in force production (ALLEN; 

LAMB; WESTERBLAD, 2008; MCKENNA; BANGSBO; RENAUD, 2008). 

When there is any impairment in the release and/or reuptake of Ca2+ by the 

sarcoplasmic reticulum, muscle contraction during intense exercise will also be 

impaired (ALLEN; LAMB; WESTERBLAD, 2008; MCKENNA; BANGSBO; RENAUD, 

2008). The reduction in the amplitude of action potentials can reduce the activation of 

DHP proteins, limiting the release of Ca2+ by the sarcoplasmic reticulum and actin-

myosin interaction. Other events can also reduce Ca2+ release, such as ATP depletion, 

increased concentration of magnesium and free H+ ions. Together, these events affect 

the Ca2+ release and the sequence of events of excitation-contraction coupling 

(ALLEN; LAMB; WESTERBLAD, 2008; FITTS, 1994; STEPHENSON et al., 1995).  

In addition, an important factor compromising muscle function is the metabolic 

and ionic disturbances (ALLEN; LAMB; WESTERBLAD, 2008; BLACK et al., 2017; 

FITTS, 1994). High concentrations of ADP and inorganic phosphate limit contractile 

functions (ALLEN; LAMB; WESTERBLAD, 2008; BLACK et al., 2017; FITTS, 1994; 

VANHATALO et al., 2016). In addition, an increase in free H+ also impairs muscle 

contraction (VANHATALO et al., 2010).  
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Peripheral fatigue can be assessed through an external supramaximal stimulus 

given on the relaxed muscle (AMANN, 2006; MERTON, 1954; STROJNIK; KOMI, 

1998). This method is useful to characterize the contractile properties of the muscle 

(BIGLAND-RITCHIE; FURBUSH; WOODS, 1986; EDWARDS et al., 1977). 

 

2.2 EXERCISE INTENSITY DOMAINS 

 

The exercise intensity domains have been used to characterize the 

development of muscle fatigue in the constant-load exercise test or TT. Exercise 

intensity can be divided into three domains: moderate-, heavy- and severe-intensity 

domains (BLACK et al., 2017; GAESSER; POOLE, 1996; POOLE et al., 1988, 2016). 

The moderate-intensity domain is classified as any exercise performed below the 

lactate threshold or gas exchange threshold (GET) (BURNLEY; JONES, 2018). The 

heavy-intensity domain is classified as any exercise performed above the lactate 

threshold/GET but below critical power or RCP. The severe-intensity domain is any 

exercise performed above critical power or RCP (BURNLEY; JONES, 2018; POOLE 

et al., 2016). 

The lactate threshold or GET is determined during a maximal incremental 

exercise test (WHIPP et al., 1981), while the critical power is determined through at 

least three constant-load exercise tests (BLACK et al., 2017; GAESSER; POOLE, 

1996; POOLE et al., 2016). The concept of critical power was originally proposed by 

Monod and Scherrer (MONOD; SCHERRER, 1965) who observed a hyperbolic 

relationship between time to exhaustion and power in isolated muscle. Thereafter, this 

relationship was confirmed in a cycle ergometer exercise (Figure 2). The critical power 

is considered as the maximal exercise intensity in which power output can be 

maintained in a metabolic steady-state (MORITANI et al., 1981). Therefore, critical 

power is used as a boundary between heavy- and severe-intensity domains. As in the 

present study heavy- and severe-intensity domains are experimentally explored, a 

deeper explanation about these two domains are presented next. 
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FIGURE 2 – HYPERBOLIC RELATIONSHIP BETWEEN POWER AND TIME. 

 
NOTE: Dashed line indicates critical power that demarks the boundary between heavy- and severe-
intensity domain. Dotted line indicates the gas exchange threshold which delimits the transition from 
moderate- to the heavy-intensity domain. W’: total work above critical power. SOURCE: Adapted from 
Poole and Barstow (2015). 
 

Within the severe-intensity domain, exercise duration hyperbolically decreases 

as power output increases and exhaustion coincides with the attainment of V̇O2max 

(BLACK et al., 2017; JONES et al., 2008; POOLE et al., 2016). The amount of work 

done above critical power is associated with a finite amount of energy from anaerobic 

energy system (GAESSER; POOLE, 1996; MORITANI et al., 1981). The anaerobic 

energy is obtained by the breakdown of phosphocreatine and anaerobic glycolysis 

(GAESSER; POOLE, 1996; POOLE et al., 2016). It was recently suggested, however, 

that the total work done above critical power does not simply represent a marker of 

energy supplies from anaerobic sources (VANHATALO et al., 2010). Instead, it is 

associated with the accumulation of muscle metabolites (H+ ions, inorganic phosphate, 

ADP) and a decrease in phosphocreatine, pH, and ATP stores (BLACK et al., 2017). 

Thus, muscle metabolites accumulation restrains the amount of work done above 

critical power (BLACK et al., 2017; JONES et al., 2008). As muscle metabolites 

accumulation is thinly linked with the development of peripheral fatigue, exercise 

tolerance within the severe-intensity domain is accompanied by the attainment of 

critical levels of peripheral fatigue (BLACK et al., 2017; JONES et al., 2008). A study 

showed that an analgesic opioid (fentanyl) inhibiting type III and IV sensory neurons in 

the lower limbs increased both peripheral fatigue and accumulation of metabolites after 
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a 5-km cycling TT (probably performed within the severe-intensity domain) when 

compared to a control (BLAIN et al., 2016). This higher metabolic disturbance when 

blocking afferent signals suggests the existence of an individual critical threshold of 

peripheral fatigue to avoid exacerbated metabolic disturbance (AMANN, 2011; BLAIN 

et al., 2016; VANHATALO et al., 2016). 

Different from severe-intensity domain, during exercise in the heavy-intensity 

domain VO2 reaches a steady-state within 6–10 minutes after the beginning of 

exercise, and V̇O2max is not reached (ALLEN; LAMB; WESTERBLAD, 2008; 

BURNLEY; JONES, 2018; BURNLEY; VANHATALO; JONES, 2012). Due to metabolic 

steady state, the failure in the contraction-excitation coupling develops slowly following 

the accumulation of extracellular K+, and the reduction of calcium release by the 

sarcoplasmic reticulum (ALLEN; LAMB; WESTERBLAD, 2008). Regarding the 

involvement of more type I fibers, a lower degree of peripheral fatigue occurs, in 

comparison with the severe-intensity domain (BLACK et al., 2017; BURNLEY; JONES, 

2018; THOMAS et al., 2016; VANHATALO et al., 2016). Additionally, there is also a 

reduction in neural impulses from the motor cortex to the active muscles, and a 

reduction in the excitability of spinal neurons (BLACK et al., 2017; BURNLEY; 

VANHATALO; JONES, 2012; JONES et al., 2008; POOLE et al., 2016). For this 

reason, there is also central fatigue (JONES et al., 2008; POOLE et al., 2016; 

THOMAS et al., 2016). A study confirmed greater central fatigue after heavy- than 

severe-intensity exercises (THOMAS et al., 2016).  

Nevertheless, no study investigated whether alternating heavy- and severe 

domains during a 4-km cycling TT would influence post-trial central and peripheral 

fatigue. In addition, whether the cyclists’ performance level would influence pacing 

strategy and thus muscular fatigue after the trial is also underexplored. These 

questions were experimentally explored in the present study. 
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3 MATERIAL AND METHODS 
 

3.1 RESEARCH CHARACTERISTICS 

 

This is an ex post facto study examining a database from our laboratory, in 

which the influence of performance level (independent variable) on the total work done 

above RCP and the amount of peripheral and central fatigue during a 4-km cycling TT 

(dependent variables) was investigated. 

 

3.2 PARTICIPANTS 

 

Thirty-six male cyclists [33.5 ± 6.3 years, 75.1 ± 8.6 kg, 176.6 ± 6.7 cm, 11.6 ± 

4.0 % of body fat, 4.2 ± 0.8 L.min-1 of maximal oxygen uptake (V̇O2max) and 355 ± 50 

W of peak power output (PPO)] participated in this study. Participants were separated 

into HP or LP groups according to their performance during a 4-km cycling TT (see 

Data Analysis section). Some of the original data have previously been published 

(COUTO, 2017; FELIPPE et al., 2018; SILVA-CAVALCANTE et al., 2019), but they 

were analyzed with a different purpose than that used here, while some data have not 

been previously published. The individual studies were approved by the Local Ethics 

Committee for Human Studies, which were all conducted according to the Declaration 

of Helsinki (see Supplements section). Participants signed a written informed consent 

agreeing to participate in the study. 

 

3.3 STUDY DESIGN 

 

Participants visited the laboratory on three different occasions. During the first 

visit, body fat percentage was determined from skinfolds using standardized equations 

(JACKSON; POLLOCK, 1978; SIRI, 1961). Participants then performed a maximal 

incremental exercise test until volitional exhaustion to determine their V̇O2max and 

PPO. After a 30-min recovery, participants performed the first familiarization with the 

4-km cycling TT and neuromuscular function assessment. In the second visit, 

participants performed a second familiarization with the 4-km cycling TT and 

neuromuscular function assessment. In the third session, participants performed the 
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experimental trial, which was composed of a 4-km cycling TT and neuromuscular 

function assessment before and after the trial. 

All trial sessions were conducted with a minimum of 48 hours and a maximum 

of 72 hours of the interval, and at the same time of day to avoid any circadian rhythm 

influence (FERNANDES et al., 2014). The participants used their bike coupled to a 

CompuTrainer (RacerMate Pro, Seattle, WA) during both maximal incremental 

exercise test and 4-km cycling TT. The CompuTrainer was calibrated before each trial 

following the recommendations of the manufacturer. The bike seat position was 

recorded in the first visit and reproduced in subsequent visits. Participants were 

instructed to avoid physical exercise, alcohol, and food or supplements containing 

caffeine 24 hours before each trial. A 24-h dietary record was completed before the 

first visit and the recorded diet was replicated during the 24 hours before subsequent 

visits. Participants consumed their last meal 2 hours before the trials. 

 

3.4 ANTHROPOMETRIC ASSESSMENT 

 

Body mass and height were measured using an electronic scale and a 

stadiometer, respectively. Three skinfolds (pectoral, abdominal, and thigh) were 

measured using a clinical skinfold caliper (CESCORF®, Brazil). Body density was 

estimated using a standardized equation (JACKSON; POLLOCK, 1978) and converted 

to body fat percentage using another equation (SIRI, 1961). 

 

3.5 MAXIMAL INCREMENTAL EXERCISE TEST 

 

The maximal incremental exercise test started with a 5-min warm-up at 100-150 

W followed by increments of 30 W every minute until exhaustion. Pedal cadence was 

maintained between 80 and 90 rpm throughout the test. Exhaustion was defined as an 

inability to maintain the target cadence for more than 5 seconds despite strong verbal 

encouragement. Gas exchange was measured throughout the test using a metabolic 

cart (Cortex Metalyzer 3B, Cortex Biophysik, Leipzig), which was calibrated before 

each test according to the recommendations of the manufacturer. 

The PPO was determined as the maximal power achieved during the last 

completed stage. In the case of the incomplete last stage, PPO was calculated 

multiplying fractional time completed in the last incomplete stage by the increment rate 
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(KUIPERS et al., 1985) (equation 1). V̇O2max was determined as V̇O2 average in the 

last 30 seconds of the test. Two experienced investigators visually identified the RCP 

from the first nonlinear increase in V̇E/V̇CO2 parallel to a constant increase of V̇E/V̇O2, 

and the first decrease in end-tidal carbon dioxide pressure (WHIPP et al., 1981). 

 

60
  (1) 

 

3.6 EXPERIMENTAL TRIAL  

 

Participants first performed the pre-trial neuromuscular function assessment 

(see neuromuscular function assessment section for details). Thereafter, participants 

warmed-up at 100–150 W for 5 minutes (pedal cadence of 80–90 rpm), and then 

performed a 4-km cycling TT as quickly as possible. The covered distance was visible 

to the participants on a screen positioned in front of them; however, covered time, 

power, and pedal cadence were hidden. Power was recorded every second via an 

interface connecting CompuTrainer to the computer (RacerMate Pro, Seattle, WA). 

Neuromuscular function was reassessed 1 minute after the trial.  

 

3.7 NEUROMUSCULAR FUNCTION ASSESSMENT 

 

Participants sat on a custom-made knee-extensor chair, with their hip joint angle 

set at 120° and their knee joint angle set at 90°. Force of quadriceps muscles was 

recorded using a calibrated force transducer attached to a cuff fixed on the right ankle 

just superior to the malleoli. Surface monopolar cathode electrode was placed on the 

right inguinal triangle and a surface anode electrode was positioned on the opposite 

gluteal fold. Before the attachment of the electrodes, the skin was shaved, abraded, 

and cleaned with alcohol to reduce skin impedance below 5 k. 

Electrical nerve stimuli were applied on the right femoral nerve using an 

electrical stimulator (Neuro-TES, Neurosoft). Femoral nerve was located by moving 

the cathode electrode around the inguinal triangle and applying percutaneous electrical 

nerve stimuli until reach the highest values for the quadriceps twitch force (Qtw). The 

optimal intensity of stimulation was individually determined during familiarization 

sessions by applying a single electrical stimulus of 1 Hz, starting at 100 volts (80 μs 

duration) and increasing 30 volts every 30 seconds, until the attainment of a plateau in 
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both Qtw. The plateau in Qtw was double-checked before the experimental trial and the 

intensity of stimulation was set at 120% of the plateau in Qtw (ranging from 150 to 450 

volts) to ensure maximal stimulation. 

In the pre-trial, participants warmed up by performing 5-s isometric contractions 

at 50%, 60%, 70%, 80%, and 100% of MVIC, with a 30-s rest between contractions. 

Participants then performed three 5-s MVIC, with a 30-s rest between contractions. 

During each MVIC, participants were oriented to produce their maximal force and 

maintain it for 5 seconds. Visual feedback and consistent verbal encouragement were 

provided during contractions. For each MVIC, a single electrical stimulus of 1 Hz 

(superimposed twitch) was applied to the femoral nerve when the isometric force 

reached a plateau (BEHM; ST-PIERRE; PEREZ, 1996). Two seconds after the MVIC, 

the Qtw,pot was obtained by a single electrical stimulus of 1 Hz on relaxed muscle. The 

VA was calculated via interpolated twitch technique using the following equation 

(MERTON, 1954) (equation 2): 

 
[1 - (superimposed twitch/Qtw,pot) × 100]     (2) 

 
where superimposed twitch is the amplitude of increase in force with electrical 

stimulus during the MVIC.  

Pre-trial values for MVIC, Qtw,pot, and VA were calculated by averaging the two 

highest values of the three pre-trial. Post-trial values for MVIC, Qtw,pot, and VA were 

measured 1 min after the trial. The pre- to a post-trial reduction in MVIC was assumed 

as an indicator of muscle fatigue (BIGLAND RITCHIE; WOODS, 1984; FITTS, 1994). 

The pre- to a post-trial reduction in Qtw,pot was used to quantify peripheral fatigue 

(AMANN, 2011; EDWARDS et al., 1977), while pre- to a post-trial reduction in VA to 

quantify central fatigue (GANDEVIA, 2001). 

 

3.8 DATA ANALYSIS 

 

Power output measured second-by-second during the 4-km cycling TT was 

averaged for each 200-m interval and expressed as absolute (W) and relative values 

to the RCP (%RCP). Total work done was calculated as the power-time integral, 

recorded at the 1-s interval. The total time expended above RCP was determined from 

second-by-second data and expressed relative to the exercise time (% time above 
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RCP). Work performed above RCP was calculated as the power-time integral above 

RCP. 

Based on time to cover the 4-km cycling TT, participants were divided into 

terciles, where participants were located into lower tercile designated as LP group (n 

= 12) and participants located into upper tercile designed as HP group (n = 12) (LIMA-

SILVA et al., 2010). Participants from the middle tercile were excluded (n = 12) to avoid 

overlap between groups and loss of power, as previously suggested (COHEN; 

COHEN, 1983; LIMA-SILVA et al., 2010). 

 

3.9 STATISTICAL ANALYSIS 

 

Normality of each dependent variable was checked using the Shapiro-Wilk test. 

As all variables were normally distributed, an independent t test was applied to verify 

differences between HP and LP groups for descriptive variables (age, body mass, 

height, body fat, RCP, PPO, and V̇O2max) and mean power output, total work, work 

done above RCP, time expended above RCP and performance time. Hedges' g effect 

size (ES) and 95% confidence interval (95%CI) were calculated from means and 

pooled standard deviations (SD) using an online calculator (https://effect-size-

calculator.herokuapp.com/). The ES were interpreted as trivial (ES < 0.20), small (0.20 

≤ ES < 0.60), moderate (0.60 ≤ ES < 1.20), large (1.20 ≤ ES < 2), very large (2 ≤ ES < 

4), and extremely large (ES ≥ 4) (HOPKINS, 2004). Two-way mixed ANOVA was 

applied to verify the main effect of group (HP vs. LP) and distance (200, 400, 

600…4,000 m) on power output expressed in absolute (W) and relative values 

(%RCP). Two-way mixed ANOVA was also used to test the effect of group (HP vs. LP) 

and time (pre- vs. post-trial) on MVIC, Qtw,pot, and VA. In case of the violation of 

sphericity according to Mauchly’s test, a Greenhouse-Geisser factor was used to 

adjust the freedom degrees. When ANOVA indicated significant differences, 

Bonferroni post hoc test was used to locate the differences. Partial eta squared (ηp2) 

for ANOVA was calculated and considered small (ηp2 < 0.06), medium (0.06 ≤ ηp2 < 

0.15) and large (ηp2 ≥ 0.15) (BAKEMAN, 2005; COHEN, 1988). Data are reported as 

means ± SD and statistical significance set at p ≤ 0.05.  
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4 RESULTS 
 

4.1 RELIABILITY OF 4-KM CYCLING TIME TRIAL 

 

Coefficient of variation for time to cover the 4-km cycling TT between the two 

familiarization sessions was 1.0 ± 0.8 % for the LP group and 1.3 ± 0.8% for the HP 

group, suggesting high reliability in TT performance. 

 

4.2 GROUPS’ CHARACTERISTICS 

 

The HP group was heavier and taller (t(22) = 2.85 and 5.24, p < 0.01, Table 1). 

Moreover, the HP group had a higher absolute RCP, PPO, and V̇O2max, and higher 

PPO and V̇O2max relative to body mass (t(22) = 5.03, p < 0.01; t(19.2) = 6.67, p < 0.01; 

t(22) = 4.02, p < 0.01; t(22) = 2.32, p = 0.03 and t(22) = 2.08, p = 0.05, respectively, Table 

1). There was no significant difference between groups for age, body fat, and RCP 

relative to body mass (t(14.1 to 22) = -1.44 to 1.27, p = 0.16 to 0.74, respectively, Table 

1). 

 
TABLE 1 – DEMOGRAPHICS CHARACTERISTICS OF HIGH- AND LOW-PERFORMING GROUPS. 

  

High 
performing 

(n = 12) 

Low 
performing 

(n = 12) 
P value ES (95%CI) 

Age (years) 32.2 ± 7.5 36.0 ± 5.3 0.164 -0.57 (-1.41–0.23) 
Body mass (kg) 78.7 ± 6.5 69.0 ± 9.8 0.009* 1.12 (0.28–2.05) 
Height (cm) 181.2 ± 3.0 170.5 ± 6.4 0.001* 2.06 (1.08–3.20) 
Body fat (%) 11.5 ± 4.7 12.1 ± 4.5 0.741 -0.13 (-0.94–0.66) 
RCP (W) 317.5 ± 22.6 256.7 ± 35.2 0.001* 1.98 (1.01–3.10) 
RCP (W.kg-1) 4.0 ± 0.3 3.8 ± 0.7 0.222 0.50 (-0.30–1.33) 
PPO (W) 398.0 ± 28.1 300.8 ± 41.9 0.001* 2.63 (1.53–3.92) 
PPO (W.kg-1) 5.1 ± 0.6 4.4 ± 0.8 0.030* 0.92 (0.09–1.81) 
V̇O2max (L.min-1) 4.6 ± 0.5 3.6 ± 0.7 0.001* 1.59 (0.68–2.61) 
V̇O2max (mL.kg-1.min-1) 59.4 ± 8.1 52.7 ± 7.7 0.049* 0.82 (0.01–1.70) 

NOTE: Data are presented as means ± SD. V̇O2max, maximal oxygen uptake. RCP, respiratory 
compensation point. PPO, peak power output. *Significantly higher values in high- than in low-
performing group. SOURCE: the author (2021). 
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4.3 EXERCISE PERFORMANCE, WORK DONE, AND TIME EXPENDED ABOVE 

RESPIRATORY COMPENSATION POINT 

 

As expected, time to cover the 4-km cycling TT was lower in the HP than in the 

LP group (t(17.2) = -11.27, p < 0.01, Table 2). The HP group had a greater absolute and 

relative mean power output (t(22) = 13.60 and 4.81, p < 0.01, Table 2), and greater 

absolute and relative work done (t(22) = 13.23 and 2.33, p < 0.05, Table 2) than the LP 

group. The HP group also expended more time above RCP (t(22) = 3.24, p < 0.01, Table 

2) and had more absolute and relative work done above RCP  (t(22) = 3.70 and 3.16, p 

< 0.01, Table 2) than the LP group.  

 
TABLE 2 – PARAMETERS OF PERFORMANCE AND WORK AND TIME ABOVE RESPIRATORY 

COMPENSATION POINT DURING A 4-KM CYCLING TIME TRIAL IN HIGH- AND LOW 
PERFORMING GROUPS. 

  

High 
performing 

(n = 12) 

Low 
performing 

(n = 12) 
P value ES (95%CI) 

Time (s) 359.3 ± 7.6 410.5 ± 13.8 0.001* 4.44 (2.9– 6.3) 
Power Output (W) 339 ± 19.4 233.1 ± 18.8 0.001* 5.35 (3.57–7.53) 
Power Output (W.kg-1) 4.3 ± 0.4 3.4 ± 0.5 0.001* 1.89 (0.94–2.99) 
Total Work (kJ) 122.5 ± 4.7 95.4 ± 5 0.001* 5.21 (3.46–7.34) 
Total Work (kJ.kg-1) 1.55 ± 0.13 1.4 ± 0.18 0.029* 0.93 (0.1–1.82) 
Work above RCP (kJ) 11.8 ± 7.2 3.5 ± 2.9 0.001* 1.46 (0.57–2.45) 
Work above RCP (kJ.kg-1) 0.15 ± 0.1 0.05 ± 0.05 0.004* 1.25 (0.39–2.2) 
Time above RCP (%) 60.7 ± 27.8 26.4 ± 24 0.004* 1.27 (0.41–2.23) 

NOTE: Data are presented as means ± SD. RCP, respiratory compensation point. *Significantly higher 
in the high- than in the low-performing group. SOURCE: the author (2021). 
 
4.4 PACING DURING THE 4-KM CYCLING TT 

 

There was a significant group and distance interaction for power output (F(2.9,65) 

= 12.06, p < 0.01, ηp2 = 0.35, figure 3). The HP group had a higher absolute power 

output from 200 to 2,200 m (p < 0.01) and at 3,800 m (p = 0.03) than LP group. The 

HP group adopted a more aggressive starting, with elevated power outputs for the firsts 

1,200 m, while the LP group adopted a more conservative even-pacing strategy (p < 

0.05). Consequently, power output for the firsts 600 m was higher than RCP in the HP 

group, while at 1,200 and 1,400 m was lower than RCP in the LP group. 

There was also a significant group and distance interaction for %RCP (F(2.6,57.8) 

= 11.03, p < 0.01, ηp2 = 0.33). The HP group used higher %RCP from 200 to 2,200 m 
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than LP group (p < 0.05). However, from 2,400 to 3,600 m the LP group used higher 

%RCP than HP group (p < 0.05). 

 
FIGURE 3 – POWER OUTPUT DURING A 4-KM CYCLING TT PERFORMED BY HIGH- AND LOW-

PERFORMING GROUPS (HP AND LP, RESPECTIVELY). 

 
NOTE: * Significant higher in HP than in LP group. † Significantly higher than RCP for HP group. 
‡Significantly lower than RCP for LP group. a Significantly higher than 1,000–3,800 m for HP group. b 

Significantly higher than 1,400, 1,800 and 2,200–3,800 m for HP group. c Significantly higher than 1,400–
1,800 m and 2,200–3,800 m for HP group. d Significantly higher than 2,400–3,600 m for HP group. e 

Significantly higher than 3,200 m for HP group. f Significantly lower than 2,400 and 3,400 m for LP group. 
g Significantly higher than 1,400–3,800 m for HP group. h Significantly higher than 2,400 and 2,800–
3,600m for HP group. i Significantly lower than 2,400–2,800m and 3,400m for LP group. j Significantly 
lower than 2,400–2,600 m, and 3,400 and 3,600 m for LP group. SOURCE: the author (2021). 
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FIGURE 4 – POWER OUTPUT RELATIVE TO THE RESPIRATORY COMPENSATION POINT 
(%RCP) DURING A 4-KM CYCLING TT PERFORMED BY HIGH- AND LOW-
PERFORMING GROUPS (HP AND LP, RESPECTIVELY). 

 
NOTE: * Significant higher in HP than in LP group. ** Significant lower in HP than in LP group. SOURCE: 
the author (2021). 
 

4.5 NEUROMUSCULAR FUNCTION 

 

The MVIC was higher in HP than LP group (main effect of group, F(1,22) = 14.91, 

p = 0.01, ηp2 = 0.40), and reduced from pre- to post-trial in both groups (main effect of 

time, F(1,22) = 56.28, p = 0.01, ηp2 = 0.72). There was also a group and time interaction 

(F(1,22) = 8.44, p = 0.01, ηp2 = 0.28), with a greater decline in HP than LP group ( 31.6 

± 24.7 vs. 17.3 ± 10.1 %, respectively). There was no difference between groups for 

Qtw,pot (main effect of group, F(1,22) = 2.38, p = 0.14, ηp2 = 0.10), but Qtw,pot significantly 

reduced after trial in both groups (main effect of time, F(1,22) = 38.39, p = 0.01, ηp2 = 

0.64). There was, however, no group and time interaction for Qtw,pot (F(1,22) = 3.46, p = 

0.08, ηp2 = 0.14). The VA reduced after trial in both groups (main effect of time, F(1,22) 

= 9.64, p = 0.01, ηp2 = 0.31), without any main effect of group (F(1,22) = 0.01, p = 0.94, 

ηp2 = 0.01) or group and time interaction (F(1,22) = 0.24, p = 0.63, ηp2 = 0.01). 
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FIGURE 5 – MAXIMAL VOLUNTARY ISOMETRIC CONTRACTION (MVIC) AT PRE AND POST A 4-
KM CYCLING TT (PANEL A) AND EXERCISE-INDUCED CHANGES (% OF REDUCTION 
FROM PRE- TO POST-TRIAL, PANEL B) IN HIGH- AND LOW-PERFORMING GROUPS 
(HP AND LP, RESPECTIVELY). 

 
NOTE: *Significantly higher than LP group at the same time point. †Significantly lower than pre-trial. ** 
Greater reduction in the HP than in the LP group. Data are reported as mean ± SD. SOURCE: the author 
(2021). 
 

FIGURE 6 – POTENTIATED QUADRICEPS TWITCH (QTW,POT) AT PRE AND POST A 4-KM CYCLING 
TT (PANEL A) AND EXERCISE-INDUCED CHANGES (% OF REDUCTION FROM PRE- 
TO POST-TRIAL, PANEL B) IN HIGH- AND LOW-PERFORMING GROUPS (HP AND LP, 
RESPECTIVELY). 

 
NOTE: †Significantly lower than pre-trial. Data are reported as mean ± SD. SOURCE: the author (2021). 
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FIGURE 7 –VOLUNTARY ACTIVATION (VA) AT PRE AND POST A 4-KM CYCLING TT (PANEL A) 
AND EXERCISE-INDUCED CHANGES (% OF REDUCTION FROM PRE- TO POST-
TRIAL, PANEL B) IN HIGH- AND LOW-PERFORMING GROUPS (HP AND LP, 
RESPECTIVELY). 

 
NOTE: †Significantly lower than pre-trial. Data are reported as mean ± SD. SOURCE: the author (2021). 
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5 DISCUSSION 
 

The main findings of the present study were: (1) the HP group had more work 

done and time expended above RCP than the LP group (i.e., in the severe-intensity 

domain), (2) the HP group adopted an aggressive fast start above RCP, while the LP 

group adopted a more conservative strategy, maintaining power output close to RCP 

throughout the trial, and (3) the HP group presented more fatigue (greater reduction in 

MVIC) than LP group, but the origin of this fatigue was uncertain. 

As expected, the HP group applied more power (~339 W) and was faster (~359 

s) than LP group (time, ~410 s; power output, ~233 W) during the 4-km cycling TT. In 

addition, HP group reached higher PPO (~398 W) and V̇O2max (~59 mL.kg−1.min−1) 

than LP group (PPO, ~300 W; V̇O2max ~53 mL.kg−1.min−1). It has been reported that 

“well-trained” cyclists perform a 4-km cycling TT around 367 s (ANSDELL et al., 2018), 

while “trained” participants around ~394 s (KONINGS et al., 2018). In addition, 

previous studies defined “well-trained” cyclists with PPO ~397 W and V̇O2max ~61 

mL.kg−1.min−1 (MAUGER; JONES; WILLIAMS, 2009), and “moderately trained” 

cyclists with PPO ~285 W and V̇O2max ~53 mL.kg−1.min−1 (DUCROCQ et al., 2021). 

Based on these findings, we could classify the HP and LP groups as “well-trained” and 

“moderately trained”, respectively. Nevertheless, in accordance with recommended 

terminology based on PPO and V̇O2max (DE PAUW et al., 2013), the HP group could 

be classified as “trained” cyclists, while the LP group as “recreationally trained” cyclists. 

Regarding the nomenclature, the employed technique to split cyclists into HP and LP 

groups guaranteed a good distinction between them in terms of physiological and 

performance indicators. 

The HP group expended ~61 % of the time above RCP, while the LP group only 

~26 %. Consequently, the HP group performed greater work above RCP than LP group 

(~12 vs. ~3 kJ). These results are in accordance with previous findings showing that 

HP athletes may support a higher accumulation of metabolites than LP athletes and 

therefore can perform more part of a TT in the severe-intensity domain (LIMA-SILVA 

et al., 2010). Our findings are also supported by a study in which trained cyclists were 

able to sustain a longer time at the power output corresponding to maximal oxygen 

uptake than untrained cyclists (CAPUTO; MELLO; DENADAI, 2003). It is unclear the 

reason by which LP group expended less time and did less work in the severe-intensity 

domain, but as LP group may be unable to tolerate elevated task demand without 
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compromising neuromuscular function (DUCROCQ et al., 2017), which could result in 

premature fatigue and incapacity to conclude the trial, it is reasonable that LP group 

adopt a more conservative pacing strategy and expend less time in the severe-intensity 

domain. In fact, the faster development of neuromuscular fatigue in the severe-

intensity domain could increase the risk of premature fatigue and early interruption of 

exercise (ABBISS; LAURSEN, 2008; AZEVEDO et al., 2021a). 

The more conservative pacing strategy of the LP group was evident by starting 

and maintaining close to RCP during the entire trial. Thus, LP athletes might have been 

less confident to start the trial maintaining power output above RCP, avoiding thus 

large metabolic perturbation that could result in premature fatigue. On the other hand, 

HP group started the trial with elevated power output during the first 1,200 m, with 

higher values than RCP for the first 600 m. The adoption of a fast-start ending closed 

to 1,200 m during a 4-km cycling TT is a well-documented phenomenon (AZEVEDO 

et al., 2021b; DE SANTOS et al., 2013; DUCROCQ et al., 2017; FELIPPE et al., 2018; 

SILVA-CAVALCANTE et al., 2018). An adjustment of power output after the fast start 

has been attributed to the regulation of peripheral fatigue development (AZEVEDO et 

al., 2021a). Specifically, a considerable amount of peripheral fatigue is already 

identified after the fast start phase (AZEVEDO et al., 2021a, 2019). Thus, the 

attainment of high levels of peripheral fatigue after a fast start might increase sensory 

information from group III and IV afferent fibers to the CNS (AMANN et al., 2013), 

which may reduce descending central motor drive, suppressing, therefore, the power 

output (AZEVEDO et al., 2021c). In fact, HP group regulated the power output to values 

close to, or slightly below, RCP immediately after the fast start, an exercise-intensity 

recognized by promoting some metabolic recuperation and restoration of a metabolic 

steady-state (AZEVEDO et al., 2021c; CHIDNOK et al., 2013). As there is a tight 

relationship between intramuscular metabolic perturbation and peripheral fatigue, the 

interruption of exacerbated metabolic accumulation by switching from severe- to 

heavy-intensity domain might assist to prevent additional peripheral fatigue 

development. This assumption is supported by findings showing that the levels of 

peripheral fatigue at the end of the fast start do not differ from the levels at the end of 

the middle part of the trial (~3,600 ± 190 m) (AZEVEDO et al., 2019). Thus, our findings 

suggest that HP cyclists start a 4-km cycling TT in the severe-intensity domain and 

then downregulate power output to avoid premature fatigue. On the other hand, LP 
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group is conservative since the beginning of the trial, avoiding performing trial in the 

severe-intensity domain. 

The longer time and greater work done above RCP in the HP group might 

explain the greater level of end-exercise muscular fatigue in the HP than in the LP 

group. The MVIC, a marker of muscular fatigue, declined in a greater extension after 

the trial in the HP (~32%) than in the LP group (~17 %). The origin of this greater force 

reduction in the HP than in the LP group is uncertain, as there were no significant 

differences between HP and LP groups for Qtw,pot and VA. The decline in Qtw,pot, 

however, was much greater in the HP (~40 %) than in the LP group (~26 %), although 

it was not significant (p = 0.080), which may suggest the involvement of peripheral 

mechanisms. In fact, fatigue during middle-distance cycling TT such as a 4-km cycling 

TT has been reported to mostly be of peripheral origin (AZEVEDO et al., 2021a; 

FELIPPE et al., 2018; SILVA-CAVALCANTE et al., 2018). Nevertheless, contrary to 

the assumption that HP cyclists can tolerate increased task demand without resulting 

in increased muscular fatigue (ANSDELL et al., 2018), our findings suggest that 

increased task demand by expending longer time and doing more work above RCP 

results in greater post-exercise muscular fatigue. Alternatively, considering that the 

work performed above RCP in the LP group (~3 kJ) was three times lower than 

previously reported in the literature (CHIDNOK et al., 2013; FELIPPE et al., 2018), an 

underestimated end-exercise muscular fatigue in the LP group cannot be fully 

disregarded. In fact, some researchers argued that less trained athletes might give 

less-than-maximal effort during a TT, which could reduce the amount of peripheral 

fatigue (ANSDELL et al., 2018; SANTOS et al., 2020). The coefficient of variation for 

time to cover the 4-km cycling TT between the two familiarization sessions was, 

however, similar between the LP and HP groups (~ 1%). This low coefficient of 

variation is in accordance with previously reported typical inter-day trial variations and 

represents a high level of reliability in the measurement of 4-km cycling TT 

performance (STONE et al., 2011). Thus, the lower work done within the severe-

intensity domain in the LP group seems to be a genuine behavior, perhaps to prevent 

premature fatigue. 

Some limitations must be recognized. We did not investigate a large spectrum 

of performance levels; thus, our findings might not be extrapolated to professional 

cyclists. In addition, only men cyclists were evaluated; thus, whether these results 

apply to women deserves further investigation. Finally, we did not measure muscular 
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fatigue after the different trial phases (e.g., after the fast start and before the end 

sprint), which could provide some insights regarding the influence of different stages 

of the trial on the ongoing muscular fatigue. 
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6 CONCLUSION 
 

High-performing cyclists expend more time and do more work above RCP 

during a 4-km cycling TT, principally during the start of the trial, than their counterparts 

low-performing cyclists. Consequently, high-performing cyclists present a greater 

decline in the capacity to generate force after the trial than low-performing cyclists. 

These findings suggest that part of the greater performance of high-performing cyclists 

is related to their capacity to support longer time above RCP, which is at the expense 

of greater post-exercise muscular fatigue. 
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