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Prepubertal Children and Well-Trained Adult Endurance Athletes



- Most prepubertal children are able to play for 
hours without tiring 

- When children play, they choose to perform 
short bouts of activity separated by brief 
periods of rest, whereas us adults perform long 
bouts of slow exercise like running or walking 
long distances

- But when children do play, they are able to do 
it for a very long time and it is impossible to 
keep up with them !

Background



- To understand why prepubertal 
children fatigue less than adults 
during repeated bouts of high-
intensity exercise

- To know how maturation acts on the 
development of fatigue during high-
intensity intermittent exercise?

Main questions?



- Growth- and maturation-related differences
- Whole body dynamic activities

- Cycling
- Running
- Hopping
- Bench press

- Maximal voluntary muscle contraction

- Comparison children/endurance athletes
- Whole body dynamic activities
- Maximal voluntary muscle contraction

- Sex-related differences during growth

- Effect of exercise modality

- Conclusions

What does science say? 
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Ten 10 s sprints R = 30 s

Ratel et al., J. Appl. Physiol., 92: 479-85, 2002
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Ten 10 s sprints R = 30 s

Ratel et al., J. Appl. Physiol., 92: 479-85, 2002
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Ten 10 s sprints R = 30 s

èThe regulation of blood acid-base balance during high-intensity 
intermittent exercise is more effective in children than adults
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èLower blood lactate accumulation in children

èLower glycolytic activity in children?
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Boys fatigue less than men during repeated KE MVCs

Repeated 5-s MVCs of the KE muscles until the torque reached 60% of initial value

Piponnier et al., J. Appl. Physiol., in press

***



Boys fatigue less than men during repeated KE MVCs

Boys > Central fatigue > Men

Boys > Voluntary activation (VA) deficit > Men

Ratel et al., Med. Sci. Sports Exerc., 47: 2319-28, 2015; Piponnier et al., J. Appl. Physiol., in press
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Boys > Central fatigue > Men

Patikas et al., Eur. J. Appl. Physiol., 118: 899-910, 2018
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Boys fatigue less than men during repeated KE MVCs

Boys < Peripheral fatigue < Men

Boys < Twitch torque alteration (Qtw) < Men

Boys < low-frequency fatigue < Men
➥ lower alteration of E-C coupling and/or contractile activity in boys

Boys = M-wave = Men
➥ no change of excitability of the sarcolemma

Ratel et al., Med. Sci. Sports Exerc., 47: 2319-28, 2015; Piponnier et al., J. Appl. Physiol., in press



Children > Central fatigue > Adults

Preemptive mechanism to prevent any 
excessive peripheral fatigue and 

muscle damage (protective 
mechanism) in children ?

Noakes et al., Br. J. Sports Med., 39:120-124, 2005

Interplay between central vs. 
peripheral fatigue???

Central governor theory



èHigher proportion of less fatigable fibres (slow-twitch) in children

Why children produce Less peripheral fatigue? 

Lexell et al., Muscle & Nerve, 15:404-409, 1992



Tonson, Ratel et al., J. Appl. Physiol.,  109:  1769-1778, 2010

è Children use more their oxidative than anaerobic 
metabolism during exercise than adults
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Why children produce Less peripheral fatigue? 



Children

Adults

Kappenstein et al., Eur. J. Appl. Physiol., 113: 2769-79, 2013

Ten bouts of 30-s plantar flexion interspersed by 20-s recovery followed by 10 min of recovery 

è Lesser phosphocreatine depletion in children

Why children produce Less peripheral fatigue? 



Kappenstein et al., Eur. J. Appl. Physiol., 113: 2769-79, 2013

Ten bouts of 30-s plantar flexion interspersed by 20-s recovery followed by 10 min of recovery 

è Lower muscle Pi accumulation in children
è Lower low-frequency fatigue in children

Children

Adults

Why children produce Less peripheral fatigue? 



Kappenstein et al., Eur. J. Appl. Physiol., 113: 2769-79, 2013

Ten bouts of 30-s plantar flexion interspersed by 20-s recovery followed by 10 min of recovery 

è Lower decrement in muscle pH in children
è Preservation of contractile properties in children

è Delayed muscle fatigue in children

Children

Adults

Why children produce Less peripheral fatigue? 



Study Age Muscle Enzyme Comparison

Haralambie (1982) Ado: 13-15
Adu: 22-42

Vastus Lateralis CS Child = Adu

Berg et al. (1986) Child: 6,4
Ado: 17,1

Vastus Lateralis CS Child = Ado

Eriksson et al. (1973) Child: 11,2 Vastus Lateralis SDH Child > Adu

Haralambie (1982) Ado: 13-15
Adu: 22-42

Vastus Lateralis Fumarase Ado > Adu

Berg et al. (1986) Child: 6,4
Ado: 17,1

Vastus Lateralis Fumarase Child > Ado

CS: citrate synthase, SDH: succinate deshydrogenase

èGreater oxidative enzyme activity in children

Why children produce Less peripheral fatigue? 



èLesser glycolytic enzyme activity in children

Study Muscle Enzyme Comparison

Haralambie (1982) Vastus Lateralis LDH Child* = Adu
* 13-15-y-old

Berg et al. (1986) Vastus Lateralis LDH Child < Adu

Kaczor et al. (2005) Obliquus 
internus 

abdominis

LDH Child < Adu

Eriksson et al. (1973) Vastus Lateralis PFK Child < Adu*
* Gollnick et al. (1972)

Fournier et al. (1982) Vastus Lateralis PFK Child* < Ado
*Eriksson et al. (1973)

LDH: lactate dehydrogenase, PFK: phosphofructokinase

Why children produce Less peripheral fatigue? 
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Following 3 min of finger flexions at 15% MVC

4.7 T Bruker magnet (31P-MRS)

èThe greater muscle oxidative capacity in children could facilitate 
phosphocreatine resynthesis rate following exercise

Why children produce Less peripheral fatigue? 



Following 3 min of finger flexions at 15% MVC

Ratel et al., Appl. Physiol. Nutr. Metab.,  33: 720-727, 2008
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èThe capacity to remove H+ ions from muscles is higher in children

èMuscle proton efflux rate is higher in children

Why children produce Less peripheral fatigue? 



Hebestreit et al., J. Appl. Physiol., 74(6): 2875-80, 1993

èFaster recovery of peak power output in children

Following 30 s of maximal exercise (after a Wingate test)

Why children produce Less peripheral fatigue? 
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power ratio Fatigue index (%)
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30-s all-out cycle sprint (Wingate test)

èFatigue index (power decline) is similar in children and 
endurance athletes and lower than untrained adults 

*

*



Birat et al., Front. Physiol., Apr 24;9:387, 2018
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Birat et al., Front. Physiol., Apr 24;9:387, 2018
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èHeart rate recovery rate is faster in children than endurance athletes

Greater parasympathetic reactivation

in children?
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Following a 30-s all-out cycle sprint (Wingate test)

èVO2 recovery rate is similar in children and endurance athletes
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Repeated 5-s MVCs of the KE muscles until the torque reached 60% of initial value

Boys fatigue as much as endurance athletes
during repeated MVCs

Bontemps et al., Front. Physiol., 15;10:119, 2019

***NS



Boys fatigue as much as endurance athletes
during repeated MVCs

Boys > Central fatigue > Endurance athletes

Boys > Voluntary activation (VA) deficit > 
Endurance athletes

Bontemps et al., Front. Physiol., 15;10:119, 2019



Boys fatigue as much as endurance athletes
during repeated MVCs

Boys = Peripheral fatigue = Endurance athletes

Boys = Twitch torque alteration (Tw) = Endurance athletes

Boys = low-frequency fatigue = Endurance athletes
➥ similar alteration of E-C coupling and/or contractile activity

Boys = M-wave = Endurance athletes
➥ no change of excitability of the sarcolemma

Bontemps et al., Front. Physiol., 15;10:119, 2019
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Children = peripheral fatigue = Endurance athletes ? 
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Ratel and Blazevich, Sports Med., 47: 1477-85, 2017



Children = peripheral fatigue = Endurance athletes ? 

Ratel and Blazevich, Sports Med., 47: 1477-85, 2017



Ratel and Blazevich, Sports Med., 47: 1477-85, 2017

Children = peripheral fatigue = Endurance athletes ? 
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èAge effect; no sex x age interaction effect



Dipla et al., Eur. J. Appl. Physiol., 106: 645-653, 2009

4 x 18 maximal knee flexions/extensions R = 60 s (120°/s) 

Isokinetic device (Cybex Norm)

èMaturation effect ; no sex x maturation interaction effect

Fatigue resistance (%) Heart rate recovery
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Cycling  vs. Running

Ratel et al., Eur. J. Appl. Physiol., 92: 204-10, 2004

(Non weight- vs. weight-bearing exercises) 



Ratel et al., Eur. J. Appl. Physiol., 92: 204-10, 2004
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è Fatigue is higher during running than cycling 

≠ 10% ≠ 10%



0
2
4
6
8

10
12
14
16
18

D
el

ta
 [L

a]
 (m

m
ol

.L
-1

)

***

***

*

***

Boys
Cycling

Boys
Running

Men
Cycling

Men
Running

0

2

4

6

8

10

12

Boys
Cycling

Boys
Running

Men
Cycling

Men
Running

RP
E 

***

**
*

***

Ten 10 s sprints R = 15 s

Delta [La] = 3 min post-exercise – rest RPE from the Children’s Effort Rating Table

Ratel et al., Eur. J. Appl. Physiol., 92: 204-10, 2004

èBlood lactate and RPE are higher during running than cycling



Hypothesis

Additional muscle recruitment during sprint running ?

Greater fatigue during sprint running in children 
and adults
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Ratel et al., J. Sports Med. Phys. Fitness, 44:272-80, 2004; Ratel et al., Sports Med., 12:1031-65, 2006

Ratel and Blazevich, Sports Med., 47: 1477-85, 2017

Maturation

Aerobic training is required during and after puberty:
- To offset the decrement in muscle oxidative capacity over this period

- To delay the development of exercise-induced fatigue and maintain the post-exercise
recovery capacity in pubertal and post pubertal children

- To avoid the development of metabolic diseases associated with reduced mitochondrial
function (type 2 diabetes, insulin-resistance, etc.)

Fatigue

Aerobic training
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