


Nerv – Muskel – Sehne: Warum Ist 
ein spezifisches Training im 
Nachwuchsleistungssport notwendig?  
 
Albert Gollhofer, Uni Freiburg 
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… unter veränderten Rahmenbedingungen 

Muskulatur  
(Fitts et al. 2001; Hoppeler ) 

ZNS 
 
(Taube/Gollhofer 2012) 

Sensorik 

Zentrale Integration 

Motorik 

(Taube et al. 2007, Gruber/Gollhofer 
2001, Roll et al. 1993) 

Knochensubstanz  
(LeBlanc et al. 2007, Loomer 2001) 

• Rekrutierung 
• Frequentierung 

Neuronale Aktivierung 
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Muskel-Sehnen-Komposition 
evolutionäre Anpassungen 

Bramble & Lieberman 2004 

Kopplung: Sehne-Muskel 





Dehnung (Strain) 

Spannung (Stress) 

E = Elastizitätsmodul  
Young´s Modulus 

α 

Ruptur 

Spannung (Stress): Kraft pro Flächeneinheit 
 
Dehnung (Strain): relative Längenänderung  
    unter Krafteinwirkung 
 
Steifigkeit (Stiffness): Kraft pro Längenänderung 
 
E-Modul:    Spannung pro Dehnung 

A bisserl 
Physik, bitt´ schön! 



Geschwindigkeit = v 

Kraft = F 

Spannungsverhalten:  
• Limitierung dF/dt 
• Keine Spannungsspitzen 
• Reduzierung der Kontraktionsgeschwindigkeit  



Weg 

Kraft Arbeit = Kraft * Weg 

Hysterese  
≈ Energieverlust  



Sehne als potentieller Energiespeicher 
in vivo / Studien am Menschen 

Finni et al. 2012 

Energierückgabe ≈ 80 % 



Muskel_Titin:    Neue Hypothesen...... 

What Is the Role of Titin in Active Muscle? 
Jenna A. Monroy1, Krysta L. Powers1, Leslie A. Gilmore1, Theodore A. Uyeno2, Stan L. Lindstedt1, 
and Kiisa C. Nishikawa1, Exercise and Sport Sciences Reviews, 2012 
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GRF 



Running: 
 
2 m/sec 
5 m/sec 

Lai et al.  
2015 JAP 

Mod. Lai et al. 2015 

Muskel-Sehne 
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Sehne 



Running Velocity 
and Energy_Return 

Soleus      Gastrocnemius 

Energy-Storage 

Sehne 
Muskelfaser 

Mod. Lai et al. 2014 



Anwendungsforschung 
Was ist da trainierbar?? 

Wie ist das trainierbar?? 



Kjaer et al 2009 

Human      Animal 

24 h after acute bout of exercise 



Effects of unilateral lower limb suspension on human 
quadriceps cross-sectional area and myofibrillar and 
tendon fractional synthesis (FSR)   

de Boer J Physiol 585.1 
(2007) pp 241–251 



Tendon in Athletic Areas 

2016 



Wiesinger et al. 2016 

Absolute Kraft (N)   Relative Kraft (N/kg) 



SJ    R   WP   C Patella Achilles 



Chronische Anpassung an Belastung 
Läufer vs. Nicht-Läufer 

Kjaer 2004 (mod. nach Rosager et al. 2002) 

↖ Elastizitätsmodul ↑ Steifigkeit 

↑ Querschnitt 



Mehrwöchiges Krafttraining 
Veränderung der Sehnen-Steifigkeit 

McMahon et al. 2013 

Trainingsgruppe Kontrollgruppe 

8 Wochen Krafttraining 



Anpassung bei Inaktivität 
23 Tage Bed-Rest 

Boer et al. 2007 

100 ± 12 mm2  →  101 ± 11 mm2 

↓ Elastizitätsmodul ↓ Steifigkeit 



TIME COURSE OF CHANGES IN MUSCLE AND 
TENDON PROPERTIES DURING STRENGTH 
TRAINING AND DETRAINING 
KUBO et al. 2010 

N = 8 Training; 6 Detraining: 22y; 175 cm  

Training Adaptations:  
tendon properties and muscle CSA <<  muscle strength and neural activation 
 
Detraining Adaptations: 
tendon properties and muscle CSA >>  muscle strength and neural activation 

MVC 

EMG 

CSA 

Length % 

Stiff % 



Muskel-Sehnen Anpassung an Training 
 
im Überblick 

26 Wiesinger 2015 



Young´s Mod 

CSA 

Stiffness 

Quelle: 
Bohm et al. 2015 

Erhöhung der Sehnen-
Steifigkeit 

≥ 70 % MVC 

≥ 12 Wochen 



Waugh et al. 2013 
47 prepubertal children (5–12 yr) and 19 adults 

50 ms     200 ms     400 ms 

30 %      50 %      70 % MVC 

Signifikanter Zusammenhang: 
Sehnenstiffness     Schnellkraft 



N = 10 Jungs + 10 Mädchen 
(8,9 +/- 0,3 Jahre) 
 
Training:  
10 Wochen 
 
Progressiv: 3 * 15 reps 
- Ankle ergometer 

Con   Exp 



Böhm et al. Sports Medicine - Open (2015) 



mid    late 
(16 +/- 1 years)    (18 +/- 1 years). 

Mersmann et al. Scand J Med Sci Sports 2017 

N = 9 male; 9 female volleyball player 
2 year follow-up: 6 men/6 women 

Volumen Fläche  Sehnenquerschnitt 



A  = 10 ♂; 9♀: adolecent (15,9 y) (Volleyball) 
MA  =  8 ♂; 10 ♀: middle-age (46,9 y) (Volleyball) 

 Imbalanced development: 
Adolescence 

Muscle – Tendon  

no significant age effect on the physiological cross-
sectional area of the VL and knee extension moment 

patellar tendon PCSA was significantly smaller  
and the tendon stress was significantly 
higher in adolescent 



In vivo measurements of muscle specific tension in adults and children 
 
Thomas D. O’Brien, Neil D. Reeves, Vasilios Baltzopoulos, David A. Jones 
and Constantinos N. Maganaris  Exp Physiol 95  pp 202–210 

Each:  N = 10 
Men  28 y 
Women 27 y 
Boys    9 y 
Girls    9 y 

Prepuberal (Tanner) 



O`Brian et al. 2009 

„These findings indicate that the 
strength gains as a result of 
maturation are not due to an 
improved ‘muscle quality’.“ 



Muscle: 
The proportional contribution of each muscle head to total 
quadriceps PCSA remained constant in each group. 
 
 Thus, with respect to the cross-sectional size of the 

muscle, children can be considered as small-scale adults. 
 
Muscle-Tendon: 
From the present study of the knee extensor musclegroup it 
can be concluded that, with maturation, the lengthening of 
the MTU is achieved by a proportional increase in muscle, 
tendon and f lengths.  
 
 Thus,with respect to the length parameters in the MTU, 

children can be considered as small-scale adults. 
 

O`Brian et al. 2009 

What does this mean ? 



Prepuberty/Child Puberty Adolescence 

Internal Modelling 

Endocrine Function 

 
Muscle – Tendon 

Adaptation 

 
Neuro-Muscular 

Adaptation 

Ja, aber.... 

Vielen Dank 

• Importance of general physical preparation and the multiple 
health, fitness and performance benefits of structured 
resistance training. 
 
 

• Young athletes who engage in resistance training are more likely 
to sustain elite-level performance and less likely to suffer a 
sports-related injury. 

        Faigenbaum et al. BJSM 2015 
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