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Matura'on	

Mechanical	
loading	

Muscle	strength	

•  Neural	drive	
•  Morphology	
•  Architecture	

	Folland	et	al.	200	
	Kurihara	et	al.	2007	

O’Brien	et	al.	2010a,c		

•  Material	proper'es	
•  Cross-sec'onal	area	

Bohm	et	al.	2015	
O’Brien	et	al.	2010b		

Tendon	s0ffness	

Introduction 
Muscle-tendon unit of adolescent athletes 
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Mechanical	
loading	

Muscle	strength	Different	'me	
course	and	effec've	
mechanical	s'muli	

Kubo	et	al.	2011	
Arampatzis	et	al.	2010	

	Episodes	of	
increased	demand	
Neugebauer	et	al.	2010	

Matura'on	

Increased	risk	
of	imbalance	

Introduction 
Muscle-tendon unit of adolescent athletes 
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Tendon	s0ffness	

Introduction 
Imbalances and risk of injury 
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F i g . : 	 P r e v a l e n c e	 o f	
tendinopathies	 in	 613	
athletes	of	different	sports	
Lian	et	al.	2005	

•  Evidence	of	imbalanced	adapta'on	in	adolescent	volleyball	athletes	
è	increased	stress	(&	tenden'ally	strain)	
Mersmann	et	al.	2014,	2015		

•  Associa'on	between	tendon	stress,	strain	and	overuse	
Arya	&	Kulig	2010;	Child	et	al.	2010;	Couppé	et	al.	2013	



The	purpose	of	the	present	study	was...	

Hypotheses	

Non-uniform	 development	 of	 muscle	 and	 tendon	
à	Episodes	of	increased	tendon	strain	in	athletes	è	

•  to	provide	detailed	informa'on	about	the	0me-course	of	
muscle	and	tendon	adapta0on	during	adolescence	

•  inves'gate	 the	 effect	 of	 training	 on	 the	 uniformity	 of	
muscle	and	tendon	development	

Introduction 
Aim 
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Methods 
Participants & experimental design 
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•  7	m,	5	f	
•  16	±	1	years;	187	±	7	cm;	73	±	10	kg	
•  Junior	na'onal	team	
~	3h	strength,	~	4h	athle/c	&	
~	9h	ball	training	per	week	

	

Adolescent	athletes	

	
•  3	m,	5	f	
•  16	±	1	years;	169	±	9	m;	57	±	9	kg		
•  Spor've	ac'vity	<	2x	/	week	

Control	group	

Baseline	 3M	 6M	 9M	 12M	



§  Morphology	&	architecture	
Muscle	thickness,	penna'on	angle	
•  Inac've	muscle	
•  60°	knee	angle	

§  Muscle	strength	
Knee	extension	moments	
•  Axis	misalignments	

Arampatzis	et	al.	2004	
•  Moments	due	to	gravity	

Arampatzis	et	al.	2004	
•  Coac'va'on	

Mademli	et	al.	2004	

	

Methods 
Muscle properties 
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Methods 
Tendon properties 
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§  Mechanical	proper0es	
Tendon	s'ffness,	maximum	strain	
•  5	trials	isometric	ramp	contrac'ons	

Schulze	et	al.	2012	
•  Force	elonga'on	rela'onship	

	

	

§  Moment	arm	
for	calcula'ng	tendon	force	
•  Athletes:	MRI	segmenta'on	

Churchill	 et	 al.	 1998;	 Herzog	 &	
Read	1993	

•  Controls:	Predic'on	using	anthro-
pometric	data	

	



Methods 
Tendon properties 
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§  Mechanical	proper0es	
Tendon	s'ffness,	maximum	strain	
•  5	trials	isometric	ramp	contrac'ons	

Schulze	et	al.	2012	
•  Force	elonga'on	rela'onship	

	

	

§  Moment	arm	
for	calcula'ng	tendon	force	
•  Athletes:	MRI	segmenta'on	

Churchill	 et	 al.	 1998;	 Herzog	 &	
Read	1993	

•  Controls:	Predic'on	using	anthro-
pometric	data	

	

Methods 
Data analysis 
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§  Time-dependent	 changes	
and	group	differences	
Linear	mixed	model	(LMM)	

§  Fluctua0ons	over	0me	
Absolute	residuals	to	LMM	fit	
•  Welch’s	 t-test	 for	 between-

group	comparison	 		

§  Associa0on	 &	 uniformity	 of	
muscle-tendon	adapta0on	
LMM	&	Cosine	similarity	
•  Associa'on:	 LMM	 predic'on	 of	

tendon	s'ffness	by	tendon	force		
•  Uniformity:	 Cosine	 similarity	 of	

rela've	changes	
	

-30	

-20	

-10	

0	

10	

20	

30	

-30	 -20	 -10	 0	 10	 20	 30	

Re
la
0v

e	
ch
an

ge
s		
S2
-S
3	
[%

]	

Rela0ve	changes	S1-S2	[%]	

Tendon	force	
S'ffness	

θ 

0	

1	

-1	



#	sign.	change	over	'me	

Results 
Muscle strength & tendon stiffness over time 
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Baseline 3M 6M 9M 12M Baseline 3M 6M 9M 12M 

Results 
Fluctuations of strength, architecture and stiffness 
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§  Athletes	 demonstrated	 greater	 fluctua'ons	 of	 strength	
and	penna'on	angle	

§  Penna'on	angle	and	thickness	predicted	MVC	(R2	≥	0.94)	

*	sign.	difference	between	groups	



Results 
Uniformity of tendon force and stiffness 
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§  Athletes	demonstrated	greater	less	uniformity	of	muscle	
and	tendon	adapta'on	

*	sign.	difference	between	groups	

Results 
Consequences for tendon strain 
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Baseline 3M 6M 9M 12M Baseline 3M 6M 9M 12M 

Athletes Control 

*	sign.	difference	between	groups	

§  Athletes	demonstrated	greater	average	maximum	strain	
and	fluctua'ons	of	strain	



Discussion 
Non-uniform adaptation of muscle and tendon 
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§  Athletes	 demonstrate	 greater	 fluctua0ons	 of	 strength	 over	
'me	
•  Seasonal	varia'ons	of	mechanical	loading	Koutedakis	1995	

§  …	and	less	uniformity	of	muscle	and	tendon	adapta'on.	
•  Plyometric	 loading	 profile	 effec've	 for	 muscle	 but	 not	 tendon	

adapta'on	Kubo	et	al.	2007,	Bohm	et	al.	2014	

§  This	results	in	a	greater	mechanical	demand	on	the	tendon	
•  Poten'al	contribu'on	to	predisposi'on	for	tendon	overuse	injury	

Arya	&	Kulig	2010,	Child	et	al.	2010		

Discussion 
Non-uniform adaptation of muscle and tendon 
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§  Athletes	 demonstrate	 greater	 fluctua0ons	 of	 strength	 over	
'me	
•  Seasonal	varia'ons	of	mechanical	loading	Koutedakis	1995	

§  …	and	less	uniformity	of	muscle	and	tendon	adapta'on.	
•  Plyometric	 loading	 profile	 effec've	 for	 muscle	 but	 not	 tendon	

adapta'on	Kubo	et	al.	2007,	Bohm	et	al.	2014	

§  This	results	in	a	greater	chronic	demand	on	the	tendon	
•  Poten'al	contribu'on	to	predisposi'on	for	tendon	overuse	injury	

Arya	&	Kulig	2010,	Child	et	al.	2010		

Injury	preven0on:	Facilita0on	of	tendon	adapta0on	
≥	85	%	MVC	contrac'ons,	~	3	s	contrac'on	dura'on	 ;	
Arampatzis	et	al.	2007,	2010;	Bohm	et	al.	2014	è	



Thank you 
for your attention! 
Sebas'an	
Bohm	

Robert	
Marzilger	

Arno	
Schroll	

Adaman'os	
Arampatzis	

 
Free participation 
No registration required 
 
www.bsms.hu-berlin.de 

Arampatzis	A,	Peper	A,	Bierbaum	S,	Albracht	K.	Plas'city	of	human	Achilles	tendon	mechanical	and	morphological	
proper'es	in	response	to	cyclic	strain.	J	Biomech.	2010;43(16):3073–9.		

Bohm	S,	Mersmann	F,	Arampatzis	A.	Human	tendon	adapta'on	in	response	to	mechanical	loading:	a	systema'c	
review	and	meta-analysis	of	exercise	interven'on	studies	on	healthy	adults.	Sports	Medicine	-	Open.	2015	Mar	
27;1:7.		

Bohm	S,	Mersmann	F,	Terke	M,	Kras	M,	Arampatzis	A.	Human	Achilles	tendon	plas'city	in	response	to	cyclic	
strain:	effect	of	rate	and	dura'on.	Journal	of	Experimental	Biology.	2014	Nov	12;217(22):4010–7.		

Churchill	D,	Incavo	S,	Johnson	C,	Beynnon	B.	The	transepicondylar	axis	approximates	the	op'mal	flexion	axis	of	the	
knee.	Clin	Orthop	Relat	Res.	1998;(356):111–8.		

Couppé	C,	Kongsgaard	M,	Aagaard	P,	Vinther	A,	Boesen	M,	Kjaer	M,	et	al.	Differences	in	tendon	proper'es	in	elite	
badminton	players	with	or	without	patellar	tendinopathy.	Scand	J	Med	Sci	Spor.	2013	Jan	10;:n–a.		

Folland	JP,	Williams	AG.	The	Adapta'ons	to	Strength	Training:	Morphological	and	Neurological	Contribu'ons	to	
Increased	Strength.	Sports	Med.	2007;37:145–68.		

Herzog	W,	Read	LJ.	Lines	of	ac'on	and	moment	arms	of	the	major	force-carrying	structures	crossing	the	human	
knee	joint.	J	Anat.	1993	Apr;182	(	Pt	2):213–30.	

Heinemeier	KM,	Bjerrum	SS,	Schjerling	P,	Kjaer	M.	Expression	of	extracellular	matrix	components	and	related	
growth	factors	in	human	tendon	and	muscle	aser	acute	exercise.	Scand	J	Med	Sci	Spor.	2011	Nov	
23;23(3):e150–61.		

Kurihara	T,	Kanehisa	H,	Abe	T,	Tsunoda	N,	Fukunaga	T,	Kawakami	Y.	Gastrocnemius	muscle	architecture	and	
external	tendon	length	in	young	boys.	J	Biomech.	Elsevier;	2007	Jan;40:S690–.		

	

References 
Imbalanced adaptation of muscle and tendon 

Falk Mersmann | falk.mersmann@hu-berlin.de 18 



Mersmann	F,	Bohm	S,	Schroll	A,	Boeth	H,	Duda	G,	Arampatzis	A.	Evidence	of	imbalanced	adapta'on	between	
muscle	and	tendon	in	adolescent	athletes.	Scand	J	Med	Sci	Spor.	2013	Dec	27;24(4):E283–9.		

Neugebauer	JM,	Hawkins	DA.	Iden'fying	factors	related	to	Achilles	tendon	stress,	strain,	and	s'ffness	before	and	
aser	6	months	of	growth	in	youth	10-14	years	of	age.	J	Biomech.	2012	Sep	21;45(14):2457–61.		

O'Brien	TD,	Reeves	ND,	Baltzopoulos	V,	Jones	DA,	Maganaris	CN.	In	vivo	measurements	of	muscle	specific	tension	in	
adults	and	children.	Exp	Physiol.	2010a	Jan;95(1):202–10.	

O'Brien	TD,	Reeves	ND,	Baltzopoulos	V,	Jones	DA,	Maganaris	CN.	Mechanical	proper'es	of	the	patellar	tendon	in	
adults	and	children.	J	Biomech.	2010b	Apr	19;43(6):1190–5.		

O'Brien	TD,	Reeves	ND,	Baltzopoulos	V,	Jones	DA,	Maganaris	CN.	Muscle-tendon	structure	and	dimensions	in	adults	
and	children.	J	Anat.	2010c	May	1;216(5):631–42.		

Schulze	F,	Mersmann	F,	Bohm	S,	Arampatzis	A.	A	wide	number	of	trials	is	required	to	achieve	acceptable	reliability	
for	measurement	patellar	tendon	elonga'on	in	vivo.	Gait	&	Posture.	2012	Feb;35(2):334–8.		

	

References 
Imbalanced adaptation of muscle and tendon 

Falk Mersmann | falk.mersmann@hu-berlin.de 19 


