
 

 

Institute of Biomechanics and Orthopaedics 

German Sport University, Cologne 

 

 

Motor behaviour during sudden perturbation and 

repetitive non-strategic tasks in consideration of 

muscle-tendon unit capacities: effects of aging and 

running 

 

 

Approved thesis submitted for the degree 

PhD in Biomechanics 

by 

Kiros Karamanidis 

from  

Neohori Orestiada / Greece 

 

Cologne, 2006



 

First referee:  PD Dr. Adamantios Arampatzis 

 

Second referee: Prof. Dr. Gert-Peter Brüggemann 

 

Chair of the doctorate committee: Prof. Dr. I Hartmann-Tews 
 
Head of the Institute: Prof. Dr. Gert-Peter Brüggemann 
 
Thesis defended on: 07.04.2006 

 

 

 

 

 

 

Affidavits following § 6 Abs. Nr. 5 and 10 of the doctorate rules from the 

German Sport University Cologne, from September 29th 2004. 

 

 

 

 

Hereby I declare: The work presented in this thesis is the original work of 

the author except where acknowledged in the text. This material has not 

been submitted either in whole or in part for a degree at this or any other 

institution. Those parts or single sentences, which have been taken 

verbatim from other sources, are identified as citations. 

 

 

 

 

............................................ 
Karamanidis



 

 

 
Acknowledgements 
 
 
 
 
 

I would like to extend my sincere thanks and gratitude to 

 

 our research group Savvas Stafilidis, Gianpiero De Monte and Dr. 

Gaspar Morey-Klapsing for their help in collecting data, their productive 

discussions and their incredible collaboration. 

 Prof. Dr. Brüggemann for being the second referee and valuing my 

thesis. 

 Martin Küsel-Feldker and Thomas Förster with their teams for the 

technical assistance and their active support through the entire project. 

 all the diploma students, subjects and my colleagues for their help and 

support. 

 my warmest thanks to my parents, Helena and Georgios, always 

believing what I was doing. 

 finally I want to thank PD Dr. Arampatzis, my supervisor, for providing 

this opportunity, scientifically guiding my work and for giving me the 

change for international collaborations. 

 



 

 

Contents 
 
1 Introduction and outline 1 
2 First Study: Inevitable joint angular rotation affects 

muscle architecture during isometric contraction 11 
2.1 Abstract 12 
2.2 Introduction 13 
2.3 Methods 15 
2.4 Results 21 
2.5 Discussion 27 
2.6 Conclusions 30 
2.7 References 31 
3 Second Study: Mechanical and morphological properties 

of human quadriceps femoris and triceps surae muscle-
tendon unit in relation to aging and running 33 

3.1 Abstract 34 
3.2 Introduction 35 
3.3 Methods 37 
3.4 Results 44 
3.6 Discussion 50 
3.7 Conclusions 55 
3.8 References 56 
4 Third Study: Mechanical and morphological properties of 

different muscle-tendon units in the lower extremity and 
running mechanics: effect of aging and physical activity 61 

4.1 Abstract  62 
4.2 Introduction 63 
4.3 Methods 66 
4.4 Results 75 
4.5 Discussion 90 
4.6 Conclusions 99 
4.7 References 99 
5 Fourth Study: Adaptational phenomena and mechanical 

responses during running: effect of surface, aging and 
task experience 106 

5.1 Abstract 107 
5.2 Introduction 108 
5.3 Methods 115 
5.4 Results 115 
5.5 Discussion 126 
5.6 Conclusions 131 
5.7 References 132 
6 Fifth Study: Effects of chronic endurance running and 

age-related decrease in muscle-tendon unit capacities on 
recovery mechanics after a forward fall 136 

6.1 Abstract 137 
6.2 Introduction 138 
6.3 Methods 140 
6.4 Results 146 
6.5 Discussion 153 
6.6 Conclusions 158 



 

 

6.7 References 159 
7 Main findings and conclusions 162 
8 Bibliography 165 
 



Chapter one 
Introduction and outline 

 

1

1 Introduction and outline 

The current thesis sought to extend our knowledge of the effects of aging 

and chronic endurance running on human muscle-tendon unit (MTU) 

capacity and the consequences for motor behaviour under varying 

environmental demands. In order to do so, the thesis comprised five 

studies aimed at analysing the effects of aging and endurance running on 

(i) the capacities of the leg extensor MTUs in vivo, (ii) the running 

mechanics over a variety of surfaces, and (iii) task execution after a 

sudden induced forward fall; these studies were carried out using the 

same subjects, comprising endurance-runners and sedentary subjects of 

different ages (young and old). 

Past studies have provided evidence that the aging process is associated 

with a loss in muscle strength (Frontera et al., 2000a; D’Antona et al., 

2003; Trappe et al., 2003; Reeves et al., 2003, 2004), decrease in the 

elastic modulus and stiffness of collagenous tissues (Noyes and Grood, 

1976; Vogel, 1980; Blevins et al., 1994; Komatsu et al., 2004; Reeves et 

al., 2003, 2004) and alterations in muscle architecture (Criswell et al., 

1997; Narici et al., 2003; Kubo et al., 2003a,b). On the other hand, the 

mechanical and morphological properties of muscles and collagenous 

tissues adapt in response to changes in the mechanical stresses applied 

to them (Kannus et al., 1997; Hayashi, 1996; Fujie et al., 2000; 

Magnusson and Kjear, 2003; Yamamoto et al., 2003; Reeves et al., 2003, 

2004). It has often been reported that high magnitudes of mechanical 

loads (e.g. strength training) increase tendon stiffness and muscle 

strength, and induce adaptive changes in muscle architecture (Kannus et 

al., 1997; Hayashi, 1996; Duncan et al., 1998; Aagaard et al., 2001; 

Yamamoto et al., 2003; Reeves et al., 2004). Moreover, it has recently 

been shown that strength training in old age partly counteracts age-related 

degeneration processes (Reeves et al., 2003, 2004; Maganaris et al., 

2004), suggesting that muscles and collagenous tissues preserve their 

plasticity throughout life in response to high magnitudes of mechanical 

stress. However, literature about the adaptive effect of exercise with high 
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total loading volume but relatively low loads (e.g. endurance running) on 

collagenous tissues is controversial (Tipton et al., 1967; Viidik, 1969; 

Kiiskinen, 1977; Woo et al., 1980, 1981; Birch et al., 1999; Buchanan and 

Marsh, 2001; See et al., 2004). While several studies (Tipton et al., 1967; 

Woo et al., 1980; Buchanan and Marsh, 2001; See et al., 2004) 

documented that adaptation of collagenous tissues takes place in 

response to endurance running, others (Viidik, 1969; Kiiskinen, 1977; Woo 

et al., 1981; Birch et al., 1999) did not find any changes. A large number of 

findings have been obtained almost exclusively in vitro from animal 

tissues, and numerous factors (e.g. age, species, training protocol, 

physiological function of the tissue studied) may have contributed to the 

inconclusiveness. Further, most studies were done with young animals 

and the influence of chronic endurance running on the age-related 

degeneration of the mechanical and morphological properties of the MTUs 

has not been clearly identified. For instance, Curwin et al. (1988) 

suggested that endurance running reduces maturation of tendon collagen 

in roosters. Thus, it cannot presently be concluded whether human MTUs 

respond to chronic endurance running with mechanical and morphological 

adaptations, nor whether this mechanical stimulus is sufficient to 

counteract the age-related degeneration processes. 

In the literature it is well established that the intrinsic mechanical and 

morphological properties of the MTU (e.g. tendon stiffness, tendon 

hysteresis, muscle strength, muscle architecture) determine its function 

and performance capabilities (Alexander and Bennet-Clark, 1977; de 

Haan et al., 1989; Gans and Gaunt, 1991; Zuurbier and Huijing, 1992; 

Ettema, 1996; Lieber and Friden, 2000; Biewener and Roberts, 2000). 

Furthermore, the mechanical and morphological properties of the MTUs 

can influence the function and performance of the entire musculoskeletal 

system during locomotion (Biewener and Roberts, 2000; Bobbert, 2001; 

Hof et al., 2002; Roberts and Marsh, 2003; Biewener et al., 2004). For 

example, the elastic properties of tendons can enhance muscle 

performance during stretch-shortening cycle exercises (e.g. running) 

because tendon stretch and recoil reduce the muscular work required, and 

because the MTU shortens and lengthens at velocities which, without 
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tendons, would be mechanically unfavourable for muscles alone 

(Biewener and Roberts, 2000; Hof et al., 2002; Roberts and Marsh, 2003). 

Consequently, knowledge of the mechanical and morphological properties 

of human MTUs may increase our understanding of identifiable 

phenomena during locomotion. 

It is becoming increasingly appreciated that the human neuro-motor 

system is able to adapt and to modify its motor task organisation in 

relation to internal and external changes using sensory feedback 

information until sensory inputs and motor outputs are again in equilibrium 

(Kagerer et al. 1997; McNay and Willingham, 1998; Pai et al., 2003). This 

seems to be especially valid for repetitive motor tasks (Wolpert et al., 

1995; Shadmehr, 2004), in that humans can select and execute an 

appropriate motor action by preplanning their motor commands (Owings et 

al. 2001; Pai et al. 2003). Moreover, animal (Diamond et al., 1985; 

Ferchmin and Etorovic, 1986) and human (DeVita and Hortobagyi, 2000; 

Erni and Dietz, 2001; Pavol et al., 2002; Pai et al., 2003; van Hedel and 

Dietz, 2004) studies have revealed that the plasticity of the neural system, 

which allows the sensorimotor system to adapt to external or internal 

changes, persists throughout life. For instance, older individuals are able 

to shift function from weakened muscle groups to those with better 

functionality during walking (DeVita and Hortobagyi 2000). The results 

suggest that older individuals reorganise their motor behaviour during 

repetitive motor tasks in order to adjust the task effort to the reduced 

capacities of their MTUs. Furthermore, humans are able to adjust their leg 

mechanics to compensate for environmental changes (Ferris and Farley, 

1997; Ferris et al., 1998, 1999; Farley et al., 1998). These adjustments in 

leg mechanics occur rapidly (Ferris et al., 1999) and allow the human 

system to move in a move in a consistent manner despite large changes 

in the environmental surface (Ferris and Farley 1997; Ferris et al. 1998, 

1999; Farley et al. 1998). Based on the above findings, therefore, it is 

reasonable to suggest that older subjects, compared to younger, will 

change their running strategy over a variety of running surfaces in order to 

compensate for the degeneration of their MTUs. This might be supported 

by the fact that older subjects do not show deficits in the adaptation level 
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of non-strategic tasks (McNay and Willingham, 1998; Fernández-Ruiz et 

al., 2000; Buch et al., 2003). 

Further, it is widely accepted that experience or repeated practice causes 

a task-specific adaptation (Erni and Dietz, 2001; Owings et al., 2001; 

Pavol et al., 2002; Pai et al., 2003; van Hedel and Dietz, 2004). From a 

mechanical point of view, most of those studies reported an improvement 

in locomotion characteristics and safety. Repeated practice during 

stepping over an obstacle decreased leg joint trajectory and foot clearance 

(Erni and Dietz, 2001). Moreover, this task-specific adaptation has been 

described for locomotor movements in both younger and older subjects 

(Pavol et al., 2002; Pai et al., 2003; van Hedel and Dietz, 2004). One clear 

example is that age does not influence the outcome of a slipping 

perturbation during repeated exposure (Pavol et al., 2002). Further, it has 

been stated that when the magnitude of the mechanical load or stress 

exceeds a certain threshold level the biological system will change its 

control strategy (DeVita et al., 1992; DeVita, 1994; DeVita and Hortobagyi, 

2000; Hortobagyi et al., 2003). Therefore, we can suggest that 

experienced runners will show a mechanical improvement in running-task 

execution over a variety of running surfaces independent of their age. 

Besides the degeneration of the motor system, past studies have provided 

evidence that function and performance capabilities of the neural system 

(for a review, see: Prince et al., 1997; Raz, 2000; Wolfson, 2001) also 

gradually decline with advancing age and, therefore, it is not surprising 

that the ability of older adults to execute the required motor response also 

declines (Stelmach and Worringham, 1985; Woollacott et al., 1986; 

Wolfson et al., 1995; Mulder et al., 2002; Pavol et al., 2002; Hortobagyi et 

al., 2003). This seems to be especially valid for conditions which would 

appear to reduce the possibility of preplanning an effective motor 

response, instead forcing the neural system to execute the motor action 

more on the basis of ongoing sensory inflow (McNay and Willingham, 

1998; Fernández-Ruiz et al., 2000; Buch et al., 2003). Such circumstances 

usually occur without prior experience or knowledge of the task 

(Woollacott, 1998; Marigold and Patla, 2002; Pavol et al., 2002; van Hedel 

and Dietz, 2004) induced by external (e.g. slippery surface: Woollacott, 
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1998; Pavol et al., 2002) or internal (e.g. restricted vision: van Hedel and 

Dietz, 2004) changes, in that performance is constrained by a reasonably 

brief available time. A clear example is older adults’ diminished ability to 

re-establish postural equilibrium after a sudden fall (Thelen et al., 1997; 

Hsiao and Robinovitch, 1999; Wojcik et al., 1999, 2001; Madigan and 

Lloyd, 2005). However, the extent to which an age-related decrease in the 

capacities of the MTUs in the lower limbs might predispose older adults to 

falls after sudden perturbation is not well established. 

On the other hand, physical activity in terms of chronic endurance running 

may have a beneficial effect on muscle function (see above). Further, 

evidence from mouse models indicates that running-exercise significantly 

enhances and protects brain function and improves spatial performance 

(van Praag et al., 1999; Cotman and Engesser-Cesar, 2002; Adlard et al., 

2004). Similar benefits of aerobic exercise have been demonstrated in 

cortical areas of older humans, enhancing performance on tasks requiring 

executive control (Kramer et al., 1999; Colcombe et al., 2004). These 

findings advocate that endurance-running activity has a positive effect on 

neuro-motor functions and age-related degeneration processes, and can 

improve and protect motor skills under varying environmental constraints. 

Therefore, it is reasonable to suggest that a physically active lifestyle in 

terms of endurance running can protect against age-related decline in the 

ability to regain balance after a sudden perturbation. 

Based on this background, the current thesis sought to analyse the effects 

of aging and endurance running on (i) the capacities of the leg extensor 

MTUs in vivo, (ii) the running mechanics over a variety of surfaces having 

different compliances, and finally (iii) task execution after a sudden 

induced forward fall from a fixed forward-inclined position using the same 

subjects (n = 49), comprising experienced endurance runners and 

sedentary subjects of different ages (young: aged 21-32 years; old: aged 

60-69 years). The main objective of this experimental design was to 

extend our knowledge of the plasticity of aging muscles and the effect of 

this plasticity on motor behaviour, focusing on the prevention of falls in the 

elderly. In order to do so, the thesis comprised five studies. 

More concisely, the first objective of the thesis was to examine the effects 



Chapter one 
Introduction and outline 

 

6

of aging and chronic endurance running on the mechanical and 

morphological properties of human quadriceps femoris and triceps surae 

MTU in vivo. To analyse the properties of the MTUs, all subjects 

performed isometric maximal voluntary ankle plantarflexion and knee 

extension contractions at 11 different MTU lengths on a dynamometer. 

The gastrocnemius medialis and the vastus lateralis and their distal 

aponeuroses were visualized by ultrasonography at rest and during 

maximal voluntary contraction respectively. The results showed that, 

without correcting for joint angular rotation, analysing human muscles and 

tendons in relation to the force exerted during an isometric contraction will 

produce unreliable results and introduce inaccuracy into the estimation of 

muscle force and viscoelastic properties of the MTU. Age (> 60 years) was 

accompanied by a reduced maximal voluntary isometric ankle (about 25 

%) and knee joint (about 20 %) moment. For the plantarflexion moment at 

the ankle joint, this age-related degeneration was present at all analysed 

joint angle configurations, which indicates a similar relative contribution of 

the components of the triceps surae to the total moment developed by this 

muscle group in both age groups. Conversely, for the knee extensor 

muscles the age-related reduction in maximal moment was present only in 

intermediate knee joint angles (140° and 110°). This supports the notion 

that the age-related reduction in muscle force capacity is distinct within the 

quadriceps femoris muscle, with a greater decline in monoarticular (Vastii) 

than biarticular (rectus femoris) muscles (Savelberg and Meijer, 2004). 

Besides the loss of triceps surae and quadriceps femoris muscle strength, 

we were able to confirm that aging decreased the stiffness of the 

quadriceps femoris tendon and aponeurosis. The fact that only the triceps 

surae muscle strength - and not the stiffness of the tendon and 

aponeurosis - is affected by aging might indicate that the time courses of 

tendinous and muscular properties are different (Karpakka et al., 1990; 

Kannus et al, 1997; Kubo et al., 2004). There were no clear age-related 

changes in the architecture of the gastrocnemius medialis and vastus 

lateralis muscle. However, although not significant, the older adults of the 

present study showed a tendency towards a reduced pennation angle (p = 

0.08) at the gastrocnemius medialis and reduced muscle thickness at 
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vastus lateralis and gastrocnemius medialis. Individuals who run regularly 

and those who do not displayed no clearly identifiable differences in the 

mechanical and morphological properties of the triceps surae or the 

quadriceps femoris MTUs, independent of the subject’s age. We suggest 

that the relatively low oscillatory load imposed on the leg extensor MTUs 

during endurance running is apparently not sufficient to produce adaptive 

mechanical and morphological changes in the MTUs or to counteract the 

age-related degeneration processes. 

The second objective of the thesis was (i) to identify adaptational 

phenomena in running mechanics over a variety of surfaces due to age-

related decrease in the capacities of the MTUs, (ii) to examine whether 

running experience is associated with adaptational effects on running 

mechanics even in old age, and (iii) to investigate whether the running 

surface affects running mechanics. In order to do so, we determined 

running characteristics (kinematics and kinetics) as the same subjects ran 

at 2.7 m/s over three surfaces, each with a different compliance. 

The results showed that the range of surfaces did not affect running 

characteristics (contact or flight time, centre of mass trajectory, ground 

reaction forces, joint kinetics), suggesting that humans use a general 

running strategy for a wide range of running surfaces. However, when 

running on the soft surface, the gear ratio of the triceps surae MTU was 

lower at the mid-part of the ground contact phase than it was on the hard 

surface. We suggest that the higher deformation of the soft surface 

increased the mechanical advantage of the triceps surae in the mid-part of 

the ground contact phase. 

Older adults react to the reduced capacities of their MTUs by increasing 

the safety of their musculoskeletal system (higher amount of centre of 

mass transport and time with the foot on the ground during stride cycle) 

and benefiting from a mechanical advantage of the triceps surae MTU, a 

lower rate of force generation and force generation per meter distance 

while running at a given speed compared to young adults. Moreover, the 

improved running mechanics and safety for the older adults was present 

for all running surfaces, indicating a completed motor task reorganization. 

The relative decrease of the maximal moment at the ankle joint during 
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running (about 20 %) is very close to the relative decrease in triceps surae 

force capacities (about 25 %) analysed during isometric contraction for the 

older compared to the younger adults. Further, the changes in the rate of 

force generation were related to the lower vertical centre of mass 

displacement during the stride cycle for the older adults. A lower vertical 

centre of mass displacement may also affect the gear ratios during the 

initial and mid-part of the ground contact phase due to better control of the 

impact dynamics. The lower maximum of the mechanical power at the 

ankle joint, and the higher limb angle at take off for the older adults, seem 

to be the main causes for the lower vertical centre of mass displacement. 

All these changes in running characteristics due to age are observed in 

the second part of the ground contact phase. The above observations 

provide evidence that the older adults prepared for the next collision with 

the ground during the preceding stride. This phenomenon was again 

independent of the running surface. Therefore, the data shows that the 

older subjects were able to recalibrate their running strategy to adjust the 

task effort to the reduced MTU capacities in a feed-forward control manner 

for a variety of mechanical environments, aimed at decreasing the 

disparity between running effort and MTU capacities. 

The experienced endurance runners of both age groups displayed a lower 

average horizontal force than non-active subjects, which is from the 

mechanical point of view more advantageous (Chang and Kram 1999; 

Gottschall and Kram 2003). Further, endurance-runners showed a higher 

mechanical advantage for the quadriceps femoris MTU at the initial part of 

the ground contact phase. A higher mechanical advantage during the 

initial ground contact phase - when an eccentric quadriceps femoris 

contraction is necessary to control knee flexion and provide shock 

absorption - could increase the ability of the knee to attenuate shock and 

reduce the mechanical load on the knee joint. However, we cannot 

suggest that the above changes happened due to a correction based on 

sensory feedback control during the collision with the ground (reactive 

corrections) because the available time is too short. Further, we cannot 

suggest that the capacities of the MTUs are the mediator of the lower gear 

ratios (no differences in MTUs’ capacities between activity groups). 
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Instead, we can argue that runners used proprioceptive feedback from 

repeated practice to improve running mechanics by developing 

appropriate feed-forward motor commands based on the expected 

mechanical load at the knee joint. Moreover, the above findings were 

independent of the running surface and the subject’s age, indicating that 

motor adaptation in response to task experience persists throughout life. 

The third and final objective of the thesis was (i) to investigate whether the 

lower capacities of the triceps surae and quadriceps femoris MTUs in 

older adults affect their recovery behaviour (the ability to restore balance 

with a single step) after a sudden induced forward fall, and (ii) to examine 

whether chronic endurance running activity enhances this motor skill in 

older and younger adults. Recovery characteristics (kinematics and 

kinetics) were examined for the same subjects after a sudden induced fall 

from a fixed forward-inclined position. Subjects were instructed and 

encouraged to restore balance by taking a single step after the forward fall 

was initiated. 

Younger adults were better able to recover balance with a single step after 

a forward fall compared to older adults (in 69 % vs. 11 % of their trials). 

This ability was associated with a more effective body configuration at 

touch-down for the younger compared to the older adults (more posterior 

centre of mass position relative to the recovery foot). A discriminant 

analysis with triceps surae and quadriceps femoris muscle strength and 

quadriceps femoris tendon stiffness as independent variables could 

considerably (55%) distinguish between single-steppers and multiple-

steppers. This means that the capacities of the MTUs classified 55% of 

the cases, showing that age-related declines in the capacities of the 

triceps surae and quadriceps femoris MTUs are associated with older 

adults’ diminished capabilities in restoring balance with a single step after 

a sudden induced forward fall. Successful restoration of postural 

equilibrium after a forward fall is a time-critical motor skill in that 

performance is constrained by a reasonably brief available time and thus 

the subjects were not able to adapt to the task effort and so the capacities 

of the MTUs significantly influenced recovery behaviour. 

Runners showed a higher ability to recover balance with a single step after 
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an induced forward fall compared to non-active subjects (in 44 % vs. 19 % 

of their trials), indicating that chronic running-activity can improve the 

ability to re-establish postural equilibrium after falls. This enhanced motor 

skill was due to a more effective mechanical response during the stance 

phase (greater flexion at the knee joint) for the endurance runners 

compared to non-active subjects. Moreover, the above findings did not 

depend on the subject’s age and might suggest that chronic endurance 

running activity can protect against age-related decline in the ability to re-

establish postural equilibrium with a single step after a forward fall. We 

suggest that endurance runners, due to their running experience, could 

update the internal representation of their stability limits during the falling 

task and, thus, were able to restore balance more often with a single step 

compared to the non-active subjects. 
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2.1 Abstract 

The purpose of this study was to quantify the influence of inevitable ankle 

joint motion during an isometric contraction on the measured change of 

the gastrocnemius medialis muscle (GM) architecture in vivo during the 

loading and the unloading phase. Sitting on a dynamometer subjects 

performed isometric maximal voluntary contractions as well as 

contractions induced by electrostimulation. Synchronous joint angular 

motion, plantarflexion moment, foot’s centre of pressure and real-time 

ultrasonography of muscle architecture changes of the GM were obtained. 

During the contraction the ankle joint position altered and significantly 

affected the change in muscle architecture. At maximal tendon force 

(1094±323N), the measured fascicle length overestimated the change in 

fascicle length due to the tendon force by 1.53cm, while the measured 

pennation angle overestimated the change in pennation angle due to the 

tendon force by 5.5°. At the same tendon force the measured fascicle 

length and pennation angle were significantly different between loading 

and unloading conditions. After correcting the values for the change in 

ankle joint angle no differences between the loading and the unloading 

phase at the same tendon force were found. Concerning the estimation of 

GM fascicle length- and pennation angle-force curves during loading and 

unloading phase of an isometric contraction, these findings indicated that 

disregarding the motion of ankle joint will produce unreliable results. 
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2.2 Introduction 

The literature often reports the use of ultrasonography to quantify the 

architecture of the muscle gastrocnemius in vivo during isometric 

plantarflexion contractions, where the muscle fascicle shortens while the 

pennation angle increases [11, 17, 22, 24, 24]. In vivo measurements of 

contracting human muscle are needed as input parameters for simulation 

models of the human musculoskeletal system [2, 7], the understanding of 

musculoskeletal function [13, 36] and further to improve the accuracy of 

representations of muscle mechanics in relation to physical activity [21] 

and aging [30]. However, the reported magnitudes by which human 

gastrocnemius muscle architecture alters during loading are quite 

different. So the analysed range of changes in pennation angle during 

loading with respect to rest varies between 12° and 27° [11, 17, 22, 31]. 

This is possibly due to the differences in the force elicited in the muscle 

and to the compliance of the tendon-aponeurosis complex. The more 

compliant the tendon-aponeurosis complex and higher the muscle force 

the higher the fascicular shortening and pennation angle increase with 

respect to rest [13, 14, 24]. However, it has been ignored that despite 

considerable external fixation one can barely prevent any joint angular 

rotation during a forceful plantarflexion. Recently, it has been reported that 

during isometric plantarflexion efforts the angular rotation of the ankle is 

up to 8° and significantly influences the measured displacement of the 

triceps-surae tendon during loading [26, 27, 28, 34]. A review of the 

relevant literature reveals [17, 22, 30] that the influence of ankle joint 

movement on the measured changes in human gastrocnemius medialis 

architecture during loading has not been directly addressed. Therefore, it 

remains unknown whether correction for ankle joint rotation would 

significantly influence the measured changes of gastrocnemius muscle 

architecture during loading and whether the estimated force and either 

fascicle length or pennation angle curves would remain the same.  
It has been reported, that during fixed-end contractions there are 

differences in the relationship between tendon length and force during 

loading and unloading and that the tendon force-length curve described a 

closed loop (hysteresis phenomena) [1, 18, 36]. Assuming that the 
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surfaces of muscle fibre’s origin and insertion do not approach each other 

during loading and unloading, the hysteresis of the tendon and 

aponeurosis can change the relationship between force and either fascicle 

length or pennation angle during the loading and unloading condition. The 

muscle will operate at a higher pennation angle during the unloading 

condition and thus, the force produced by the muscle fibres during 

unloading will be higher than during the loading condition at the same 

tendon force. The human gastrocnemius muscle architecture during 

loading and unloading condition has not been studied in vivo. Only few 

studies examined the force-tendon displacement relationship during 

loading and unloading condition in vivo [19, 20, 25]. Both obtained an 

hysteresis loop. They assumed that joint angles do not change during 

contraction and are equivalent during the loading and unloading phase at 

a given tendon force. This assumption needs to be verified since, if it is 

possible that during an isometric plantarflexion the ankle joint rotates due 

to the non-rigidity of the dynamometer–leg system, it is also possible that 

the ankle angle is different for the loading and unloading condition at the 

same given tendon force. Dissimilar ankle joint angles during loading and 

unloading condition can significantly influence the measured pennation- 

and fascicle length-force relationship and in consequence the shape of the 

closed loop. Therefore, experimental data describing the relationships 

between any two of these parameters (pennation- and fascicle length-

force relationship) during loading and unloading condition may be limited 

by ignoring the influence of ankle joint angle and introduce inaccuracy in 

the estimation of viscoelastic properties of muscle-tendon system [19, 20, 

25]. 

Therefore, the purposes of this study were (a) to quantify the influence of 

inevitable ankle joint movement on the measured change of human 

gastrocnemius medialis muscle architecture (fascicle length and pennation 

angle) during the loading phase of an “isometric” contraction and (b) to 

examine the effect of ankle joint movement on the muscle architecture 

between the loading and the unloading phase at identical tendon force 

during “isometric” contraction. 
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2.3 Methods 

Thirty seven male subjects [age: 56 ± 15 yrs.; body mass: 77 ± 6 kg; body 

height: 176 ± 6 cm; tibia length: 41 ± 2 cm] participated in this study. 

Approval was obtained from the university committee for the protection of 

human subjects and informed consent was given by all subjects. All 

chosen test subjects had no history of neuromuscular or muscular-skeletal 

impairments. 

All subjects performed maximal voluntary isometric plantarflexion 

contractions (MVC) as well as contractions induced by electrostimulation 

with their left leg on a dynamometer (Biodex 3 Medical Systems, Inc., 

USA). The subjects were seated with the ankle in neutral position (ankle 

angle 90°) and the knee fully extended. The knee joint was fully extended 

because intact human gastrocnemius muscles operate on the ascending 

limb of the force-length relation [15]. This would increase its force 

potential. The knee joint was defined as the midpoint of the line connecting 

both medial and lateral condyle of the femur. The ankle joint was defined 

as the midpoint of the line connecting both medial and lateral malleolus 

and carefully aligned with the dynamometer’s axis of rotation. Inextensible 

rigid Velcro straps around the foot and the tibio-tarsal joint where fixed to 

the footplate of the dynamometer (fig. 1). Furthermore, the thigh of the 

subjects was fixed to the dynamometer chair with rigid belts. All straps 

were secured as hard as possible by the same examiner. This fixation 

system restricted the observable movement of the ankle-angle or knee-

angle during all contractions. After a warm-up period consisting of 2 min of 

electrostimulation of the gastrocnemius medialis, lateralis and soleus and 

three maximal voluntary contractions, the subjects were instructed to exert 

a maximal isometric force ramp, gradually increasing the plantarflexion 

effort over 3 sec (loading) and to hold the achieved moment about 2 sec. 

After this maximal voluntary contraction, the subjects performed an 

isometric contraction by means of electrical stimulation (Compex 2, 

Compex Médical SA, Switzerland) at the maximal tolerated intensity. The 

subjects had a three to five minutes rest between the two test conditions. 

To maximally activate the triceps surae muscle three gel-coated 

electrodes (6x6 cm²) were placed over the motor points of the 
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gastrocnemius medialis, gastrocnemius lateralis and soleus muscles. The 

motor points for these muscles were determined by moving a probe over 

the skin surface finding the lowest threshold for stimulation [35]. The 

exerted stimulus had a linear ramp from 0 to maximal tolerated intensity in 

10 seconds (loading), holding the intensity for two seconds and decay to 

zero in 10 seconds (unloading) at frequencies of 85 Hz using monophasic 

compensated pulse shapes of a duration of 400 µs. Relative low 

contraction velocities were chosen in order to increase the accuracy of the 

digitising procedure. Furthermore, we used this specific contraction 

velocity with the aim to analyse differences in pennation angle and fascicle 

length during loading and unloading conditions due to the hysteresis of the 

tendinous structures. It has been shown that faster contraction velocities 

did not influence the hysteresis of the tendon [38]. Therefore, we expected 

slower contraction velocities would possibly show a higher effect on the 

force-length characteristics of the Achilles tendon and aponeurosis and 

consequently on the fascicle behaviour during loading and unloading 

condition. In advance of each trial, the dynamometer axis of rotation was 

carefully aligned with the ankle joint rotation axis. Nevertheless, the axis of 

the ankle joint can move relative to the dynamometer axis during 

contractions. Thus the lever arm might change during the contractions and 

the measured moment by the dynamometer will be different with respect 

to the resultant joint moment. Therefore, kinematic data were recorded 

using the Vicon 512 system (Vicon Motion Systems, United Kingdom) with 

8 cameras operating at 120 Hz. To calculate the lever arm of the ankle 

joint during plantarflexion we determined the centre of pressure under the 

foot with a flexible pressure distribution insole from Pedar-System (Novel 

GmbH, Germany) operating at 99 Hz (see below). Ten reflective markers 

were captured. The markers were fixed on the following positions: tuber 

calcanei, malleolus lateralis and medialis, the most prominent points of the 

lateral and medial femoral condyles, trochanter major, forefoot on the 

pressure insole between the second and third metatarsal, axis of the 

dynamometer and two markers on the foot plate to define the line of force 

application. 

The moments measured by the Biodex dynamometer were registered 
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synchronously by the Vicon-System at a sampling rate of 1080 Hz. The 

output TTL-signal from the Pedar-System was also registered by the Vicon 

unit to synchronise the two measuring systems. All measured data 

(kinematic data, moment and centre of pressure) were interpolated by 

using quintic splines [10] to achieve a common frequency. 

 

Figure 1: Experimental set-up for the calculation of the resultant ankle 

joint moment and fixation of the foot segment. 

F : force of the subject on the Biodex footplate, defined to be 

perpendicular to the line defined by the points PB and P0. F is calculated 

by the measured moment at the Biodex dynamometer (MB) divided by the 

lever arm of the force to the joint of the Biodex dynamometer (dB) 

PB : point on the dynamometer axis 

P0 : point of application of F (P0 is contained in the line defined by the 

points P1 and P2 and is determined as the distance between the centre of 

pressure on the sole and the projection of point PS to the line P1, P2). 

P1, P2: points on the footplate of the Biodex dynamometer 

PS : point on the Pedar sole 

dA : lever arm of the force F to the ankle joint (point PF is defined as 

the midpoint of the line connecting the lateral and medial maleolus) 
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dB : lever arm of the force F to the joint of the dynamometer (point PB) 

WB : weight of the dynamometer Biodex footplate 

dWB : lever arm of WB to the dynamometer axis 

WF : weight of the human foot segment 

dWF : lever arm of WF to to the ankle joint 

 

 

The resultant moment at the ankle joint was calculated as follows (fig. 1, 

see also [3]): 

Equation 1 
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MRes : resultant ankle joint moment 

MB : measured moment at the Biodex dynamometer 

dA : lever arm of the force F to the ankle joint  

dB : lever arm of the force F to the joint of the Biodex dynamometer 

WB : weight of the dynamometer Biodex footplate 

dWB : lever arm of WB to the dynamometer axis 

WF : weight of the human foot segment 

dWF : lever arm of WF to the ankle joint 

IB : moment of inertia of the dynamometer about its axis of rotation 

Bω&  : angular acceleration of the dynamometer foot plate 

IF : moment of inertia of the human foot segment about a transverse 

axis through the ankle joint 

Fω&  : angular acceleration of the human foot segment 

 

Term 2 represents the effects of gravitational forces and Term 3 the 

effects of inertial forces. Term 3 is zero since in this study we examined 

only isometric contractions. To estimate Term 2 the subjects were 

instructed to relax the muscles of their left leg completely at the studied 

position. Then the corresponding segment was rotated passively at the 

ankle with an angular velocity of 5°/sec using maximal individual joint 
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range of angular motion (on average between 85° and 130°). After three 

cycles the kinematic data and the moments were captured during the 

passive rotation. This allowed to calculate the contribution of the 

gravitational forces (MG) to the measured moment for each angular 

position. The moments measured during the following contractions (MVC 

and stimulation) were corrected by these values [8]. Therefore: 

Equation 2 
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The tendon force during the contractions was calculated by dividing the 

resultant ankle joint moment by the tendon moment arm. The tendon 

moment arm was calculated by the data provided by Maganaris et al. [23] 

as function of the ankle angle and level of contraction. 

 

Measurement of muscle properties 
To measure the muscle architecture (pennation angle and fascicle length) 

a 7.5 MHz linear array B-mode ultrasound probe (Aloka SSD 4000, 43 Hz) 

was placed on the belly of the gastrocnemius medialis muscle. The 

ultrasound image was recorded by a video recorder (50 Hz) for further 

analysis. To synchronise the video data (ultrasound image) with the data 

obtained by the Vicon system, a synchronisation box (Peak Performance 

Technologies) was used. The experiment leader manually triggered a TTL 

signal which was displayed as a dot on the video image and 

simultaneously captured as an analogue signal by the Vicon system. 

To define the alteration of muscle architecture due to the ankle joint 

rotation, the changes of fascicle length and pennation angle were 

monitored by the ultrasound probe during the passive motion (correction of 

the gravitational forces) and recorded on video tapes for further analysis. 

This allowed to correct the obtained muscle architecture due to the ankle 

joint rotation for both contraction trials. The corrected values show the 

change in muscle architecture only due to the force exerted at the tendon. 

Therefore, in the following text measured values (pennation angle and 

fascicle length) refer to the changes in muscle architecture due to ankle 
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joint angular rotation and elicited tendon force. Passive values are related 

to the changes in muscle architecture due to the ankle joint angular 

rotation and finally corrected values are related to the changes in muscle 

architecture only due to the tendon force. 

 

 

 

 

Figure 2: Sonography of the M. gastrocnemius medialis. L: fascicle 

length; Θ: pennation angle. 

 

The video data were analysed using the Simi video analysis system (Simi 

Motion 6.1). Pennation angle of the gastrocnemius medialis was 

measured as the angle of insertion of muscle fibre fascicles into the deep 

aponeurosis, and fascicle length was defined as the length of the 

fascicular path between the insertions of the fascicle into the superior and 

deep aponeurosis (fig. 2). In such cases, where the fascicle extended off 

the acquired ultrasound image, the length of the missing portion of the 

fascicle was estimated by extrapolating linearly both the fascicular path 

and the aponeurosis. The error introduced by these techniques depends 

primarily on the degree of curvature of the fascicles. However, the linear 

extrapolation approach results in an error of about only 2.4 % or less [31, 

32]. 

The examined parameters (joint angle values, pennation angle and 

fascicular length) were identified and analysed at 0, 15, 30, 45, 60, 80 and 
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100% of the maximum tendon force for each trial. At the electrostimulation 

trials, the unloading phase was also analysed at the same cited 

percentages. In order to detect any systematic changes in knee and ankle 

joint position during loading we compared the angular values at the 

different force levels. The differences in joint angle during loading were 

checked by applying an analysis of variance test (Friedman-test, 

nonparametrical test for several dependent samples). When differences 

between angular values were found a non parametrical test for two 

dependent samples (Wilcoxon-test) and a T-test for two dependent 

samples were applied in order to determine where these differences 

occurred. Differences among measured and corrected pennation angles 

and fascicle lengths during loading were checked using a T-test for two 

dependent samples. This statistical analysis was chosen because for 

every comparison we had two different conditions (measured vs. 

corrected) at the same force level. The same statistical procedure (T-test 

for two dependent samples) was used to detected systematic changes 

between loading vs. unloading (joint angle values, pennation angle and 

fascicular length) since for every comparison we had two different 

conditions (loading vs. unloading) at the same force level. The level of 

significance was set at p<0.05. The parameters during loading and 

unloading were only compared for the stimulation trials as for these 

contractions the activation and deactivation ramps within the different 

parts of the triceps surae muscle were identical. Furthermore, this 

approach excluded synergist and antagonist contraction and in 

consequence the influence of possible changes in activation level during 

loading and unloading condition. 

2.4 Results 

Comparison of muscle architecture during loading condition 
The resultant moment at the ankle joint during the maximal voluntary 

plantarflexion was 73.69 ± 21.43 Nm while the calculated tendon force 

was 1094 ± 323 N. During the contraction the ankle joint rotated [see also 

27, 29, 34] due to both the deformation of the foot’s soft tissues and the 

mechanical compliance of the dynamometer itself. The maximal rotation of 
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the ankle joint was 13.8 ± 5.8° and increased during loading (fig. 3). 

Contrary, the knee joint extended by 0.9 ± 2.0° which were small 

compared to the changes in ankle angle (fig 3). 

The measured, the passive (due to the ankle joint angular rotation) and 

the corrected (due to the tendon force) pennation angles and fascicle 

length during the loading phase for the maximal voluntary plantarflexion 

effort are shown in figure 4. The measured pennation angle increased 

during loading from 19.1 ± 2.5° to 34.8 ± 6.0° which is consistent with the 

results reported in the literature [30 (from 15.5° to 33.6°)]. However, taking 

into account the movement of the ankle joint during the contraction, the 

maximal pennation angle decreased statistical significantly (p<0.05) to 

29.3 ± 5.2° (fig. 4). The measured fascicle length during loading 

decreased from 6.54 ± 0.93 cm to 3.25 ± 0.70 cm. There was a statistical 

significant (p<0.05) influence on fascicle length due to the ankle joint 

angular rotation during the loading phase. After correcting fascicle length 

for the joint angular motion, maximal fascicle length increased to 4.78 ± 

0.94 cm (fig. 4). 

Comparison of muscle architecture between loading and unloading 
condition  
Figure 5 shows the analysed data during a plantarflexion effort for one 

subject during the loading and the unloading phase. At each analysed 

level of relative force the measured pennation angle was statistically 

significantly (p<0.05) higher during unloading than during loading condition 

except for 0% (p=0.067) and 60% (p=0.087) (fig. 6). In all cases the 

measured fascicle length was statistically significantly lower during 

unloading condition (p<0.05) compared to the loading phase at the same 

tendon force (fig. 6). After correcting the values for the change in ankle 

angle, pennation angle and fascicle length showed no statistically 

significant (p<0.05) differences between loading and unloading phase at 

the same tendon force (fig. 6). 
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Figure 3: Ankle and knee angles at the examined levels of relative tendon 

force during a maximal plantarflexion effort (mean ± SD, n= 37); 1 : 

statistically significant (p<0.05) difference between 0 % and 15, 30, 45, 60, 

80 and 100 %; 2 : statistically significant (p<0.05) difference between 15 % 

and 30, 45, 60, 80 and 100 %; 3 : statistically significant (p<0.05) 

difference between 30 % and 45, 60, 80 and 100 %; 4 : statistically 

significant (p<0.05) difference between 45 % and 60, 80 and 100 %; 5 : 

statistically significant (p<0.05) difference between 60 % and 80 and 100 

%; 6 : statistically significant (p<0.05) difference between 80 % and 100 % 
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Figure 4: Measured pennation angle (Θmeasured) and fascicle length 

(Lmeasured), passive pennation angle (Θpas) and fascicle length (Lpas) due to 

the change in ankle angle, and pennation angle (Θcorrected) and fascicle 

length (Lcorrected) due to the tendon force development of the 

gastrocnemius medialis muscle during a plantarflexion effort (mean ± SD, 

n=37). 
* : statistically significant (p<0.05) difference between measured 

values (Θmeasured; Lmeasured) and values due to the tendon force 

development (Θcorrected; Lcorrected) 
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Figure 5: Analysed data during plantarflexion effort for one subject. 

Measured pennation angle during the loading (Θ-loadmeas.) and the 

unloading phases (Θ-unlomeas.), pennation angle due to the tendon force 

development during the loading (Θ-loadcorr.) and the unloading phases (Θ-

unlocorr.), measured fascicle length during the loading (L-loadmeas.) and the 

unloading phases (L-unlomeas.) and fascicle length due to the tendon force 

development during the loading (L-loadcorr.) and the unloading phases (L-

unlocorr.) of the gastrocnemius medialis muscle. 
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Figure 6: Parameters measured during the loading and the unloading 

phases: (Top) Measured pennation angle (Θ-loadmeas., Θ-unlomeas.) and 

pennation angle due to the tendon force development (Θ-loadcorr.; Θ-

unlocorr.); (below) measured fascicle length (L-loadmeas.; L-unlomeas.) and 

fascicle length due to the tendon force development (L-loadcorr.; L-unlocorr.) 

of the gastrocnemius medialis muscle at the examined levels of the 

relative tendon force during a plantarflexion effort (mean ± SD, n= 37). 
* : statistically significant (p<0.05) difference between loading and 

unloading phase 
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2.5 Discussion 

The main findings of the present study are that during an isometric 

plantarflexion effort (a) the ankle joint alters and significantly affects the 

estimated changes of human gastrocnemius medialis fascicle length and 

pennation angle due to the exerted tendon force and (b) that the ankle 

joint motion influences significantly the comparison of fascicle length and 

pennation angle between the loading and the unloading phases at a given 

tendon force. There was no detectable difference between force and either 

fascicle length or pennation angle between loading and unloading 

condition after correction, while without correcting for joint angular motion 

pennation angle- and fascicle length-force curves formed a closed loop. 

The present study confirms earlier studies stating that the ankle angle 

changed during the “isometric” plantarflexion contraction [26, 27, 29, 34]. 

This change significantly influenced the estimation of human 

gastrocnemius muscle architecture. At maximal tendon force, the 

measured fascicle length overestimates the change in fascicle length due 

to the tendon force by 1.53 cm (relative error: 47%), while the measured 

pennation angle overestimates the change in pennation angle due to the 

tendon force by 5.5° (relative error: 16%). Therefore, analysing human 

gastrocnemius fascicle length or pennation angle during an isometric 

plantarflexion effort in relation to force disregarding the motion of ankle 

joint will have important functional consequences and introduce 

inaccuracy in the estimation of muscle force. 

It can be argued that joint angular rotation during isometric contraction 

may be influenced by the utilised dynamometer [9]. However, even using a 

custom made rigid test-bench the foot can not be considered as a rigid 

body. The deformation of the foot’s soft tissue and especially the motion 

between forefoot and rear-foot during loading which has been reported to 

be about 8° [5, 6] can not be excluded. Therefore, we consider that is not 

possible to prevent any ankle joint angular rotation during a forceful 

plantarflexion effort. This implies that correction is necessary to avoid 

overestimation of change in fascicle length and pennation angle in relation 

to tendon force development. The knee joint extended by 0.9° during the 

maximal isometric plantarflexion. The influence of such a knee joint 
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movement on fascicle length displacement is less than 0.085 mm and can 

be neglected [14]. 

 

Figure 7: Ankle angles at the examined levels of the relative tendon force 

during plantarflexion at the loading-unloading phases (mean ± SD, n= 37)  
* : statistically significant (p<0.05) difference between loading and 

unloading phase 

 

Another important finding of the present study is that without correcting 

muscle architecture for the influence of ankle joint rotation, when plotting 

force-pennation and force-fascicle length curves for loading and unloading 

phase we get a closed loop, reflecting typical force-tendon and 

aponeurosis length curves shown in the literature [19, 20, 25]. However, 

after correcting muscle architecture for joint angular motion there is no 

significant difference between force and either fascicle length or pennation 

angle between loading and unloading condition. The reason for this 

phenomenon is that at identical tendon forces ankle angles were 

significantly higher for the unloading phase compared to the loading phase 

(fig. 7). Differences in ankle joint were in average between 1.4° and 3.8° 

which is enough to influence the estimation of fascicle length-force and 

pennation angle-force relationship during loading and unloading condition. 
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The hysteresis of the soft tissues of the foot and dynamometer arm might 

be the reason for the different ankle joint angles between loading and 

unloading condition. Concerning the estimation of fascicle length- and 

pennation angle-force curves during loading and unloading phase, these 

findings indicate that unrealistic viscoelastic muscle-tendon unit values will 

be obtained without taking into account the influential changes in ankle 

joint angle. 

The results of the present study can not be generalized to all muscles and 

joint angular rotations because the degree of the correction values 

depends on several factors such as muscle length, tendon lever arm, 

muscle slackness and tendon stiffness. However, for pennate muscles, 

correction values seem to be necessary. For example, a passive ankle 

joint extension of 15° decreases soleus and gastrocnemius lateralis 

fascicle length by about 5 mm [17]. Furthermore, the inevitable knee joint 

angular rotation during an isometric knee extension is about 10° [4] which 

would decrease the vastus lateralis fascicle length by more than 3 mm 

[12]. This implies that for the soleus, gastrocnemius lateralis and vastus 

lateralis muscle correction values are also necessary to determine their 

behaviour during an isometric contraction. 

Using the present methodology for studying non-invasive human muscle 

architecture in vivo in relation to force, there are several critical issues that 

remain to be solved. i: We assumed that the direction of the reaction force 

is perpendicular to the dynamometer lever. However Kaufman et al. [16] 

reported that even during isokinetic knee extensions (60 and 180°/s) the 

force component perpendicular to the lever arm is as high as 95-98% of 

the algebraic sum of the three orthogonal components. So the values of 

the superior-inferior and the medial-lateral components are between 1 and 

4 % [16]. Thus the deviation of the resultant force vector from the 

perpendicular to the lever arm will be 0.6 to 2.4° and the sines of these 

angles are 0.01 to 0.04. To estimate the possible influence of the shear 

forces on the measured and the resultant moment in a separate study we 

calculated the moments due to the shear forces for a maximal isometric 

voluntary contraction assuming a deviation of 2.4° of the force vector. The 

estimated moments due to the shear forces at the dynamometer and at 
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the ankle joint were 3.7 and 3.8% of the measured moment respectively 

[3]. Therefore we assumed that the possible influence of the shear forces 

on the measured and the resultant moment are negligible. ii: In the present 

study we calculated tendon force by the tendon moment arms taken from 

the literature [23] even though individual anatomical moment arms 

between subjects may exist. However, loading and unloading phase were 

compared at about similar ankle joint angles (1-4° differences) using the 

same subjects. Therefore the possible error due to different moment arms 

would be the same for both examined phases. iii: The passive structures 

around the ankle joint (e.g. ligaments, skin) have not been included in the 

calculation of the tendon force. Loading and unloading phase were 

compared at the same joint configuration and therefore showed a constant 

error. For this reason this potential source of error may not influence the 

conclusions of the study. Moreover the passive force at the examined 

positions were to low to have a significant effect on tendon force [33]. iv: In 

the present study we used a simplified two-dimensional planar muscle 

model with straight fascicles to define muscle architecture. The failure of 

this simplified muscle model to determine contraction-induced alteration in 

muscle architecture may reflect inaccurate assumptions about the 

changes in pennation angle and fascicle length with tension. An alteration 

in additional planes [37] during contraction cannot be taken into account in 

the present study. However, because of the similar joint configuration 

between loading and unloading phases this drawback may not influence 

the results of the present study significantly. 

2.6 Conclusions 

The results of the present study revealed that the ankle joint movement 

during “isometric” plantarflexion effort significantly effected (a) the 

measured changes in human gastrocnemius medialis fascicle length and 

pennation angle during loading phase and (b) the comparison of fascicle 

length and pennation angle between loading and unloading condition for a 

given tendon force. Analysing human gastrocnemius fascicle length or 

pennation angle during an isometric contraction in relation to force without 

correcting for joint angular rotation will produce unreliable results and 
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introduce inaccuracy in the estimation of muscle force and viscoelastic 

properties of the muscle-tendon unit. 

 
Note: Reprinted from Journal of Electromyography and Kinesiology, Volume number: 
15(6), Authors: Kiros Karamanidis, Savvas Stafilidis, Gianpiero DeMonte, Gaspar Morey-
Klapsing, Gert-Peter Brüggemann, Adamantios Arampatzis, Title of article: Inevitable joint 
angular rotation affects muscle architecture during isometric contraction, Pages: 608-16, 
Year: 2005, with permission from Elsevier” 
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3.1 Abstract 

The purpose of this study was to examine the effects of aging and 

endurance running on the mechanical and morphological properties of 

different muscle-tendon units (MTUs) in vivo. The investigation was 

conducted on thirty elderly and nineteen young adult males. For the 

analysis of possible MTU adaptation in response to endurance running the 

subjects were divided into two subgroups: non-active vs. endurance-

runners. All subjects performed isometric maximal voluntary plantarflexion 

and knee extension contractions on a dynamometer. The distal 

aponeurosis of the gastrocnemius medialis (GM) and vastus lateralis (VL) 

during plantarflexion and knee extensions and the muscle architecture of 

the GM and VL were visualized by ultrasonography. The maximal knee 

and ankle joint moment were higher for the young compared to the elderly 

population (p<0.05). No identifiable differences in muscle architecture 

between young and elderly subjects were detected in VL and GM. Aging 

results in a reduced (p<0.05) normalized stiffness of the quadriceps 

femoris tendon and aponeurosis, which were not identifiable for the triceps 

surae. In contrast, the properties of both MTUs showed no major 

differences between endurance-runners and the non-active group 

(p>0.05). Only pennation angle at the GM were higher for the runners 

compared to the non-active group (p<0.05). The present results indicate 

that tendon changes related to aging do not occur proportionally in 

different MTUs. Furthermore, it seems that the extra stress and load 

imposed on high-load-bearing MTUs during endurance running may not 

be sufficient to produce significant adaptative processes in the mechanical 

parameters analyzed. 
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3.2 Introduction 

Previous studies show that collagenous and muscle tissues undergo 

mechanical and morphological changes in response to aging (Noyes and 

Grood, 1976; Vogel, 1980; Blevins et al., 1994; Frontera et al., 2000b; 

D’Antona et al., 2003; Trappe et al., 2003; Komatsu et al., 2004). It is 

suggested that the aging process is associated with a decrease in the 

ultimate stress and the elastic modulus of collagenous tissues (Noyes and 

Grood, 1976; Vogel, 1980; Blevins et al., 1994; Komatsu et al., 2004), loss 

of skeletal muscle strength (Criswell et al., 1997; Frontera et al., 2000b; 

D’Antona et al., 2003; Trappe et al., 2003) and a decline in muscle cross-

sectional area (CSA) (Criswell et al., 1997). On the other hand it has been 

found that a long term running program in guinea fowl resulted in a 

leftward shift of the stress-strain curve of the Achilles tendon (Buchanan 

and Marsh, 2001). In contrast, others reported that aging (Hubbard and 

Soutas-Little, 1984) or endurance running (Viidik, 1969; Kiiskinen, 1977; 

Woo et al., 1981) has no major effect on tendon modulus, ultimate strain 

or tensile strength. Based on the available literature it cannot be 

unequivocally concluded that aging or endurance running has an effect on 

the mechanical properties of soft tissues. The currently available 

information has been obtained almost exclusively in vitro from animal 

tissues and numerous factors such as species, age, training protocol and 

physiological function of the tissue studied may have contributed to the 

inconclusiveness. Regarding the physiological function of the tissue 

studied, Woo et al. (1980) found that a 12-month running program in swine 

increased modulus of the extensor tendons that are low stress tendons, 

while the same training program had no effect on the mechanical 

properties of digital flexor tendons that are subjected to large loads (Woo 

et al., 1981). Furthermore, it has been shown that although at birth 

different tendons have identical mechanical properties alteration due to 

age occur to a different degree between tendons (Shadwick 1990). Thus, 

the effect of aging and endurance running can be MTU specific. 

Analyzing the literature reveals that only a few studies examined changes 

in human MTU in response to aging or endurance running in vivo. Kubo et 

al. (2003c) showed that the human vastus lateralis (VL) tendon and 
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aponeurosis of older individuals are more compliant than those of young 

adults. Magnusson et al. (2003) reported that the Achilles tendon CSA 

increased due to age. Reeves et al. (2003) demonstrated that resistance 

training increased stiffness of the patellar tendon in older individuals. 

Furthermore, Kubo et al. (2000) demonstrated that the displacement and 

the compliance of the VL tendon and aponeurosis were lower in long 

distance runners compared to untrained individuals. In contrast, Rosager 

et al. (2002) and Hansen et al. (2003) reported that endurance running 

has no effect on the load-deformation curve of the gastrocnemius medialis 

(GM) tendon and aponeurosis. The analysis of the literature reveals that 

limited and non-uniform results exists regarding the effects of aging and 

endurance running on MTU properties. Moreover, no study examined the 

effect of aging and endurance running on the mechanical and 

morphological properties of triceps surae and quadriceps femoris MTUs 

using the same subjects. Thus, it can not presently be concluded whether 

human MTUs respond to aging and endurance running with mechanical 

and morphological adaptations, nor whether this adaptation is MTU 

specific. 

Therefore, the purpose of this study was to examine the effect of aging 

and chronic endurance running on the mechanical (joint moment, strain 

and stiffness of the tendon and aponeurosis) and morphological 

(pennation angle, fascicle length, muscle thickness) properties of human 

quadriceps femoris and triceps surae MTU in vivo from the same subject 

pool. We hypothesized that potential changes in the mechanical and 

morphological properties of triceps surae and quadriceps femoris MTU 

due to aging or endurance running can be MTU specific. Further, we 

sought to examine whether endurance running exercise is a sufficient 

stimulus to counteract potential age related changes in mechanical and 

morphological properties of the quadriceps femoris and triceps surae 

MTU. 
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3.3 Methods 

Subjects 
The investigation was conducted on thirty elderly males aged 60-69 years 

and nineteen younger males aged 21-32 years. For the analysis of 

adaptation effects in response to endurance running all subjects were 

divided into two subgroups according to their running activity: 29 

endurance-runners and 20 non-active individuals. All subjects in the 

endurance-runners group performed endurance running at least 3 times 

per week over the last 10 years and participated regularly in middle- and 

long-distance running competition. Only one subject who was 21 years 

trained over the last 7 years. The training volume ranged from 30 to 100 

km/week. The criterion for the non-active group was no sport-activity 

except at school. Approval was obtained from the university committee for 

the protection of human subjects and informed consent was given by all 

subjects. None of the chosen test subjects had a history of neuromuscular 

or musculoskeletal impairments. 

Measurement of the ankle and knee joint moment 
On two separate test days, the subjects performed isometric maximal 

voluntary plantarflexion and knee extension contractions (MVC) of their left 

leg. For plantarflexion they were seated with the ankle in neutral position 

(tibia perpendicular to the sole, ankle angle 90°) and the knee was fully 

extended (180°). For the knee extension the hip and knee angles were set 

at 140 and 115° respectively. The plantarflexion and knee extension 

moments were measured using a dynamometer (Biodex Medical Systems. 

Inc. USA). Velcro straps around the foot and the dynamometer foot plate 

restricted the ankle movement during the plantarflexion contraction. For 

the knee extensions the tibia and the trunk were also secured to the 

dynamometer with Velcro straps.  

After a warm-up period consisting of 2-3 min performing submaximal 

isometric contractions and three MVCs the subjects were instructed to 

produce a maximal isometric force ramp, gradually increasing the 

plantarflexion or knee extension effort over 3 sec (loading) and to hold the 

achieved moment about 2-3 sec. The maximal isometric force ramp 

contractions were repeated three times with 3 min rest between 
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contractions. The trial with maximal peak force was used for data analysis. 

Before each MVC the axis of rotation of the dynamometer was carefully 

aligned with the axis of rotation of the ankle and knee joints. The axis of 

rotation of the ankle joint was defined to be parallel to the axis of the 

dynamometer and passing through the midpoint of the line connecting 

both malleoli. In the same way the axis of rotation of the knee joint was 

defined to be parallel to the axis of the dynamometer and passing through 

the midpoint of the line connecting the lateral and medial femoral 

condyles. During the contraction the axes clearly shifted away from each 

other. This shift significantly influences the resultant joint moments 

(Arampatzis et al., 2004a,b). The resultant moments at the ankle and knee 

joint were calculated through inverse dynamics (Arampatzis et al., 

2004a,b). Therefore, kinematic data were recorded using the Vicon 624 

system (Vicon Motion Systems, United Kingdom) with 8 cameras 

operating at 120 Hz. To calculate the lever arm of the ankle joint during 

plantarflexion we determined the center of pressure under the foot with a 

flexible pressure distribution insole from Pedar-System (Novel GmbH, 

Germany) operating at 99 Hz (see also Arampatzis et al., 2004b). The 

compensation of moments due to gravitational forces was done for all 

subjects before each plantarflexion or knee extension contraction. The 

exact method for calculating the resultant joint moment has been 

described previously (Arampatzis et al., 2004a,b).  

The moments generated due to antagonistic coactivation during the 

plantarflexion and knee extension efforts were quantified by assuming a 

linear relationship between surface EMG amplitude of the ankle dorsiflexor 

or knee flexor muscles and moment (Baratta et al., 1988) measured during 

one relaxed condition and two submaximal dorsi- and knee flexion 

contractions (Mademli et al., 2004). Therefore, in the following text 

maximal knee and ankle joint moment refer to the maximal joint moment 

values where the effect of gravitational forces, the effect of the joint axis 

alteration relative to the dynamometer axis and the effect of antagonist 

moment on the measured moment on the dynamometer is taken into 

account.The tendon force during the contractions was calculated by 

dividing the ankle or knee joint moment by the tendon moment arm. The 
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tendon moment arm of the Achilles tendon was calculated using the data 

provided by Maganaris et al. (1998) as function of the ankle angle and 

level of contraction. The lever arm of the patellar tendon was calculated 

using the data provided by Herzog and Read (1993). For each subject 

maximal joint moments and maximal calculated tendon forces were 

normalized by body mass. 

Measurement of tendinous tissue elongation 
A 7.5 MHz linear array ultrasound probe (Aloka SSD 4000, 43 Hz) was 

used to visualize the distal tendon and aponeurosis of the GM and VL 

(Figure 1). The ultrasound probe was placed above the respective muscle 

belly at about 50 % of its length. A marker was placed between skin and 

ultrasound probe to allow the registration of any motion of the probe 

relative to the skin during the plantarflexion or knee extension efforts 

(Figure 1). The ultrasound images were recorded on video tape (50 Hz) for 

further analysis. To synchronize the video data (ultrasound sequences) 

with the data from the Vicon system, a synchronization box (Peak 

Performance Technologies) was used. The experiment leader manually 

triggered an analogue signal (0 to 5 volts) which was overlaid on the video 

images and simultaneously captured by the Vicon system. 

 
Figure 1: Ultrasound image of the M. gastrocnemius medialis (GM, left) 

and M. vastus lateralis (VL, right) at rest. L: fascicle length; T: muscle 

thickness; Θ: pennation angle. 

Digitized cross-point Digitized cross-point 
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It has been reported that during both maximal “isometric” plantarflexion and 

knee extension efforts it is extremely difficult to completely prevent any joint 

rotation, despite using external fixations (Magnusson et al., 2001; Bojsen-

Møller et al., 2003; Arampatzis et al., 2004a,b). This joint rotation has a 

significant influence on the measured elongation of the GM and VL tendons 

and aponeurosis (Magnusson et al., 2001; Bojsen-Møller et al., 2003). 

Therefore, any joint rotation occurring during a maximal “isometric” 

contraction contributes to the estimated elongation of the tendon and 

aponeurosis. The ankle and the knee joint rotation occurring during the 

examined contractions were measured by the 8 cameras of the Vicon system. 

To determine the elongation of the tendon and aponeurosis due to joint 

rotation, the motion of the GM and VL tendons and aponeurosis was captured 

by the ultrasound probe during a passive motion of the ankle and knee joint 

and recorded on video tape for further analysis. This allowed the correction of 

the elongation obtained for the tendon and aponeurosis due to joint rotation 

for each maximal plantarflexion or knee extension trial (Figure 2). The 

inactivity of the muscles surrounding the ankle joint (M. gastrocnemius 

lateralis and medialis, M. soleus and M. tibialis anterior) and the knee joint 

(M. vastus lateralis and medialis, M. rectus femoris and hamstrings) during 

the passive trial were examined using bipolar EMG leadoffs, with pre-

amplification (bandwidth 10-500 Hz) and adhesive surface electrodes (Ag / 

Ag Cl) with a 2 cm inter-electrode distance. The video data were analyzed 

using the Simi video analysis system (Simi Motion 6.1). 

The ultrasound images taken during the passive joint motion and during the 

MVCs were digitized frame by frame until the maximal calculated tendon 

force was achieved (Figure 2). The insertion of the fascicle into the deep 

aponeurosis (cross-point, Figure 1) has been tracked during contraction and 

passive trial to determine the elongation of the tendon and aponeurosis. 

Since the reproducibility of this method was demonstrated in the past 

(Bojsen-Møller et al., 2003) we examined the accuracy of the digitizing 

procedure by having different examiners digitizing several trials. The maximal 

differences between the examiners ranged from 1.0-1.2 mm (resolution of the 
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ultrasound image 0.7 x 0.4 mm). 

 

 
Figure 2: Average values of the measured elongation (∆L measured), 

passive elongation due to the change in joint angle (∆L passive) and 

corrected elongation (∆L real) of the tendon and aponeurosis during (top) 

plantarflexion and (bottom) knee extension effort (n = 49). 

 

The following procedure was used to estimate the resting length of the GM 

tendon and aponeurosis: Before the main plantarflexion contraction, the 

subjects were seated on the dynamometer with a knee angle of 180° and an 

ankle angle of 110°. At this position the cross-points (the insertion of the 

fascicle into the deep aponeurosis) were identified on the ultrasound images 

and measured relative to the markers placed between the skin and the 
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ultrasound probes. The length of the curved path from the tuberositas 

calcanei (defined as the origin of the Achilles tendon) to the markers was 

measured along the skin surface using flexible measuring tape. Thus the 

resting length of the GM tendon and aponeurosis was defined as the length of 

the path between the tuberositas calcanei and the examined cross-points (the 

insertion of the fascicle into the deep aponeurosis) identified on the 

ultrasound images.  

To determine the resting length of the VL tendon and aponeurosis the 

subjects were seated on the dynamometer with hip and knee angles set to 

140° and 130° respectively. In the same fashion as for the GM, the length 

along the curved path from the tuberositas tibia (defined as origin of the 

patella tendon) to the markers was measured along the skin. The distance 

between the skin markers and the analyzed cross-points (the insertion of the 

fascicle into the deep aponeurosis) was measured on the ultrasound images. 

The utilized positions (plantarflexion: 110° ankle angle and 180° knee angle; 

knee extension: 130° knee angle and 140° hip angle) were chosen because 

at these angles the passive moment is almost zero (Riener and Edrich, 

1999). This prevented the elongation of the tendon and aponeurosis at the 

resting state.  

However, during the plantarflexion contraction the ankle joint changed from 

110° (where the resting length was measured) to 90° (begin of the maximal 

plantarflexion contraction) and during the knee extension trial the knee joint 

changed from 130° (where the resting length was measured) to 115° (begin 

of the maximal plantarflexion contraction). This joint rotation can influence the 

measured elongation of the tendon and aponeurosis due to passive tendon 

force (Muramatsu et al., 2001). Therefore, it is possible that the strain of the 

tendon and aponeurosis will be underestimated. However, the passive ankle 

(< 6 Nm) and knee joint moments (< 4 Nm) at the examined positions (Riener 

and Edrich, 1999) are too low to influence the comparison of strain values 

between groups.  

The stiffness (normalized) of the triceps surae and quadriceps femoris tendon 

and aponeurosis was calculated by the relationship between the tendon force 
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and the strain of the tendon and aponeurosis between 50 and 100 % of the 

maximal tendon force by means of linear regression equations. The linearity 

between tendon force and strain was checked using the coefficient of 

determination (r²). The coefficient of determination were reasonably high (r² = 

0.98 to 0.99). We used the normalized stiffness (relationship between tendon 

force and strain) because the chosen digitized cross-point (the insertion of the 

fascicle into the deep aponeurosis) at the muscle belly influence the 

measured elongation of the tendon and aponeurosis (Muramatsu et al., 2001; 

Arampatzis et al., 2004c) due to the different rest length between the subjects 

and so effect the estimation of the stiffness (relationship between tendon 

force and elongation) of the tendon and aponeurosis (Arampatzis et al., 

2004c). This fact causes difficulties for the comparison of the stiffness 

between different subjects or groups due to the different rest length of the 

analyzed cross-point at the muscle belly. Recently it has been reported that 

the strain measured at the myotendinous junction and at the muscle belly is 

similar (Muramatsu et al., 2001; Kubo et al., 2002; Arampatzis et al., 2004c) 

and so the choice of the cross-point does not effect the normalized stiffness. 

The maximal energy storage capacity of the tendon and aponeurosis was 

calculated as the integral of the tendon force over the tendon strain between 

0 and 100 % of the maximal tendon force.  

Measurement of muscle architecture 
The muscle architecture of the GM and VL (fascicle length, pennation angle 

and thickness) was measure by ultrasonography (Figure 1). The following 

joint-angle combinations were chosen: for the GM, ankle angle 90° and knee 

angle 180°; for the VL, knee angle 115° and hip angle 140°. All 

measurements were done on the relaxed muscles at the cited positions. 

Pennation angle of the GM and VL were measured as the angle of insertion 

of muscle fascicles into the deep aponeurosis, and fascicle length was 

defined as the length of the fascicular path between the insertions of the 

fascicle into the upper and deeper aponeurosis (Figure 1). When the fascicle 

extended out off the acquired ultrasound image the length of the missing 

portion of the fascicle was estimated by linear extrapolation of both the 
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fascicular path and the aponeurosis. The error introduced by these 

techniques depends primarily on the degree of curvature of the fascicles. 

However, the linear extrapolation approach results in an error of about only 

2.4 % or less (Narici et al., 2003). Furthermore, the ratio between fascicle 

length of the GM and tibia length and the ratio between fascicle length of the 

VL and femur length were analyzed. Femur length were defined as the 

distance between lateral femoral condyle and trochanter major and tibia 

length as the distance between lateral malleolus and lateral femoral condyle. 

The muscle thickness was defined as the distance between the deeper and 

upper aponeurosis (Figure 1).  

Statistics 
A two-way ANOVA was used to examine the effects of aging and running 

activity on the mechanical and morphological properties of quadriceps 

femoris and triceps surae MTUs, with age and running activity as factors. All 

significant age-by-endurance running interaction are reported. If significant 

age-by-endurance running interaction were present a post-hoc test 

(Bonferroni) was conducted in order to determine where these differences 

occurred. F ratios were considered significant at p < 0.05. To test the 

homogeneity of variance across groups the Levene Test (p < 0.05) was used. 

If variances were not equal across samples F ratios were considered 

significant at p < 0.01. In the tables, the data are presented as means and SD 

(standard deviation).  

3.4 Results 

Triceps surae muscle-tendon unit 
Anthropometric data of the subjects-groups are presented in table 1. Body 

height and tibia length were statistically significant (p<0.05) lower for the 

elderly subjects compared to the young adults. Endurance-runners exhibited 

significantly (p<0.05) lower body mass compared to the non-active group. 
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Table 1: Anthropometric data of the subjects (means ± SD). 

 

Elderly Young adults  

Runners 

(n = 20) 

Non-Active 

(n = 10) 

Runners 

(n = 9) 

Non-Active 

(n = 10) 

Age [yr] 64±3 64±2 27±4 29±3 

Body mass [kg] 76±6 81±6 73±5 78±8 

Height [cm] 176±4 174±8 180±4 180±9 

Femur length [mm] 449±27 439±34 454±18 450±37 

Tibia length [mm] 413±14 406±25 429±13 430±20 

 

The two-way ANOVA revealed statistically significant (p<0.05) lower body 

height and tibia length for the elderly subjects compared to the young adults. 

Endurance-runners exhibited significantly (p<0.05) lower body mass 

compared to the non-active group. There was no significant age-by-

endurance running interaction for the analyzed parameters. 

 

The resting length of the GM were 268 ± 27 mm for the elderly runners, 277 ± 

25 mm for the elderly non-active subjects, 317 ± 99 mm for the young adult 

runners and 293 ± 30 mm for the young adult non-active group respectively. 

All analyzed mechanical parameters for the triceps surae MTU are 

summarized in table 2. The strain values for the tendon and aponeurosis 

(range: 2.8 % to 10 % for all 49 subjects) are in agreement with the maximal 

strain values reported in the literature for human tendons (Magnusson et al., 

2001; Rosager et al., 2002) and for animal tendons (Trestik and Lieber, 

1993). The maximal ankle joint moment and the maximal calculated tendon 

force were statistically significant higher (p<0.05) for the young adults 

compared to the elderly subjects (Table 2). There were no statistically 

significant differences (p>0.05) in maximal strain, normalized stiffness and 

maximal energy storage capacity of the triceps surae MTU between the 

young adults and elderly subjects (Table 2). No statistically significant 

differences (p>0.05) between young adults and the elderly subjects were 
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found in fascicle length, ratio (fascicle length/tibia length) and pennation angle 

(Table 3). The thickness of the GM was higher (p = 0.02) for the young adults 

compared to the elderly subjects (Table 3). However, the homogeneity of 

variances across groups was not given for the thickness of GM. Therefore, 

muscle thickness was not significantly different between elderly subjects and 

young adults (p > 0.01). 

 

Table 2: Maximal strain of the tendon and aponeurosis (Strain), maximal 

ankle joint moment (Moment), maximal calculated Achilles tendon force 

(Force), maximal energy storage capacity (Emax) and stiffness of the tendon 

and aponeurosis (stiffness) for the examined groups at the triceps surae MTU 

(means ± SD). 

 

Elderly Young adults  

Triceps surae Runners 

(n = 20) 

Non-Active 

(n = 10) 

Runners 

(n = 9) 

Non-Active 

(n = 10) 

Strain [%] 6.0±1.9 5.5±1.3 6.2±1.4 5.5±1.6 

Moment [Nm/kg] 1.21±0.26 1.05±0.14 1.42±0.39 1.43±0.45 

Force [N/kg] 18.59±4.38 15.57±2.84 21.40±6.26 21.06±7.40 

Emax [J/m] 46.9±17.3 39.6±15.8 47.2±14.3 47.9±15.5 

Stiffness [kN/Strain] 26.1±8.4 23.9±7.1 26.4±11.0 35.68±26.8 

 

The two-way ANOVA revealed statistically significant (p<0.05) lower maximal 

ankle joint moment and maximal calculated tendon force for the elderly 

subjects compared to the young adults. No statistically significant (p>0.05) 

differences between endurance-runners and non-active subjects were found. 

There was no significant age-by-endurance running interaction for the 

analyzed parameters.  

 

The statistical comparison between endurance-runners and non-active 

subjects revealed no statistically significant differences (p>0.05) in maximal 

ankle joint moment, maximal calculated tendon force, maximal strain, 
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normalized stiffness and maximal energy storage capacity of the triceps 

surae MTU (Table 2). Furthermore, no statistically significant differences 

(p>0.05) between endurance-runners and non-active subjects were found in 

fascicle length, ratio (fascicle length/tibia length) and thickness (Table 3). 

However, endurance-runners exhibited significantly higher (p<0.05) pennation 

angles for the GM compared to the non-active group (Table 3). There was no 

significant age-by-endurance running interaction for the analyzed mechanical 

and morphological parameters of the triceps surae MTU.  

 

Table 3: Pennation angle, fascicle length, ratio (Fascicle length/tibia length) 

and muscle thickness of the M. gastrocnemius medialis (GM) for the 

examined groups (means ± SD). 

 

Elderly Young adults GM 

Runners 

(n = 20) 

Non-Active 

(n = 10) 

Runners 

(n = 9) 

Non-Active 

(n = 10) 

Pennation angle [°] 19.6±2.5 18.4±2.6 21.9±2.6 18.9±2.4 

Fascicle length [cm] 6.18±0.95 6.53±0.63 7.69±2.82 6.34±0.80 

Ratio [Fascicle 

length/tibia length]  

0.150±0.024 0.161±0.015 0.185±0.070 0.152±0.018

Thickness [cm] 1.79±0.20 1.73±0.24 2.03±0.52 1.90±0.12 

 

The two-way ANOVA revealed statistically significant (p<0.05) higher 

pennation angles of GM for the endurance-runners compared to the non-

active group. The thickness of the GM was higher (p = 0.02) for the young 

adults compared to the elderly subjects. The homogeneity of variances 

across groups was not given for the thickness of GM. Therefore, we 

considered that muscle thickness was not significantly different between 

elderly subjects and young adults (p > 0.01). There was no significant age-by-

endurance running interaction for the analyzed parameters.  
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Table 4: Maximal strain of the tendon and aponeurosis (Strain), maximal 

knee joint moment (Moment), maximal calculated tendon force (Force), 

maximal energy storage capacity (Emax) and stiffness of the tendon and 

aponeurosis (stiffness) for the examined groups at the quadriceps femoris 

MTU (means ± SD). 

 

Elderly Young adults Quadriceps 

femoris  Runners 

(n = 20) 

Non-Active 

(n = 10) 

Runners 

(n = 9) 

Non-Active 

(n = 10) 

Strain [%] 7.8±2.8 6.6±1.9 7.2±1.5 6.4±3.4 

Moment [Nm/kg] 1.91±0.33 1.76±0.26 2.42±0.61 2.17±0.40 

Force [N/kg] 39.11±5.94 36.27±5.47 48.76±12.26 44.97±7.92 

Emax [J/m] 113.0±52.0 109.3±34.2 120.2±32.0 122.0±76.1 

Stiffness 

[kN/Strain] 41.6±14.3 46.4±12.3 57.9±15.7 67.4±31.6 

 

The two-way ANOVA revealed statistically significant (p<0.05) lower maximal 

knee joint moment, maximal calculated tendon force and stiffness for the 

elderly subjects compared to the young adults. No statistically significant 

(p>0.05) differences between endurance-runners and non-active subjects 

were found. There was no significant age-by-endurance running interaction 

for the analyzed parameters. 

 

Quadriceps femoris muscle-tendon unit 
The resting lengths of the VL were 333 ± 17 mm for the elderly runners, 318 ± 

25 mm for the elderly non-active subjects, 306 ± 71 mm for the young adult 

runners and 325 ± 20 mm for the young adult non-active group respectively. 

All analyzed mechanical parameters for the quadriceps femoris MTU are 

summarized in table 4. The maximal knee joint moment and the maximal 

calculated tendon force were significantly higher (p<0.05) for the young adults 

compared to the elderly subjects (Table 4). There were no statistically 
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significant differences (p>0.05) in maximal strain and maximal energy storage 

capacity of the quadriceps femoris MTU between the groups (Table 4). 

However, the normalized stiffness of the quadriceps femoris tendon and 

aponeurosis was significantly higher (p<0.05) for the young adults compared 

to the elderly subjects (Table 4). No statistically significant differences 

(p>0.05) between elderly subjects and young adults were found in fascicle 

length, ratio (fascicle length/femur length) and pennation angle (Table 5). 

There was no homogeneity of variances across groups in thickness of the VL. 

Therefore, the higher muscle thickness of the VL (p=0.02) for the young 

adults compared to the elderly subjects was not statistically significant (Table 

5). 

 

Table 5: Pennation angle, fascicle length, ratio (Fascicle length/tibia length) 

and muscle thickness of the M. vastus lateralis (VL) for the examined groups 

(means ± SD). 

 

Elderly Young adults  

VL Runners 

(n = 20) 

Non-Active 

(n = 10) 

Runners 

(n = 9) 

Non-Active 

(n = 10) 

Pennation angle [°] 10.7±2.5 9.8±1.7 10.3±1.6 10.0±2.2 

Fascicle length [cm] 10.36±3.27 10.61±1.54 10.58±2.59 11.20±2.08 

Ratio [Fascicle 

length/femur length] 

0.231±0.072 0.242±0.038 0.234±0.062 0.248±0.052

Thickness [cm] 2.03±0.34 1.78±0.30 2.20±0.19 2.02±0.22 

 

The two-way ANOVA revealed higher thickness of the VL for the young adults 

and the endurance-runners compared to the elderly subjects and the non-

active group (p = 0.02). The homogeneity of variances across groups was not 

given for the thickness of VL. Therefore, we considered that muscle thickness 

was not significantly different between groups (p > 0.01). There was no 

significant age-by-endurance running interaction for the analyzed parameters. 
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There were no statistically significant differences (p>0.05) in maximal knee 

joint moment, maximal calculated tendon force, maximal strain, normalized 

stiffness and maximal energy storage capacity of the quadriceps femoris 

MTU between the endurance-runners and non-active subjects (Table 4). It is 

important to notice that endurance running did not counteract the observed 

age related decline in normalized stiffness of the quadriceps femoris tendon 

and aponeurosis and maximal knee and ankle joint moment. No statistically 

significant (p>0.05) differences between groups were found in fascicle length, 

ratio (fascicle length/femur length) or pennation angle (Table 5). The 

thickness of the VL was higher (p = 0.02) for the endurance-runners 

compared to the non-active group (Table 5). However, the variances was not 

equal across groups in muscle thickness. Therefore, muscle thickness of the 

VL was not statistically significant different between groups (p > 0.01). There 

was no significant age-by-endurance running interaction for the analyzed 

mechanical and morphological parameters of the quadriceps femoris MTU.  

3.5 Discussion 

The major findings of this study were that the maximal ankle and knee joint 

moments, the maximal calculated quadriceps femoris and Achilles tendon 

force and the normalized stiffness of the quadriceps femoris tendon and 

aponeurosis were significantly reduced for the elderly subjects compared to 

young adults. Furthermore, we found no effects of endurance running on the 

examined mechanical (maximal joint moment, maximal calculated tendon 

force, maximal strain, normalized stiffness and maximal energy storage 

capacity) and most morphological (pennation angle, fascicle length, ratio 

between fascicle length and segment length and muscle thickness) properties 

of the human quadriceps femoris and triceps surae MTUs. Only the pennation 

angle of the GM were significantly higher for the endurance-runners 

compared to the non-active group. 

However, inherent methodological constrains for studding the mechanical 

properties of human MTUs may influence the examined data. Therefore, they 

have to be discussed first: (a) In the present study we calculated tendon force 
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by the tendon moment arms taken from the literature (Herzog and Read, 

1993; Maganaris et al., 1998). It can not be rejected that individual anatomical 

moment arms between groups may exist which might influence the calculated 

tendon forces. Furthermore, the differences found in joint moments between 

the groups could also be due to different lever arms and not due to different 

muscle forces. To estimate this potential source of error we analyzed the ratio 

between tendon and aponeurosis displacement and ankle / knee joint angular 

rotation during a passive condition. The ratio does not present exact the lever 

arm because the tendon and aponeurosis are not rigid bodies, but can be 

used as an index to prove the possible influences of the lever arms between 

the groups. For this we used the values for the correction of the tendon and 

aponeurosis elongation due to joint rotation (see method). The average ratios 

were for the ankle joint (0.6 to 0.7 mm/°) and for the knee joint (0.4 to 0.5 

mm/°) and there were no differences between groups which indicates that the 

moment arms did not differ between the groups. Therefore, the possibility of 

significant different lever arms between the groups can be excluded. (b) For 

the calculation of the normalized stiffness we used the strain estimated at one 

point at the aponeurosis of the GM and VL. This means that the examined 

strain corresponds to the strain of all structures distal to the analyzed points. 

In the literature there are several studies which report similar strain values 

(Muramatsu et al., 2001; Kubo et al., 2002; Arampatzis et al., 2004c) 

measured at two different points (myotendinous junction and muscle belly of 

the GM). However, it is possible that the mechanical properties of other 

structures distal to the analyzed points (e.g. patella tendon) are different. 

Using ultrasonography it is very difficult to separately examine in vivo the 

strain of all structures along the length of the MTU. Moreover, at the moment 

it seems to be impossible to measure in vivo the actual exerted force in each 

of these individual structures. Therefore, it is possible that the absolute values 

of the normalized stiffness of the separate structures may be different. 

However, we believe that the comparison between the groups is valid 

because we used the same methodology for all subjects. (c) Using the 

present methodology for studying the capacity of the MTU it is not possible to 
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determine whether or not maximal central activation has occurred nor is it 

possible to quantify the force produced by the synergist muscles during MVC. 

It is possible that either elderly individuals may not be capable of achieving 

complete muscle activation (Enoka, 1997) and/or that the ratio between 

synergist and agonist muscle force may have changed due to age. However, 

the differences in maximal joint moments between young adults and elderly 

subjects were to high (about 20 %) to be explained solely by this potential 

source of errors. 

Young adults vs. elderly adults 
The data of the present study strongly suggested that age (>60 years) is 

accompanied by a reduced maximal ankle and knee joint moment which is in 

agreement with previous findings (Vandervoort and McComas, 1986; 

Häkkinen et al., 1996; Frontera et al., 2000a; Goodpaster et al., 2001; Kubo 

et al., 2003c). The age relative decrease in joint moments showed similar 

relative values for the knee and ankle joint (about 20 %). Correspondingly, 

the maximal calculated triceps surae and quadriceps femoris tendon force 

was also significantly lower for the elderly subjects compared to the young 

adults. However, in the present study no age-related changes in maximal 

strain for the quadriceps femoris tendon and aponeurosis were detected. 

Contrary, Kubo et al. (2003c) stated that aging resulted in a reduced maximal 

strain in the quadriceps femoris tendon and aponeurosis. The maximal strain 

values for the quadriceps femoris tendon and aponeurosis in the present 

study (between 6.4 and 7.8 %) are somewhat lower than the data presented 

by Kubo (2003c) (between 11.8 and 12.5 %). Methodological differences 

between studies may have contributed to these differences in the results. The 

effects of joint rotation on the measured displacement of the tendon and 

aponeurosis (Magnusson et al., 2001; Bojsen-Møller et al., 2003; Arampatzis 

et al., 2004a,b) have not been considered by Kubo et al. (2003c).  

One main finding of the present study was that the age-associated changes 

in MTU stiffness of the quadriceps femoris and triceps surae tendon and 

aponeurosis are not similar. Aging results in a significantly reduced 

normalized stiffness of the quadriceps femoris tendon and aponeurosis, 
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which were not identifiable for the triceps surae tendon and aponeurosis. 

Shadwick (1990) suggested that the differences in material properties 

between different tendons are related to their physiological function. He 

demonstrated that at birth the digital flexor and extensor tendons of pigs have 

identical mechanical properties. However, the alteration due to age occurs to 

a significantly different degree in both tendons (Shadwick, 1990). Majima et 

al. (1996) showed that the degree of stress shielding effects the magnitude of 

changes in the mechanical properties of rabbit patellar tendons. Thus, it can 

be concluded that the greater change of stiffness seen at the human 

quadriceps femoris in comparison to the triceps surae tendon and 

aponeurosis due to age may be explained by the reduction of the mechanical 

load associated with biological aging. With increasing age, explosive tasks 

producing high moments at the knee joint (e.g. jumping or sprinting) may be 

reduced while slow gait may be the main daily stimulus of the lower extremity. 

The reduction in joint moments between jumping or sprinting and slow gait 

are higher at the knee joint than at the ankle joint (Arampatzis et al., 1999 and 

2001; DeVita and Hortobagyi, 2000). Furthermore, the human triceps surae 

MTU comprises muscles with short muscle fascicles and long tendinous 

tissues and, therefore, have a higher mechanical advantage for elastic energy 

recovery during stretch-shortening-cycle due to a large elongation of the 

tendon relative to the muscle fascicles compared to the quadriceps femoris 

MTU. For example, the gastrocnemius muscle works almost isometrically in 

the stance phase in walking (Fukunaga et al., 2000) and the negative MTU 

work performed in the eccentric phase can be stored as elastic energy (Hof 

et. al., 2002). This implies a highly absolute and relative strain value in triceps 

surae tendon and aponeurosis during daily activities for the elderly subjects.  

The fact that only the triceps surae muscle force and not the normalized 

stiffness of the tendon and aponeurosis is changed due to aging might 

indicate that tendon and muscle properties have different time course. Similar 

findings have been reported during immobilization and remobilization of 

MTUs (Karpakka et al., 1990; Kubo et al., 2004). While bed rest decreased 

maximal plantarflexion moment and muscle volume, the stiffness of the 
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tendon and aponeurosis was not effected (Kubo et al., 2004). Karpakka et al. 

(1990) suggested that collagen synthesis of the muscles is more sensitive to 

acute increase in mechanical loading than the tendon. However, it seems that 

the extra stress and load imposed on high-load-bearing MTUs during 

endurance running exercise may not be sufficient to counteract the influence 

of aging on muscle force and tendon stiffness. 

Analyzing subjects up to the 6th decade (aged between 60 and 69 years) 

revealed no significant age-related changes in pennation angle, fascicle 

length, ratio (fascicle length/segment length) and muscle thickness in GM and 

VL. However, although not significant, the elderly subjects of the present 

study showed a tendency towards a reduced pennation angle (p=0.08) at the 

GM and reduced muscle thickness (p=0.02) at VL and GM. Studying subjects 

up to the 7th decade revealed a significant decline in pennation angle, ratio 

and muscle thickness for VL and GM (Kubo et al., 2003a,b) and reduced 

pennation angle, fascicle length and thickness for GM (Narici et al., 2003). 

Thus, it seems that clearly identifiable changes in muscle architecture 

(pennation angle, fascicle length, ratio and muscle thickness) in GM and VL 

possibly occur after the 6th decade of life. 

Endurance-runners vs. non-active subjects 
The present data show that endurance running does not have any 

measurable effect on maximal joint moment, maximal calculated tendon 

force, maximal strain, normalized stiffness and maximal energy storage 

capacity of the human MTU of the quadriceps femoris and triceps surae. This 

is in agreement with results reported by Rosager et al. (2002) and Hansen et 

al. (2003) analyzing human MTU in vivo. They demonstrated that endurance 

running exercise did not have any effect on the load-deformation curve and 

tensile strength of the triceps surae MTU. Similar findings have been reported 

analyzing high-load-bearing MTUs in vitro. Woo et al. (1981) found that a 12-

month running program in swine had no effect on the mechanical properties 

of digital flexor tendons that are subjected to large loads. This has been 

supported by Birch et al. (1999) who showed that exercise had no effect at 

the horse energy-storing flexor tendons. Therefore, it can be concluded, that 
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endurance running exercise is not a sufficient stimulus to prevent further clear 

adaptational effects on the mechanical properties of high-load-bearing MTUs. 

This is supported by the fact that endurance running did not appear to be able 

to counteract the influence of aging on muscle force or tendon stiffness.  

It is important to notice that the literature reports an increased Achilles tendon 

CSA in runners compared to non-runners (Rosager et al., 2002). 

Furthermore, Magnusson and Kjaer (2003) showed a region-specific 

hypertrophy in the Achilles tendon in response to running where runners 

exhibited a significant greater CSA in the distal but not in the proximal part of 

the tendon. In the present study the Achilles and quadriceps tendon CSAs 

were not analyzed. Therefore we could not do any conclusions about tendon 

region-specific adaptations in the subjects analyzed. Furthermore, the loading 

on the quadriceps femoris and triceps surae MTU during endurance running 

is oscillatory with relatively low loads. Therefore, the tendons of the 

quadriceps femoris and triceps surae MTUs may adapt their fatigue and 

creep rupture (Wang et al., 1995; Wang and Ker, 1995; Pike et al., 2000). 

Analyzing the adaptational effect of chronic endurance running tests with 

relative low oscillatory loads, e.g. fatigue tests, may be more relevant to 

function than tests observing one maximal load. 

Furthermore, no significant running activity-related changes in muscle 

architecture (pennation angle, fascicle length, ratio and muscle thickness) in 

GM and VL were detected. Only pennation angle of the GM was significantly 

lower in non-active individuals compared to endurance-runners. However, the 

absolute differences in pennation angle between groups were less then 1.6° 

and might be too low to have a relevant influence on muscle function.  

3.6 Conclusions 

In conclusion, our results indicate that elderly subjects (aged 60-69 years) 

have a reduced maximal knee and ankle joint moment and maximal 

calculated tendon force at the quadriceps femoris and triceps surae MTU 

compared to young adults (aged 21-32 years). Muscle architecture 

(pennation angle, fascicle length, ratio and muscle thickness) did not show 
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clear age-related effect on VL and GM. Furthermore, the normalized stiffness 

at the quadriceps femoris tendon and aponeurosis decreases to a higher 

extent than at the triceps surae. We hypothesize that the MTU specific 

alteration with aging may be a response to reduced load and stress applied 

on the quadriceps femoris tendon in daily activities. However, it is possible 

that many of the potential changes in MTU properties may not occur until 

older than 75 or 80 years. The present data indicate that chronic endurance 

running has no major effect on high-load-bearing MTUs. The oscillatory 

relative low load imposed on quadriceps femoris and triceps surae MTU 

during endurance running is apparently not sufficient to produce measurable 

changes in the maximal joint moment, maximal calculated tendon force, 

maximal strain, normalized stiffness, maximal energy storage capacity and 

muscle architecture of VL and GM.  
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4.1 Abstract 

The objectives of this work were (i) to investigate whether chronic endurance 

running is a sufficient stimulus to counteract the age related changes in the 

mechanical and morphological properties of human triceps surae (TS) and 

quadriceps femoris (QF) muscle-tendon units (MTUs) by comparing runners 

and non-active subjects at different age levels (young and old), (ii) to identify 

adaptational phenomena in running mechanics due to age related changes in 

the mechanical and morphological properties of the TS and QF MTUs, and 

finally (iii) to examine whether chronic endurance running exercise is 

associated with adaptational effects on running characteristics in old and 

young adults. 

The investigation was conducted on 30 old and 19 young adult males divided 

into two subgroups according to their running activity: endurance-runners vs. 

non-active. To analyse the properties of the MTUs all subjects performed 

isometric maximal voluntary (MVC) ankle plantarflexion and knee extension 

contractions at 11 different MTU lengths on a dynamometer. The activation of 

the TS and QF during MVC was estimated by surface electromyography. The 

gastrocnemius medialis and the vastus lateralis and their distal aponeuroses 

were visualized by ultrasonography at rest and during MVC respectively. 

Ground reaction forces and kinematic data were recorded during running 

trials at 2.7 m s-1. 

The TS and QF MTU capacities were reduced with aging (lower muscle 

strength and lower tendon stiffness). Runners and non-active subjects had 

similar MTU properties suggesting that chronic endurance running exercise 

does not counteract the age related degeneration of the MTUs. Runners 

showed a higher mechanical advantage for the QF MTU while running (lower 

gear ratio) compared to non-active subjects indicating a task specific 

adaptation even at old age. Older adults reacted to the reduced capacities of 

their MTUs by increasing running safety (higher duty factor, lower flight time) 

and taking benefiting from a mechanical advantage for the TS MTU, lower 

rate of force generation and force generation per meter distance. We suggest 
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that the improvement in running mechanics in the older adults happens due 

to a perceptual motor recalibration and a feedforward adaptation of the motor 

task aimed at decreasing the disparity between the reduced capacity of the 

MTUs and the running effort. 

4.2 Introduction 

In the literature it is well established that intrinsic mechanical and 

morphological properties of the muscle-tendon unit (MTU) (e.g. tendon 

stiffness, muscle strength, muscle architecture) determine its function and 

performance capabilities (Gans and Gaunt, 1991; Zuurbier and Huijing, 1992; 

Ettema, 1996; Lieber and Friden, 2000; Biewener and Roberts, 2000). 

Moreover the mechanical and morphological properties of the MTUs can 

influence the function and performance of the entire musculoskeletal system 

during locomotion (De Haan et al., 1986; Biewener and Roberts, 2000; 

Bobbert, 2001; Hof et al., 2002; Roberts and Marsh, 2003; Biewener et al., 

2004). For example, the elastic properties of tendons can enhance muscle 

performance during stretch-shortening cycle exercises (e.g. running) because 

tendon stretch and recoil reduce the muscular work and because the MTU 

shortens and lengthens at velocities which, without tendons would be 

mechanically unfavourable for muscles alone (Biewener and Roberts, 2000; 

Hof et al., 2002; Roberts and Marsh, 2003). 

Past studies provided evidence that the aging process is associated with a 

loss in muscle strength (Criswell et al., 1997; Frontera et al., 2000; D’Antona 

et al., 2003; Trappe et al., 2003), changes in the mechanical properties of 

collagenous tissues (Noyes and Grood, 1976; Vogel, 1980; Blevins et al., 

1994; Komatsu et al., 2004; Reeves et al., 2004) and alterations in muscle 

architecture (Narici et al., 2003; Kubo et al., 2003a,b). Further, it has been 

shown that the performance capability of the neural system is also 

degenerates with aging (for a review, see Prince et al., 1997). It is reasonable 

to assume that the age related degeneration of the capacities of the biological 

system will reduce the functional motor performance capacity during daily 

activities. A clear example is the increased occurrence of falls during daily 
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activities in the older subjects (for a review, see Schultz, 1992). However, 

humans are able to adapt and to modify their motor task organisation using 

sensory feedback information (Kagerer et al. 1997; McNay and Willingham, 

1998; Pai et al., 2003). This is especially true for repetitive motor tasks, where 

the central nervous system may use sensory feedback information to update 

internal models, adjusting the dynamic behaviour of the motor system, to 

achieve a new equilibrium between sensory inputs and motor outputs 

(Wolpert et al., 1995; Shadmehr, 2004). As the new condition is adapted the 

human system knows how to behave and so the central nervous system can 

select and execute an appropriate action in a feedforward control. Adaptive 

refinement of motor tasks (motor task reorganization) by humans may be the 

mediator between changes in the musculoskeletal system (internal changes) 

and those in the environment (external changes; Mulder et al., 2002). This 

suggests that changes in the capacities of the musculoskeletal system would 

lead to motor task adaptations in repetitive tasks like walking and running by 

continuously updating the internal model, using feedback control. Thus, it is 

reasonable to hypothesize that older subjects will change their running 

strategy reflecting the reduction in the capacities of their MTUs (internal 

changes). This hypothesis is supported by the fact that older subjects do not 

show deficits in the adaptation level of non strategic tasks (McNay and 

Willingham, 1998; Fernández-Ruiz et al., 2000; Buch et al., 2003). 

Several studies have documented that exercise with high magnitude 

mechanical loads counteracts the age related degeneration of the capacities 

of the MTUs (Aagaard et al., 2001; Reeves et al., 2003, 2004). For instance, 

strength training increases tendon stiffness and muscle strength in older 

humans (Reeves et al., 2003, 2004). However, several in vitro (Viidik, 1969; 

Kiiskinen, 1977; Woo et al., 1981; Birch et al., 1999) and in vivo (Rosager et 

al., 2002; Hansen et al., 2003) studies have documented that exercise with 

high total loading volume but relative low loads (e.g. endurance running) does 

not provide a sufficient stimulus to provoke further adaptational effects on the 

mechanical properties of high-load bearing MTUs. Most studies analysing the 

effect of running exercise on the properties of the MTUs were done with 
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young adult subjects. The influence of chronic running exercise on the age 

related degeneration of the mechanical and morphological properties of the 

MTUs has not been clearly identified. For instance, endurance running 

exercise in rooster (Curwin et al., 1988) increases the Achilles tendon 

collagen deposition and decreases the amount of the collagen pyridinoline 

cross-links suggesting a greater matrix-collagen turnover resulting in a 

reduced maturation of tendon collagen. Therefore, it can be hypothesized that 

endurance running exercise is a sufficient stimulus to counteract the age 

related changes in the capacities of the MTUs in the lower extremity. 

Further, empirical results show that experience or repeated practice causes a 

task specific adaptation (Erni and Dietz, 2001; Pavol et al., 2002; Pai et al., 

2003). Most of those studies indicated an improvement in locomotion 

mechanics. Repeated practise during stepping over an obstacle decreased 

leg joint trajectory and foot clearance (Erni and Dietz, 2001). Moreover, this 

so-called “use-dependent” motor learning (Erni and Dietz, 2001) has been 

described for locomotor movements in young and older subjects (Pavol et al., 

2002; Pai et al., 2003). A clear example is that age does not influence the 

outcome of a slipping perturbation during repeated exposure (Pavol et al., 

2002). Chronic exposure to repetitive loading while running increases the risk 

of injury at the knee joint (e.g. patellofemoral pain syndrome) which is 

speculated to be caused by the anatomical joint alignment and by the internal 

rotation of the tibia during the stance phase (Messier et al., 1991; Nigg et al., 

1993). In general, a certain magnitude of mechanical load and stress is 

tolerated and even needed for the mechanical adaptation of the 

musculoskeletal system (for a review see: Kjaer, 2004; Wang, in press). 

However, when the magnitude of the mechanical load or stress exceeds a 

certain threshold level the biological system will change it’s control strategy 

(DeVita et al., 1992; DeVita, 1994; DeVita and Hortobagyi, 2000; Hortobagyi 

et al., 2003). In other words, the neuromuscular system is flexible and 

enables humans to change their locomotion strategy, obviously depending on 

the capacities of the musculoskeletal system and on the functional demand of 

the task. From a mechanical point of view we hypothesised that running 
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experience will improve running characteristics (kinematics and kinetics). 

Furthermore, we speculated that running-task specific adaptations will not be 

degraded with age. 

Therefore, the main purposes of this work were (i) to investigate whether 

chronic endurance running is a sufficient stimulus to counteract the age 

related changes in the mechanical and morphological properties of human 

triceps surae (TS) and quadriceps femoris (QF) muscle-tendon units (MTUs) 

by comparing runners and non-active subjects at different age levels (young 

and old), (ii) to identify adaptational phenomena in running mechanics due to 

age related changes in the mechanical and morphological properties of the 

TS and QF MTUs, and finally (iii) to examine whether chronic endurance 

running exercise is associated with adaptational effects on running 

characteristics in old and young adults. 

4.3 Methods 

Subjects 

 
Table 1: Anthropometric data of the subjects (means ± SD). 

Older adults Young adults  

Runners 

(n = 20) 

Non-Active 

(n = 10) 

Runners 

(n = 20) 

Non-Active 

(n = 10) 

Age [yr] 64±3 64±2 27±4 29±3 

Body mass [kg] ‡ 76±6 81±6 73±5 78±8 

Height [cm] ** 176±4 174±8 180±4 180±9 

Femur length [mm] 449±27 439±34 454±18 450±37 

Tibia length [mm] * 413±14 406±25 429±13 430±20 
 

* : Statistically significant differences between older and young adults (p < 

0.05); ** : Statistically significant differences between older and young adults 

(p < 0.01); ‡ : Statistically significant differences between runners and non-

active individuals (p < 0.05); There was no age-by-running activity interaction 

for the analysed parameters (p > 0.05). 
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The investigation was conducted on 49 male subjects comprising 30 older 

adults aged 60-69 years and 19 young adults aged 21-32 years. The subjects 

were further divided into two subgroups according to their running activity: 29 

endurance-runners and 20 non-active individuals. Antropometric data of the 

sample are summarized in Table 1. All subjects in the endurance-runners 

group had performed endurance running at least 3 times per week over the 

last 10 years and participated regularly in middle- and long-distance running 

competitions. One of the subjects in this group was 21 years old and had 

trained only over the last 7 years. The training distance ranged from 30 to 100 

km week-1. The criterion for entering the non-active group was no sport-

activity except at school. 

 

Table 2: Eleven ankle-knee and knee-hip joint angle configurations in 

degrees used for the isometric maximal voluntary ankle plantarflexion and 

knee extension contractions. Tibia perpendicular to the foot-sole was defined 

as 90° ankle angle. The completely extended trunk and knee were defined as 

180° hip and knee joint angles respectively. 

 

Ankle plantarflexion Knee extension 

Ankle joint Knee joint Knee joint Hip joint 

120° 75° 170° 90° 

120° 110° 170° 110° 

110° 100° 170° 135° 

120° 140° 160° 120° 

100° 110° 160° 140° 

110° 150° 140° 115° 

90° 130° 140° 140° 

100° 170° 110° 100° 

80° 130° 110° 150° 

90° 170° 80° 110° 

80° 170° 80° 150° 
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Measurement of maximal isometric ankle and knee joint moment  
The subjects performed isometric maximal voluntary ankle plantarflexion and 

knee extension contractions of their left leg on two separate test days. The 

warm-up consisted of 2-3 min performing submaximal isometric contractions 

and three maximal voluntary contractions (MVCs). Afterwards the subjects 

performed isometric maximal voluntary ankle plantarflexion or knee extension 

contractions at eleven different ankle-knee and knee-hip joint angle 

configurations respectively (Table 2) on a Biodex dynamometer (Biodex 

Medical Systems. Inc., Shirley, New York, USA). Different joint angle 

configurations were chosen in order to examine TS and QF muscle force 

potential over the whole range of achievable MTU lengths. The different joint 

angle configurations were applied in random order. Three minutes rest 

between contractions were allowed. The subjects were instructed and 

encouraged to produce a maximal isometric moment and to hold it for about 

2-3 seconds. 

The resultant moments at the ankle and knee joints were calculated through 

inverse dynamics (Arampatzis et al., 2004, 2005a). Kinematic data were 

recorded using the Vicon 624 system (Vicon Motion Systems, Oxford, United 

Kingdom) with 8 cameras operating at 120 Hz. To calculate the lever arm of 

the ankle joint during ankle plantarflexion the centre of pressure under the 

foot was determined by means of a flexible pressure distribution insole from 

Pedar-System (Novel GmbH, Munich, Germany) operating at 99 Hz 

(Arampatzis et al., 2005a). The compensation of moments due to 

gravitational forces was done for all subjects before each ankle plantarflexion 

or knee extension contraction. The exact method for calculating the resultant 

joint moments has been previously described (Arampatzis et al., 2004, 

2005a). 

The moments arising from antagonistic coactivation during the ankle 

plantarflexion and knee extension efforts were quantified by assuming a 

linear relationship between surface electromyography (EMG) amplitude of the 

ankle dorsiflexor or knee flexor muscles and moment (Baratta et al., 1988). 

This was established by measuring EMG and moment during one relaxed 



Chapter four 
Motor behaviour during running 

 

69

condition and two submaximal ankle dorsiflexion or knee flexion contractions 

at each joint angle configuration (Mademli et al., 2004). Therefore, in the 

following text maximal knee and ankle joint moments refer to the maximal 

joint moment values considering the effect of gravitational forces, the effect of 

the joint axis alignment relative to the dynamometer axis and the effect of the 

antagonistic moment on the moment measured at the dynamometer. 

Measurement of EMG-activity during isometric contractions 
Bipolar EMG leadoffs with pre-amplification (analogue RC-filter 10-500 Hz 

bandwidth, Biovision, Wehrheim, Germany) and adhesive surface electrodes 

(blue sensor – Medicotest, Ballerup, Denmark) were used to analyse muscle 

activity. Before placing the electrodes the skin was carefully prepared 

(shaved and cleaned with ethanol) to reduce skin impedance. The electrodes 

were positioned above the midpoint of the muscle belly as assessed by 

palpation, parallel to the presumed direction of the muscle fibres. The inter-

electrode distance was 2 cm. The activation of the TS muscle was assessed 

from the EMGs of the gastrocnemius medialis (GM), gastrocnemius lateralis 

(GL) and soleus (SO). During knee extension the EMG-activities of the vastus 

lateralis (VL), vastus medialis (VM) and rectus femoris (RF) were analysed. 

The EMG signals were recorded at 1080 Hz using the Vicon system. Before 

starting the experiment, tests including submaximal and maximal isometric 

contractions for each muscle group were undertaken to determine whether an 

adequate signal was obtained from each muscle and to adjust the amplifier 

gains. Further, the EMG signal for each muscle was checked online for 

artifacts due to mechanical causes by passively shaking the leg. The 

preparation was renewed when such artifacts were observed. All isometric 

contractions at the knee or the ankle joint were performed within one testing 

session. No electrode replacement or re-adjusting of the EMG pre-

amplification gain were done during the measurements. 

The EMG-activity is described by the root mean square (RMS) of the raw 

signals for a time interval of 1000 ms at peak joint moment. The RMS from 

each muscle was normalised to the individual maximal RMS value of each 

muscle for each subject during the eleven isometric contractions. In order to 
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determine the EMG-activity of the ankle plantarflexor and knee extensor 

muscles, the normalised RMS of the examined muscles were averaged and 

weighted by their physiological cross sectional areas (PCSA). For the TS a 

PCSA ratio of 6:2:1 for the SO, GM, GL (Out et al., 1996) and for the QF a 

PCSA ratio of 0.92, 1.00 and 0.72 for the RF, VL and VM (Herzog et al., 

1987) were used.  

Measurement of tendon properties 
Tendon properties were determined on two additional test days. The subjects 

performed MVC ankle plantarflexion (ankle joint angle 90°, knee joint angle 

180°) and knee extension (knee joint angle 115°, hip joint angle 140°) with 

their left leg on a dynamometer. A 7.5 MHz linear array ultrasound probe 

(Aloka SSD 4000, Tokyo, Japan, 43 Hz) was used to visualise the distal 

tendon and aponeurosis of the GM or VL respectively (Fig. 1). The exact 

protocol for the analysis of the tendinous tissue elongation during ankle 

plantarflexion and knee extension is described in detail elsewhere 

(Arampatzis et al., 2005b; Stafilidis et al., 2005). 

 

 
Fig. 1: Ultrasound image of the gastrocnemius medialis (GM, left) and vastus 

lateralis (VL, right) at rest. L: fascicle length; T: muscle thickness; Θ: 

pennation angle; digitalised cross-point: insertion of the fascicle into the deep 

aponeurosis. 

 

Digitized cross-point Digitized cross-pointDigitized cross-point Digitized cross-point
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Briefly, the effect of inevitable joint angular rotation on the elongation of the 

tendon and aponeurosis during the loading phase was taken into account by 

capturing the motion of the tendons and aponeuroses from the GM and VL 

during a passive motion of the ankle or the knee joint (Muramatsu et al., 

2001; Magnusson et al., 2001; Bojsen-Møller et al., 2003). This allowed the 

correction of the elongation obtained for the tendon and aponeurosis due to 

joint rotation for each maximal ankle plantarflexion or knee extension trial. 

The ultrasound images taken during the passive joint motion and during the 

MVCs were digitised frame by frame until the maximal calculated tendon 

force was achieved. The tendon force was calculated by dividing the ankle or 

knee joint moment by the corresponding tendon moment arm. The tendon 

moment arms of the Achilles tendon and the patellar tendon were calculated 

using the data provided by Maganaris et al. (1998) and Herzog and Read 

(1993) respectively. The insertion of the fascicle into the deep aponeurosis 

(Fig. 1) was tracked during contraction and during a passive trial to determine 

the elongation of the tendon and aponeurosis. The resting length of the GM 

(knee joint angle 180°, ankle joint angle 110°) and the resting length of the VL 

(knee joint angle 130°, hip joint angle 140°) tendon and aponeurosis were 

identified on the ultrasound images (Arampatzis et al., 2005b; Stafilidis et al., 

2005). The specific joint angle configurations were chosen in order to reduce 

passive joint moments almost to zero (Riener and Edrich, 1999). 

The normalised stiffness of the TS and QF tendon and aponeurosis were 

calculated by the relationship between the tendon force and the strain of the 

tendon and aponeurosis between 50 and 100 % of the maximal tendon force 

using a linear regression. The linearity between tendon force and strain was 

checked using the coefficient of determination (r²). This proved to be 

reasonably high (r² = 0.98 to 0.99). 

Measurement of muscle architecture 
The muscle architecture of the GM and VL (fascicle length, pennation angle 

and thickness) were determined by ultrasonography during the same test 

session as for the analysis of the tendon properties and using the same joint 

angle configurations (GM: ankle joint angle 90°, knee joint angle 180°; VL: 
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knee joint angle 115°, hip joint angle 140°). All measurements were done on 

the relaxed muscles at the cited positions. The pennation angles of the GM 

and VL were measured as the angle of insertion of the muscle fascicles into 

the deep aponeurosis. Fascicle length was defined as the length of the 

fascicular path between the insertions of the fascicle into the superficial and 

deeper aponeuroses. The ratios between fascicle length of the GM and tibia 

length, and between fascicle length of the VL and femur length were also 

analysed. Femur length was defined as the distance between the lateral 

femoral condyle and the major trochanter, and tibia length as the distance 

between the lateral malleolus and lateral femoral condyle. Muscle thickness 

was defined as the distance between the deeper and superficial aponeurosis 

(Fig. 1). 

Measurement of running characteristics 
On one additional test day, the ground reaction force (GRF) (1080 Hz) and 

the kinematic data (Vicon 624 system, Oxford, United Kingdom, 12 cameras 

operating at 120 Hz) were recorded as the subjects ran in a barefoot 

condition at 2.7 m s-1 on a 16 m track with two force platforms (60 cm x 90 

cm, Kistler, Winterthur, Switzerland) mounted beneath midway of the track. 

Barefoot running condition was chosen in order to exclude any effects of 

running shoes on the running characteristics. The distance covered by each 

subject in one trial was about 13 m. The running velocity was chosen to be a 

normal training and/or marathon competition velocity for the older runners. 

This running velocity if maintained would result in a time of about 4:20 h to 

run the marathon, and is the mean marathon time reported for the examined 

older runners. Running velocity was controlled because running mechanics 

depend on running velocity (Arampatzis et al., 1999). 

All subjects were instructed to run along the track at the designed speed (2.7 

m s-1). Subjects could perform as many practice trials as they wanted 

(typically 2-3). The running velocity was indicated by using a customized 

electrical adjustable pacemaker stick hanging from the ceiling and running 

along the whole track in front of the subjects. A trial was successful when the 

subjects followed the stick at the same distance (~ 50cm) over the whole 
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track and both right and left touchdowns were centred on the corresponding 

force platforms. Three valid trials were recorded and analysed for each 

subject. The athletes had a 1-2 minutes rest between trials. Thirty eight 

reflective markers (radius 14 mm) were used to track the whole body 

kinematics. The markers defined the left and right foot, left and right lower 

legs, left and right thigh, pelvis, thorax, left and right upper arm, left and right 

forearm, left and right hand and the head. The three-dimensional coordinates 

were smoothed using a Woltring filter routine (Woltring, 1986) with a minimum 

mean squared error value of 15. The segmental masses and moments of 

inertia were calculated basing on the data reported by Dempster et al. (1959). 

A whole stride cycle, from foot strike to ipsilateral foot strike, was analysed. 

One step was defined to be from foot strike to contralateral foot strike. Step 

length was defined as the anterior displacement of the foot (midpoint of the 

distance between calcaneus and metatarsal markers) from foot strike to 

contralateral foot strike. For both legs, the instants of touch down and take off 

were determined from the vertical force data. The threshold for determining 

touch down and take off was set at 20 N. Temporal characteristics, sagittal 

angular joint angle kinematics and kinetics, and GRFs were analysed for both 

legs. A straight leg was defined as 180° knee joint angle. The hip was not 

analysed in the present study. The tibia being perpendicular to the ground 

while having the foot flat on it was defined as 90° ankle joint. The limb angle 

was defined as the angle between the line connecting the centre of mass 

(COM) and the midpoint of the foot identified by the calcaneus and metatarsal 

markers and the vertical in the sagittal plane. A posterior or anterior position 

of the COM relative to the midpoint of the foot in the running direction was 

defined as a negative or positive limb angle respectively. The gear ratios of 

the TS and the QF MTUs were calculated as the ratios (R/r) of the moment 

arm (R) of the GRF acting about the joint to the agonist tendon moment arm 

(r) according to Carrier et al. (1994). The moment arms (r) of the Achilles 

tendon and the patellar tendon were calculated using the data provided by 

Maganaris et al. (1998), and Herzog and Read (1993) respectively. The gear 

ratio and the moment arm (R) of the GRF acting about the joint were 
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determined for the left and right ankle and knee joints for 5 phases during 

ground contact (Phase 1: 10 to 26 %; Phase 2: 26 to 42 %; Phase 3: 42 to 58 

%; Phase 4: 58 to 74 %; Phase 5: 74 to 90 % of ground contact). The gear 

ratio and the moment arm were not determined for the first and last 10 % of 

ground contact because of the low GRF and the consequently unreliable 

calculation of the moment arm (R) of the GRF.  

The duty factor (DF ) was calculated as the proportion between ground 

contact duration ( Contactt ) and stride duration ( Stridet ) according to McMahon et 

al. (1985) ( Contactt  was calculated as the mean value from both legs). In order 

to examine the proportion of the COM transport during one stride cycle when 

the subjects have contact with the ground, we calculated the ratio between 

anterior COM displacement during ground contact of the left ( COM
LiContactL , ) and 

right leg ( COM
ContactL Re, ) and anterior COM displacement during stride cycle ( COM

StrideL ). 

This was called ratio displacement ( displRatio ): 

 

COM
Stride

COM
Contact

COM
LiContact

displ L
LL

Ratio Re,, +
=  

(Note: A whole stride cycle was defined from foot strike to ipsilateral foot 

strike) 

 

The anterior COM displacement during ground contact and flight phase was 

calculated as the mean values of the anterior COM displacement during the 

corresponding phases for the left and right leg. Vertical COM displacement 

was defined as the difference between the maximum and minimum value of 

the vertical COM trajectory during the stride cycle. The vertical COM 

displacement during running was calculated using the kinematic data of the 

subjects. The joint moments and the corresponding mechanical powers (left 

and right leg) were calculated through inverse dynamics from the mean 

values of the left and right leg. For all subjects and parameters the mean 

values from three trials and both legs were utilised for further analysis. The 

symmetry and reproducibility of temporal, kinematic and GRF parameters 
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during submaximal running velocity were analysed in previously studies and 

were reasonably high (Karamanidis et al., 2003, 2004). 

Statistics 
We used a two-factor (age x running activity) analysis of variance (ANOVA) to 

detect group differences in 1) isometric maximal voluntary ankle 

plantarflexion and knee extension moments at different MTU lengths, 2) 

EMG-activity (normalised RMS) of the TS and QF muscle at different MTU 

lengths, 3) normalised stiffness of the TS and QF tendon and aponeurosis, 4) 

GM and VL muscle architecture, and 5) running mechanics. All significant 

age-by-running activity interactions are reported. When a significant age-by-

running activity interaction was present a post hoc test (Bonferroni) was 

conducted in order to determine where these differences occurred. The F 

ratios were considered significant at p < 0.05. To test the homogeneity of 

variance across groups the Levene Test (p < 0.05) was used. If variances 

were not equal across samples the F ratios were considered significant at p < 

0.01. All results in the Tables and Figures are presented as means and SD 

(standard deviation).  

4.4 Results 

As shown in Table 1, body height (p = 0.003) and tibia length (p = 0.045) 

were significantly lower for the old (body height: runners 176 ± 4 cm, non-

active 174 ± 8 cm; tibia length: runners 413 ± 14 mm, non-active 406 ± 25 

mm) compared to the young adults (body height: runners 180 ± 4 cm, non-

active 180 ± 9 cm; tibia length: runners 429 ± 13 mm, non-active 430± 20 

mm). Body mass was significantly (p = 0.020) lower in runners (old 76 ± 6 kg, 

young 73 ± 5 kg) compared to non-active individuals (old 81 ± 6 kg, young 78 

± 8 kg). 
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Fig. 2: Normalised RMS values of the EMG signal (top) for the triceps surae 

muscle (gastrocnemius medialis, gastrocnemius lateralis and soleus) and 

ankle joint moment (bottom) during isometric maximal voluntary ankle 

plantarflexion contraction at 11 different joint angle configurations for the 

examined groups (means and SD). RMS values from each subject were 

normalised to the highest RMS value measured over all joint angle 

configurations. O: older adults ; Y: young adults; * : Statistically significant 

differences between older and young adults (p < 0.05); ** : Statistically 

significant differences between older and young adults (p < 0.01); *** : 

Statistically significant differences between older and young adults (p < 

0.001); ‡ : Statistically significant differences between runners and non-active 

individuals (p < 0.05); # : Statistically significant age-by-running activity 

interaction (p < 0.05). 

50

60

70

80

90

100

110
Triceps surae

 

#

 

 

N
or

m
al

iz
ed

 E
M

G
R

M
S [%

m
ax

]

 O Runners (n=20)      Y Runners (n=9)
 O Non-Active (n=10)  Y Non-Active (n=10)

120/75
120/110

110/100
120/140

100/110
110/150

90/130
100/170

80/130
90/170

80/170
0,0

0,4

0,8

1,2

1,6

2,0

2,4

***
***

***

******

‡

*

#

****
**

***

**

 

 

M
ax

 M
om

en
t [

N
m

/k
g]

Ankle/Knee joint angle [°]



Chapter four 
Motor behaviour during running 

 

77

 
Fig. 3: Normalised RMS values of the EMG signal (top) for quadriceps 

femoris (vastus lateralis, vastus medialis and rectus femoris) and knee joint 

moment (bottom) during isometric maximal voluntary knee extension 

contraction at 11 different joint angle configurations for the examined groups 

(means and SD). RMS values for each subject were normalised to the 

highest RMS value measured over all joint angle configurations. O: older 

adults; Y: young adults; * : Statistically significant differences between older 

and young adults (p < 0.05); ** : Statistically significant differences between 

older and young adults (p < 0.01).; *** : Statistically significant differences 

between older and young adults (p < 0.001); There was no age-by-running 

activity interaction for the analysed parameters (p > 0.05). 
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Joint moments during maximal isometric contractions 
Older adults showed significantly (p < 0.05, p < 0.01 and p < 0.001) lower 

maximal isometric ankle plantarflexion moments compared to the young 

adults at all joint angle configurations (Fig. 2). Conversely, the comparison 

between runners and non-active subjects revealed significant differences (p < 

0.05) on maximal isometric ankle plantarflexion moment only for position 

80/130° (ankle/knee joint angle), the maximal moment being higher (p = 

0.020) for runners compared to non-active subjects (Fig. 2). Age-by-running 

activity interaction (p < 0.05) was detected for maximal ankle plantarflexion 

moment at position 100/110° (ankle/knee joint angle). The post hoc analysis 

revealed a significantly (p < 0.05) higher ankle plantarflexion moment for the 

young runners compared to all other groups (young and old non-active 

subjects and old runners). As shown in Fig. 3, significant differences (p = 

0.040 to p < 0.001) between age groups were present for the maximal 

isometric knee extension moment at positions 140/115°, 140/140°, 110/100° 

and 110/150° (knee/hip joint angle). The young adults were significantly 

stronger than the old adults. By contrast, there were no significant differences 

(p > 0.05) between runners and non-active subjects on the maximal isometric 

knee extension moment for any joint angle configuration (Fig. 3). 

EMG-activity during maximal isometric contractions 
For the normalised RMS of the TS we found an age-by-running activity 

interaction (p = 0.030) at position 120/140° (Fig. 2). The post hoc testing 

revealed significantly lower normalised RMS values in young runners 

compared to the old runners (p = 0.030). There was a significant (p = 0.025 to 

p = 0.001) age effect on the normalised RMS of the QF muscle at positions 

170/110°, 170/135°, 160/120°, 160/140° and 80/110°. The normalised RMS 

were higher in the older adults compared to the young adults (Fig. 3). 
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Fig. 4: Normalised stiffness of the triceps surae and quadriceps femoris 

tendon and aponeurosis for the different groups (means and SD). O: older 

adults; Y: young adults. 
** : Statistically significant differences between older and young adults (p < 

0.01); There was no age-by-running activity interaction for the analysed 

parameters (p > 0.05). 

 

Tendon stiffness and muscle architecture 
The normalised stiffness of the QF was significantly reduced (p = 0.001) in 

the old adults compared to the young adults (Fig. 4). In contrast, no 

significant differences (p > 0.05) was found on the normalised stiffness of the 

TS tendon and aponeurosis between age groups. No significant differences 

(p > 0.05) between runners and non-active subjects in normalised stiffness of 

the TS or the QF was detected (Fig. 4). As shown in Table 3, there was 

almost no group differences on GM or VL muscle architecture. Only the 
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Triceps surae  Quadriceps femoris 
0

20

40

60

80

100
**

 O Runners (n=20)
 O Non-Active (n=10)
 Y Runners (n=9)
 Y Non-Active (n=10)

 

Si
ffn

es
s 

[k
N

/S
tra

in
]



Chapter four 
Motor behaviour during running 

 

80

Table 3: Resting length of the tendon and aponeurosis, pennation angle, 

fascicle length, ratio (fascicle length/tibia or femur length) and muscle 

thickness of the gastrocnemius medialis (GM) and vastus lateralis (VL) for all 

examined groups at rest (means ± SD). The muscle architecture of the GM 

and the VL was determined at 90/180° (ankle/knee joint) and 140/115° 

(knee/hip joint) respectively. For determining the resting length of the GM and 

VL tendon and aponeurosis the joint angles were set at 110/180° (ankle/knee 

joint) and 130/140° (knee/hip joint) respectively. 

 

Older adults Young adults  
 Runners 

(n = 20) 

Non-Active 

(n = 10) 

Runners 

(n = 9) 

Non-Active 

(n = 10) 

Resting length GM [cm] 26.8±2.7 27.7±2.5 31.7±9.9 29.3±3.0 

Pennation angle GM [°] ‡ 19.6±2.5 18.4±2.6 21.9±2.6 18.9±2.4 

Fascicle length GM [cm] 6.18±0.95 6.53±0.63 7.69±2.82 6.34±0.80 

Ratio GM [Fascicle length/tibia 

length] 

0.150±0.024 0.161±0.015 0.185±0.070 0.152±0.018

Thickness GM [cm] 1.79±0.20 1.73±0.24 2.03±0.52 1.90±0.12 

Resting length VL [cm] 33.3±1.7 31.8±2.5 30.6±7.1 32.5±2.0 

Pennation angle VL [°] 10.7±2.5 9.8±1.7 10.3±1.6 10.0±2.2 

Fascicle length VL [cm] 10.36±3.27 10.61±1.54 10.58±2.59 11.20±2.08 

Ratio VL [Fascicle length/femur 

length] 

0.231±0.072 0.242±0.038 0.234±0.062 0.248±0.052

Thickness VL [cm] 2.03±0.34 1.78±0.30 2.20±0.19 2.02±0.22 
 

‡ : Statistically significant differences between runners and non-active 

individuals (p < 0.05). 

There was no age-by-running activity interaction for the analysed parameters 

(p > 0.05). 
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Fig. 5: Average values of the limb angle and sagittal plane angular motion at 

the knee and ankle joints of the left leg during running (2.7 m s-1) for the 

examined groups. O: older adults; Y: young adults. The x-axis was 

normalised as follows: -200 % to –100 %: flight phase before ground contact 

of the left leg; –100 % to 0 %: ground contact of the left leg; 0 % to 100 %: 

flight phase before ground contact of the right leg; 100 % to 200 %: flight-

phase during ground contact of the right leg. The posterior and anterior 

position of the COM relative to the midpoint of the foot in vertical direction 

were defined as negative and positive limb angle respectively. 
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Fig. 6: Average values of the sagittal plane joint moment and mechanical 

power at the ankle and knee joint, and vertical and horizontal ground reaction 

force (GRF) of the left leg during running (2.7 m s-1) for the examined groups 

(means). O: older adults; Y: young adults. The x-axis was normalised as 

follows: 0 % to 100 %: ground contact. 
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Running characteristics 
Fig. 5 displays the sagittal plane angular motion at the ankle and knee joints 

as well as the limb angle for the left leg during running (2.7 m s-1) for the 

examined groups. Fig. 6 shows the ankle and knee joint moments and 

mechanical powers, and the vertical and anteroposterior horizontal GRFs of 

the left leg during running. Again, all statistical results regarding the running 

characteristics are related to the mean values from three trials and both legs 

for each subject. When running at the same speed as young adults, older 

adults displayed a significantly higher stride frequency (p = 0.002), lower step 

length (p = 0.021), lower flight time (p = 0.001), lower anterior COM 

displacement during flight phase (p = 0.040), lower vertical COM 

displacement during the stride cycle (p = 0.007), lower angular displacement 

at the ankle joint in plantarflexion direction during ground contact (p = 0.008), 

higher limb angle at take off (p < 0.001) and a higher angular displacement of 

the limb angle during ground contact (p = 0.001) compared to the young 

adults (Table 4, 5 and 6). Furthermore, the duty factor (p = 0.003) and ratio 

displacement of the COM (p = 0.007) were significantly higher for the old 

adults compared to the young adults (Table 4 and 5). Runners exhibited a 

significantly lower step length (p = 0.032), lower anterior COM displacement 

during ground contact (p = 0.039), lower angular displacement at the ankle 

joint in plantarflexion direction during ground contact (p = 0.006), lower limb 

angle at take off (p = 0.001) and a lower angular displacement of the limb 

angle during ground contact (p = 0.040) compared to the non-active group 

(Table 4, 5 and 6). There was a significant (p = 0.024) age-by-running activity 

interaction at the angular displacement of the knee joint in knee extension 

during ground contact (Table 6). The post hoc analysis revealed significantly 

(p = 0.049) higher values for the young runners compared to the old runners.  
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Table 4: Ground contact time, flight time, step length, stride frequency and 

duty factor for the different groups (means ± SD of both legs). Step length 

was defined as the anterior displacement of the foot (midpoint of the distance 

between calcaneus and metatarsal markers) from heel strike to contralateral 

heel strike. 

 Older adults Young adults 

 

Runners 

(n = 20) 

Non-Active 

(n = 10) 

Runners 

(n = 9) 

Non-Active 

(n = 10) 

Contact time [ms] 276±23 284±27 271±023 282±22 

Flight time [ms] ** 80±25 83±29 112±19 104±21 

Step length [cm] * ‡  93.9±7.6 99.1±.8.4 99.5±3.0 103.6±6.4 

Stride frequency [Hz] ** 1.41±0.10 1.38±0.13 1.31±0.08 1.28±0.07 

Duty factor [ %] ** 38.9±3.1 38.8±3.3 35.5±2.3 36.7±2.6 

 
Table 5: Centre of mass (COM) parameters for the different groups (means ± 

SD of both legs). Ratio displacement was calculated as the proportion 

between anterior COM displacement during ground contact of both legs and 

anterior COM displacement during stride cycle. 

 Older adults Young adults 

 

Runners 

(n = 20) 

Non-Active

(n = 10) 

Runners 

(n = 9) 

Non-Active

(n = 10) 

Anterior COMdisplacement contact [cm] ‡ 73.6±6.1 78.1±6.7 67.3±10.4 74.3±12.3

Anterior COMdisplacement flight [cm] * 19.0±6.4 22.1±8.6 26.6±8.9 25.3±9.7 

Ratio displacement [ %] ** 79.6±6.2 78.3±6.9 71.4±4.8 75.3±6.9 

Vertical COMdisplacement stride [cm] ** 7.5±1.2 8.2±1.8 9.3±1.4 9.1±1.3 

 

* : Statistically significant differences between older and young adults (p < 

0.05); ** : Statistically significant differences between older and young adults 

(p < 0.01); ‡ : Statistically significant differences between runners and non-

active individuals (p < 0.05); There was no age-by-running activity interaction 

for the analysed parameters (p > 0.05). 
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Table 6: Range of motion (ROM) of the ankle, the knee and the limb angle 

during ground contact phase in degrees for the different groups (means ± SD 

of both legs). A negative limb angle is defined as posterior position of the 

COM relative to the midpoint of the foot in horizontal direction and a positive 

limb angle is defined as anterior position of the COM relative to the midpoint 

of the foot in horizontal direction. 

 Older adults Young adults 

 Runners 

(n = 20) 

Non-Active 

(n = 10) 

Runners 

(n = 9) 

Non-Active 

(n = 10) 

Ankle ROMdorsal in stance 22.7±6.4 25.4±8.6 25.8±5.5 21.2±5.5 

Ankle ROMplantar in stance ** ‡‡ 37.3±6.8 43.3±7.9 43.1±4.8 49.2±7.3 

Knee ROMflexion in stance 23.8±3.6 25.5±3.8 26.8±2.8 25.1±3.5 

Knee ROMextension in stance # 18.1±5.9 23.4±8.7 24.7±3.1 21.4±4.9 

Limb angletouch down -11.2±1.3 -11.8±1.9 -10.6±1.5 -10.8±1.0 

Limb angletake off 
** ‡‡ 26.7±2.2 28.6±2.2 24.1±1.4 26.6±1.6 

Limb angle ROMin stance 
** ‡ 37.9±3.1 40.4±3.1 34.7±2.2 36.2±4.4 

* : Statistically significant differences between older and young adults (p < 

0.05); ** : Statistically significant differences between older and young adults 

(p < 0.01); ‡ : Statistically significant differences between runners and non-

active individuals (p < 0.05); ‡‡ : Statistically significant differences between 

runners and non-active individuals (p < 0.01); # : Statistically significant age-

by-running activity interaction (p < 0.05). 

 
For the GRF parameters the average (p = 0.002) and the maximal values (p = 

0.016) of the vertical force as well as the vertical (p = 0.002) and horizontal 

(deceleration phase: p = 0.009; acceleration phase: p = 0.028) impulses 

during ground contact were significantly lower for the old adults compared to 

the young adults (Table 7). The comparison between runners and non-active 

subjects revealed significant differences in the horizontal impulse 

(deceleration phase: p = 0.043; acceleration phase: p = 0.010), leading to 

lower values for the endurance runners compared to the non-active group 

(Table 7). Significant differences (p < 0.05) between age groups on joint 
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kinetics were identified at the ankle joint with virtually no differences (p > 

0.05) at the knee joint (Table 8). The old adults showed a significantly lower 

maximal ankle plantarflexion moment (p = 0.017) and mechanical power (p = 

0.005) during ground contact compared to young adults (Table 8). No 

significant differences (p > 0.05) in ankle and knee joint kinetics between 

endurance runners and non-active subjects were found. There was a 

significant age-by-running activity interaction (p = 0.010) for the maximal 

mechanical power at the knee joint (Table 8). The post hoc analysis revealed 

a significantly (p < 0.05) higher maximal mechanical power at the knee joint 

for the old non-active subjects compared to the old runners and young non-

active subjects (Table 8). 

 
Table 7: Ground reaction force parameters for the different groups (means ± 

SD of both legs). 

 

 Older adults Young adults 

 

Runners 

(n = 20) 

Non-Active

(n = 10) 

Runners 

(n = 9) 

Non-Active

(n = 10) 

Maximum Forcevertical [N/kg] * 21.62±1.97 21.78±2.19 23.68±2.45 22.88±1.52

Average Forcevertical [N/kg] ** 12.26±0.90 12.54±1.20 13.50±1.01 13.34±0.87

Impulsevertical [Ns/kg] ** 3.37±0.20 3.54±0.33 3.64±0.14 3.74±0.22

Impulsehoriz deceleration [Ns/kg] ** ‡ -0.17±0.03 -0.20±0.04 -0.20±0.02 -0.21±0.03

Impulsehoriz acceleration [Ns/kg] * ‡ 0.17±0.03 0.20±0.03 0.19±0.02 0.21±0.04
* : Statistically significant differences between older and young adults (p < 

0.05). 
** : Statistically significant differences between older and young adults (p < 

0.01). 
‡ : Statistically significant differences between runners and non-active 

individuals (p < 0.05). 

There was no age-by-running activity interaction for the analysed parameters 

(p > 0.05). 
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Table 8: Maximal moment (max Mom), and minimal and maximal mechanical 

power (min Power and max Power) of the ankle and knee joint during ground contact 

for the different groups (means ± SD of both legs). 
 

 Older adults Young adults 

 Runners 

(n = 20) 

Non-Active 

(n = 10) 

Runners 

(n = 9) 

Non-Active 

(n = 10) 

Anklemax Mom [Nm/kg] * 2.63±0.43 2.79±0.55 3.15±0.57 3.05±0.52 

Anklemin Power [Watt/kg] -8.78±2.90 -10.35±3.48 -12.11±4.00 -10.83±2.33

Anklemax Power [Watt/kg] ** 8.33±2.48 9.54±2.71 10.55±1.93 12.02±2.88

Kneemax Mom [Nm/kg] 1.66±0.45 1.88±0.47 1.81±0.37 1.85±0.31 

Kneemin Power [Watt/kg] -4.63±1.72 -5.91±2.24 -5.26±1.37 -5.70±1.39 

Kneemax Power [Watt/kg] ## 4.10±1.19 5.48±1.64 4.44±0.76 3.88±0.88 

 
* : Statistically significant differences between older and young adults (p < 

0.05). 
** : Statistically significant differences between older and young adults (p < 

0.01). 
# : Statistically significant age-by-running activity interaction (p < 0.05). 
## : Statistically significant age-by-running activity interaction (p < 0.01). 
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Fig. 7: Moment arm of the ground reaction force (R) and gear ratio (R/r) 

acting about the ankle joint during ground contact for the examined groups 

(means and SD of both legs). O: older adults; Y: young adults. (Phase 1: 10 

to 26 %; Phase 2: 26 to 42 %; Phase 3: 42 to 58 %; Phase 4: 58 to 74; Phase 

5: 74 to 90 % of the period of ground contact); * : Statistically significant 

differences between older and young adults (p < 0.05); ** : Statistically 

significant differences between older and young adults (p < 0.01).; There was 

no age-by-running activity interaction for the analysed parameters (p > 0.05). 
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Fig. 8: Moment arm of the ground reaction force (R) and gear ratio (R/r) 

acting about the knee joint during ground contact for the examined groups 

(means and SD of both legs). O: older adults; Y: young adults. (Phase 1: 10 

to 26 %; Phase 2: 26 to 42 %; Phase 3: 42 to 58 %; Phase 4: 58 to 74; Phase 

5: 74 to 90 % of ground contact); ‡ : Statistically significant differences 

between runners and non-active individuals (p < 0.05).; There was no age-by-

running activity interaction for the analysed parameters (p > 0.05). 
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Regarding the gear ratio (R/r) older adults showed significantly lower (p < 

0.05) values at the ankle joint from 26 to 58 % of the ground contact duration 

(for phase 2: p = 0.040 and for phase 3: p = 0.009) compared to the young 

adults. This was due to a lower moment arm of the GRF acting about the 

ankle joint (Fig. 7; for phase 2: p = 0.048 and for phase 3: p = 0.009). 

Conversely, no significant differences between individuals who run regularly 

and those who do not run in the gear ratio or the moment arm of the GRF at 

the ankle joint were noted (p > 0.05). Concerning the knee joint no significant 

differences (p > 0.05) between older and young adults in the gear ratio or 

moment arm of the GRF were detected (Fig. 8). Runners demonstrated a 

significantly lower gear ratio at the knee joint from 10 to 42 % of the ground 

contact duration (for phase 1: p = 0.030 and for phase 2: p = 0.026) 

compared to the non-active group. This was due to a lower moment arm of 

the GRF acting about the knee joint (Fig. 8; for phase 1: p = 0.032 and for 

phase 2: p = 0.027). 

4.5 Discussion 

Lower extremity muscle-tendon unit properties 
Based on the available literature we hypothesized that endurance running 

exercise is a sufficient stimulus to counteract the age related degeneration of 

the MTUs. The experimental data do not support this hypothesis. Older adults 

who run regularly had similar age related changes in the capacities of their 

MTUs compared to older adults with no running experience. 

The present study shows that age (> 60 years) is accompanied by a reduced 

maximal voluntary isometric ankle and knee joint moment. This is in 

agreement with previous findings (Klitgaard et al., 1990; Frontera et al., 1991; 

Kubo et al., 2003c; Savelberg and Meijer, 2004). For the plantarflexion 

moment at the ankle joint, this age related reduction was present at all 

analysed joint angle configurations, which indicates a similar relative 

contribution of the components of the TS to the total moment developed by 

this muscle group between age groups. Conversely, for the knee extensor 

muscles the age related reduction in maximal moment was present only at 
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some of the studied joint angle configurations. While aging revealed a clear 

reduction in maximal knee extension moment at intermediate knee joint 

angles (140 and 110°) there was virtually no age affect at more extended 

(160 and 170°) or flexed (80°) knee joint positions. 

Three potential explanations all of which are probably contributing to these 

observations are suggested. (1) It has been reported that the moment-knee 

joint angle relationship of the Vastii describe a parabolic curve having its 

vertex (maximum value) between 100 to 120°. In contrast the RF has a rather 

flat joint moment-length curve (Savelberg and Meijer, 2004). This observation 

would result in a higher relative contribution of the RF to the total knee 

extension moment at more extended or flexed knee joint positions (Savelberg 

and Meijer, 2004) where no age effects on QF muscle strength were noted. 

Recently, it has been reported that the age related degeneration of the 

muscle strength at the Vastii is higher than that at the RF (Savelberg and 

Meijer, 2004). Accordingly, our data might indicate that the age related 

reduction in muscle force capacity is distinct within the QF, with a greater 

decline in monoarticular (Vastii) than biarticular (RF) muscles. (2) At rest 

(knee/hip joint angle: 115°/140°) the fascicle lengths of the VL were similar for 

both age groups. This suggests that the working ranges (widths) of the force-

length relationship of the Vastii are similar for old and young adults. 

Consequently, the observed age related differences in muscle strength of the 

Vastii would be reduced at short fascicle lengths (extended knee joint) 

because of the parabolic curve of the force-length relationship of the Vastii 

(Herzog et al., 1991). (3) Finally, the age related patterns observed for the 

knee extension moment at different joint angle configurations might be 

caused by a modulation of the EMG-activity. Older adults showed an 

increased QF muscle EMG-activity at more extended (160 and 170°) as well 

as at more flexed (80°) knee joint angles in comparison to younger adults. 

This was not observed at intermediate knee joint angles (110 and 140°). 

Besides the loss of TS and QF muscle strength we could confirm that aging 

decreased the stiffness of the QF tendon and aponeurosis. Mechanical 

changes in collagenous tissues in response to aging have been reported in 
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vivo (Reeves et al., 2003; Kubo et al., 2003c) and in vitro (Noyes and Grood, 

1976; Vogel, 1980; Blevins et al., 1994; Komatsu et al., 2004). The fact that 

only the TS muscle strength and not the stiffness of the tendon and 

aponeurosis is affected by aging might indicate that the time courses of 

tendinous and muscular properties are different (Karpakka et al., 1990; Kubo 

et al., 2004). Analysing subjects up to the 6th decade revealed no clear age-

related changes in the architecture of the GM and VL. However, although not 

significant, the older adults of the present study showed a tendency towards a 

reduced pennation angle (p = 0.08) at the GM and reduced muscle thickness 

at VL and GM. 

Individuals who run regularly and those who do not run displayed no clearly 

identifiable differences in the mechanical and morphological properties of the 

TS or the QF MTUs indicating that chronic endurance running exercise does 

not counteract the age related degeneration of the MTUs. We suggested that 

the extra stress and strain imposed on the MTUs during endurance running is 

not a sufficient stimulus to provoke further clear adaptational effects on the 

capacities of high-load-bearing MTUs. Analysing the effect of endurance 

running exercise on the mechanical properties of high-load bearing MTUs in 

young adult species led to similar findings (Woo et al., 1981; Birch et al., 

1999; Rosager et al., 2002; Hansen et al., 2003). Only the pennation angle of 

the GM showed higher values in the endurance-runners group compared to 

the non-active individuals. However, the absolute differences in pennation 

angle between groups were less than 1.6°, which is probably too low to have 

any relevant influence on muscle function. 

In conclusion our data indicate that the capacities of the TS and QF MTUs 

were reduced with aging. In contrast, runners and non-active subjects had no 

clearly identifiable differences in the mechanical or the morphological 

properties of the TS or QF MTUs. The relatively low oscillatory load imposed 

on the QF and TS MTUs during endurance running exercise is apparently not 

sufficient to produce measurable changes in the parameters analysed. This is 

supported by the fact that endurance running does not appear to be able to 

counteract the influence of aging on the capacities of TS and QF MTUs. 
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Running Mechanics - Old Adults vs. Young Adults 
The second objective of this study was to test the hypothesis that older adults 

would reveal a differing running strategy from those of young adults due to a 

reduction in the capacities of their TS and QF MTUs. The experimental data 

supported these expectations. When running at the same speed as young 

adults, older adults selected a different strategy leading to lower average and 

maximum vertical GRF, lower vertical and horizontal (during deceleration and 

acceleration phase) impulses, a higher duty factor and ratio displacement, a 

higher stride frequency and consequently a lower step length, a lower anterior 

COM displacement during the flight phase and a lower vertical COM 

displacement during the stride cycle. However, the ground contact duration 

and the anterior COM displacement during ground contact did not differ 

between the older and young adults. The shift towards a higher duty factor 

and ratio displacement with age probably increased the subjects safety by 

increasing the amount of COM transport and time with the foot on the ground 

while running. 

Fig. 9: Rate of force generation and force generation per meter distance 

during running (2.7 m s-1) for the examined groups. (means and SD of both 

legs). O: older adults; Y: young adults; * : Statistically significant differences 

between older and young adults (p < 0.05); ** : Statistically significant 

differences between older and young adults (p < 0.01); There was no age-by-

running activity interaction for the analysed parameters (p > 0.05). 
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From the mechanical point of view, the above findings indicate that older 

adults had more advantageous running characteristics than young adults. In 

the literature, it is generally accepted that there is an inverse relationship 

between the rate of energy used for steady state running and the rate of force 

generation applied to the ground to support the body weight during each 

stride (Kram and Taylor, 1990; Roberts et al., 1998; Wright and Weyand, 

2001; Griffin et al., 2003). To calculate the rate of force generation ( RateF , in 

N/s·kg) we divided the average vertical force per kg body weight (
_
F , in N/kg) 

by the duration of the ground contact ( Contactt , in s) according to Kram and 

Taylor (1990): 

Contact
Rate t

FF
−

=  

(Note: 
_
F  and Contactt  were calculated as mean values from both legs) 

 

The comparison of the rates of force generation revealed a significant (p = 

0.040) age effect, being lower in older adults had lower values than younger 

adults (Fig. 9). These values show that older adults generated about 9 % less 

force per stride for a given running speed compared to younger adults. 

Additionally, to calculate the force generation per meter distance ( TransF
−

, in 

N/m·kg) we divided the average vertical GRF per kg body weight (
_
F , in N/kg) 

by the anterior COM displacement during ground contact ( COM
ContactL , in m) 

according to Kram and Taylor (1990) ( COM
ContactL  was calculated as the mean 

value from both legs). The results were the same as for the rate of force 

generation: Older adults demonstrated a reduced (p = 0.004) force generation 

per meter distance (Fig. 9). Furthermore, the integrals of the horizontal GRF 

during deceleration and acceleration phase were lower for the older adults 

compared to the younger adults. Chang and Kram (1999) provided evidence 

on that an increased generation of horizontal forces (deceleration and 

acceleration phase) during human running is accompanied by an increased 
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metabolic cost. The above findings (higher duty factor, higher ratio 

displacement of the COM, lower rate of force generation, lower force 

generation per meter distance and lower integrals of the horizontal GRF 

during deceleration and acceleration phase) strongly suggest that older adults 

demonstrated an improvement in running mechanics and increased the 

safety of their musculoskeletal system while running at a given speed 

compared to the young adults. 
Independent of the above findings we observed an additional age related 

strategy that might make running more advantageous and safe. Older adults 

increased the mechanical advantage (lower gear ratio) for the TS MTU from 

26 to 58 % of ground contact duration (phases 2 and 3) due to a lower 

moment arm of the GRF acting about the ankle joint. From experiments done 

on mammalian tissues Ker et al. (1988) reported that for the majority of 

tendons the safety factor (ratio of rupture to functional stress) is about 8, but it 

is clearly lower for the Achilles tendon. In humans, the Achilles tendon has a 

safety factor of about 2.4 during maximal isometric contraction (Magnusson et 

al., 2001). During the mid-part of the ground contact phase the vertical GRF 

while running are high. Thus, the lower moment arm of the GRFs acting 

about the ankle joint during these phases in the older adults might be a 

beneficial strategy to increase the safety factor of the Achilles tendon by 

reducing the magnitude of the mechanical load and stress applied to the 

tendon. The lower maximal ankle joint moment during ground contact in the 

older adults compared to the young adults strongly supports this suggestion, 

and results from the product of a reduced moment arm of the GRF acting 

about the ankle joint and lower GRFs. Thus, besides the lower rate of force 

generation and higher duty factor older adults improved running mechanics 

and the safety of their musculoskeletal system by increasing the mechanical 

advantage for the TS MTU during ground contact. 

While the ankle joint kinetics altered in the older adults, no clear differences in 

knee joint kinetics were detected between age groups. This happens even 

though the age related decline in maximal joint moment during isometric MVC 

showed similar relative values at the ankle (25 %) and knee joint (20 %). A 
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possible explanation could be the lower maximal knee joint moment 

compared to the maximal ankle joint moment (about 35%) during running and 

the higher knee extensor muscle strength compared to the plantar flexion 

muscles (about 60%) by the MVCs. 

From a mechanical point of view the results confirm that the older adults 

adopted a more advantageous running strategy than younger adults. This 

happens despite the general acceptance of the gradual decrease in the 

performance capacity of the nervous system with ageing (for a review, see 

Prince et al., 1997). It seems reasonable to believe that the nervous system 

of the older subjects was able to recalibrate its motor commands (the act of 

modifying their internal model that predict the dynamic behaviour of the motor 

system) to cope with the running task. Running at submaximal velocities is a 

periodic (cyclic) motor task and thus, it is possible that the older adults having 

had feedback from repeated practice could update their running strategy and 

this way decrease the disparity between the reduced capacities of the MTUs 

and running effort. In the literature it is often reported that older adults show 

deficits in performing a strategic task but not at the adaptation level of a non 

strategic task (McNay and Willingham, 1998; Fernández-Ruiz et al., 2000; 

Buch et al., 2003). The lower gear ratios at the ankle joint and the 

consequently increased mechanical advantage for the TS MTU in the older 

adults at the mid-part of ground contact phase, where the GRF is near its 

maximal value, support the idea that the observed improvement in the 

running mechanics is consequence of proprioceptive feedback from repeated 

practice to adjust the running effort to the reduced capacity of the MTUs. 

It would be interesting to identify the main changes in the motor task 

characteristics leading to the improvement in running mechanics. The 

changes in the rate of force generation and force generation per meter 

distance were related to the lower vertical COM displacement during stride 

cycle due to aging. A lower vertical COM displacement may also affect the 

gear ratios during the initial and mid-part of the contact phase due to a better 

control of the impact dynamics. The lower maximum of the mechanical power 

at the ankle joint, and the higher limb angle at take off for the older adults 
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seem to be the main causes for the lower vertical COM displacement. 

Mechanical power at the ankle joint and the limb angle at take off) are 

parameters located in the second part of the contact phase. The above 

observations provide evidence that the older adults plan the initial conditions 

for the collision with ground in the second part of the support phase. In other 

words the older adults prepared for the next collision with the ground during 

the proceeding stride, which might indicate a shift from proprioceptive 

feedback to a predictive feedforward running control strategy for the older 

adults. 

Based on the present results, however, it is difficult to explain why the non-

active older adults (not practiced in running) showed the same changes in 

running characteristics as the older practised runners. A possible explanation 

could be a transfer of motor adaptation from daily activities (e.g. walking) to 

running. In the literature, a transfer of motor adaptations to different 

conditions has been reported (van Hedel et al., 2002; Abeele and Bock, 2003; 

Lam and Dietz, 2004). Moreover the data from Bock (2005) confirmed that 

there is no evidence of any age-dependence of such transfer and that 

transfer is not degraded during aging. So for example, our older adults 

displaying lower gear ratios at the ankle during running showed also lower 

gear ratios at the ankle joint during the initial and mid-part of the ground 

contact during walking (data not presented in this article). 

Running Mechanics - Runners vs. Non-Active Subjects 
The final purpose of this study was to examine the hypothesis that 

experienced runners would employ a task specific adaptation in terms of 

higher advantages in running mechanics compared to non-active subjects 

even at old age. The data supported this hypothesis. Although runners and 

non-active subjects had similar properties of the TS and QF MTUs, running 

experience decreased the gear ratios at the knee joint during the first 42 % of 

the period of ground contact (phases 1 and 2) to the same extend in the 

young as in the older adults. This was due to a lower moment arm of the GRF 

acting about the knee joint. The lower gear ratios due to running activity did 

not affect the maximal knee joint moment because of its later occurrence 
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during ground contact (at about 50%). However, the higher mechanical 

advantage for the QF MTU during the initial part of the ground contact 

indicates that endurance runners have an advantageous running strategy at 

the beginning of ground contact. A higher mechanical advantage during the 

initial running phase when an eccentric QF contraction is necessary to control 

knee flexion and provide shock absorption, could increase the ability of the 

knee to attenuate shock and reduce the mechanical load on the knee joint. 

However, it is not likely that such changes in gear ratio would happen due to 

reactive corrections, because the available time is too short. Instead of this, it 

can be argued that runners use a predictive feedforward running control 

strategy. Therefore, as for the older adults vs. young adults it can be 

suggested that the proprioceptive feedback information from repeated 

practice is the mediator of predictive feedforward motor commands. 

Duty factor, ground contact duration, average vertical force and rate of force 

generation were not different between runners and non-active subjects (Fig. 

9). Because the anterior COM displacement during ground contact was lower 

for active runners we expected force generation per meter distance to be 

different between runners and non-active individuals. However, no significant 

(p = 0.299) differences in the force generation per meter distance were noted 

between activity groups (Fig. 9). The intra-individual differences within groups 

might be too high and the effect of the reduced anterior COM displacement 

during ground contact too low to detect significant differences in the force 

generation per meter distance between runners and non-active subjects. 

However, endurance runners showed a lower horizontal impulse during 

deceleration and acceleration phase compared to the non-active subjects. 

Thus, besides the higher mechanical advantage at the knee joint during the 

initial part of the ground contact phase the lower horizontal forces 

(deceleration and acceleration phase) in the experienced runners group is a 

further indicator of an improvement in running mechanics (Chang and Kram, 

1999). 
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4.6 Conclusions 

In conclusion our results show that the capacities of the TS and QF MTUs 

were reduced during aging. Further, the results suggest that chronic 

endurance running exercise did not prevent this age related degeneration nor 

provoke any further adaptational effects on the mechanical (tendon stiffness, 

muscle strength) or morphological (pennation angle, fascicle length, muscle 

thickness) properties of the studied high-load bearing MTUs studied in the 

young adults. However, running experience increases the mechanical 

advantage for the QF MTU (lower gear ratio at the knee joint) while running 

even at old age. Older adults react to the reduced capacity of their MTUs by 

increasing safety during running (higher duty factor, lower flight time) and 

benefit from a mechanical advantage for the TS MTU (lower gear ratio at the 

ankle joint), lower rate of force generation and force generation per meter 

distance. We suppose that the improvement in running mechanics in the 

older adults happens because of a perceptual motor recalibration and a 

feedforward adaptation of the motor task aimed at decreasing the disparity 

between the reduced capacity of the MTUs and the running effort. 
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5.1 Abstract 

The goals of the study were to identify adaptational phenomena in running 

mechanics over a variety of surfaces due to age related changes in the 

muscle-tendon units (MTUs) capacities, to examine whether running 

experience is associated with adaptational effects on running mechanics 

even at old age, and to investigate whether surface condition affects running 

mechanics. The investigation was executed on 30 old and 19 young including 

29 runners and 20 non-active subjects. In a previous study we documented 

that the older had lower MTUs capacities. In the present study running 

mechanics were analysed as the same subjects ran at 2.7m/s over three 

surfaces having different compliance. Surface condition did not affect centre 

of mass trajectory, duty factor or joint kinetics (p>0.01). Older react to the 

reduced MTUs capacity by increasing duty factor and benefiting from a 

mechanical advantage for the triceps surae MTU and a lower rate of force 

generation on all surfaces (p<0.01). Runners displayed lower average 

horizontal forces and a higher mechanical advantage for the quadriceps 

femoris MTU for all surfaces (p<0.01). The results provided strong evidence 

on that running strategy remained essentially unchanged over a variety of 

surfaces. Adaptive improvements in running mechanics due to task 

experience were present for all surfaces and did not depend on age. We 

further concluded that older adults were able to recalibrate their running 

strategy to adjust the task effort to the reduced MTUs capacities in a 

feedforward control manner for a variety of mechanical environments. 
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5.2 Introduction 

In order to achieve functional locomotion, one must be able to execute the 

required motor actions over a variety of environmental demands, such as 

changes in the mechanical characteristics of the terrain (Ferris et al. 1998, 

1999; Marigold and Patla 2002; Pai et al. 2003). A premier concern of the 

central nervous system is to control the musculoskeletal system by 

monitoring and interpreting visual, vestibular and proprioceptive information 

about the different mechanical environments (Patla et al. 1996; Patla 1997; 

Perry et al. 2001; Sorensen et al. 2002). In the literature it is well documented 

that the aging process is associated with a gradually decline of the 

performance capabilities of the cognitive (for a review, see Raz 2000), 

sensory (for a review, see Wolfson 2001) and musculoskeletal (for a review, 

see Schultz 1992) system. For example, ankle plantarflexion and knee 

extension strength decline by up to 3 % per year beyond the fifth decade 

(Aniansson et al. 1986; Frontera et al. 1991; Winegard et al. 1996; Hughes et 

al. 2001). The age related degeneration of the neural (Stelmach and 

Worringham 1985; Woollacott et al. 1986; Mulder et al. 2002) and 

musculoskeletal (Wolfson et al. 1995; DeVita and Hortobagyi 2000; Pavol et 

al. 2002; Hortobagyi et al. 2003) systems are frequently described as limiting 

factors for older individuals to execute the required motor responses during 

different environmental demands. This is especially valid for conditions 

without prior experience or knowledge of the task (Woollacott 1998; Marigold 

and Patla 2002; Pavol et al. 2002; van Hedel and Dietz 2004) induced by 

external (e.g. slippery surface: Woollacott 1998; Pavol et al. 2002) or internal 

(e.g. restricted vision: van Hedel and Dietz 2004) changes. 

The human neuro-motor system can adapt to internal and external changes 

using sensory feedback information until sensory inputs and motor outputs 

are again in equilibrium (Wolpert et al. 1995; Kagerer et al. 1997; McNay and 

Willingham 1998; Pai et al. 2003; Shadmehr 2004). As the novel condition is 

adapted the central nervous system “knows” what to expect and humans can 

select and execute an appropriate motor action in a feedforward control 
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(Owings et al. 2001; Pai et al. 2003). Moreover, animal (Diamond et al. 1985; 

Ferchmin and Etorovic 1986) and human (DeVita and Hortobagyi 2000; Erni 

and Dietz 2001; Pavol et al. 2002; Pai et al. 2003; van Hedel and Dietz 2004) 

studies revealed that the plasticity of the neural system, which allows the 

sensorimotor system to adapt to external or internal changes, persist 

throughout life. For instance, older individuals are able to shift function from 

weakened muscle groups to those with better function during walking (DeVita 

and Hortobagyi 2000). Furthermore, humans are able to adjust their leg 

mechanics to compensate environmental changes (Ferris and Farley 1997; 

Ferris et al. 1998, 1999; Farley et al. 1998). These adjustments in leg 

mechanics occur rapidly (Ferris et al. 1999) and allow the human system to 

move in a similar manner despite of large changes in the environmental 

surface (Ferris and Farley 1997; Ferris et al. 1998, 1999; Farley et al. 1998). 

Thus, it is reasonable to hypothesize that older adults will reorganize their 

running strategy in response to the reduced capacities of their 

musculoskeletal system (internal changes). Moreover, we hypothesized that 

older adults will show a similar behaviour over a variety of mechanical 

environments demonstrating a complete running task adaptation. This 

hypothesis is supported by the fact that older adults do not show deficits in 

the adaptation level of non strategic tasks (McNay and Willingham 1998; 

Fernández-Ruiz et al. 2000; Buch et al. 2003). 

In the literature it is widely accepted that experience or repeated practice 

causes a task specific adaptation in young (Erni and Dietz 2001; Owings et 

al. 2001) and older adults (Pavol et al. 2002; Pai et al. 2003; van Hedel and 

Dietz 2004). From a mechanical point of view, most of those studies reported 

an improvement in locomotion characteristics and safety for both age groups 

(Pavol et al. 2002; Pai et al. 2003;. van Hedel and Dietz 2004). For instance, 

repeated slip exposure improved the stability of the centre of mass state (i.e. 

its velocity and position) with respect to the base of support among older 

adults (Pai et al. 2003). Chronic exposure to repetitive loading while running 

increases the risk of injury of the musculoskeletal system such as the 

structures surrounding the knee joint (Messier et al. 1991; Nigg et al. 1993). 
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In general, a certain magnitude of mechanical load is tolerated and even 

needed for the mechanical adaptation of the musculoskeletal system (for a 

review, see Kjaer 2004). However, when the magnitude of the mechanical 

load exceeds a certain threshold, the biological system will change it’s control 

strategy (DeVita et al. 1992; DeVita 1994; DeVita and Hortobagyi 2000; 

Hortobagyi et al. 2003). In other words, the biological system is flexible and 

enables humans to change their locomotion strategy, obviously depending on 

their capacities of the musculoskeletal system and on the functional demand 

of the task. Therefore, it is reasonable to hypothesize that experienced 

runners will show a mechanical improvement in running task execution over a 

variety of surface conditions independent of their age. 

In a previous study (Karamanidis and Arampatzis 2006) we showed that older 

subjects had lower capacities of their muscle-tendon units (MTUs) in the 

lower extremity: between 20 and 25 % lower muscle strength at the triceps 

surae and quadriceps femoris, and lower stiffness of the quadriceps femoris 

tendon and aponeurosis. Runners and non-active subjects revealed no 

differences in the mechanical (maximal joint moment, tendon stiffness) or 

morphological (muscle thickness, pennation angle, fascicle length) properties 

of the triceps surae and quadriceps femoris MTUs independent subjects age 

(Karamanidis and Arampatzis 2006). In the present study we analysed 

running mechanics while running on surfaces of different stiffness at a given 

speed (2.7 m/s) using the same individuals. The goals of the present work 

were a) to identify adaptational phenomena in running mechanics over a 

variety of surfaces due to age related changes in the capacities of the MTUs 

in the lower limbs, b) to examine whether running experience is associated 

with adaptational effects on running mechanics over a variety of surfaces 

even at old age, and finally c) we wanted to investigate whether surface 

condition affects running mechanics. 
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5.3 Methods 

Subjects 
The investigation was conducted on 49 male subjects comprising 30 older 

adults aged 60-69 years and 19 young adults aged 21-32 years. The subjects 

were further divided into two subgroups according to their running activity: 29 

endurance-runners and 20 non-active individuals. All subjects in the 

endurance-runners group had performed endurance running at least 3 times 

per week over the last 10 years and participated regularly in middle- and 

long-distance running competitions. One of the subjects in this group was 21 

years old and had trained only over the last 7 years. The training distance 

ranged from 30 to 100 km per week. The criterion for entering the non-active 

group was no sport-activity at all except at school.  

Measurement of running characteristics 
The ground reaction force (GRF) (1080 Hz) and the kinematic data were 

recorded using the Vicon system (624 system, United Kingdom, 12 cameras 

operating at 120 Hz) as the subjects ran barefoot at 2.7 m/s on a 16 m track 

with two force platforms (60 cm x 90 cm, Kistler, Winterthur, Switzerland) 

mounted beneath midway of the track. Barefoot running was chosen to 

exclude any effects of running shoe on the running characteristics. The 

distance covered by each subject in one trial was about 13 m. The running 

velocity was chosen to be a normal training and/or marathon competition 

velocity for the older runners. This running velocity if maintained would result 

in a time of about 4:20 h to run the marathon, and is the mean marathon time 

reported for the examined older runners. Running velocity was controlled 

because running mechanics depend on running velocity (Arampatzis et al. 

1999). 

All subjects were instructed to run along the track at the designed speed (2.7 

m/s). Subjects could perform as many practice trial as they required (typically 

2-3). The running velocity was indicated by a customized adjustable 

pacemaker stick hanging from the ceiling and running along the whole track 

in front of the subjects. A trial was successful when the subjects followed the 
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stick at the same distance (~ 50 cm) over the whole track and both right and 

left touchdowns were centred on the corresponding force platforms. In 

addition to the normal foot floor (inextensible multiplex material) we used two 

types of foam to create three different conditions. We cut sections of foam to 

match the surface area of the force platforms so that the foam surface did not 

transmit any force off the force platforms. The non-compliant “hard” surface 

had a stiffness of more than 2000 kN/m, the “medium” foam (running shoe 

material “EVA”) had a stiffness of 724.56 kN/m and the most compliant “soft” 

foam (gymnastic mats for children) had a stiffness of 457.94 kN/m. The 

stiffness of the running surfaces were calculated from the force versus 

displacement relation between 50 and 100 % of the maximal force as 

determined by a material-testing machine ([Zwick, Roell Amsler, Germany] 

max. force: 2000 N; loading area: 5 cm2; loading velocity: 8 mm/s). The 

thickness of the soft and medium surfaces were 20 mm. The force (2000 N) 

was chosen as it is the maximal vertical ground reaction force reported in the 

literature for the corresponding running velocity (Arampatzis et al. 1999) and 

body mass of the subjects. 

Three valid trials were recorded and analysed for each subject and surface. 

The different surface conditions were applied in random order. The subjects 

had a 1 - 4 minutes rest between trials and conditions. Thirty eight reflective 

markers (radius 14 mm) were used to track the whole body kinematics. The 

markers defined the left and right foot, left and right lower legs, left and right 

thigh, pelvis, thorax, left and right upper arm, left and right forearm, left and 

right hand and the head. The three-dimensional coordinates were recorded 

by the Vicon system and smoothed using a Woltring filter routine (Woltring 

1986) with a minimum mean squared error value of 15. The segmental 

masses and moments of inertia were calculated basing on the data reported 

by Dempster et al. (1959). 

A whole stride cycle, from foot strike to ipsilateral foot strike, was analysed. 

One step was defined to be from foot strike to contralateral foot strike. Step 

length was defined as the anterior displacement of the foot (midpoint of the 

distance between calcaneus and caput metatarsal markers) from foot strike to 
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contralateral foot strike. For both legs, the instants of touch down and take off 

were determined from the vertical force data. The threshold for determining 

touch down and take off was set at 20 N. Temporal characteristics, sagittal 

angular joint angle kinematics and kinetics, and GRFs were analysed for both 

legs. A straight leg was defined as 180° knee joint angle. The tibia being 

perpendicular to the ground while having the foot flat on it was defined as 90° 

ankle joint. The limb angle was defined as the angle between the line 

connecting the centre of mass (COM) and the midpoint of the foot, calculated 

from the calcaneal and metatarsal markers, and the vertical in the sagittal 

plane. A posterior or anterior position of the COM relative to the midpoint of 

the foot in the running direction was defined as a negative or positive limb 

angle respectively. The duty factor (DF ) was calculated as the proportion 

between ground contact duration ( Contactt ) and stride duration ( Stridet ) according 

to McMahon et al. (1985) ( Contactt  was calculated as the mean value from both 

legs). In order to examine the proportion of the COM transport during one 

stride cycle whilst the subjects have contact with the ground, we calculated 

the ratio between anterior COM displacement during ground contact of the 

left ( COM
LiContactL , ) and right ( COM

ContactL Re, ) legs and anterior COM displacement during 

stride cycle ( COM
StrideL ). This was called ratio displacement ( displRatio ): 

COM
Stride

COM
Contact

COM
LiContact

displ L
LL

Ratio Re,, +
=  

(Note: A whole stride cycle was defined from foot strike to ipsilateral foot 

strike) 

 

The anterior COM displacement during ground contact and flight phase was 

calculated as the mean values of the anterior COM displacement during the 

corresponding phases for the left and right leg. Vertical COM displacement 

was defined as the difference between the maximum and minimum value of 

the vertical COM trajectory during the stride cycle using the kinematic data of 

the subjects. Further, to calculate the rate of force generation ( RateF , in N/s·kg) 
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we divided the average vertical force per kg body weight (
_
F , in N/kg) by the 

duration of the ground contact ( Contactt , in s) according to Kram and Taylor 

(1990): 

Contact
Rate t

FF
−

=  

(Note: 
_
F  and Contactt  were calculated as mean values from both legs) 

 

The joint moments of the left and right knee and ankle joint were calculated 

through inverse dynamics. The mean values of both legs were used for 

further analysis. The gear ratios of the triceps surae and the quadriceps 

femoris MTUs were calculated as the ratios (R/r) of the moment arm (R) of 

the GRF acting about the joint to the agonist tendon moment arm (r) 

according to Carrier et al. (1994). The moment arms (r) of the Achilles tendon 

and the patellar tendon were calculated using the data provided by Maganaris 

et al. (1998), and Herzog and Read (1993) respectively. The gear ratio and 

the moment arm (R) of the GRF acting about the joint were determined for 

the left and right ankle and knee joints for 5 phases during ground contact 

(Phase 1: 10 to 26 %; Phase 2: 26 to 42 %; Phase 3: 42 to 58 %; Phase 4: 58 

to 74 %; Phase 5: 74 to 90 % of ground contact). The mean values of both 

legs were used for the statistical analysis. The gear ratio and the moment arm 

was not determined for the first and last 10 % of ground contact because of 

the low GRF and the consequently unreliable calculation of the moment arm 

(R) of the GRF. For all subjects, surfaces and parameters the mean values 

from three trials and both legs were utilised for further analysis. The symmetry 

and reproducibility of temporal, kinematic and GRF parameters during 

submaximal running velocity were analysed in previous studies and were 

reasonably high (Karamanidis et al. 2003, 2004). 

Statistics 
We used a mixed three-factor [age (young/old) x running activity (endurance 

runners/non-active) x surface (hard/medium/soft)] analysis of variance 
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(ANOVA) to detect group and surface differences in running characteristics. 

All significant age-by-running activity, age-by-surface, running activity-by-

surface and age-by-running activity-by-surface interactions are reported. 

When a significant surface effect (hard/medium/soft) or interaction (age-by-

running activity, age-by-surface, running activity-by-surface and age-by-

running activity-by-surface) was present a post hoc test (Bonferroni) was 

conducted in order to determine where these differences occurred. Due to the 

excessive number of statistical comparisons to control for family-wise errors 

across the analysis, the results were considered significant at the level of p < 

0.01. All results in the Tables and Figures are presented as means and 

standard deviation (SD). 

5.4 Results 

Kinematic characteristics 
The anthropometric data of all subjects-groups are provided in Table 1. Body 

height (p = 0.003) was significantly lower for the old compared to the young 

adults which was on average less than 5 cm. When running at the same 

speed as young adults, older adults displayed a significantly (p < 0.01) lower 

flight time duration, lower step length, lower vertical COM displacement 

during the stride cycle, lower amplitude of ankle plantarflexion and knee 

extension angle during ground contact and higher limb angle at take off 

compared to the young adults (Tables 2 and 3). Further, the duty factor and 

the ratio displacement of the COM were significantly (p < 0.01) higher for the 

older as compared to the young adults (Table 2). Runners exhibited a 

significantly (p < 0.01) lower ground contact time duration, lower step length, 

lower amplitude of ankle plantarflexion angle during ground contact and lower 

limb angle at take off compared to the non-active group (Tables 2 and 3). The 

comparison between surface conditions revealed no significant (p > 0.01) 

surface effect on the analysed temporal parameters (contact and flight time 

duration, and duty factor), COM trajectory parameters (vertical displacement 

and ratio displacement) or on sagittal joint angular kinematics (limb angle and 

knee joint) during ground contact (Tables 2 and 3). Ground surface 
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significantly affected (p < 0.01) the amplitude of ankle dorsal flexion angle 

during ground contact (Table 3). The post hoc analysis revealed significantly 

(p < 0.01) lower values for the soft surface compared to the hard and medium 

surfaces (Table 3). There was a significant (p < 0.01) age-by-running activity 

interaction at the amplitude of knee extension angle during ground contact 

(Table 3). The post hoc analysis revealed significantly (p < 0.01) lower 

amplitudes of knee extension angle during ground contact for the older 

runners compared to all other groups (older and young non-active subjects 

and young runners). 
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Table 1: Anthropometric data of the subjects (means ± SD). N-Active: Non-Active adults. 

Older adults Young adults  

Runners N-Active Runners N-Active 

Age [yr] 64±3 64±2 27±4 29±3 

Body mass [kg] 76±6 81±6 73±5 78±8 

Body height [cm] * 176±4 174±8 180±4 180±9 
* : Statistically significant differences between older and young adults (p < 0.01). 

 
Table 2: Ground contact time, flight time, step length, vertical centre of mass (COM) displacement during stride (Vert 

COMdis stride), duty factor and ratio COM displacement (Ratio COMdis) for the examined groups while running (2.7 m/s) 

on different surfaces (means ± SD of both legs). N-Active: Non-Active adults. 

 

 Hard Medium Soft 

 Older adults Young adults Older adults Young adults Older adults Young adults 

  Runners N-Active Runners N-Active Runners N-Active Runners N-Active Runners N-Active Runners N-Active 

Contact time [ms] ‡ 276±23 284±27 271±23 287±27 277±23 279±21 266±23 289±28 280±21 295±21 278±29 296±28 

Flight time [ms] * 80±25 83±29 112±19 104±21 81±25 86±24 117±20 106±29 78±21 81±34 114±23 106±20 

Step length [cm] * ‡ 93.9±7.6 99.1±8.4 99.5±3.0 103.6±6.4 92.0±11.8 97.7±9.9 98.8±4.8 104.2±7.0 94.1±7.2 101.7±8.9 98.5±7.1 106.3±7.4 

Vert COMdis stride [cm] * 7.5±1.2 8.2±1.8 9.3±1.4 9.1±1.3 7.5±1.3 8.0±1.6 8.5±2.2 9.6±1.6 7.6±1.3 7.5±1.0 9.6±1.4 10.1±1.6 

Duty factor [%] * 38.9±3.1 38.8±3.3 35.5±2.3 36.7±2.6 38.8±3.1 38.3±2.7 34.7±2.6 36.7±3.4 39.2±2.7 39.5±3.9 35.4±2.9 36.8±2.4 

Ratio COMdis [%] * 79.6±6.2 78.3±6.9 71.4±4.8 75.3±6.9 79.2±6.3 77.4±5.5 70.1±5.6 73.8±7.6 79.6±5.7 81.6±6.0 71.4±6.1 74.2±5.0 
 

* : Statistically significant differences between older and young adults (p < 0.01). 
‡ : Statistically significant differences between runners and non-active individuals (p < 0.01). 
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Table 3: Range of motion (ROM) of the ankle (A) and the knee (K) joints, and the limb angle (L) during ground 

contact phase in degrees for the examined groups while running (2.7 m/s) on different surfaces (means ± SD of both 

legs). A negative limb angle is defined as posterior position of the centre of mass relative to the midpoint of the foot in 

the sagittal plane and a positive limb angle is defined as anterior position of the centre of mass relative to the 

midpoint of the foot in the sagittal plane. N-Active: Non-Active adults. 

 

 Hard Medium Soft 

 Older adults Young adults Older adults Young adults Older adults Young adults 

  Runners N-Active Runners N-Active Runners N-Active Runners N-Active Runners N-Active Runners N-Active 

AROM dorsal in stance + 22.7±6.4 25.4±8.6 25.8±5.5 21.2±5.5 22.5±6.5 24.7±9.0 25.3±5.3 22.0±6.4 18.3±6.1 17.8±4.7 21.5±5.1 17.4±3.1 

AROM plantar in stance * ‡ 37.3±6.8 43.3±7.9 43.1±4.8 49.2±7.3 36.8±6.4 42.0±6.1 40.9±5.7 49.4±5.3 35.9±6.2 41.4±4.5 42.0±4.0 49.1±7.0 

KROM flexion in stance  23.8±3.6 25.5±3.8 26.8±2.8 25.1±3.5 23.8±3.3 25.5±3.4 26.7±2.1 25.5±3.0 24.5±3.9 26.9±2.9 26.5±2.6 27.7±4.7 

KROM extension in stance 
* #  18.1±5.9 23.4±8.7 24.7±3.1 21.4±4.9 18.6±6.0 21.9±10.5 24.1±2.7 22.1±6.6 17.0±5.8 21.7±9.5 23.5±3.4 23.3±6.0 

Ltouch down -11.2±1.3 -11.8±1.9 -10.6±1.5 -10.8±0.9 -11.2±1.5 -11.8±1.4 -10.7±1.4 -11.1±1.5 -11.5±1.4 -13.0±1.6 -10.5±1.8 -11.4±1.4 

Ltake off 
* ‡ 26.7±2.2 28.6±2.2 24.1±1.4 26.6±1.6 26.8±2.3 27.9±2.2 23.2±1.7 26.6±1.6 26.5±1.8 28.3±2.0 23.8±1.7 27.2±1.4 

 
* : Statistically significant differences between older and young adults (p < 0.01). 
‡ : Statistically significant differences between runners and non-active individuals (p < 0.01). 
+ : Statistically significant ground surface effect (p < 0.01). 
# : Statistically significant age-by-running activity interaction (p < 0.01). 
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Fig. 1: Average values of the vertical and horizontal ground reaction force 

(GRF) during running (2.7 m/s) on different surfaces for the examined groups 

(means). O: older adults; Y: young adults. The x-axis was normalised as 

follows: 0 % to 100 %: ground contact duration. 

Fig. 2: Average values of the sagittal plane joint moment at the ankle and 

knee joint during running (2.7 m/s) on different surfaces for the examined 

groups (means). O: older adults; Y: young adults. The x-axis was normalised 

as follows: 0 % to 100 %: ground contact duration. 
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Fig. 3: Average values of the mechanical power at the ankle and knee joint 

during running (2.7 m/s) on different surfaces for the examined groups 

(means). O: older adults; Y: young adults. The x-axis was normalised as 

follows: 0 % to 100 %: ground contact duration. 
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horizontal forces (deceleration and acceleration phases) and lower positive 

mechanical power at the ankle joint during ground contact phase (Table 4). 

The statistical analysis showed also a lower (p < 0.01) positive mechanical 

power at the knee joint during ground contact phase for the runners 

compared to the non-active group (Table 4). However, there was a significant 

(p < 0.01) age-by-running activity interaction for the positive mechanical 

power at the knee joint during ground contact (Table 4) and the post hoc 

analysis revealed significantly (p < 0.01) higher values during ground contact 

only for the older non-active subjects compared to all other groups (older and 

young runners and young non-active subjects). Running on surfaces of 

different stiffness had no significant (p > 0.01) effect on the analysed GRF 

parameters, joint moments or mechanical power at the ankle and knee joint 

(Table 4 and Fig. 4). 

Regarding the gear ratio at the ankle joint older adults showed significantly 

lower (p < 0.01) values from 26 to 58 % of the ground contact duration 

(Phases 2 and 3) compared to the young adults (Fig. 5). This was due to a 

lower moment arm of the GRF acting about the ankle joint during the Phases 

2 to 4 (Fig. 5). Conversely, no significant differences between runners and 

non-active subjects were detected in the gear ratio or moment arm of the 

GRF at the ankle joint (p > 0.01). Running on surfaces of different stiffness 

significantly (p < 0.01) affected the moment arm of the GRF acting about the 

ankle joint and the gear ratio at the ankle joint from 42 to 58 % (Phase 3) of 

the ground contact duration (Fig. 5). The post hoc analysis revealed a 

significantly lower (p < 0.01) moment arm of the GRF acting about the ankle 

joint as well as a lower gear ratio for the soft surface compared to the hard 

surface for Phase 3. Concerning the gear ratio at the knee joint and the 

moment arm of the GRF acting about the knee no significant (p > 0.01) 

differences between age groups or surface conditions were found (Fig. 6). 

Runners demonstrated a significantly (p < 0.01) lower gear ratio at the knee 

joint from 10 to 58 % of the ground contact duration (Phases 1, 2 and 3) in 

comparison to the non-active group (Fig. 6). This was due to a lower moment 

arm of the GRF acting about the knee joint during these phases (Fig. 5).



Chapter five 
Motor behaviour during running on different surfaces 

 

122

Table 4: Ground reaction force (F) parameters [in N/kg], maximal joint moments [in Nm/kg] and maximal mechanical 

power [in Watt/kg] at the ankle (Amax Moment, Amax Power) and knee (Kmax Moment, Kmax Power) joint during ground contact for 

the examined groups while running (2.7 m/s) on different surfaces (means ± SD of both legs). Fmax vertical : maximal 

vertical force; Faverage vertical: average vertical force; Faverage horiz decel : average horizontal force during the deceleration 

phase; Faverage horiz accel : average horizontal force during the acceleration phase. N-Active: Non-Active adults. 

 

 Hard Medium Soft 

 Older adults Young adults Older adults Young adults Older adults Young adults 

 Runners N-Active Runners N-Active Runners N-Active Runners N-Active Runners N-Active Runners N-Active 

Fmax vertical 
* 21.62±1.97 21.78±2.19 23.68±2.45 22.88±1.52 21.57±2.11 21.77±2.54 24.06±2.61 23.03±1.78 21.75±1.93 20.46±3.10 23.74±3.15 23.34±1.37 

Faverage vertical
* 12.26±0.90 12.54±1.20 13.50±1.01 13.34±0.87 12.29±1.01 12.54±1.17 13.80±1.03 13.27±1.23 12.26±0.83 12.10±1.37 13.50±1.32 13.18±1.04 

Faverage horiz decel
* ‡ -1.23±0.22 -1.39±0.24 -1.46±0.15 -1.57±0.28 -1.18±0.27 -1.39±0.27 -1.40±0.25 -1.48±0.36 -1.24±0.21 -1.38±0.21 -1.39±0.28 -1.46±0.21 

Faverage horiz accel
* ‡ 1.24±0.18 1.40±0.18 1.41±0.22 1.48±0.23 1.29±0.23 1.42±0.22 1.37±0.20 1.52±0.24 1.20±0.19 1.23±0.15 1.28±0.23 1.47±0.18 

Amax Moment
* 2.63±0.43 2.79±0.55 3.15±0.57 3.05±0.52 2.57±0.53 2.67±0.63 3.19±0.60 3.17±0.53 2.40±0.51 2.40±0.52 2.96±0.67 2.91±0.52 

Kmax Moment 1.66±0.45 1.88±0.47 1.81±0.37 1.85±0.31 1.68±0.37 2.02±0.54 1.75±0.38 1.99±0.34 1.72±0.45 1.84±0.52 1.90±0.42 2.06±0.39 

Amax Power 
* ‡ 8.33±2.48 9.54±2.71 10.55±1.93 12.02±2.88 8.23±2.30 9.23±2.84 10.35±1.23 12.56±3.09 7.14±2.14 7.79±2.57 9.71±2.38 11.25±2.89 

Kmax Power 
‡ #  4.10±1.19 5.48±1.64 4.44±0.76 3.88±0.88 4.19±0.98 6.04±2.36 4.32±0.85 4.63±1.52 3.92±1.31 4.91±2.15 4.27±0.95 4.38±1.04 

 

* : Statistically significant differences between older and young adults (p < 0.01). 
‡ : Statistically significant differences between runners and non-active individuals (p < 0.01). 
# : Statistically significant age-by-running activity interaction (p < 0.01). 
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Fig. 4: Rate of force generation for the examined groups while running (2.7 

m/s) on different surfaces (means and SD of both legs). O: older adults; Y: 

young adults. 
* : Statistically significant differences between older and young adults (p < 

0.01). 
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Fig. 5: Moment arm of the ground reaction force (R) and gear ratio (R/r) 

acting about the ankle joint during ground contact for the examined groups 

during running (2.7 m/s) on different surfaces (means and SD of both legs). 

O: Older adults; Y: young adults. (Phase 1: 10 to 26 %; Phase 2: 26 to 42 %; 

Phase 3: 42 to 58 %; Phase 4: 58 to 74; Phase 5: 74 to 90 % of the period of 

ground contact duration). 
* : Statistically significant differences between older and young adults (p < 

0.01); + : Statistically significant ground surface effect (p < 0.01). 
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Fig. 6: Moment arm of the ground reaction force (R) and gear ratio (R/r) 

acting about the knee joint during ground contact for the examined groups 

during running (2.7 m/s) on different surfaces (means and SD of both legs). 

O: Older adults; Y: young adults. (Phase 1: 10 to 26 %; Phase 2: 26 to 42 %; 

Phase 3: 42 to 58 %; Phase 4: 58 to 74; Phase 5: 74 to 90 % of ground 

contact duration). 
‡ : Statistically significant differences between runners and non-active 

individuals (p < 0.01). 
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5.5 Discussion 

Running task reorganisation due to aging 
A previous analysis of the same subjects (Karamanidis and Arampatzis 2006) 

found that the examined older adults had lower capacities of their triceps 

surae and quadriceps femoris MTUs (between 20 and 25 % lower muscle 

strength and lower tendon stiffness) compared to the examined young adults. 

The present study analysed running mechanics of the older and young adults 

while running on surfaces of different stiffness at a given speed (2.7 m/s). We 

hypothesized that older individuals would reorganize their running task over a 

variety of mechanical environments as a consequence of the changes in their 

MTUs. The present data confirm this hypothesis. 

In the literature it is often reported that the performance capacities of the 

neural system decrease with aging (for a review, see: Prince et al. 1997; Raz 

2000; Wolfson 2001). For instance, the age related decline in peripheral 

sensory feedback mechanisms, restrict older subjects to improve the 

accuracy of performance without visual information in a similar way as for the 

young subjects (van Hedel and Dietz 2004). However, the results of the 

present study confirm that older adults had more advantageous running 

mechanics than young adults (lower rate of force generation, lower average 

horizontal forces during deceleration and acceleration phases, lower gear 

ratios for the triceps surae MTU). Furthermore, the higher duty factor and 

ratio displacement of the COM for the older adults (higher amount of COM 

transport and time with the foot on the ground during stride cycle) are 

indicators for a higher safety of their musculoskeletal system while running at 

a given speed in comparison to the young adults. Moreover, the improved 

running mechanics and safety for the older adults was present for all surface 

conditions. Thus, the findings show that the functional changes in running 

strategy (mechanical improvement) in the older adults are stable for different 

mechanical environments and suggest a complete reorganization of the older 

adult’s running technique. 

Older adults increased the mechanical advantage (lower gear ratios) for the 
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triceps surae from 26 to 58 % of the ground contact phase (Phases 2 and 3) 

by means of lowering the moment arm of the GRF acting about the ankle 

joint. During the mid-part of the ground contact phase the vertical GRF 

achieves its maximum value. The lower gear ratio at the ankle joint (Phase 3) 

together with the lower vertical GRF for the older adults are the reason for the 

lower maximal moment at the ankle joint during ground contact for the older 

adults compared to the young adults whilst running at the same velocity. The 

reduction of the maximal moment at the ankle joint for the older adults 

compared to the young adults was on average about 20 %. The relative 

decrease of the maximal moment at the ankle joint during running is very 

close to the relative decrease of the maximal plantarflexion moment during 

isometric contractions found for the older adults compared to the young 

adults (about 25 %: Karamanidis and Arampatzis 2006). These findings 

suggest that the compensatory changes in the ankle kinetics aim to decrease 

the discrepancy between the running effort and MTU capacities. Running is a 

periodic non strategic motor task and thus, it is possible that the older adults 

having had proprioceptive feedback from repeated practice could update their 

running strategy and adjust the running effort to the reduced MTUs 

capacities. Although significant, the lower moment arm of the GRF during 

Phase 4 (58 to 74 % of the ground contact phase) in the older adults had only 

a slight effect on the differences in the gear ratio (p = 0.064) between age 

groups during this period. The relative differences in the moment arm of the 

GRF between age groups might be to low (about 6 %) to detect clear 

changes in the gear ratio. 

It would be interesting to identify the main changes in the motor task 

characteristics leading to the improvement in running mechanics. The 

changes in the rate of force generation were related to the lower vertical COM 

displacement during stride cycle for the older adults. A lower vertical COM 

displacement may also affect the gear ratios during the initial and mid-part of 

the ground contact phase due to a better control of the impact dynamics. The 

lower maximum of the mechanical power at the ankle joint, and the higher 

limb angle at take off for the older adults, seem to be the main causes for the 
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lower vertical COM displacement. All these changes in running characteristics 

due to age are observed in the second part of the ground contact phase. The 

above observations provide evidence that older adults plan the initial 

conditions for the collision with the ground in the second part of the support 

phase. In other words, the older adults prepared for the next collision with the 

ground during the preceding stride. This phenomenon was again independent 

from the surface condition. Therefore, the results show that the older subjects 

were able to recalibrate their running strategy (mechanical improvement) by 

means of a feedforward adaptation of the motor commands independently of 

the mechanical environment. 

While the ankle joint kinetics were altered in the older adults, no clear 

differences in knee joint kinetics were detected between age groups. This 

happened even though the age related decline in maximal joint moment 

during isometric MVC showed similar relative values at the ankle (about 25 

%) and knee joint (about 20 %: Karamanidis and Arampatzis 2006). A 

possible explanation could be the lower maximal knee joint moment 

compared to the maximal ankle joint moment (about 35 %) during running 

and the higher knee extensor muscle strength compared to the plantar flexion 

muscles (about 60 %: Karamanidis and Arampatzis 2006) at MVC. So it is 

possible that the threshold for triggering a compensation is not achieved for 

the knee joint, and the disparity between running effort and reduced 

quadriceps femoris MTU capacities can be tolerated during submaximal 

running. 

Mechanical task adaptation due to running experience 
In the literature it is well document that repeated practice of a motor task 

causes adaptational effects and improvements in locomotion mechanics even 

in older individuals (Pavol et al. 2002; Pai et al. 2003; van Hedel et al. 2002; 

van Hedel and Dietz 2004). Therefore, we hypothesized that running 

experience would improve running mechanics in both age groups. The 

endurance runners showed a lower average horizontal GRF during the 

deceleration and acceleration phases compared to the non-active subjects 

independent from the surface and subjects age. The lower average horizontal 
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GRF during running is a global parameter which shows that running 

experience might make running more advantageous because it is well 

accepted that the metabolic cost of the horizontal GRF during human 

locomotion is more expensive than the metabolic cost of vertical GRF (Chang 

and Kram 1999; Gottschall and Kram 2003). 
In addition to the lower horizontal GRFs runners showed also a joint specific 

alteration in running mechanics compared to the non-active subjects (lower 

gear ratio at the knee joint during the first 56 % of the period of ground 

contact, Phases 1 to 3). This was due to a lower moment arm of the GRF 

acting about the knee joint. Moreover, these results were again independent 

of surface and/or age. The knee has been shown to be the most common site 

of running injuries (Messier et al. 1991; Nigg et al. 1993). The lower gear 

ratios found for the endurance runners compared to the non active subjects 

did not clearly reduce the maximal knee joint moment (there was only a 

tendency, p = 0.014). The non clear effect of the lower gear ratios on the 

maximal knee joint moment can be explained by the relative low difference in 

the gear ratio at the mid part of the ground contact phase between activity 

groups (Phase 3: about 9 %) where the maximal knee joint moment occurs. 

However, the higher mechanical advantage (about 32 % [Phase 1] and 18 % 

[Phase 2] for the runners compared to the non-active subjects) for the 

quadriceps femoris MTU during the initial part of the ground contact (Phases 

1 and 2) indicates that endurance runners have advantages in running 

mechanics. A higher mechanical advantage during the initial running phase 

when an eccentric quadriceps femoris contraction is necessary to control 

knee flexion and provide shock absorption, could increase the ability of the 

knee to attenuate shock and reduce the mechanical load on the knee joint. 

The main question arises how the runners create a running strategy leading 

to the lower gear ratios at the knee joint during the initial part of the ground 

contact phase compared to non-active subjects. We cannot suggest that 

these changes happened due to a correction based on sensory feedback 

control during the collision with the ground (reactive corrections) because the 

available time might be to short (for Phase 1: 28 to 71 ms). Further, the 
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mechanical and morphological properties of the MTUs in the lower extremity 

showed no specific alterations between runners and non-active subjects. 

Therefore, we cannot suggest that the capacities of the MTUs are the 

mediator of the lower gear ratios. We can argue, however, that runners used 

proprioceptive feedback from repeated practice to improve running 

mechanics by developing appropriate feedforward motor commands to the 

expected mechanical load at the knee joint. Moreover the results suggest a 

complete task adaptation of the experienced old and young runners due to 

the similar behaviour onto all examined surfaces. 

Surface effect on running mechanics 
Previous studies reported that changes of the surface or texture of the 

footwear can influence the sensory feedback from the feet (Watanabe and 

Okubo 1981; Nurse et al. 2005) and introduce mechanical effects during 

human walking (Nurse et al. 2005). However, studies analysing the effect of 

the mechanical environment on running characteristics reported a similar 

behaviour of the human motor system for a variety of surface conditions 

(Ferris et al. 1998, 1999; Kerdok et al. 2002) For instance, Kerdok et al. 

(2002) reported no clear surface effect on ground contact duration, step 

length, stride frequency, duty factor nor maximal vertical ground reaction 

force while running. In accordance our data show that changing the surface 

stiffness had no clear effect on step length, contact or flight time duration, 

COM trajectory nor average vertical or horizontal (deceleration and 

acceleration) forces. Further, duty factor, ratio displacement of the centre of 

mass and rate of force generation were not affected by the range of surface 

conditions. Thus, based on our data and the results presented in the literature 

(Ferris et al. 1998, 1999; Kerdok et al. 2002) it is reasonable to believe that 

humans use a general running strategy for a wide range of surface 

conditions. 

An interesting finding of the present study was that the gear ratios were lower 

at Phase 3 (42 to 58 % of ground contact) during running on soft compared to 

the hard surface. This was due to a lower moment arm of the GRF acting 

about the ankle joint. Further, although in Phases 1 and 2 (10 to 42 % of 
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ground contact) we did not identify clear statistically significant (p > 0.01) 

differences, the values of the gear ratios were in tendency lower for the soft 

compared to the hard surface (p = 0.020 and p = 0.025 for Phase 1 and 2 

respectively). It seems that the higher deformation of the soft surface 

increases the mechanical advantage of the triceps surae in the mid-part of 

the contact phase. However, during running we did not find any clear surface 

effect on ankle and knee joint angles as well as on the limb angle, neither at 

the beginning nor at the end of the ground contact phase. Similarly the 

mechanical power values at the ankle and knee joints were not influenced by 

the three examined surfaces. Therefore, an adjustment of the subjects to the 

different surfaces by means of a feedforward control prior to the collision with 

the ground is an unlikely explanation. It seems more reasonable to suggest, 

that the higher deformation of the soft surface and so the modified pressure 

contribution to the foot sole affect the moment arm of the GRF acting about 

the ankle joint. The lower amplitude of ankle dorsal flexion angle during 

ground contact on the soft surface is a consequence of the higher surface 

deformation (Ferris et al. 1998, 1999; Farley et al. 1998). It is possible that 

the higher compliance of the soft surface increases the contact area under 

the foot. This way a translation of the point of force application along the foot 

towards the ankle joint took place causing a decrease in the moment arm 

whilst running on the soft surface.  

5.6 Conclusions 

The results show that the running strategy remained essentially unchanged 

for a variety of surface conditions independent of subjects age or task 

experience. Running experience improved running mechanics (higher 

mechanical advantage for the quadriceps femoris MTU, lower average 

horizontal forces) for all surfaces indicating a complete task specific 

adaptation. Older adults react to the reduced capacity of their MTUs by 

increasing safety during running (higher duty factor, higher COM transport 

with the foot on the ground, lower flight time) and benefit from a mechanical 

advantage for the triceps surae MTU and a lower rate of force generation. 
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Moreover, the improvement in running mechanics and safety of the aged 

musculoskeletal system while running was present for all surface conditions. 

We suggest that older adults are able to recalibrate their running strategy to 

adjust the running effort to their reduced MTUs capacities in a feedforward 

control manner for a variety of mechanical environments. 
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6.1 Abstract 

The goals of the present set of data were (a) to investigate whether the lower 

capacities of the triceps surae (TS) and quadriceps femoris (QF) muscle-

tendon units (MTUs) in older adults affect their ability to recover balance with 

a single step after a forward fall, and (b) to examine whether chronic 

endurance running enhances this motor skill in old and young adults. The 

investigation was conducted on 30 older and 19 younger adult males divided 

into two subgroups according to their running activity: endurance runners vs. 

non-active subjects. In previous studies we documented that the older adults 

had lower TS and QF muscle strength, and lower QF tendon stiffness. 

Endurance runners had no differences in the mechanical or morphological 

properties of the TS and QF MTUs compared to non-active subjects 

independent of the subject’s age. The current study examined recovery 

behaviour and mechanics of the same individuals after an induced forward 

fall from a fixed forward-inclined position. Younger adults were better able to 

recover balance with a single step after a forward fall compared to older 

adults (p < 0.001); this ability was associated with a more effective body 

position at touch-down (more posterior COM position relative to the recovery 

foot; p < 0.001). TS and QF muscle strength and QF tendon stiffness 

classified 55 % of the subjects into single- or multiple-steppers. Runners 

showed a superior ability to recover balance with a single step (p < 0.001) 

compared to non-active subjects due to a more effective mechanical 

response during the stance phase (greater flexion at the knee joint; p < 0.05). 

It is concluded that the age-related degeneration of the MTU’s capacities is 

associated with older adults’ diminished capability in restoring balance with a 

single step after a forward fall. Chronic endurance running seems to enhance 

recovery behaviour in both old and young adults. We suggested that 

endurance runners, due to their running experience, could update the internal 

representation of their stability limits during the falling task and, thus, were 

able to restore balance more often with a single step compared to the non-

active subjects. 
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6.2 Introduction 

Loss of balance and hence risk of falling during activities in daily life is a 

principle problem for every legged being (Pai et al., 2003; Bhatt and Pai, 

2005; Bhatt et al., 2005). When postural stability is disturbed, the neural 

system applies a series of reactive corrections via the musculoskeletal 

system to re-establish postural equilibrium (Pai et al., 2003; Bhatt and Pai, 

2005; Bhatt et al., 2005). In humans, recovery from a loss of balance in the 

forward direction relies on a rapid and effective forward step to recover 

balance (Maki and McIlroy, 1999; Hsiao and Robinovitch, 1999; Wojcik et al., 

1999). By stepping forward, a person effectively shifts the base of support 

(i.e. the recovery foot) in the anterior direction, making it possible to regain 

postural stability (Pai and Patton, 1997; Maki and McIlroy, 1999). In view of 

recent evidence of a subject’s ability to recover balance after a fall, it appears 

likely that the ability to generate these stepping reactions rapidly and 

effectively could largely depend on the capacities (e.g. muscle strength, 

tendon stiffness) of the muscle-tendon units (MTUs) (Thelen et al., 1997; 

Hsiao and Robinovitch, 1999; Wojcik et al., 2001; Madigan and Lloyd, 2005). 

Past studies provided evidence that the aging process is associated with a 

loss in muscle strength (Frontera et al., 2000; Trappe et al., 2003) and 

changes in the mechanical properties of collagenous tissues (Noyes and 

Grood, 1976; Blevins et al., 1994). For example, ankle plantarflexion and 

knee extension strength decline by up to 3 % per year beyond the fifth 

decade (Frontera et al. 1991; Winegard et al. 1996; Hughes et al. 2001). 

Furthermore, fall incidence and the inability to regain balance with a rapid 

single forward step following a sudden induced forward fall is greater among 

older adults than among younger adults (Thelen et al., 1997; Wojcik et al., 

1999, 2001; Hsiao and Robinovitch, 2001; Madigan and Lloyd, 2005). 

However, the extent to which an age-related decrease in the capacities of the 

MTUs in the lower limbs might predispose older adults to forward falls due a 

mechanically less effective stepping response is not well established. 

Combining the above observations, we hypothesised that, compared to 
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younger adults, older adults would show a less effective mechanical stepping 

response to restore balance with a single step after an induced forward fall, 

reflecting the lower capacities of their MTUs in the lower extremities. 

Physical activity is known to improve and protect neuro-musculoskeletal 

function and hence performance during different tasks (Kramer et al., 1999; 

van Praag et al., 1999; Symons et al., 2005). For instance, evidence from 

mouse models indicates that running exercise enhances and protects brain 

function and improves spatial performance (van Praag et al., 1999; Cotman 

and Engesser-Cesar, 2002; Adlard et al., 2004). Similar benefits of aerobic 

exercise have been demonstrated in older humans, delaying age-related 

cortical atrophy and, therefore, performance on tasks requiring executive 

control (Kramer et al., 1999; Colcombe et al., 2004). In accordance with the 

above findings, in a previous study we documented that, compared to non-

active subjects, endurance runners showed an adaptive improvement in 

running mechanics using a predictive feed-forward running control strategy 

even at an old age (Karamanidis and Arampatzis, 2005). Therefore, it is 

reasonable to hypothesise that, compared to sedentary subjects, experienced 

endurance runners would execute a more effective mechanical stepping 

response to recover balance with a single step after a forward fall. 

Furthermore, we speculated that this motor skill would not degrade with age, 

indicating that chronic endurance running can protect against age-related 

decline in the ability to re-establish postural equilibrium after forward falls. 

In previous studies (Karamanidis and Arampatzis, 2005, 2006) we showed 

that older subjects had lower capacities of their muscle-tendon units (MTUs) 

in the lower extremity: between 20 and 25 % lower muscle strength in the 

triceps surae (TS) and quadriceps femoris (QF), and reduced stiffness of the 

QF tendon and aponeurosis. Endurance runners and non-active subjects had 

no differences in the mechanical (maximal joint moment, tendon stiffness) or 

morphological (muscle thickness, pennation angle, fascicle length) properties 

of the TS and QF MTUs independent of the subject’s age (Karamanidis and 

Arampatzis, 2005, 2006). In the current study we examined recovery 

behaviour (the ability to restore balance with a single step) of the same 
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individuals after a sudden induced forward fall from a fixed forward-inclined 

position. The purposes of our set of data were: (a) to investigate whether the 

lower capacities of the TS and QF MTUs in older adults affect their recovery 

behaviour after an induced forward fall, and (b) to examine whether chronic 

endurance running activity enhances the recovery behaviour in old and young 

adults. 

6.3 Methods 

Subjects 
The investigation was conducted on 49 male subjects with 30 older adults 

aged 60-69 years and 19 younger adults aged 21-32 years. The subjects 

were further divided into two subgroups according to their running activity: 29 

endurance runners and 20 non-active individuals. All subjects in the 

endurance runners group performed running at least 3 times per week over 

the last 10 years. The training volume ranged from 30 to 100 km per week. 

The criterion for entering the non-active group was no sport activity except at 

school. None of the chosen test subjects had a history of neuromuscular or 

musculoskeletal impairments. 

Experimental design 
Following a method similar to that first used by Do et al. (1982), subjects were 

released suddenly from a fixed forward-inclined position (see also: Thelen et 

al., 1997, 2000; Hsiao and Robinovitch, 1999, 2001; Wojcik et al., 1999, 

2001). The subject was initially maintained in an inclined forward posture 

(body straight, arms extended parallel to the body and feet bare) by a 

horizontal inextensible cable, attached at one end to a belt worn by the 

participants around the pelvis and at the other end to a custom-built 

pneumatic release system. Subjects were instructed to keep their heels in 

contact with the floor and to keep the same amount of weight on each foot 

while being supported. Further, subjects were instructed and encouraged to 

restore balance by taking a single step after forward fall was initiated. To 

increase the suddenness of the release, we randomised between 10 and 30 

seconds the time delay between the instant the subject reached the given 



Chapter six 
Motor behaviour during sudden perturbation 

 

141

inclination and the instant of releasing the lean control cable. All participants 

wore a full trunk safety harness suspended from an overhead track that 

allowed for forward and lateral motion while preventing contact of any body 

part, other than the feet, with the ground. The harness suspension cable also 

incorporated a load cell. The magnitude of the forward lean was controlled by 

adjusting the lean control cable length until the load cell attached to the cable 

indicated that it supported a specified percentage of the subject’s body weight 

(BW). Following three “practice” trials at 23 ± 3 % BW (which familiarized the 

subjects with the experimental protocol), three “actual” trials at 33 ± 3 % BW 

were carried out. 

Definition of recovery behaviour 
The subjects’ ability to perform the specified task of recovering balance by 

stepping was defined by two different recovery behaviours: single-step 

behaviour and multiple-step behaviour (Wojcik et al, 1999, 2001; Hsiao and 

Robinovitch, 2001). A trial was defined as a single-step behaviour if only one 

step was taken or if the anterior displacement of the second step 

(contralateral limb) did not exceed the anterior displacement of the recovery 

limb (visual control of the kinematic data). A multiple-step behaviour was 

defined when the subject took a second step of the recovery limb of any kind 

or when the subject took a contralateral step whose anterior displacement 

exceeded that of the recovery limb. The contralateral step criterion 

accommodated subjects who took small, out-of-plane, contralateral limb 

follow-up steps to maintain lateral balance (Hsiao and Robinovitch, 2001). 

Further, cable-assisted recovery occurred when the subjects placed at least 

20 % of their BW on the safety harness support cable at any time during the 

recovery process (Wojcik et al., 2001). Such trials all involved more than one 

step and were therefore classified as multiple-step recovery behaviour. 

Measurement of recovery mechanics 
At the initiation of each trial, the subject stood barefoot on a force plate (60 

cm x 90 cm, Kistler, Winterthur, Switzerland). The first step always landed on 

a second force plate (60 cm x 90 cm, Kistler, Winterthur, Switzerland) 
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mounted in front of the initial force plate. The ground reaction forces were 

collected at a sampling rate of 1080 Hz. Kinematic data were recorded with 

12 Vicon cameras operating at 120 Hz (Vicon 624 Motion Systems, Oxford, 

United Kingdom). To determine the onset of release, the pneumatic release 

system triggered a TTL signal at the instant of release which was 

simultaneously captured as an analogue signal by the Vicon system (1080 

Hz). Data acquisition began approximately 6 seconds before release and 

ended about 4 seconds after touch-down of the recovery limb. 

Thirty eight reflective markers (radius 14 mm) were used to track the whole 

body kinematics. The markers defined the left and right foot, left and right 

lower leg, left and right thigh, pelvis, thorax, left and right upper arm, left and 

right forearm, left and right hand and the head. The three-dimensional 

coordinates were smoothed using a Woltring filter routine (Woltring, 1986) 

with a minimum mean squared error value of 15. The segmental masses and 

moments of inertia were calculated based on the data reported by Dempster 

et al. (1959). Step length was defined as the anterior displacement of the 

recovery foot from the initial position to touch-down of the recovery foot. Step 

length was expressed as absolute and normalized values (normalized to leg 

length). Leg length was defined as the distance between trochanter major 

and lateral malleolus (knee fully extended). Sagittal angular joint angle 

kinematics at the ankle, knee and hip joint were analysed for the recovery 

limb. A completely extended trunk and knee were defined respectively as 

180° hip and knee joint angles. 90° ankle joint was defined as having the foot 

flat on the ground and the tibia horizontal. The linear horizontal and vertical 

centre of mass (COM) trajectory was calculated using the kinematic data of 

the subjects. Horizontal and vertical COM displacement was presented as 

absolute and normalized values (normalized to body height). The limb angle 

was defined as the angle between the vertical in the sagittal plane and the 

line connecting the COM and the midpoint of the foot, identified by the 

calcaneus and metatarsal markers. A posterior or anterior COM position 

relative to the midpoint of the foot in the stepping direction was defined as a 

negative or positive limb angle respectively. The angle between the limb 
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angle of the recovery limb and the limb angle of the contralateral leg at the 

instant of touch-down was analysed and called stepping angle according to 

Hsiao and Robinovitch (1999, 2001). Step execution time was defined as the 

time duration from subject release to touch-down of the recovery limb (Hsiao 

and Robinovitch, 2001). 

Fig. 1: Analysed time points and time intervals, and angular motion at the 

knee joint (Knee joint) and vertical centre of mass velocity (VzCOM) of the 

analysed subjects (n=49; means). A: subjects release; B: touch down (TD) of 

the recovery limb; C: first minimum at the knee joint angle (KJA) of the 

recovery limb after touch down (KJAmin); D: 400 ms after touch down. Step 

execution phase: from release until TD (x-axis: normalized from -100 % to 0 

%); Stance phase: from TD until 400 ms after TD (x-axis: normalized from 0 

% to 100 %); Main stance phase: from TD until Knee anglemin. Note that time 

point Knee anglemin provided termination of downwards motion of the body 

(i.e. vertical COM velocity almost cero). 
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To determine the mechanical ability of the extensor muscles of the recovery 

limb to generate a given ground reaction force, we analysed the gear ratios 

(Carrier et al., 1994) during the stance phase. The gear ratios of the TS and 

the QF muscle-tendon units (MTUs) of the recovery limb were calculated as 

the ratios (R/r) of the moment arm (R) of the ground reaction force acting 

about the joint to the agonist tendon moment arm (r), according to Carrier et 

al. (1994). The moment arms (r) of the Achilles tendon and the patellar 

tendon were calculated using the data provided by Maganaris et al. (1998), 

and Herzog and Read (1993) respectively. The joint moments of the recovery 

limb were calculated through inverse dynamics. 

 
Fig. 2: Vertical ground reaction force (GRFz) at the initial force plate for one 

subject and one trial. The solid vertical line represents subjects release and 

the dashed vertical line illustrates the time point where the second derivation 

of the vertical ground reaction force reached his local minimum after release 

which was defined as the offset for the reaction time interval. 
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For each trial, four time points were identified (Fig. 1): (a) subject’s release 

(determined by the analogue signal which the Vicon system received from the 

pneumatic release system), (b) touch-down of the recovery limb (determined 

by the ground reaction force data - threshold level 20 N), (c) first minimum at 

the knee joint angle of the recovery limb after touch-down and (d) 400 ms 

after touch-down of the recovery limb. Time point (c) indicated termination of 

downwards motion of the body (i.e. vertical COM velocity almost zero; Fig. 1). 

Further, recovery stepping tasks were divided into three phases based on the 

identified four time points (Fig. 1): (1) step execution phase (defined from the 

subject’s release until touch-down of the recovery limb), (2) main stance 

phase (defined from touch-down until the first minimum at the knee joint angle 

of the recovery limb) and (3) stance phase (ended 400 ms after touch-down 

of the recovery limb). Specific observation window for determining recovery 

mechanics during stance phase (400 ms after touch-down) was chosen in 

order to assure a completed analysis of the mechanical response of the 

subjects. Reaction time was determined as the interval between release of 

the lean control cable and the initial increase in the vertical ground reaction 

force during the double support phase. The offset for the reaction time 

interval was considered to be at the point where the second derivation of the 

vertical ground reaction force reached its local minimum after release (Fig. 2). 

Statistics 
For all subjects and parameters (kinematic and kinetic), the mean values from 

three trials were utilised for the comparison between subject groups. For the 

statistical analysis we used a two-factor (age x running activity) analysis of 

variance (ANOVA) to detect group differences in the analysed parameters 

during recovery task. All significant age-by-running activity interactions are 

reported. When a significant age-by-running activity interaction was present a 

post hoc test (Bonferroni) was conducted in order to determine where these 

differences occurred. The F ratios were considered significant at α = 0.05. All 

results in the Tables and Figures are presented as means and ± SD 

(Standard Deviation). 
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6.4 Results 

Recovery behaviour 
Anthropometric data of the subject groups are provided in Table 1. Body 

height (about 5 cm) and leg length (about 3 cm) were significantly lower (p < 

0.01) for the older compared to the younger adults. Body mass (about 5 kg) 

was significantly lower (p < 0.05) in runners compared to non-active 

individuals (Table 1). 

 

Table 1: Anthropometric data for the different groups (means ± SD). 

 

Older adults Young adults  

Runners 

(n=20) 

Non-Active 

(n=10) 

Runners 

(n=9) 

Non-Active 

(n=10) 

Age [yr] 64±3 64±2 27±4 29±3 

Body mass [kg] ‡ 76±6 81±6 73±5 78±8 

Body height [cm] ** 176±4 174±8 180±4 180±9 

Leg length [cm] ** 87±3 86±4 89±3 90±4 

 

Leg length was defined as the distance between trochanter major and lateral 

malleolus (knee full extended). 
** : Statistically significant age effect (p < 0.01). 
‡ : Statistically significant running activity effect (p < 0.05). 

 

At the instant of release, the ankle, knee and hip joint angle as well as the 

limb angle showed no significant differences (p > 0.05) between subject 

groups (Fig. 3). The observed recovery behaviour for the four subject groups 

was as follows: older runners succeeded in 17 % of their trials to recover 

balance with a single step while all older non-active subjects failed at any trial 

to recover balance with a single step. Young runners and young non-active 

subjects were able to recover balance with a single step in 90 % and in 40 % 

of their trials respectively. The statistical comparison of the recovery 
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behaviour between subject groups revealed that young adults in comparison 

to older adults, and runners in comparison to non-active subjects, recovered 

balance significantly (p < 0.001) more often with a single step. There was a 

significant (p < 0.01) age-by-running activity interaction for the recovery 

behaviour. The post hoc analysis revealed that young runners restored 

balance more often (p < 0.001) with a single step compared to all other 

subject groups. 

 

Fig. 3: Initial limb angle (Limbinit), and ankle (Ankleinit), knee (Kneeinit) and hip 

(Hipinit) joint angle at the instants of release for the different groups (means 

and SD). O: older adults; Y: young adults. There was no significant (p > 0.05) 

age or running activity effect on the analysed parameters. 

 

Mechanical response during step execution phase 
When asked to restore balance with a single step after an induced forward 

fall, older adults showed a significantly (p < 0.05) shorter absolute and 

normalized step length, a higher negative recovery limb angle at the instant of 

touchdown (i.e. more anterior COM position relative to the recovery foot) and 
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running activity interaction for the normalized step length (Table 2). The post 

hoc analysis revealed that the young runners had a significantly higher 

normalized step length compared to the older runners (p < 0.05) and older 

non-active subjects (p < 0.01). Further, older subjects revealed a significantly 

(p < 0.05) greater minimum knee joint angle during step execution phase (i.e. 

more extended knee joint) and a lower knee joint angle of the recovery limb at 

the instant of touch-down compared to young adults (Table 3). Contrary to the 

comparison between age groups, there were no significant differences (p > 

0.05) in the above stated kinematic parameters between runners and non-

active individuals (Tables 2 and 3). Concerning the reaction time, step 

execution time, and the COM trajectory and velocity parameters during step 

execution phase or at the instant of touch-down, there were no significant 

differences (p > 0.05) between age (young adults vs. old adults) or activity 

(runners vs. non-active subjects) groups (Tables 2 and 4). 

 

Table 2: Step length, normalized (Norm) step length (normalized to leg 

length), recovery limb angle at the instants of touch-down and stepping angle 

for the different groups (means ± SD). 

 

  Older adults Young adults 

 

Runners 

(n=20) 

Non-Active

(n=10) 

Runners 

(n=9) 

Non-Active

(n=10) 

Step length [cm] ** 84±16 86±12 105±14 92±8 

Norm step length *, # 0.96±0.19 0.99±0.14 1.18±0.15 1.02±0.08

Recovery limb angletouch down [°] *** -0.2±10.0 -1.1±5.2 -14.1±6.0 -7.1±6.7 

Stepping angle [°] ** 45.7±13.8 50.3±7.0 61.0±7.2 53.0±5.9 

A posterior or anterior COM position relative to the midpoint of the foot in the 

stepping direction was defined as a negative or positive limb angle 

respectively; * : Statistically significant age effect (p < 0.05); ** : Statistically 

significant age effect (p < 0.01); *** : Statistically significant age effect (p < 

0.001); # : Statistically significant age-by-running activity interaction (p < 0.05). 
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Table 3: Hip, knee and ankle joint angle at the instants of touch-down and 

minimum knee joint angle during step execution phase of the recovery limb 

for the different groups (means ± SD). 

 

  Older adults Young adults 

 

Runners 

(n=20) 

Non-Active

(n=10) 

Runners 

(n=9) 

Non-Active

(n=10) 

Hip angletouch down [°] 103.7±10.2 101.3±8.0 100.5±7.9 104.5±11.5

Knee angletouch down [°] * 123.1±9.9 121.7±6.4 130.0±12.3 129.4±15.3

Ankle angletouch down [°] 76.5±6.7 79.1±9.0 82.2±7.3 76.6±6.9 

Knee anglemin step execution phase [°]** 92.6±7.8 90.5±6.9 86.0±5.6 85.3±8.0 
 

* : Statistically significant age effect (p < 0.05). 
** : Statistically significant age effect (p < 0.01). 

 

Table 4: Step execution time, reaction time, and horizontal and vertical centre 

of mass (COM) parameters during step execution phase and at the instants 

of touch-down for the different groups (means ± SD). Normalized horizontal 

and vertical COM displacement was calculated as the proportion between 

COM displacement and body height. displ: displacement. 

 

  Older adults Young adults 

 

Runners 

(n=20) 

Non-Active 

(n=10) 

Runners 

(n=9) 

Non-Active 

(n=10) 

Step execution time [ms] 550±29 543±60 551±34 522±13 

Reaction time [ms] 103±3 101±4 105±2 98±8 

Horizontal COMdispl step execution phase [cm] 34.9±5.0 34.1±4.4 37.7±5.0 33.8±2.2 

Norm horizontal COMdispl step execution phase 0.198±0.029 0.197±0.021 0.209±0.029 0.185±0.013

Vertical COMdispl step execution phase [cm] -4.9±2.1 -4.9±2.6 -5.7±1.7 -4.5±3.2 

Norm vertical COMdispl step execution phase -0.028±0.012 -0.028±0.014 -0.031±0.010 -0.024±0.017

Horizontal COMvelocity touch down [m/s] 1.44±0.22 1.45±0.16 1.39±0.16 1.27±0.17 

Vertical COMvelocity touch down [m/s] -0.56±13 -0.53±0.17 -0.65±0.13 -0.61±0.15 
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Table 5: Time duration during main stance phase (Time to knee anglemin), 

minimum of the knee joint angle of the recovery limb after touch down (Knee 

anglemin), and recovery limb angle at the instants of Knee anglemin for the 

different groups (means ± SD). Knee anglemin was defined as the end of the 

main stance phase. Note that a posterior or anterior COM position relative to 

the midpoint of the foot in stepping direction was defined as a negative or 

positive limb angle respectively. 

 

  Older adults Young adults 

 

Runners 

(n=20) 

Non-Active

(n=10) 

Runners 

(n=9) 

Non-Active

(n=10) 

Time to knee anglemin [ms] ***, ‡‡ 139±71 120±29 225±53 153±32 

Knee anglemin [°] **, ‡ 121.6±9.6 126.1±7.9 109.8±7.6 119.4±11.8

Recovery limb angleat knee angle min [°] *** 3.0±9.1 2.5±5.5 -7.3±3.7 -2.8±5.3 
 

** : Statistically significant age effect (p < 0.01). 
*** : Statistically significant age effect (p < 0.001). 
‡ : Statistically significant running activity effect (p < 0.05). 
‡‡ : Statistically significant running activity effect (p < 0.01). 

 

Mechanical response during stance phase 
The analysis of the recovery mechanics during stance phase revealed that 

old adults showed a significantly (p < 0.05) lower time duration during main 

stance phase (from touch-down until minimum knee joint angle of the 

recovery limb) and a higher limb angle (more anterior position of the COM 

with respect to the recovery foot) and knee joint angle of the recovery limb at 

the end of the main stance phase compared to young adults (Table 5). 

Further, older subjects demonstrated a significantly (p < 0.05) lower absolute 

and normalized vertical COM displacement during main stance phase, a 

lower reduction of the horizontal COM velocity during main stance phase and 

a higher horizontal COM velocity at the end of this phase (Table 6). Runners 

showed a higher time duration during main stance phase, a higher absolute 
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and normalized vertical COM displacement and a higher reduction of the 

horizontal COM velocity during main stance phase (Tables 5 and 6). Further, 

there was a running-activity effect on horizontal COM velocity and knee-joint 

angle at the end of the main stance phase, with lower values for the runners 

compared to the non-active subjects (Tables 5 and 6). 

 

Table 6: Horizontal and vertical centre of mass (COM) displacement (displ) 

during main stance phase, change (∆) of the horizontal and vertical COM 

velocity during main stance phase, and horizontal and vertical COM velocity 

at the end of main stance phase for the different groups (means ± SD). Main 

stance phase was defined from touch down until minimum knee joint angle of 

the recovery limb. 

 

  Older adults Young adults 

 

Runners 

(n=20) 

Non-Active 

(n=10) 

Runners 

(n=9) 

Non-Active 

(n=10) 

Horizontal COMdispl main stance phase [cm] 16.9±4.3 16.4±3.7 20.7±4.5 16.7±2.7 

Norm horizontal COMdispl main stance phase 0.096±0.024 0.095±0.021 0.115±0.25 0.091±0.016

Vertical COMdispl main stance phase [cm] *, ‡ -4.8±3.3 -3.3±1.4 -6.7±3.0 -4.8±1.9 

Norm vertical COMdispl main stance phase 
*, ‡ -0.027±0.018 -0.019±0.008 -0.037±0.017 -0.026±0.011

∆ horizontal COMvelocity main stance phase [m/s] ***, ‡‡
 -0.26±0.37 -0.17±0.27 -0.82±0.19 -0.41±0.25 

∆ vertical COMvelocity main stance phase [m/s] 0.52±0.14 0.55±0.27 0.67±0.17 0.62±0.12 

Horizontal COMvelocity end main stance phase [m/s] ***, ‡ 1.18±0.38 1.28±0.25 0.57±0.26 0.86±0.31 

 

Normalized (Norm) horizontal and vertical COM displacement was calculated 

as the proportion between COM displacement and body height. 
* : Statistically significant age effect (p < 0.05). 
*** : Statistically significant age effect (p < 0.001). 
‡ : Statistically significant running activity effect (p < 0.05). 
‡‡ : Statistically significant running activity effect (p < 0.01). 
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Fig. 4 shows the average curves of the ground reaction forces (vertical and 

anteroposterior horizontal forces), and average curves of the knee and ankle 

joint moments of the recovery limb for the different groups. Older adults 

showed a significantly lower (p < 0.05) average (over main stance phase) 

horizontal ground reaction force of the recovery limb compared to young 

adults (Table 7). There was no significant (p > 0.05) running-activity effect on 

the analysed ground reaction forces or joint moments at the ankle or knee 

joint (Table 7). Regarding the moment arm of the ground reaction force acting 

about the ankle and knee joint, and the gear ratio (R/r) at the ankle and knee 

joint, no significant differences were found between age (young vs. old) or 

activity (endurance runners vs. non-active subjects) groups (Table 7). 

 

Table 7: Average values of the vertical and horizontal ground reaction force, 

moment at the ankle and knee joint, and moment arm of the ground reaction 

force (R) and gear ratio (R/r) acting about the ankle and knee joint of the 

recovery limb during the main stance phase for the different groups (means ± 

SD). Main stance phase was defined from touch-down until minimum knee 

joint angle of the recovery limb. 

 

  Older adults Young adults 

 

Runners 

(n=20) 

Non-Active

(n=10) 

Runners 

(n=9) 

Non-Active

(n=10) 

Average Forcevertical [N/kg] 12.27±2.06 12.40±1.87 11.15±1.29 12.61±1.68

Average Forcehorizontal [N/kg] ** -1.50±1.74 -1.61±1.46 -3.16±0.53 -2.51±0.96

Average Anklemoment [Nm/kg]  0.97±0.33 0.93±0.34 1.10±0.14 1.15±0.40

Average Kneemoment [Nm/kg] 0.69±0.34 0.53±0.31 0.67±0.26 0.67±0.40

Average R ankle joint [cm] 6.48±2.57 5.90±2.48 8.32±2.42 7.76±2.79

Average R knee joint [cm] 7.90±3.26 6.27±3.95 8.71±2.18 8.10±3.16

Average gear ratio ankle joint [R/r] 1.56±0.69 1.30±0.50 1.86±0.57 1.78±0.72

Average gear ratio knee joint [R/r] 1.57±0.66 1.24±0.78 1.76±0.46 1.61±0.67
 

** : Statistically significant age effect (p < 0.01). 
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Fig. 4: Average curves of the vertical and horizontal ground reaction force 

(Top), and sagittal plane joint moment at the ankle and knee joint (Bottom) of 

the recovery limb for the different groups (means). O: older adults; Y: young 

adults. 

 

6.5 Discussion 

Our previous analysis of these participants (Karamanidis and Arampatzis, 

2005, 2006) found that the examined older adults had lower capacities of the 

TS and QF MTUs (lower muscle strength, lower tendon stiffness) compared 

to the examined young adults, while the examined endurance runners and 

non-active subjects revealed no differences in the mechanical (muscle 

strength, tendon stiffness) or morphological (muscle thickness, pennation 

angle, fascicle length) properties of the leg extensor MTUs, independent of 

the subject’s age. The current study examined recovery behaviour of the 

same individuals after a sudden induced forward fall from a fixed forward 

inclined position. Consistent with our hypothesis, the older adults showed a 
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diminished ability to recover balance with a single step compared to young 

adults (in 11 % vs. 69 % of their trials), reflecting the reduced capacities of 

their MTUs. Further, we were able to confirm that endurance runners had 

superior motor skills to recover balance with a single step after induced 

forward fall compared to non-active subjects (in 44 % vs. 19 % of their trials), 

indicating that chronic running activity can improve the ability to re-establish 

postural equilibrium after falls. 

Young Adults vs. Old Adults 
Although configuration of the body at the instant of release was similar 

between subject groups, young adults showed a more posterior COM position 

with respect to the recovery foot at the beginning of the stance phase 

compared to old adults (i.e. greater negative recovery limb angle). On the 

other hand there was no statistically significant difference in the horizontal 

and vertical COM velocity at the instant of touch-down between age groups. 

From a mechanical point of view, this means that the young adults created a 

more advantageous initial position of the body for the following stance phase 

during the step execution phase. In the literature, it is well documented that a 

more posterior COM position with respect to the recovery foot at touch-down 

is more effective in order to recover balance with a single step after a forward 

fall (Pai and Patton, 1997; Maki and McIlroy, 1999; Hsiao and Robinovitch, 

1999). 

The reasons for the mechanically more effective body position at touch-down 

for the younger compared to the older adults were the higher stepping angle 

and the longer step length for the younger adults. However, the amplitude of 

the COM motion during the step execution phase as well as the step 

execution time were similar between age groups (no statistically significant 

age effect). Therefore, the higher stepping angle and step length and thus the 

more effective body position at touch-down can be explained by the higher 

knee joint angle of the recovery leg at the instant of touch-down for the 

younger compared to the older adults. Further, there were no differences in 

the reaction time between young and old adults. Thus, the above age-related 

differences in recovery mechanics (step length, stepping angle, recovery limb 
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angle) can be attributed to the mechanical response that occurs after initiation 

of the active response. The lower minimum knee joint angle during step 

execution phase for the young adults (leading to higher angular rotation at the 

knee joint in flexion and extension direction), when coupled with the 

essentially invariant step execution time between age groups, indicates that 

the source of the age-related changes in body configuration at touch-down 

was the velocity with which the lower limbs could be moved after release. 

Moreover, the similar reaction time between age groups supports the notion 

that the less effective mechanical response after a forward fall for the older 

adults was not due to a deficit in sensory acuity (Thelen et al, 1997, 2000; 

Wojcik et al., 1999). 

The recovery limb angle at touch-down was related to the capacities of the 

TS and QF MTUs (r: correlation coefficients between -0.33, p = 0.031 and -

0.53, p = 0.001 for the TS and QF muscle strength, and QF tendon stiffness; 

n = 49). A multiple regression analysis revealed a significant relationship (R = 

0.574; p = 0.019; n = 49) between recovery limb angle at touch-down and the 

capacities of the MTUs (TS and QF muscle strength, and QF tendon 

stiffness). During the step execution phase the values of the maximal angular 

velocity (e.g. at the knee joint > 600 °/sec) and maximal moments (e.g. at the 

knee joint up to 100 Nm, Wojcik et al., 2001) suggests high demands for the 

MTUs. Therefore, the results showed that the greater capacities of the MTUs 

in the lower limbs for the young compared to the old adults contributed about 

33 % to the mechanically more effective position of the body at the beginning 

of the stance phase in order to recover balance with a single step after a 

forward fall. Due to the mechanically advantageous orientation of the body at 

the beginning of the stance phase, young compared to old adults were able to 

increase the time duration of the main stance phase (until the first minimum at 

the knee joint angle) and the average horizontal ground reaction force during 

main stance phase. In this way, young adults were able to reduce horizontal 

COM velocity during the main stance phase at a greater level than old adults. 

The present data are in agreement with previous studies (Pai and Patton, 

1997; Maki and McIlroy, 1999; Hsiao and Robinovitch, 1999) showing that the 
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recovery limb angle at touch-down influences the mechanical response of the 

subjects during stance phase and so the recovery behaviour (single- or 

multiple-steps). However, the recovery limb angle at touch-down was related 

to the capacities of the TS and QF MTUs. In order to determine whether the 

capacities of the MTUs in the lower extremity can sufficiently classify the 

recovery behaviour of the subjects into single- and multiple-steppers, we 

applied a discriminant analysis with TS and QF muscle strength and QF 

tendon stiffness as independent variables. The analysis revealed that the 

capacities of the MTUs classified 55 % of the cases, showing that the force 

potential and tendon stiffness of the extensor MTUs in the lower limbs are 

important variables to distinguish between single-steppers and multiple-

steppers. Therefore, the present set of data confirmed that age-related 

declines in the capacities of the TS and QF MTUs are associated with older 

adults’ diminished capabilities in restoring balance with a single step after an 

induced forward fall. 

In the current study, the fixed forward inclined position was released suddenly 

with no warning and motor experience of the examined subjects was low for 

the present task. Based on previous studies (Do et al., 1982; Thelen et al., 

2000; Marigold and Patla, 2002; Pavol et al., 2004a, b), it seems reasonable 

to suggest that this would appear to reduce proactive control and so 

adequate preparation of the motor task execution. For example, during 

running (periodic repetitive motor task) at a submaximal velocity we found 

that the examined older adults improved their running mechanics due to a 

predictive feed-forward running control strategy aimed at decreasing the 

disparity between the reduced capacity of the MTUs and the running effort 

(Karamanidis and Arampatzis, 2005). Successful restoration of postural 

equilibrium after a forward fall is a time-critical motor skill in that performance 

is constrained by a reasonably brief available time and thus the subjects were 

not able to adapt to the task effort and so the capacities of the MTUs 

significantly influenced recovery behaviour. 

Runners vs. Non-Active Subjects 
Endurance runners showed a higher ability to recover balance with a single 
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step after an induced forward fall compared to non-active subjects. However, 

there was no difference in the mechanical response during step execution 

phase between runners and non-active subjects (similar configuration of the 

body, similar horizontal and vertical COM velocity at touch-down). Therefore, 

the enhanced recovery behaviour for endurance runners compared to non-

active subjects cannot be attributed to differences in the state (position and 

velocity) of the COM with respect to the recovery foot at touch-down. 

Furthermore, the capacities of the TS and QF MTUs were not different 

between endurance runners and non-active subjects (Karamanidis and 

Arampatzis, 2005, 2006) and so the runners’ superior ability to recover 

balance with a single step cannot be explained by the capacities of the lower 

extremity. Therefore, the results of the comparison between the runners and 

non-active subjects as well as the results of the discriminant analysis (the 

capacities of the MTUs classified 55 % of the cases between single- and 

multiple-steppers) showed that the capacities of the TS and QF MTUs cannot 

fully classify the examined subjects into the two groups (single- and multiple-

steppers). 

Endurance runners increased the time duration of the main stance phase due 

to a greater flexion at the knee joint of the recovery leg. So the runners were 

able to reduce the horizontal COM velocity to a greater extent during main 

stance phase by applying similar average horizontal ground reaction forces 

compared to non-active subjects. Similarly, the average values of the ankle 

and knee joint moments as well as the average gear ratios at the ankle and 

knee joints during main stance phase showed no statistically significant 

differences between runners and non-active subjects. This means that the 

endurance runners did not develop an additional mechanical advantage for 

the extensor MTUs of the lower extremity during the main stance phase to 

counteract in a more effective way the forward fall of the body. Furthermore, 

the lower extremity coordination, defined (Grabiner et al., 2005) as the ability 

to create a joint moment in an appropriate temporal framework, was not 

different between runners and non-active subjects at the ankle or knee joint 

(Fig. 4). The important difference in the execution of the main stance phase 
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which was attributed to the enhanced ability of the runners to re-establish 

balance with a single step was the greater knee joint flexion and so a lower 

vertical COM position at the end of the main stance phase (higher vertical 

COM displacement) compared to non-active subjects. Moreover, the above 

findings did not depend on the subject’s age and might suggest that chronic 

endurance running activity can protect against age-related decline in the 

ability to re-establish postural equilibrium with a single step after a forward 

fall. 

Based on the present set of data, however, it is difficult to explain why the 

endurance runners showed a greater knee joint flexion during the main 

stance phase and so had a higher ability to recover balance with a single step 

after a sudden induced forward fall from a fixed forward inclined position. A 

possible explanation could be an improved internal representation of the 

stability limits (instantaneous COM position and velocity with respect to the 

base of support, Pai et al., 2003; Bhatt and Pai, 2005; Bhatt et al., 2005) by 

learning the limitations of the musculoskeletal system due to running activity, 

and a positive transfer of this internal representation to the falling task. It 

might be possible that endurance runners, due to their running experience, 

updated their internal representation of their stability limits and thus executed 

a more effective motor action (greater flexion at the knee joint of the recovery 

leg during main stance phase) in order to re-establish postural equilibrium 

with a single step after a sudden induced forward fall compared to non-active 

subjects. 

6.6 Conclusions 

In conclusion, the results of our set of data showed that the age-related 

decrease in muscle strength and tendon stiffness of the MTUs in the lower 

extremities are significantly associated with older adults’ diminished capability 

in recovering balance with a single step after a sudden induced forward fall. 

Further, we could confirm that experienced endurance runners had superior 

motor skills to recover balance with a single step after a forward fall 

compared to non-active subjects, indicating that chronic running activity 
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improves and protects the ability to re-establish postural equilibrium after a 

fall in young and old adults. We suggested that endurance runners, due to 

their running experience, could update the internal representation of their 

stability limits during the falling task and, thus, were able to execute a more 

effective motor action. 
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7 Main findings and conclusions 

The current thesis was able to confirm that older adults (aged 60-69 years) 

have lower capacities of their triceps surae and quadriceps femoris MTUs 

(lower muscle strength, lower tendon stiffness) compared to younger adults 

(aged 21-32 years). Further, the data shows that individuals who regularly run 

long distances and those who do not run displayed no clearly identifiable 

differences in the mechanical and morphological properties of the MTUs, 

independent of the subject’s age. The relatively low oscillatory load imposed 

on the triceps surae and quadriceps femoris MTUs during endurance running 

is apparently not sufficient to produce measurable changes in muscle 

strength, maximal strain, stiffness, maximal energy storage capacity and 

muscle architecture in high-load-bearing MTUs. Based on the present 

findings, therefore, we can conclude that a physically active lifestyle in terms 

of endurance running is not a sufficient stimulus to counteract the age-related 

degeneration processes in the leg extensor MTUs. 

Older adults react to the reduced capacities of their MTUs by increasing the 

safety of their musculoskeletal system (higher amount of centre of mass 

transport and time with the foot on the ground) and benefiting from a 

mechanical advantage of the triceps surae MTU and a lower rate of force 

generation while running at a given speed compared to young adults. 

Moreover, this age-related running strategy was independent of the running 

surface. We concluded that older adults were able to recalibrate their running 

strategy to adjust the task effort to the reduced MTUs capacities in a feed-

forward control manner for a variety of mechanical environments. Endurance 

runners, compared to non-active subjects, displayed lower average horizontal 

forces and lower gear ratios for the quadriceps femoris MTU at the initial part 

of the ground contact phase. From the mechanical point of view, the results 

indicate that endurance runners had a more advantageous running strategy 

then non-active subjects. Moreover, the adaptive improvements in running 

mechanics due to task experience were present for all running surfaces and 
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did not depend on the subject’s age, demonstrating that motor adaptation in 

response to task experience persists throughout life. 

As suspected, compared to older adults, younger adults were better able to 

recover balance with a single step after a sudden induced forward fall. 

Triceps surae and quadriceps femoris muscle strength and quadriceps 

femoris tendon stiffness classified 55% of the subjects into single- or multiple-

steppers. The findings confirm, therefore, that the age-related degeneration of 

the MTUs is associated with older adults’ diminished capability in restoring 

balance with a single step after a sudden forward fall. Experienced endurance 

runners showed a superior ability to recover balance with a single step 

compared to non-active subjects, independent of the subject’s age. This 

indicates that a physically active lifestyle in terms of endurance running can 

partly protect against age-related decline in the ability to regain balance after 

a sudden perturbation. Runners’ enhanced recovery behaviour cannot be 

attributed to differences in the capacities of the triceps surae and quadriceps 

femoris MTUs (endurance-runners and non-active subjects showed no 

differences in lower extremity MTUs capacities). Therefore, the results show 

that the capacities of the leg extensor MTUs cannot fully classify the 

examined subjects into single-steppers or multiple-steppers. We conclude 

that endurance runners, due to their running experience, can update the 

internal representation of their stability limits during the falling task and, thus, 

are able to restore balance more often with a single step compared to the 

non-active subjects. 

In conclusion, the results of the current thesis provide strong evidence that 

older individuals reorganise their motor behaviour during running over a wide 

range of running surfaces in order to adjust the task effort to the reduced 

capacities of their MTUs. This confirms the notion that the aged neural 

system is able to adapt its motor behaviour in response to internal and 

environmental changes during repetitive non-strategic tasks. In contrast, 

successful restoration of postural equilibrium after a sudden induced fall is a 

time-critical motor skill in that performance is constrained by a reasonably 

brief available time. The older subjects, therefore, were not able to adjust the 
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task effort to the reduced capacities of the MTUs because of the reduced 

possibility of preplanning an effective motor response; thus, the age-related 

degeneration of the MTUs significantly diminished the older subjects’ 

recovery behaviour. 
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