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Abstract The purpose of the present study was to

investigate whether increased tendon-aponeurosis stiffness

and contractile strength of the triceps surae (TS) muscle-

tendon units induced by resistance training would affect

running economy. Therefore, an exercise group (EG, n =

13) performed a 14-week exercise program, while the

control group (CG, n = 13) did not change their training.

Maximum isometric voluntary contractile strength and TS

tendon-aponeurosis stiffness, running kinematics and fas-

cicle length of the gastrocnemius medialis (GM) muscle

during running were analyzed. Furthermore, running

economy was determined by measuring the rate of oxygen

consumption at two running velocities (3.0, 3.5 ms-1). The

intervention resulted in a *7 % increase in maximum

plantarflexion muscle strength and a *16 % increase in TS

tendon-aponeurosis stiffness. The EG showed a significant

*4 % reduction in the rate of oxygen consumption and

energy cost, indicating a significant increase in running

economy, while the CG showed no changes. Neither

kinematics nor fascicle length and elongation of the series-

elastic element (SEE) during running were affected by the

intervention. The unaffected SEE elongation of the GM

during the stance phase of running, in spite of a higher

tendon-aponeurosis stiffness, is indicative of greater energy

storage and return and a redistribution of muscular output

within the lower extremities while running after the inter-

vention, which might explain the improved running

economy.

Keywords Running economy � Tendon adaptation �
Fascicle behavior running � Achilles tendon

Abbreviations

C Energy cost

CG Control group

EG Exercise group

EMA Effective mechanical advantage

GM Gastrocnemius medialis

GRF Ground reaction force

lfl Fascicle length

l0,fl Reference fascicle length

lMTU Length of the muscle-tendon unit

lSEE Length of the series-elastic element

MTU Muscle-tendon unit

MVC Maximum voluntary contraction

PFA Point of force application

RMS Root mean square

SEM Standard error of mean

SEE Series elastic element

SD Standard deviation

TS Triceps surae

h Pennation angle

h0 Reference pennation angle

vfl Average fascicle shortening velocity

Communicated by Jean-René Lacour.
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vmax, fl Maximum fascicle shortening velocity
_VO2;max Rate of oxygen consumption

Introduction

Running economy is accepted as an important determinant

of performance in long-distance running (Saunders et al.

2004a; Foster and Lucia 2007). For elite distance runners,

who have a similar maximum rate of oxygen consumption

( _VO2;max), running economy may be considered as a better

predictor of performance than _VO2;max (Costill et al. 1973;

Morgan et al. 1989a). To quantify running economy, a

standard approach is to measure the steady state rate of

oxygen consumption ( _VO2) per body weight during run-

ning at a given constant submaximal velocity (Morgan

et al. 1989b; Daniels 1985) or as energy cost of running

expressed as the metabolic energy cost per body weight

and per distance traveled (di Prampero et al. 1986;

Margaria et al. 1963; Fletcher et al. 2009; di Prampero

et al. 1993).

The inter-individual variation (coefficient of variance) in

running economy has been reported to be about 8 and 10 %

in highly trained runners (10 km race time 33.8 ± 1.98 min)

and moderately trained runners (10 km race time

43.7 ± 3.47 min), respectively (Pereira and Freedson 1997).

Similar variations were reported by di Prampero et al.

(1986) and Heise and Martin (2001) for recreational mid-

dle- and long-distance runners (7.4 and 9.5 %) and by

Saunders et al. (2004b) among national and international

level middle- and long-distance runners (5.6–7.2 %). It is

suggested that the contractile and series-elastic properties

related to muscle force production and energy storage and

release of the locomotor muscle-tendon units (MTUs) have

the potential to partly explain the reported inter-individual

differences in running economy (Martin and Morgan 1992;

Arampatzis et al. 2006). Arampatzis et al. (2006) found

that more economical runners show a greater plantarflexor

muscle strength and greater tendon-aponeurosis stiffness of

the triceps surae (TS) MTU. More recently, Fletcher et al.

(2010) found a relationship between TS tendon-aponeuro-

sis stiffness and running economy and thus confirmed the

results from Arampatzis et al. (2006). If tendon-aponeu-

rosis stiffness affects the metabolic energy cost of the

locomotor muscles during running, it could be due to the

energy storage and recovery in the series-elastic element

(SEE). A great energy storage and release would reduce the

work done by the contractile element during the propulsion

phase (Roberts et al. 1997; Alexander and Bennet-Clark

1977). It may be argued that for a given force, a more

compliant SEE is more favorable for elastic energy storage

and that, therefore, a stiffer tendon and aponeurosis would

increase the metabolic energy cost during running. How-

ever, studies investigating the fascicle behavior during

submaximal running report a continuous shortening of the

gastrocnemius medialis (GM) fascicles during stance phase

(Ishikawa et al. 2007; Lichtwark et al. 2007), while the

SEE and the whole MTU are lengthened during the first

half of stance. This implies that muscular work as well as

potential and kinetic energy of the human body are stored

within the SEE during the first phase of stance. For a given

tendon force and length of the MTU, i.e., for a given joint

angular configuration, a more compliant tendon and apo-

neurosis would result in an increased fascicle shortening

and thus an increase in muscular work. This muscular work

would be less efficient due to a higher fascicle shortening

velocity (Hill 1938; Houdijk et al. 2006; Woledge et al.

1985). Furthermore, assuming a similar hysteresis, the

absolute amount of energy loss would be higher in a more

compliant tendon and aponeurosis. Therefore, it is sup-

posed that a stiffer TS tendon and aponeurosis would be

advantageous for the efficiency of the GM muscular work

and energy loss due to the viscosity of the SEE.

It is well accepted that tendons are able to remodel their

mechanical and morphological properties in response to

mechanical loading (Woo et al. 1980; Hayashi 1996; Kubo

et al. 2002; Reeves et al. 2003). It was shown that dynamic

and isometric heavy resistance training as well as plyo-

metric training (e.g. Kubo et al. 2002; Arampatzis et al.

2007a; Foure et al. 2010) increased both tendon stiffness

and contractile muscle strength. In addition, previous

studies showed that concurrent endurance and resistance

training have the potential to improve running economy

(e.g. Paavolainen et al. 1999; Spurrs et al. 2003; Johnson

et al. 1997; Millet et al. 2002). It was supposed that these

improvements in running economy were mainly due to

better neuromuscular characteristics. For example, an

increase in the contractile specific force would require a

lower activated muscle volume to generate the same

muscle force and thus would contribute to a more eco-

nomical force generation during running. Spurrs et al.

(2003) argued that an increase in the lower leg musculo-

tendinous stiffness after 6 weeks of plyometric training led

to the improvement in running economy through enhanced

utilisation of stored energy during running.

Although some studies report that resistance training and

plyometric training increase running economy (e.g. Paavo-

lainen et al. 1999; Spurrs et al. 2003; Johnson et al. 1997;

Millet et al. 2002), there is no information in the literature

regarding the effect of an exercise-induced increase in tri-

ceps surae tendon-aponeurosis stiffness on running econ-

omy. Therefore, the purpose of the present study was to

investigate whether increased tendon-aponeurosis stiffness

and contractile strength of the TS MTU induced by a
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resistance training similar to that proposed by Arampatzis

et al. (2007b) affect running economy. It was hypothesized

that an increased tendon stiffness and contractile strength of

the TS MTU would lead to advantageous conditions for force

production within the lower extremities and thus would

affect the metabolic energy cost during running. Further-

more, we hypothesized that one of those mechanisms is a

reduced shortening velocity of the GM muscle during run-

ning due to the stiffer tendon and aponeurosis.

Methods

Subjects

Twenty-six healthy recreational long-distance runners were

participated in the study after giving informed consent to

the experimental procedure, complying with the rules of

the local scientific board. All subjects performed regular

endurance running training for at least three times a week.

The training volume ranged from 30 to 120 km/week.

None of the subjects had a history of neuromuscular or

musculoskeletal impairments at the time of the study that

could affect their running technique. Thirteen participants

(height 180 ± 6 cm, body mass 76 ± 7 kg, age 27 ± 5

years, training volume 66 ± 29 km/week) were recruited

for the exercise group (EG). The remaining 13 participants

(height 178 ± 7 cm, mass 75 ± 9 kg, age 25 ± 3 years,

training volume 62 ± 31 km/week) formed the control

group (CG). The EG added a resistance training interven-

tion to their usual endurance training for 14 weeks, while

the CG did not change their training habits during this

period. The subjects were tested before and after the

training period at three different testing sessions to deter-

mine (1) mechanical properties of the MTU, (2) kinematics

and fascicle behavior of the GM muscle during running and

(3) the _VO2 for a given velocity. All measurements were

performed on the right leg. The CG only performed the test

for running economy, because it was previously shown that

tendon-aponeurosis stiffness in young adults remained

unchanged during a period of 14 weeks without any

intervention (Arampatzis et al. 2007a), and that endurance

running exercise is not a sufficient stimulus to increase TS

tendon-aponeurosis stiffness (Arampatzis et al. 2007b;

Hansen et al. 2003).

Exercise protocol

For 14 weeks, the EG performed five sets of four repetitive

(3 s loading, 3 s relaxation) isometric ankle plantarflexion

contractions four times a week with the ankle joint 5�
dorsiflexed, the knee joint fully extended and the hip joint

40� flexed for both legs. Repetitive isometric ankle

plantarflexion contractions were used to induce cyclic

strain on the TS tendon and aponeurosis. According to our

earlier intervention protocol (Arampatzis et al. 2007a), we

used an ankle plantarflexion moment at 90 % of the max-

imally achieved moment during a maximum voluntary

contraction (MVC), which was adjusted every week.

Mechanical properties of the muscle-tendon unit

The contractile strength of the TS muscles and the TS

tendon-aponeurosis stiffness were determined by means of

four maximal isometric voluntary ankle plantarflexion

contractions with at least 3-min rest between the contrac-

tions. The subjects were seated with the knee joint fully

extended at 0�, the hip joint flexed at 40� and the ankle

joint fixed in a dorsiflexed position at either -15�, -10�
or -5� to determine the maximal voluntary torque. The

fourth MVC was performed to determine the tendon-apo-

neurosis elongation. The ankle joint was fixed in the ana-

tomical neutral position (0�) and the subjects were asked to

increase the torque gradually within 3 s. The methods used

to determine contractile strength of the TS muscles and the

tendon-aponeurosis elongation are only briefly explained as

a detailed description has already been published (Aram-

patzis et al. 2005a, b).

The measured moments from the dynamometer (Bio-

dex-System 3, Biodex Medical Systems. Inc., New York,

USA) were corrected by considering gravitational effects

and the co-contraction of the tibialis anterior muscle

(Mademli et al. 2004). Furthermore, to account for the

inevitable misalignment between the rotational axis of the

dynamometer and ankle joint axis, the resultant joint

moments were calculated using inverse dynamics (Aram-

patzis et al. 2005a). Achilles tendon forces were estimated

by dividing the corrected resultant joint moment by the

moment arm of the Achilles tendon. The length of the

moment arms was estimated using the data provided by

Maganaris et al. (2000). The tendon-aponeurosis elonga-

tion during contraction was determined by visualizing the

GM muscle fascicles and its distal aponeurosis using

ultrasonography (UST-579T, Aloka SSD 4000, Tokyo,

Japan) during the gradually increasing contraction. The

ultrasound images were recorded by a video recorder with

a frame rate of 50 Hz (half images). For analysis, the

displacement of a point at the distal aponeurosis was cal-

culated in every half ultrasound image using a video

analysis software (SIMI Motion 7.0, SIMI Reality Motion

Systems GmbH, Unterschleissheim, Germany). During the

MVC, it is not possible to completely prevent joint angular

rotation at the ankle joint despite using external fixations

(Muramatsu et al. 2001; Magnusson et al. 2001). There-

fore, the displacement of the analyzed point at the apo-

neurosis during an inactive (passive) condition at the same
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ankle angle position as observed during the MVC (Aram-

patzis et al. 2005b) was determined and subtracted from

the elongation measured during the MVC. The TS tendon-

aponeurosis stiffness was calculated as the ratio of the

increase in the calculated tendon force and the increase in

the tendon-aponeurosis elongation from 50 to 100 % of the

maximum tendon force. Tendon-aponeurosis resting length

of the GM was determined at rest with the knee in full

extension and the ankle joint plantarflexed at 20�, because

in this specific position, de Monte et al. (2006) reported the

existence of slackness in the inactive GM MTU. To ana-

lyze changes in muscle architecture, fascicle length (l0,fl)

and pennation angle (h0) were determined using ultraso-

nography in a relaxed position with the knee fully extended

and the foot in the anatomical neutral position. Further-

more, this measure of fascicle length was used as a refer-

ence to normalize the MTU length, SEE length and GM

fascicle length during running.

Running economy

Running economy was determined at steady state during

submaximal running velocities on a treadmill (pulsar, h/p/

cosmos sports & medical GmbH, Traunstein, Germany)

and expressed as both the steady state rate of oxygen

consumption ( _VO2) per body weight and the metabolic

energy cost of running per body weight and distance

traveled (energy cost), which was calculated from the rate

of oxygen consumption, the respiratory exchange ratio and

the associated energy equivalent (Lusk 1924).

After a 2-min warm-up period (2.5 ms-1), the subjects

ran at 3.0 and 3.5 ms-1 in that order, for 15 min separated

by a 10-min rest period. Blood samples were taken from

the earlobe directly before and after finishing each velocity

test to determine blood lactate concentration. _VO2 was

measured during the 15-min period using a breath-by-

breath portable Spirometer (Metamax 3B, Cortex,

Germany). The Spirometer was calibrated before each

session by means of a two-point calibration using envi-

ronment air and a gas mixture (4.5 % CO2, 0 % O2, bal-

ance N2). The volume sensor was calibrated with a manual

2-l syringe. For each velocity, average values of _VO2 and

the respiratory exchange ratio were determined between

the 10th and 14th minute of running to describe running

economy (Fig. 1). As proposed by Rossiter et al. (2000),

occasional breath values were omitted from the analysis,

using an exclusion criterion of greater than four standard

deviations about the local mean. The measured values for
_VO2 are expressed relative to body mass. In order to reduce

the test–retest variability (Saunders et al. 2004a; Morgan

et al. 1991), the type of shoes worn, time of day for testing

and the training activity during the last 72 h before testing

were the same for the test and retest situation for each

subject but could differ between subjects. No food intake

was allowed during the last 3 h before testing.

Running kinematics and fascicle behavior

Sagittal plane lower limb joint angle kinematics and fas-

cicle behavior of the GM muscle were determined at the

right leg during stance for both running velocities (3.0 and

3.5 ms-1). A 5-min familiarization period preceded the

data acquisition at each velocity. Five spherical retro-

reflective markers were attached either to the skin or to the

shoe of the right leg (greater trochanter, the lateral femoral

condyle, lateral malleolus, most posterior point of the

calcaneus and the 5th metatarsal head) and recorded using

a Motion Capture System (VICON motion systems,

Oxford, UK) with 6 cameras operating at 200 Hz. Touch-

down was determined using a one dimensional acceler-

ometer (1000 Hz) attached to the lateral rearfoot. Take-off

was determined using a high speed camera (A602fc, Basler

AG, Ahrensburg, Germany) from posterior in frontal plane

view operating at 100 Hz.

B-mode ultrasonography was used to measure fascicle

length during stance as described by Aggeloussis et al.

(2010). A 7.5 MHz linear array ultrasound probe with

60 mm scanning width (UST-579T, Aloka SSD 4000,

Tokyo, Japan) was fixed at about the middle of the GM

muscle belly of the right leg using a lightweight self-made

fixation, in a way that enabled the visualization of both the

deep and superficial aponeurosis throughout the stance

phase and was secured with hook-and-loop straps and an

elastic bandage. Ultrasonographic images were recorded on

a video tape at 50 Hz (half images) and synchronized with

the kinematic data. In the recorded images, two points on
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Fig. 1 Example of the rate of oxygen consumption ( _VO2) for both

running velocities (3.0, 3.5 ms-1) for one runner. The two vertical
lines indicate the period during which the average rate of oxygen

consumption was determined
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each aponeurosis and two points on one fascicle were

manually digitized with a video analysis software (SIMI

Motion 7.0, SIMI Reality Motion Systems GmbH, Un-

terschleissheim, Germany). Assuming that the fascicular

trajectory is linear, fascicle length was defined as the dis-

tance between the insertions of the fascicle into the

superficial and deep aponeurosis. If the fascicle exceeded

the ultrasound image, the length of the missing portion was

estimated by linear extrapolation.

A recent study (Aggeloussis et al. 2010) demonstrated

that fascicle length shows a good reproducibility for suc-

cessive measurements, both within the same day and

between 2 days throughout the walking cycle. That study

revealed that 2–6 trials were needed to determine fascicle

length reliably. Therefore, six successive stance phases

were analyzed in the present study. GM muscle fascicle

shortening and average shortening velocity were deter-

mined during the stance phase. The length of the entire GM

MTU (lMTU) was calculated with the regression equation

provided by Hawkins and Hull (1990) using knee and ankle

angles as independent variables and shank length for

individual scaling. As proposed by Fukunaga et al. (2001),

a MTU model was used to estimate the length of the SEE

during running assuming that SEE length (lSEE) is equal to

lMTU � lfl � cosðhÞ; where lfl is the fascicle length and h the

pennation angle. This definition of the SEE includes all

series elastic structures within the MTU (e.g. series-elastic

structures within the muscle, proximal and distal tendon

and aponeurosis). The pennation angle was defined as the

angle of insertion of the muscle fascicle into the deep

aponeurosis and was also determined from the ultrasono-

graphic images acquired during running. To account for

individual differences, the MTU length, SEE length, fas-

cicle length and the corresponding velocities are presented

normalized to the reference fascicle length (l0,fl) deter-

mined at rest with the knee in full extension and the ankle

in the neutral anatomical position (0�).

Statistics

An analysis of variance (ANOVA) for repeated measures

with time of testing (before and after the training) and

running velocity as within-subject factors and the training

intervention (exercise group and control group) as the

between-subject factor was used to identify potential

effects on _VO2 and the blood lactate concentration by

examining the group-by-time interactions. In case of a

significant group-by-time interaction, a Bonferroni post

hoc test was conducted. Paired t tests were used to deter-

mine the training-related changes in the other variables.

For the time-dependent measures, i.e., joint kinematics and

fascicle behavior, the comparisons between pre- and post-

training measures were performed every 10 % of the stance

phase (i.e., at 11 time points). For the tendon-aponeurosis

strain–force relationship, the comparison was performed

every 200 N of tendon force. The results are presented as

mean ± standard deviation (SD) in the text and tables and

as mean ± standard error of mean (SEM) in the figures.

For all statistical analysis, a = 0.05 was accepted as the

level of statistical significance.

Results

Muscle-tendon unit properties

After the 14-week training intervention, the maximum

voluntary ankle plantarflexion joint moment showed a

significant increase of about *7 % (p = 0.004) (Table 1),

whereas the tendon-aponeurosis strain for a given tendon

force (every 200 N) beyond 1,400 N was significantly

lower (p \ 0.05) than the pre-training strain values

(Fig. 2). Moreover, the maximum strain was also signifi-

cantly (p = 0.003) lower after the intervention (Table 1).

Thus, the tendon-aponeurosis stiffness showed a significant

increase (p \ 0.0001) of *16 % (Table 1).

Metabolic parameters

The body mass of neither the EG (pre-training: 76 ± 7 kg,

post-training: 76 ± 8 kg) nor the CG (pre-training: 75 ± 9

kg, post-training: 76 ± 9 kg) changed after the 14-week

intervention. The metabolic and respiratory parameters

determined during running on the treadmill are presented in

Table 1 Mechanical properties of the muscle-tendon unit determined

during the maximum isometric voluntary ankle plantarflexion con-

tractions before (pre) and after (post) the training intervention

Pre-training Post-training

Max. plantar-flexion moment (Nm) 268 ± 32 286 ± 32**

Antagonistic moment (Nm) 9.2 0 ± 4.4 9.8 ± 4.8

Max. Achilles tendon force (N) 4,442 ± 568 4,753 ± 561**

Max. tendon-aponeurosis strain (%) 5.7 ± 0.6 5.3 ± 0.6**

Tendon-aponeurosis stiffness

(N/mm)

272 ± 48 315 ± 53**

Fascicle length (l0,fl) (mm) 64 ± 6 63 ± 6

Pennation angle (h0) (�) 19 ± 2 19 ± 2

Tendon-aponeurosis resting length

(mm)

289 ± 13 287 ± 16

Values are mean ± SD

max. maximum value

** Significantly different from pre-training values (p \ 0.01)
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Table 2. Significant group-by-time interactions were found

for _VO2 (F = 5.2, p = 0.03) and the energy cost (F = 5.4,

p = 0.03).

The post hoc test revealed a significant reduction in _VO2

(p = 0.02) and in energy cost (p = 0.02) for the EG while the

CG did not show any significant (p C 0.98) changes. Thus,

during submaximal running, the EG showed a reduction of

*4 % in _VO2 and energy cost after the training intervention.

Running kinematics and fascicle behavior

Figure 3 shows the ankle and knee joint angles and the

corresponding angular velocities in the sagittal plane of the

right leg before and after the training intervention during

the stance phase of running at 3.0 and 3.5 ms-1. None of

the investigated angular parameters (Fig. 3; Table 3) were

significantly different between pre- and post-training val-

ues. Also, all temporal parameters such as contact time,

swing time and stride frequency were unchanged (Table 3).

The average GM muscle fascicle lengths during stance for

all subjects before and after the training intervention are

shown in Fig. 4 in comparison to the calculated GM MTU

length and the SEE length. Since joint angles did not differ

significantly, the MTU length also showed no significant

difference (Fig. 4). Similarly, no significant differences can

be found in the time course of fascicle length and SEE

length during the stance phase of running. The calculated

parameters, fascicle shortening, average fascicle shortening

velocity and maximum fascicle shortening velocity, pre-

sented in Table 4, show no significant differences.

Discussion

The aim of the present study was to investigate whether

increased tendon-aponeurosis stiffness and contractile

strength at the TS MTU induced by resistance training

(Arampatzis et al. 2007b) affect running economy. After

the 14-week intervention, a significant increase of *7 % in

the maximum plantarflexion muscle strength and a signif-

icant increase of *16 % in the TS tendon-aponeurosis

stiffness were observed. The EG subjects showed a sig-

nificant reduction (*4 %) in _VO2 and energy cost during

submaximal running, indicating an enhanced running

economy after the intervention, while the CG showed no

changes in both the _VO2 and energy cost after 14 weeks.

Thus, our main hypothesis, that an increase in muscle

strength and tendon-aponeurosis stiffness at the TS MTU

would improve running economy, was confirmed.
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Fig. 2 Tendon-aponeurosis strain of the gastrocnemius medialis at

every 200 N of the calculated Achilles tendon force during the

maximum voluntary plantarflexion isometric contraction determined

before (pre) and after (post) the training intervention. Values are

mean ± SEM. *Significantly different from pre-training values

(p \ 0.05)

Table 2 Parameters determined during the running test before (pre) and after (post) the training intervention in the exercise group and the

control group for the slow (3.0 ms-1) and fast (3.5 ms-1) running velocities

Exercise group (n = 13) Control group (n = 13) Group-by-

time

interactionPre-training Post-training Pre-training Post-training

3.0 ms-1 3.5 ms-1 3.0 ms-1 3.5 ms-1 3.0 ms-1 3.5 ms-1 3.0 ms-1 3.5 ms-1

_VO2

(ml/min/kg)

37.8 ± 1.8 43.8 ± 2.6 35.9 ± 2.2 42.3 ± 2.7 36.0 ± 3.0 42.1 ± 3.3 36.0 ± 2.6 42.1 ± 2.9 p = 0.03*

Lactate

(mmol/l)

1.9 ± 1.0 3.3 ± 1.8 1.7 ± 0.8 3.3 ± 1.7 1.5 ± 0.5 2.4 ± 1.1 1.5 ± 0.5 2.3 ± 0.9 p = 0.92

C (J/m/kg) 4.25 ± 0.34 4.27 ± 0.32 4.05 ± 0.32 4.12 ± 0.31 4.11 ± 0.32 4.18 ± 0.34 4.11 ± 0.28 4.19 ± 0.30 p = 0.03*

Values are means ± SD

_VO2 rate of oxygen consumption, C energy cost per body weight and distance traveled

* Significant group-by-time interaction effect (p \ 0.05)
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The observed improvement in running economy of

*4 % is higher than the smallest worthwhile change

reported by Saunders et al. (2004a) and can therefore be

considered to be of practical significance. It has been

suggested by di Prampero et al. (1993) and Capelli (1999)

that a 2.5 and 5.0 % decrease in the energy cost of running

explains an improvement in long-distance running perfor-

mance time of about 2 and 4 %, respectively. Further,

Spurrs et al. (2003) and Paavolainen et al. (1999) observed

a 3 % increase in running performance time after a 4–8 %

improvement in running economy.

Considering the results of the present study together

with the results from Arampatzis et al. (2006) and Fletcher

et al. (2010), it is supposed that the stiffer tendon and

aponeurosis and the greater plantarflexion muscle strength

at the TS MTU have the potential to lead to a better

economy of force and work production within the lower

extremities during running. Neither the contact time, swing

time, stride frequency nor the examined parameters

describing ankle and knee joint kinematics showed sig-

nificant differences before and after the intervention. This

is in line with the results of the earlier study by Arampatzis
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Fig. 3 Average values of the ankle and knee joint angles (top) and

angular velocities (bottom) during the stance phase of running before

(pre) and after (post) the training intervention for both running

velocities (left 3.0 ms-1; right 3.5 ms-1). The horizontal axis is

normalized to the stance phase, where 0 % corresponds to touchdown

and 100 % to take-off. For the ankle joint angle, negative values

correspond to a dorsiflexed position and positive values to a

plantarflexed position. Values are mean ± SEM

Table 3 Selected temporal and

kinematic parameters

determined during the stance

phase before (pre) and after

(post) the training intervention

Values are mean ± SD. No

significant differences between

pre- and post-training values

were found

Pre-training Post-training

3.0 ms-1 3.5 ms-1 3.0 ms-1 3.5 ms-1

Contact time (ms) 282 ± 26 261 ± 24 279 ± 26 260 ± 22

Swing time (ms) 463 ± 32 467 ± 30 464 ± 31 461 ± 25

Stride frequency (Hz) 1.34 ± 0.06 1.38 ± 0.06 1.35 ± 0.06 1.39 ± 0.05

Range of motion

Ankle dorsiflexion (�) 25.3 ± 3.7 27.5 ± 4.1 25.9 ± 2.3 27.6 ± 3.1

Ankle plantarflexion (�) 49.2 ± 4.6 51.7 ± 4.5 50.2 ± 5.8 52.5 ± 5.5

Knee flexion (�) 27.4 ± 4.7 28.0 ± 4.8 27.5 ± 4.1 28.1 ± 4.1

Knee extension (�) 26.9 ± 5.0 28.7 ± 5.1 27.6 ± 5.6 28.7 ± 5.8

Maximum joint angular velocity

Ankle dorsiflexion (�/s) 389 ± 119 436 ± 133 395 ± 79 441 ± 85

Ankle plantarflexion (�/s) 567 ± 76 657 ± 91 577 ± 84 665 ± 89
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et al. (2006) and with the studies by Kyröläinen et al.

(2001) and Williams and Cavanagh (1987) examining

kinematic parameters of runners with different running

economy.

It was hypothesized that the stiffer TS tendon and apo-

neurosis induced by the intervention would lead to a

reduced excursion of the SEE during the stance phase of

running. For a given tendon force and length of the MTU,

i.e., for a given joint angular configuration, the smaller

excursion of the SEE was assumed to reduce fascicle

shortening and thus shortening velocity, which would

enable force production at a lower metabolic energy cost

mainly due to the force–velocity relationship (Hill 1938).

However, this hypothesis must be rejected because we

could not find a reduction in the amplitude of shortening or

shortening velocity of the GM muscle fascicles.

The fact that GM fascicle length remained unaffected by

the stiffer tendon and aponeurosis, while the ankle and knee

Table 4 Fascicle shortening (Dlfl), average shortening velocity (�vfl) and maximum shortening velocity (vmax,fl) for both running velocities (3.0,

3.5 ms-1) before (pre) and after (post) the training intervention

Pre-training Post-training

3.0 ms-1 3.5 ms-1 3.0 ms-1 3.5 ms-1

Dlfl (l0,fl) 0.339 ± 0.091 0.338 ± 0.085 0.311 ± 0.094 0.323 ± 0.063

�vfl (l0,fl/s) 1.226 ± 0.294 1.241 ± 0.269 1.214 ± 0.337 1.271 ± 0.158

vmax, fl (l0,fl/s) 3.079 ± 0.696 3.249 ± 1.048 3.138 ± 0.902 3.352 ± 0.552

Values are mean ± SD. No significant differences between pre- and post-training values were found. All parameters are normalized to the reference

fascicle length (l0,fl) determined at rest with the knee fully extended and the ankle at 0�
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Fig. 4 Average values of the

gastrocnemius medialis fascicle

length (middle) in comparison

to the entire length of the

muscle-tendon unit (MTU) (top)

and the series-elastic element

(SEE) (bottom) during the

stance phase of running before

(pre) and after (post) the

training intervention for both

running velocities (left 3.0

ms-1; right 3.5 ms-1). The

horizontal axis is normalized to

the stance phase, where 0 %

corresponds to touchdown and

100 % to take-off. MTU length,

fascicle length and SEE length

are normalized to the reference

fascicle length (l0,fl) determined

at rest with the knee in full

extension and the ankle at 0�.

Values are means ± SEM
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joint angles were not affected (i.e., same MTU length),

leads to the elongation of the SEE also remaining unchan-

ged (Fig. 4). However, since the tendon-aponeurosis stiff-

ness increased by about 16 % after the intervention, a

greater force must be exerted by the TS muscle group to

reach the same elongation of the SEE during running. Based

on the calculated elongation of the SEE during running

(Fig. 4) and the measured force–strain relationship of the

GM tendon-aponeurosis under isometric conditions

(Fig. 2), we estimated that the tendon force after the inter-

vention should be about 23–27 % higher compared to the

pre-exercise condition at the same running speed, which

would lead to a greater energy storage of similar magnitude.

As described by Biewener et al. (2004), one possible

explanation for a change in energy cost may be a change in

the effective mechanical advantage (EMA) within the lower

limb that alters the force produced by the leg extensor mus-

cles. The higher tendon forces exerted by the plantarflexors

imply that the external ankle joint moment has increased to

the same amount. Because running speed was kept constant

and no differences in swing time, stride frequency and contact

time were observed, it is assumed that the ground reaction

force (GRF) also remained unchanged. Thus, for the same

running kinematics and a similar GRF, an increase in the

external ankle joint moment is most likely be achieved by a

lengthening of the moment arm of the GRF at the ankle joint

due to an anterior shift of the point of force application (PFA).

However, an anterior shift of the PFA would also result in a

shorter moment arm of the GRF at the knee joint and a longer

moment arm at the hip joint, implying a smaller EMA for the

ankle and hip joint but a greater EMA for the knee joint

(Biewener et al. 2004). The lower EMA at the ankle and hip

joints would result in an increased muscle force of the plan-

tarflexors and hip extensors during the stance phase of run-

ning at a given speed, while the greater EMA at the knee joint

would result in a reduced force of the knee extensor muscles.

Compared to the knee extensor muscles, the human planta-

rflexor muscles have relatively short fascicles (Wickiewicz

et al. 1983) and are metabolically less costly than long-fibred

muscles to generate the same force (Biewener and Roberts

2000). Furthermore, the plantarflexor muscles have long

tendons favorable for elastic energy storage and recovery

(Alexander 2002; Ker et al. 1987). The lower EMA at the hip

joint would result in higher forces of the hip extensors, but

the external flexion moment of the GRF only contributes to

the resultant hip joint moment during the first *25 % of the

stance phase and can be affected by a change in the moment

arm. During the remaining *75 % of the stance phase, the

contribution of the moment due to inertia of limb segments is

most important (Krabbe et al. 1997). In addition, forces

generated by the knee extensor are generally higher than

those generated by the hip extensors during running at the

investigated submaximal running velocities (Dorn et al.

2012). Therefore, we suggest that a change of the EMA

within the lower limb leading to a redistribution of the

muscular output within the lower extremities might partly

explain the observed reduction in _VO2:

The combined adaptation of tendon stiffness and TS

muscle strength seems to be necessary to maintain a high

economy of force generation within the TS muscle. The

average fascicle shortening velocity was below 1.3 fascicle

lengths per second. Considering that the maximal short-

ening velocity of human fast and slow fibers is comprised

between 8 and 14 fiber length per second (Zajac 1989;

Epstein and Herzog 1998), the observed fascicle shortening

velocity during running is favorable to generate forces

economically. An increase in muscle strength without a

simultaneous increase in tendon stiffness would have

probably resulted in a faster fascicle shortening velocity.

Using a model of the MTU, Lichtwark and Wilson (2008)

described a similar interrelation between the ankle joint

moment and tendon stiffness during running. These authors

found that a 20 % increase in the ankle joint moment

during running would require a 16–23 % increase in tendon

stiffness to maintain a high efficiency.

However, our measurement of running economy was

performed on a treadmill and no GRFs were available.

Therefore, ankle and knee joint moments during running

were not directly determined. The assumption that the force

exerted by the triceps surae muscle group is higher after the

training intervention during running is only based on the fact

that fascicle length of the gastrocnemius medialis muscle has

remained unchanged despite an increase in tendon stiffness.

Despite the constant running speed and the lack of difference

in swing time, stride frequency and contact time, training-

induced changes in the rate of GRF development may have

occurred as described by Cormie et al. (2010) and may have

also contributed to changes in energy cost of running. Further

research is necessary to investigate the effect of an increased

plantarflexion strength and tendon-aponeurosis stiffness on

the GRF, the position of the PFA and the external moment

arms and EMAs of the ankle, knee and hip joints.

Limitations

Daily variation of running economy could have an impact

on the results. Morgan et al. (1991) found that the aerobic

demand of running in trained but non-elite subjects would

be expected to vary between ±1.32 and ±2.64 % in trials

that were controlled for treadmill running experience, time

of day, footwear and training. Similar results were obtained

later for well-trained or elite-distance runners (Morgan

et al. 1994; Saunders et al. 2004b). Daily variation should

produce high and low values by chance. However, for the

slow running velocity 12 of 13 EG subjects and for the fast
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running velocity 10 of 13 EG subjects showed an

improvement in running economy while the changes for

CG were small and showed no systematic pattern.

The elongation of the SEE during running predicted

with the model proposed by Fukunaga et al. (2001) is

consistent with previously reported data (Ishikawa et al.

2007; Lichtwark et al. 2007). However, maximum elon-

gation of the SEE during running (*34–38 mm) as well as

the corresponding strain (*8.4–9.4 %) exceed the maxi-

mum elongation (15.2/16.4 mm) and maximum strain (5.3/

5.7 %) of the tendon and aponeurosis determined during

the isometric contractions. This is a common problem that

has been discussed previously (Lichtwark and Wilson

2005; Lichtwark et al. 2007). The used model is a sub-

stantial simplification of the complex three dimensional

geometry of the MTU that might explain these discrepan-

cies. In addition, the SEE includes all series-elastic struc-

tures within the MTU (e.g., series-elastic structures within

the muscle, proximal and distal tendon and aponeurosis),

while the maximum strain determined during the isometric

contraction is mainly the result from the elongation of the

distal tendon and aponeurosis. A lower stiffness of the

other series-elastic structures combined in the SEE may

also explain the high strain values.

Conclusion

In conclusion, the present study shows that the increase in

tendon stiffness and muscular contractile strength of the TS

MTU resulting from an exercise intervention has the

potential to enhance running economy. The observed

improvement of *4 % is likely to be of practical signifi-

cance (Saunders et al. 2004a). The enhanced running

economy found after increasing TS tendon stiffness and

contractile strength indicates that force generation during

running became more economical within the lower

extremities. A higher energy storage and release in the SEE

of the triceps surae and a redistribution of the muscular

output within the lower extremities might explain the

improved running economy.
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