
 1

Title: 1 

Effects of eccentric training on mechanical properties of the plantar flexor muscle-tendon 2 

complex. 3 

 4 

Authors: 5 

Alexandre FOURÉ1,2, Antoine NORDEZ1, Christophe CORNU1 6 

 7 

Affiliations: 8 

1Université de Nantes, Laboratoire “Motricité, Interactions, Performance” - EA 4334, UFR 9 

STAPS, Nantes, France. 10 

2Centre de Résonance Magnétique Biologique et Médicale - UMR CNRS 7339, Université 11 

d’Aix-Marseille, Marseille, France. 12 

 13 

Corresponding author: 14 

Christophe CORNU 15 

Laboratoire “Motricité, Interactions, Performance”, UFR STAPS 16 

25 bis Bd Guy Mollet 17 

44 322 Nantes cedex 3, France 18 

Tel: +33 (0)2 51 83 72 22 19 

Fax: +33 (0)2 51 83 72 10 20 

E-mail: christophe.cornu@univ-nantes.fr 21 

 22 

Running title: Eccentric training effects on muscle and tendon stiffness.23 

Articles in PresS. J Appl Physiol (December 13, 2012). doi:10.1152/japplphysiol.01313.2011 

 Copyright © 2012 by the American Physiological Society.



 2

Abstract 24 

Eccentric training is a mechanical loading classically used in clinical environment to 25 

rehabilitate patients with tendinopathies. In this context, eccentric training is supposed to alter 26 

tendon mechanical properties but interaction with the other components of the muscle-tendon 27 

complex remains unclear. The aim of this study was to determine the specific effects of 14 28 

weeks of eccentric training on muscle and tendon mechanical properties assessed in active 29 

and passive conditions in vivo. Twenty-four subjects were randomly divided into a trained 30 

group (n=11) and a control group (n=13). Stiffness of the active and passive parts of the series 31 

elastic component of plantar flexors were determined using a fast stretch during submaximal 32 

isometric contraction; Achilles tendon stiffness and dissipative properties were assessed 33 

during isometric plantar flexion; and passive stiffness of gastrocnemii muscles and Achilles 34 

tendon were determined using ultrasonography while ankle joint was passively moved. A 35 

significant decrease in the active part of the series elastic component stiffness was found 36 

(P < 0.05). In contrast, a significant increase in Achilles tendon stiffness determined under 37 

passive conditions was observed (P < 0.05). No significant change in triceps surae muscles 38 

and Achilles tendon geometrical parameters was shown (P > 0.05). Specific changes in 39 

muscle and tendon involved in plantar flexion are mainly due to changes in intrinsic 40 

mechanical properties of muscle and tendon tissues. Specific assessment of both Achilles 41 

tendon and plantar flexor muscles allowed a better understanding of the functional behavior of 42 

the muscle-tendon complex and its adaptation to eccentric training. 43 

 44 

Keywords: triceps surae muscles, Achilles tendon, passive stiffness, CSA, Ultrasound. 45 

46 
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Introduction 47 

Eccentric training is a mechanical loading often used in clinical context to rehabilitate 48 

patients with tendon injuries. Eccentric loading consists in muscle-tendon complex (MTC) 49 

lengthening while muscle is contracting, thus combines effects of stretching and strengthening 50 

(3). It was shown that tendinopathies alter tendon mechanical properties when determined in 51 

active condition (6) and many positive effects in tendon rehabilitation were found after 52 

clinical program including eccentric loadings (2, 28, 42, 47, 52, 81). Most studies examining 53 

eccentric effects on tendon have utilized ultrasonography in vivo to determine tendon stiffness 54 

during muscle contraction, however, results differ in several previous studies (12, 54, 61) 55 

considering the type of the tested population (e.g. healthy volunteers, subjects with 56 

tendinopathies) and training characteristics (i.e. intensity, volume, duration). To better 57 

understand the efficiency of eccentric exercises in rehabilitation, adaptations of tendon 58 

mechanical properties linked to tendon mechanobiology processes were investigated (85). For 59 

example, physiological mechanisms such as collagen turn-over were shown to be altered after 60 

eccentric training (48, 49, 50). 61 

Most of the studies, determining the effects of eccentric training, only assessed tendon 62 

stiffness during isometric contraction (12, 54, 61). Yet, tendon dissipation coefficient is 63 

representative of a storage-recoil process and was shown to be altered by strength (75) and 64 

plyometric (18) training in vivo. In addition, other structures included in the series elastic 65 

component (SEC) also play a role in tension transmission and influence the elastic energy 66 

storage-recoil process (1). Effects of eccentric training on the global SEC stiffness were 67 

already assessed (73). From our results, a specific adaptation of muscle and tendon can be 68 

hypothesized (73). Due to technological limitations of non-invasive investigation of muscle 69 

stiffness during contraction in vivo, this hypothesis remains to be verified. However, a method 70 

developed for isolated muscle (15, 57) allows the determination of specific stiffness for the 71 
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force dependent component (SEC1) and force independent component (SEC2), constituting the 72 

plantar flexors SEC during isometric contraction. This method was recently adapted in vivo 73 

(17). With regard to previous studies, SEC1 and SEC2 were considered to be the active and 74 

passive part of the SEC respectively (17, 19). To our knowledge, no study has yet investigated 75 

the effects of eccentric training on the active part of SEC stiffness in vivo even though a 76 

decrease in muscle stiffness of the elbow flexors was hypothesized after eccentric training 77 

(73). This potential is supposed to be linked to structural changes in muscle such as 78 

architecture and/or fibre type composition and has already been shown to result from 79 

eccentric training programs (7, 38). 80 

In addition, only a few studies concentrated on adaptations of passive mechanical 81 

properties of MTC to eccentric training in vivo (35, 39, 72, 87). Yet, it was shown that the 82 

passive mechanical properties of MTC play an important role in postural, walking and 83 

running activities (e.g. 30, 80). Mahieu et al. (54) showed that eccentric training decreases the 84 

passive torque produced by ankle joint during dorsi flexion. A specific change in muscle and 85 

tendon passive stiffness after eccentric training was hypothesized but specific adaptation 86 

between muscle and tendon was not assessed. By means of a recent method determining the 87 

stiffness of muscle and tendon of gastrocnemii MTC using ultrasonography during passive 88 

motion of ankle joint (36, 37), specific adaptation of muscle and tendon passive stiffness 89 

could be analyzed. 90 

The determination of specific adaptations of muscle and tendon mechanical properties 91 

assessed in active and passive conditions to eccentric training may provide important 92 

information concerning the functional behavior of MTC and the underlying mechanisms to 93 

successfully apply eccentric training in rehabilitation programs. Based on previously 94 

described methods (17, 18, 19, 20, 21, 22, 69), the aim of the present study was to determine 95 

the effects of eccentric training on mechanical properties of plantar flexors considering: i) the 96 
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stiffness of SEC1 and SEC2, ii) the stiffness and dissipative properties of the Achilles tendon 97 

during isometric plantar flexion and, iii) the stiffness of gastrocnemii muscles and the 98 

Achilles tendon determined during passive motion of the ankle joint. 99 

 100 

Methods 101 

Subjects 102 

Twenty-four males volunteered to participate in this study and were randomly assigned to 103 

trained [n = 11, 21.2 (2.7) years, 177.1 (6.1) cm, 71.1 (5.8) kg] and control groups [n = 13, 104 

20.5 (1.7) years, 178.0 (6.5) cm, 68.7 (6.9) kg]. All subjects were involved in regular sport 105 

practices (8.8 (6.5) h.wk-1) and did not change their usual activity during the period of the 106 

study. Subjects were fully informed about the nature and the aim of the study before they 107 

signed a written informed consent form. Approval for the project was obtained from the local 108 

ethics committee. All procedures used in this study were in conformity with the Declaration 109 

of Helsinki. 110 

 111 

Eccentric training 112 

The eccentric training program was based on different kinds of exercises, as defined in 113 

the literature (e.g. 2, 54). More precisely, the subjects performed: i) eccentric contraction of 114 

the plantar flexor muscles with the leg fully extended as described in Alfredson et al. (2); ii) 115 

eccentric contractions by going down from a box of different heights (i.e. from either low 116 

(35 cm), medium (50 cm) or high (65 cm) height) performed on one or both feet. All eccentric 117 

actions of the plantar flexors were performed either by the right leg or both legs and 118 

concentric actions with the left leg only. The intensity level was increased by an elevated 119 

number of exercises (i.e. the number of eccentric plantar flexion per exercise) and the jump 120 
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height. The training program lasted for 14 weeks and included 34 sessions of one hour for a 121 

total of approximately 6800 eccentric actions (from 200 to 600 per session). 122 

 123 

Experimental design 124 

Subjects were tested over three sessions performed on different days in a randomized order: 125 

i) a session to assess Achilles tendon and triceps surae muscles geometry; ii) a session to 126 

determine Achilles tendon mechanical properties and SEC stiffness in active conditions; iii) a 127 

session to assess ankle joint range of motion, and the stiffness of gastrocnemii muscles and 128 

Achilles tendon during passive motion of the ankle joint. 129 

Subjects performed the three test sessions before (pretest) and one week after the end 130 

of the eccentric training period (posttest). Reproducibility of all defined parameters was 131 

assessed. Methods were already used in previous studies to determine effects of plyometric 132 

exercises (16, 18, 19). 133 

 134 

Achilles tendon and triceps surae muscles geometry 135 

Measurements of the Achilles tendon CSA were performed by ultrasonographic 136 

imaging scans (Philips HD3, Philips Medical Systems, Andover, MA, USA) with an 137 

electronic linear array probe (7.5-MHz wave frequency; L9-5, Philips medical systems, 138 

Andover, MA, USA). Measurement of Achilles tendon CSA (CSAT) and length was already 139 

described in a previous study (18). Intraclass coefficient correlation (ICC) of tendon 140 

geometrical parameters ranged from 0.95 to 0.99 (n = 8). 141 

The measurements of the triceps surae muscles cross sectional area and architecture 142 

were previously described (19) and performed using the same ultrasonographic device and the 143 

same probe. Subjects stood on one leg with the ankle and knee joints of the other leg flexed at 144 

90°, and fully immersed in a water-filled container. The cross sectional area of triceps surae 145 
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and gastrocnemii muscles (CSATS and CSAGAS respectively) was averaged across points at 146 

50%, 60% and 70% from proximal extremity of lower leg length. Using longitudinal 147 

ultrasonographic images captured along the belly of each muscle as described in previous 148 

studies (40, 41), fascicle length and pennation angle were measured. ICC of muscle 149 

architecture and cross sectional area ranged from 0.81 to 0.97 (n = 13 and n = 16 respectively) 150 

(19). 151 

 152 

Series elastic component stiffness 153 

The experimental design was already described in previous studies (16, 17, 19). A 154 

Biodex system 3 research® (Biodex medical, Shirley, NY, USA) isokinetic dynamometer was 155 

used to measure the external torque, ankle joint angle and ankle joint angular velocity. 156 

Subjects were seated on the isokinetic dynamometer with legs fully extended and their thighs, 157 

hip and shoulders secured and held in position by adjustable lap belts. The ankle joint angle 158 

was fixed at 75° (the foot perpendicular to the tibia = 90° with angles less than 90° being in 159 

plantar flexion), and hip angle was flexed to 140° (full extension = 180°). 160 

Surface electromyographic (sEMG) signals of the gastrocnemius medialis, 161 

gastrocnemius lateralis, soleus and tibialis anterior muscles were recorded as described 162 

previously (19, 20) using active surface electrodes with an inter-electrode distance of 10 mm 163 

(DE-2.1, Delsys Inc, Boston, MA, USA) placed on the belly of muscles according to 164 

SENIAM recommendations (33). sEMG and mechanical signals were recorded 165 

simultaneously and sampled at 1000 Hz using an A/D converter (National Instrument, Delsys 166 

Inc, Boston, MA, USA), and saved on a computer hard drive using EMGWorks 3.1 software 167 

(Delsys Inc, Boston, MA, USA). In particular, EMG values were determined for a 100 ms 168 

period prior to and after the stretching trials to detect potential effects of short latency reflex 169 

on EMG signals (19). 170 
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Subjects performed: i) a warm up which consisted of submaximal isometric plantar 171 

flexions; ii) two maximal voluntary contractions under isometric condition in plantar flexion 172 

performed at 75° with two minutes of rest between each trial; iii) a familiarization to the short 173 

range stiffness experiment in which subjects had to sustain two submaximal torques at 40 and 174 

80% of their maximal torque. During each trial, a fast stretch into dorsi flexion was applied 175 

through a range of motion of 20° (i.e., from 75° to 95°). The acceleration of this stretch was 176 

controlled by the Biodex Research Tool kit software. The angular velocity during the stretch 177 

reached 250°/sec and was constant 60ms after the beginning of the motion ; iv) the short range 178 

stiffness experiments (14 trials) described above were then performed at 7 levels of 179 

submaximal torque in a random order (two trials at each 10% of maximal torque from 30% to 180 

90% of maximal torque). Between each trial, two minutes of rest were provided. 181 

The torque measured by the dynamometer was corrected with regard to inertia and the 182 

weight of the dynamometer attachment (i.e. without the foot being included) to obtain the 183 

external torque at the ankle joint. The external torque and the ankle angle were determined 184 

when the joint started to move (i.e., when velocity > 0) and 60ms thereafter. A maximal 185 

velocity (i.e. ~250°/s) was obtained 60ms after the beginning of the stretch with a range of 186 

motion of about 7°. The MTC stretching velocity and range of motion estimated from 187 

published anthropometric data (31) were about 90-110 mm.s-1 and ~2% of the initial length of 188 

MTC respectively. Considering that muscle fibers slack length of gastrocnemii estimated in 189 

Humans (36) is very close to those reported by Morgan et al. (58, 60) for isolated muscle, it 190 

was assumed that stretching velocity was in the same range to those used previously on 191 

animals. Since the starting angle was 15° in plantar flexion, the contribution of the parallel 192 

elastic component of agonists and antagonists was neglected. Thus, the joint compliance (i.e. 193 

inverse of joint stiffness) was considered as the compliance of two springs placed in series, 194 

representing compliance of the SEC1 and SEC2. The active component of the series elastic 195 
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component compliance was thought to be inversely proportional to the torque (57) and the 196 

passive component of the series elastic component compliance (CSEC2) was assumed to be 197 

constant across the range of torque investigated. The relationship between ankle joint 198 

compliance and torque can be written as follows: 199 

 α = C*T = α0 + CSEC2*T (1) 200 

where α is calculated as the product between external torque (T) produced before the stretch 201 

and ankle joint compliance (C), and α0 representing the stiffness index (i.e. the slope of the 202 

torque-stiffness relationship) of the SEC active part. 203 

A linear regression was applied on the relationship alpha (α) – torque (T). Then, α0 and 204 

CSEC2 were extracted as the Y-intercept, and the slope respectively. These two parameters 205 

(i.e. α0 and CSEC2) were used to calculate the joint stiffness (S) using Eq. (2): 206 

 S = T / (T*CSEC2 + α0) (2) 207 

The joint stiffness-torque relationship was assessed for each subject and each session (i.e., 208 

pretest and posttest). A stiffness index of the active component of the SEC (SISEC1) and a 209 

stiffness of the passive component of the SEC (SSEC2) were calculated as the inverse of α0 and 210 

CSEC2 respectively. Joint stiffness was determined as the ratio of changes in external torque 211 

and ankle angle between the beginning of the stretch and 60ms after the stretch (the 212 

determination of instantaneous compliance with regard to the torque-angle relationship during 213 

the stretch would have been also possible. This alternative method for the assessment of joint 214 

stiffness is developed in Appendix A and provides similar results as compared to those 215 

calculated by the ratio of changes). Joint stiffness and SEC1 stiffness (SSEC1) were determined 216 

for two relative torque levels (i.e. 30% and 60% of MVC) and 60N.m. ICC of series elastic 217 

component parameters ranged from 0.88 to 0.96 (n = 14) (17). 218 

 219 
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Achilles tendon mechanical properties during contraction 220 

Subjects were in prone position with their legs fully extended. Thighs, hips and 221 

shoulders were secured and held in position by adjustable lap belts as previously described 222 

(18). 223 

The session that assessed the mechanical properties of Achilles tendon included the 224 

following protocols: i) A warm up consisting of constant submaximal isometric plantar 225 

flexion. ii) Two maximal voluntary isometric contractions in plantar flexion and dorsi flexion, 226 

with the knee fully extended at an ankle angle of 90°. The maximal isometric torque in plantar 227 

flexion (MVC) was then determined as the maximal value for the two trials. The maximal rate 228 

of torque development in plantar flexion (RTDmax), defined as the maximal slope of the 229 

torque-time relationship, was also characterized for the two MVC trials. iii) Familiarization 230 

trials to perform a linear increase in isometric torque in plantar flexion, from a relaxed state to 231 

90% of MVC within 5 s, followed by a linear decrease in isometric torque, from 90% of MVC 232 

to the rest state within 5 s. Visual feedback was used to regulate and train the subjects for this 233 

task. iv) Five trials of constant isometric torque development in plantar flexion as described in 234 

iii) were then performed by each subject with 2 min of rest between each trial. Displacement 235 

of the distal myotendinous junction of the gastrocnemii was measured during the test using 236 

ultrasonography. The linear array probe mounted on an externally fixed bracket was strapped 237 

onto the skin of subjects to obtain longitudinal ultrasonic images of the distal myotendinous 238 

junction of the gastrocnemii. 239 

Ultrasonographic videos were recorded on a hard disk at 25 Hz. In order to 240 

synchronize the torque signal and ultrasonographic images from the videos, the signal of the 241 

switch used to start the video was also recorded using the Delsys® system. A selection of 40 242 

images, including 20 images equally spaced from both the loading and unloading phases of 243 

torque development were collected (Adobe Premiere Elements, Adobe Systems Inc., San 244 
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Jose, CA, USA) from each trial. Displacements of the myotendinous junction were manually 245 

measured on these 40 images using open source digital measurement software (Image J, NIH, 246 

USA). 247 

The ankle joint torque measured by the dynamometer was converted to tendon force 248 

(Ft) using Eq. (3) (6): 249 

 Ft = T / mg (3) 250 

where mg is the moment arm length of gastrocnemii at 90° of ankle joint and knee fully 251 

extended, which was estimated from the limb length of each subject (31, 34). Myotendinous 252 

junction displacement was corrected with the passive displacement due to joint rotation 253 

during the ‘‘isometric’’ contraction as previously described (18, 22). The ratios of the 254 

calculated tendon force (Ft) and the corrected elongation (L) (i.e., displacement of 255 

myotendinous junction) were used to calculate the stiffness of the Achilles tendon. 256 

The Ft–L relationship is usually curvilinear, consisting of an initial region (toe 257 

region), characterized by a large increase in L with increasing force, and a linear region 258 

after the toe region (85). In the present study, the Ft and L values from the ascending curve 259 

between 50% and 90% of minimal MVC between pretest and posttest were fitted to a linear 260 

regression equation, the slope of which was defined as the Achilles tendon stiffness (ST) (45). 261 

A stiffness index (SIT) using an exponential model was also determined as previously 262 

described (18). The maximal elongation was defined as Lmax. 263 

Areas under the ascending and descending phases of the curve were calculated and 264 

represent the potential elastic energy stored (ES) and recoiled energy (ER) respectively (53, 65, 265 

66). From these parameters, a dissipation coefficient (DC) was calculated as follows: 266 

 DC = (ES – ER) / ES (4) 267 
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sEMG signals of the gastrocnemius medialis, gastrocnemius lateralis, soleus and tibialis 268 

anterior muscles were recorded during isometric contraction using active surface electrodes. 269 

ICC of tendon mechanical properties ranged from 0.94 to 0.99 (n = 7) (18). 270 

 271 

Ankle joint range of motion, passive stiffness of gastrocnemii muscles and Achilles tendon 272 

Range of motion and passive torque-angle relationship 273 

The method used to assess passive mechanical properties of the musculo-articular 274 

complex was similar to previous studies (e.g. 16, 67, 76). Isokinetic dynamometer was used to 275 

measure the torque produced in resistance to passive stretch (T), ankle joint angle (θa) and 276 

ankle joint angular velocity. Subjects were in prone position with legs fully extended and with 277 

their thighs, the hip and shoulders secured and held in position by adjustable lap belts. The 278 

device enabled us to change the knee angle (θk) as described previously (16, 20, 69). The 279 

reference angle of the knee joint (θk = 0°) corresponded to the knee fully extended. The 280 

reference angle of the ankle joint (θa = 90°) was defined as the foot perpendicular to the tibia. 281 

sEMG signals of triceps surae muscles and tibialis anterior were recorded to ensure that no 282 

muscle activity occurred during the passive stretching procedures. sEMG signals were also 283 

visualized in real time by the subject and the principal investigator during tests. If during the 284 

passive measurements, sEMG values were found to be greater than 1% of the maximal sEMG 285 

value determined during maximal voluntary contractions for a given subject, the data were 286 

disregarded for analysis (e.g., 56, 66, 68). 287 

Four different tests were performed: i) Assessment of the maximal ankle joint range of 288 

motion in plantar flexion with leg fully extended (RoMPF), in dorsi flexion with leg fully 289 

extended (RoMDFext) and with the knee joint flexed at 80° (RoMDFflex). During this test, the 290 

foot was passively and manually moved from neutral position (θa = 90°) to the maximal RoM 291 

determined by the subject when the maximal tolerable stretch was perceived. The foot was 292 
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then immediately put back into to the starting position. In each condition, three measurements 293 

were performed and the best trial was considered as the maximal RoM. ii) Five cyclic passive 294 

motions at 5°/s from 80% of RoMPF to 80% of RoMDFext with knee fully extended. iii) Five 295 

cyclic passive repetitions at 5°/s for five randomly tested knee flexion angles (θk = 15°, 30°, 296 

45°, 60° and 80°). The range of stretch was increased in proportion with the increase in knee 297 

flexion up to passive motions performed from 80% of RoMPF to 80% of RoMDFflex with knee 298 

flexed at 80° in order to apply Hoang’s model (34) improved by Nordez et al. (69). Five 299 

minutes of rest between each stretching series of tests were respected. iv) Two maximal 300 

voluntary contractions under isometric conditions (θk = 0°; θa = 90°) for sEMG normalization 301 

purposes. 302 

All of the data were processed using standardized programs computed with Matlab® (The 303 

Mathworks, Natick, USA). External passive torque and angle position data were filtered using 304 

a Butterworth second-order low pass filter (10Hz), and recorded torque was corrected from 305 

gravity. ICC and variation coefficient of RoM parameters ranged from 0.77 to 0.93 and from 306 

3.3% to 4.4% respectively (n = 6). 307 

 308 

Force-length relationship of the gastrocnemii MTC 309 

To determine the passive force of the gastrocnemii MTC, an optimization procedure 310 

was performed on the differences between the torque-angle relationships obtained at 0°, 15°, 311 

30°, 45°, 60° and 80° of knee angle. Thus, the contribution of the gastrocnemii could be 312 

determined directly according to the Eq. (5) (69): 313 

 Tk – T80 = mg*(FGk – FG80) (5) 314 

with Tk and FGk the ankle passive torque and the gastrocnemii passive force determined at 315 

different knee angles (0°, 15°, 30°, 45° and 60°); T80 and FG80 the ankle passive torque and the 316 

gastrocnemii passive force determined at 80° of knee angle, respectively, mg is the 317 
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gastrocnemii moment arm assessed using model of Grieve et al. (31). The exponential model 318 

used in the present study was similar to the model of Sten Knudsen (64, 69, 82) where FG 319 

could be calculated as follows: 320 

 FG = (1/β)*(eβ(l-l0)-1) for l > l0 (6) 321 

 FG = 0 for l < l0 322 

where l is the gastrocnemii length (i.e. assessed using Grieve’s model), β is the parameter 323 

determined using the optimization that concerns MTC stiffness, and l0 the gastrocnemii slack 324 

length determined using the optimization procedure. Then, the β parameter was identified as a 325 

stiffness index of the gastrocnemii MTC ( LFSI −
MTC ). In addition, the gastrocnemii MTC length 326 

was determined for a force production of 1N (LF=1 MTC) (20). Using this exponential model, 327 

the maximal gastrocnemii stiffness ( LFS −
max ) can be determined using Eq. (7) at the maximal 328 

passive force (Fmax) common for both tests: 329 

 L-F

max
S = β*Fmax + 1 (7) 330 

 331 

Force-length relationships of gastrocnemii muscle and Achilles tendon 332 

The method used to separate muscle and tendon properties was similar to previous 333 

works (20, 36). During experiments in passive conditions described above, the 334 

ultrasonographic linear array probe, mounted on an externally fixed bracket, was strapped 335 

onto the skin of the subjects to obtain longitudinal ultrasonic images of the distal 336 

myotendinous junction of the GM. Preliminary experiments using hypoechogenic wire glued 337 

on the skin ensured that the probe remained in a fix position during passive stretching and 338 

isometric plantar flexion. The probe was placed at the same position on the lower leg between 339 

pretest and posttest. Ultrasonographic videos were recorded on a hard disk at 25 Hz. In order 340 

to synchronize the torque signal and ultrasonographic images from the videos, the signal of 341 

the switch used to start the video was also recorded using the Delsys® system. Thirty images 342 
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equally spaced from the loading phases of the fifth cycle of passive stretches performed at 0°, 343 

15°, 30°, 45°, 60° and 80° of knee flexion were extracted from ultrasonographic videos. 344 

During passive stretching, passive external torque, ankle angle and displacement of the 345 

distal myotendinous junction of the GM were determined during the loading curve of the fifth 346 

cycle (i.e. from plantar flexion to dorsi flexion) performed at each knee angle. The MTC 347 

length of the gastrocnemii was calculated using published anthropometric data (31). 348 

Elongation of the gastrocnemii muscles was determined as the total displacement of the 349 

myotendinous junction of the GM. 350 

Length of the gastrocnemii MTC and Achilles tendon was determined for θa =90° and 351 

θk = 0° (i.e. calculated using Grieve et al. (31) model and measured using ultrasonography 352 

respectively). Muscle length was calculated for this position as the difference between MTC 353 

and tendon lengths. Length of MTC was determined as function of knee and ankle angles 354 

using the model of Grieve et al. (31) on full range of motion for each stretch cycles. Changes 355 

in muscle length were determined using displacement of the myotendinous junction of the 356 

GM (i.e. elongation of the gastrocnemii muscles determined by ultrasonography) during 357 

passive stretches. Thus, tendon length was calculated as the difference between MTC and 358 

muscle length on the full range of motion of each stretch cycles. 359 

Relationships between FG and length of the gastrocnemii muscles and Achilles tendon 360 

were characterized. Then, Sten Knudsen model (Eq. 6) was fitted on these two relationships in 361 

order to determine stiffness index and length for a force development of 1N by both 362 

gastrocnemii muscles and Achilles tendon (i.e. LFSI −
muscle , LF=1 M, LFSI −

tendon  and LF=1 T 363 

respectively). ICC of gastrocnemii passive mechanical properties ranged from 0.82 to 0.98 364 

(n = 15). 365 

 366 

Statistics 367 
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After checking the distribution of data, parametric statistical tests were performed 368 

using Statistica® software (Statsoft Inc., Tulsa, OK, USA). Descriptive data included means ± 369 

standard deviation. Two-way multivariate analyses of variance (ANOVA) (group × time) 370 

were performed to assess the statistical significance of changes. The critical level of 371 

significance in the present study was set at P < 0.05. 372 

 373 

Results 374 

No significant change was found in control group between pretest and posttest whatever the 375 

parameter assessed (some individual raw data determining MTC mechanical properties under 376 

active and passive conditions are shown in Appendix B). 377 

 378 

Achilles tendon and triceps surae muscles geometry 379 

No significant change was found in MVC, CSAT, CSAGAS and CSATS (P > 0.05) 380 

(Table 1). Although a decrease of 1.7% in GM tendon length was found in trained group (P = 381 

0.002), no significant change was found in triceps surae muscles architecture (P > 0.05) 382 

(Table 1). 383 

 384 

Active and passive parts of the series elastic component stiffness 385 

Mean sEMG activity did not significantly change until a latency of 45 ms following 386 

the onset of motion (Fig. 1). At this point, sEMG activity from gastrocnemii and soleus 387 

muscles increased for a period of 20-30ms. Activity from tibialis anterior was unchanged 388 

through the recording period. Concerning sEMG data, similar results were observed in a short 389 

range experiment performed at baseline and after the eccentric training period. 390 

Although the global angular joint stiffness determined at 60N.m was significantly 391 

lower for the trained group after the eccentric training period (-5.4%, P = 0.006) (Fig. 2), no 392 
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significant change was found in S determined at 30% and 90% of MVC (P > 0.05) (Table 2 393 

and Fig. 3).  394 

Mean alpha-torque relationships of trained subjects determined at baseline and after 14 395 

weeks of eccentric training are shown in Fig. 3. A significant interaction (P = 0.018) was 396 

found between “group” and “time” factors for SISEC1. For the trained group, a significant 397 

decrease of 10.4% in SISEC1 (0.16 ± 0.02 to 0.14 ± 0.02 °-1) without any change in SSEC2 was 398 

observed after training (Fig. 4). No significant change was found in maximal SSEC1 (P > 0.05) 399 

whereas a significant decrease was determined for SSEC1 calculated at 60N.m (P > 0.05) 400 

(Table 2). 401 

 402 

Achilles tendon mechanical properties 403 

For the trained group, no significant change in RTDmax was found (1536 ± 297 to 404 

1515 ± 319 N.m.s-1, P > 0.05). Torque-time and force-elongation relationships are presented 405 

in Fig. 5. Linear regression applied on individual Ft-L and mean sEMG-torque curves 406 

showed a very good correlation coefficient (mean R2 = 0.97 ± 0.02) allowing the calculation 407 

of ST. Mean sEMG-time and sEMG-torque relationships did not significantly change for all 408 

muscles between measurements performed at baseline and after eccentric training period (Fig. 409 

6). Thus, no significant change was found in sEMG signals, Lmax, ST, SIT and DC (P > 410 

0.05) (Table 3).  411 

 412 

Ankle range of motion, passive stiffness of gastrocnemii muscles and Achilles tendon 413 

No significant interaction was found between “group” and “time” factors for 414 

RoMDFext, RoMPF and RoMDFflex was determined (P > 0.05) (Table 4). Also, no significant 415 

change could be shown for passive torque-ankle angle relationships whatever the knee flexion 416 

angle (Fig. 7-A). In addition, no significant change in LFS −
max  (trained group: 62451 ± 25975 to 417 
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66274 ± 15705 N.mm-1 and control group: 47681 ± 16685 to 49747 ± 20009 N.mm-1) was 418 

observed (P > 0.05). Mean passive force-length relationships of the muscle-tendon complex 419 

of the gastrocnemii for the trained group at baseline and after eccentric training period are 420 

shown in Fig. 7-B. 421 

The mean force-length relationships of the Achilles tendon and the gastrocnemii 422 

muscle for trained group in pretest and posttest are shown in Fig. 8-A and 8-B respectively. 423 

No significant change in LFSI −
muscle  and LF=1 M (P > 0.05) was determined (Table 4) whereas 424 

significant increases in LFSI −
tendon  and LF=1 T of 21.8% and 6.4% respectively were found in the 425 

trained group (P = 0.044 and P = 0.040 respectively) (Table 4). 426 

 427 

Discussion 428 

The aim of the present study was to examine whether the mechanical properties of 429 

plantar flexors muscle and tendon structures were altered with eccentric training. The main 430 

purpose was to assess specific mechanical properties of MTC structures in both active and 431 

passive conditions by using innovative methods. The effects of eccentric training showed a 432 

decrease in the active part of the SEC stiffness of plantar flexors and an increase in Achilles 433 

tendon stiffness during passive motion of ankle joint, although training did not change 434 

stiffness and dissipative properties of the Achilles tendon during isometric contraction. 435 

Furthermore, no significant changes in MTC geometrical properties and sEMG parameters 436 

were found indicating that changes were mainly due to modified intrinsic properties of 437 

muscular and tendinous tissues. 438 

The results of this study showed that ankle range of motion measured under passive 439 

condition was unchanged after the eccentric training program. Mahieu et al. (54) found an 440 

increase in dorsi flexion range of motion with the leg fully extended in a healthy population 441 

despite no significant interaction for statistical analysis between “group” and “time” factors. 442 
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Our results are in accordance with Silbernagel et al. (79) who showed no significant change in 443 

ankle joint range of motion after 12 weeks of eccentric training in subjects with Achilles 444 

tendinopathies. 445 

Only one study assessed the effects of eccentric training on passive stiffness of the 446 

ankle joint (54). It was shown that passive ankle joint torque plays an important role in daily 447 

activities (63, 80, 88) and that functional performances are influenced by elastic properties of 448 

the passive musculo-articular complex, including structures such as muscles, tendons, skin, 449 

subcutaneous tissue, fascia, ligaments, joint capsule and cartilage (76, 89). During passive 450 

stretches, the intrinsic sub-cellular cytoskeletal proteins (i.e. titin, desmin) (86), the associated 451 

connective tissues (epimysium, perimysium and endomysium), and the tendons (32) were 452 

probably the main tissues lengthened (29). The measurement of the passive force-length 453 

relation of human muscle in vivo is challenging as the muscle must be ‘‘isolated’’ from other 454 

structures (34, 36, 37). Thus, force obtained during passive stretches is lower than during slow 455 

walking when exclusively the passive behavior of the gastrocnemii muscle-tendon is 456 

considered. In the current study, a decrease in passive torque was shown for dorsi flexion of 457 

the ankle joint indicating a specific adaptation of muscle and tendon stiffness for passive 458 

conditions. The specific passive stiffness of gastrocnemii muscles and Achilles tendon were 459 

examined. An increase in Achilles tendon stiffness was determined whereas no significant 460 

change in stiffness of gastrocnemii muscle was found. 461 

Eccentric training had no significant effect on tendon stiffness and dissipative 462 

properties for isometric contraction. This result is in accordance with the study of Mahieu et 463 

al. (54) using a similar training program. Other studies showed an increase in tendon stiffness 464 

(e.g. 12), however, additional loads during eccentric loadings have been used. Appropriate 465 

mechanical loading can result in positive changes in tendinous structures and may lead to 466 

improved functional behavior, whereas excessive loading may induce tendon degeneration 467 
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(54). To our knowledge, no previous study assessed the effects of eccentric loading on 468 

dissipative properties of tendon. No change in the tendon’s DC was found in the present study 469 

indicating that eccentric training did not change the capacity to dissipate potential elastic 470 

energy during lengthening. Yet, a previous study showed a decrease in the tendon DC after 471 

strength training in elderly subjects (75). However, eccentric training combines stretching and 472 

strengthening effects (3). Our results are in accordance with those findings obtained in studies 473 

assessing effects of chronic stretching and low-load resistance training (45, 46). Interestingly, 474 

in a previous study, a decrease in DC of Achilles tendon was found after 14 weeks of 475 

plyometric training (18). Plyometric contraction consists in an eccentric action followed by a 476 

concentric action in order to restore potential elastic energy stored during the first phase. 477 

Eccentric contraction performed alone consists in the storage of elastic energy which is 478 

dissipated. Changes in tendon DC after plyometric and eccentric trainings were shown to be 479 

coherent with the functional behavior of MTC induced by plyometric and eccentric 480 

contractions. 481 

During contraction a decrease in joint stiffness for an absolute level of torque 482 

(i.e. 60 N.m) was assessed which is in accordance with the results of Pousson et al. (73) who 483 

found an increase in SEC compliance of elbow flexors. Specific adaptations of active and 484 

passive parts of the SEC were characterized more precisely in the current study. As it was 485 

hypothesized in a former study (73), a decrease in the stiffness of the active part of the SEC 486 

was determined whereas no significant change was found in the SEC passive part stiffness. 487 

Our results could be explained by an increase in muscle sarcomere in series which has already 488 

been shown in animal studies (51, 59) and put forward in recent studies determining the 489 

effects of eccentric training in vivo (10, 54). In addition, structural changes in muscle (e.g. 490 

fiber type transition) were taken into account as a possible factor in former studies (4, 23, 73) 491 

as well as the fact that fast muscle fibers are more compliant than slow ones (71). 492 
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However, some methodological considerations have to be considered with regard to 493 

the assessment of the mechanical properties of MTC. Assumptions linked to the alpha method 494 

were abundantly discussed in previous studies (17, Supplementary material of 20). As 495 

mentioned before, the stiffness of SEC2 was assumed to be constant and SEC1 stiffness was 496 

considered as proportional to torque on the full range of torque investigated (i.e. between 30% 497 

and 90% MVC). Studies have shown that the onset of a change in EMG activity, as a result of 498 

the short latency stretch reflex, generally occurs between 40 and 60 ms (11, 70). An analysis 499 

on sEMG signal was performed before and after the beginning of the stretch using a method 500 

similar to that described by Cronin et al. (11). Compared to the results of Cronin et al., the 501 

short latency reflex occurred later. This difference could be explained by the ankle angle used 502 

before the stretch (i.e. 15° in plantar flexion, whereas 0° was used in the study of Cronin et 503 

al.). In the current study, reflex activity was shown to start at least 45ms or more after the 504 

beginning of the stretch. In the literature, the electromechanical delay for the plantar flexors is 505 

between 16 ms (at 15° in plantar flexion) during electrically evoked contractions (62) and 24 506 

ms (at 0°) during voluntary contractions (90). Therefore, the influence of reflex activity on 507 

external torque and stiffness assessed in the present study is likely to be minimal. 508 

Furthermore, no significant change at the onset of the reflex activity was shown after our 509 

eccentric training protocol. 510 

In addition, the assumption that tendon stiffness remains constant at high forces might 511 

be inconsistent when using an exponential equation for the length-tension properties of the 512 

tendon. Nevertheless, the force level for passive stretches was lower than for the contraction. 513 

It is well known that the tendon force-length relationship can be considered as biphasic 514 

consisting of a toe region (non linear part, characterized by a large increase in length with 515 

small increments in force) and followed by a linear region (85). Most notably, Proske and 516 

Morgan (74) concluded that “above 20-30% of maximal isometric tension, tendon stiffness is 517 
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more nearly constant than proportional to the tension” (74), indicating that the toe region 518 

comprises this range of force. In our study, torque ranged from 0 to 25% of MVC in passive 519 

condition, thus, corresponding to the toe region. This justifies the use of an exponential model 520 

for the length-tension properties of the tendon for passive conditions (27). On the contrary, in 521 

the short range stiffness experiment, torque ranged from 30% to 90% of MVC corresponding 522 

to the linear region. This justifies the hypothesis of the constant tendon compliance for the 523 

alpha method (Supplementary material of 20). Note that this last assumption is in accordance 524 

with the linear regression to model the tendon force-length relationship obtained by using 525 

ultrasonography during contractions. 526 

In addition, we assume that SSEC1 is proportional to torque. Linear relationships were 527 

reasonably plotted between sEMG and torque for plantar flexor muscles (R² = 0.96 and 0.98 528 

for the trained group on pretest and posttest respectively) on the range of torque investigated 529 

(i.e. from 30% to 90% MVC) and no significant difference in muscle activation levels was 530 

found between pretest and posttest. Thus, the results of eccentric training are likely not to be 531 

influenced by our hypothesis that SSEC1 is proportional to torque. 532 

Moreover, recent studies observed a potential lateral transmission of tension laterally 533 

between muscles. Bojsen-Moller et al. (9) indirectly showed some inter-muscle force 534 

transmission between gastrocnemii and soleus in humans (9). However, in this last study, 535 

displacements were measured instead of force. Due to the non-linear force-displacement 536 

relationship of the muscle, large displacements can be observed at low force transmission. 537 

Only one recent study quantified the inter-muscle force transmission between gastrocnemii 538 

and soleus in humans (83). Using an elegant model, this study estimated the magnitude of 539 

force transmitted from the gastrocnemii to the soleus, and showed that this magnitude is 540 

negligible (about 5 N). In addition, another study stated that the shear elastic modulus 541 

measured using supersonic imaging provide an estimate of passive muscle tension. Using this 542 
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technique, it was shown that shear elastic modulus-length relationships were similar whatever 543 

the knee angle during passive dorsi flexion (55). Even though further studies are required to 544 

confirm this finding, the hypotheses used in the Hoang’s model can be considered as being 545 

reasonable because there is currently not enough evidence to contest its validity. 546 

Another methodological consideration concerns the relative contribution of the triceps 547 

surae to the active ankle torque which is challenging to determine non-invasively in vivo. To 548 

our knowledge, the only studies assessing the inclusion of the triceps surae are invasive in 549 

nature, for instance by using optic fiber sensors (e.g. 5). Arndt et al. (5) indicate that the 550 

relative contribution of the triceps surae is increased when the knee is extended (i.e. the same 551 

position as for the present study). The authors indicate that under those conditions the relative 552 

contribution of the triceps surae is approximately 80%. Due to limitation of accuracy by using 553 

this method and the inclusion of only one subject (13, 14), these results should be considered 554 

with caution. Nevertheless, the finding (i.e. ~80% triceps surae contribution to ankle torque) 555 

is in accordance with estimations provided by other studies (24, 77, 84). Thus, the 556 

contribution of the five other muscles (i.e. flexor hallucis longus, tibialis posterior, flexor 557 

digitorum longus, peroneus longus, peroneus brevis) to active ankle plantar flexion torque 558 

could be considered as negligible in comparison to the triceps surae muscles contribution 559 

(84). The muscle contribution to active torque is supposed to be almost proportional to the 560 

physiological cross-sectional area (PCSA) (24, 25, 26). In addition, both muscle CSA and 561 

muscle architecture (i.e., muscle thickness, fascicle length and pennation angle) and sEMG 562 

activity level did not significantly change after the training period for the trained group, 563 

indicating that the relative contribution of muscles remain unchanged. Thus, for instance, a 564 

change in PCSA of the other muscles of 10% (to the best of our knowledge no study 565 

investigated changes in geometric parameters of other muscles after chronic intervention) 566 

should induce a change in relative contribution of about 2%. Therefore, its influence on the 567 
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contribution of the total plantar flexion torque production is likely to be minimal. Thus, it 568 

could be assumed that changes in the dissipative coefficient were mainly associated to 569 

changes in the dissipative properties of the tendon rather than being linked to muscle function. 570 

Interestingly, specific adaptations of tendon were found in stiffness determined in 571 

active and passive conditions. Indeed, no significant changes in ST and SIT were found while 572 

an increase in LFSI −
tendon  occurred after 14 weeks of eccentric training. Although the mechanical 573 

properties of the same structure were assessed, different adaptations occurred specifically 574 

when tendon stiffness is assessed in active and passive conditions. Similar results were found 575 

following plyometric training showing an increase in Achilles tendon stiffness for the active 576 

condition but without any changes during passive motion of the ankle joint (18, 20). Two 577 

main hypotheses could explain the different findings for active and passive tendon stiffness. 578 

Firstly, during contraction of the triceps surae muscle group, higher stress is applied on 579 

tendon structures than during passive motion and changes in tendon stiffness due to the 580 

training can depend on the stress level. Secondly, the stress applied can be qualitatively 581 

different. Indeed, shearing movements were shown between the soleus and gastrocnemii 582 

during an isometric plantar flexion (8). Since different muscle structures are implied in 583 

tension production for muscle contractions and passive joint motion (i.e. mainly cross-bridges 584 

during contraction and parallel elements during passive motion), it could be expected that 585 

components of Achilles tendon are not identically stressed due to their specific mechanical 586 

behavior. Several studies focused on the role of the extracellular matrix (ECM) is playing 587 

with regard to mechanical properties of the tendon (e.g. 43, 44). The ECM is made of a 588 

variety of substances (i.e. mainly collagen fibrils and proteoglycans). In addition to the 589 

proteoglycans, the hydrophilic ECM consists of a variety of other proteins such as 590 

noncollagen glycoproteins (e.g. 78). It is known that the force transmission of the muscle-591 

tendon complex is dependent on the structural integrity between individual muscle fibers and 592 
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the ECM as well as the fibrillar arrangement of the tendon and its allowance for absorption 593 

and loading of energy (43). Thus, considering the fact that change in tendon stiffness is 594 

specific to the stress level and/or tendon stretching velocity, an increase in stiffness of 595 

different sub-structures within ECM could be effective. However, further studies are needed 596 

to compare mechanical tendon properties at the same level of tension in active and passive 597 

conditions and to determine more precisely the specific adaptations of these sub-structures 598 

according to the type (e.g. higher shearing stress during contraction) and level of applied 599 

stress. 600 

In summary, the present study concentrated on the effects of eccentric training on 601 

specific mechanical properties of plantar flexor muscles and the Achilles tendon in both active 602 

and passive conditions. The major effect of eccentric training can be seen in the decrease in 603 

the active part of the SEC stiffness leading to an increase in energy that could be stored during 604 

eccentric contraction. Eccentric loading abundantly used in tendinopathies rehabilitation 605 

programs did not significantly affect tendon mechanical properties. Adaptations in mechanical 606 

properties of plantar flexor muscles and the Achilles tendon seem to be more protective to 607 

lower the risk of muscle and/or tendon injuries (i.e. no change in dissipative properties of 608 

tendon and decrease in SEC1 stiffness). However, differences in adaptation to training of the 609 

Achilles tendon stiffness determined in active and passive conditions remain unclear. Further 610 

studies are needed to precise the specific adaptations of tendon structures with regard to the 611 

type and level of stress applied to the tendon during passive motion and muscle contraction. 612 

Such an approach might allow a better understanding of specific physiological mechanisms 613 

potentially involved in changes of tendon mechanical properties. 614 

 615 
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 620 

Appendix A 621 

In active condition, the joint stiffness was calculated as the ratio of changes in external 622 

torque and ankle angle between the beginning of the stretch and 60ms after. It would have 623 

been also possible to determine instantaneous compliance considering the torque-angle 624 

relationship during the stretch. For the only time point for which no significant angular 625 

acceleration occurred (i.e. 60ms after the beginning of the stretch in our experimental design), 626 

instantaneous stiffness was determined with regard to the torque angle relationship. However, 627 

the instantaneous stiffness was slightly noisy with the filters used which are usually 628 

considered to be appropriate (17). Thus, the alpha torque relationship obtained using this 629 

calculation was not appropriate. Therefore, instantaneous stiffness was averaged on time 630 

ranges to limit the influence of noise but also of inertia and reflex influence during the stretch. 631 

This additional processing was performed for the trained group before and after eccentric 632 

training. The mean R² values of the alpha-torque relationships are shown in Figure A1.  633 

The values indicate that time range between 50 and 70ms after the beginning of the 634 

stretch reached a good compromise considering inertial and reflex influences. In addition, 635 

analyses performed in this time range provide similar quality of fits than those exposed in the 636 

present study when determining the alpha-torque relationship. Thus, the influence of training 637 

was determined using this additional approach (Figure A2) 638 

Results showed that changes are similar for both α0 and SSEC2. Therefore, the method 639 

using the instantaneous stiffness is an interesting alternative and the results presented in 640 
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Figure A2 strengthen the results concerning the effects of eccentric training obtained in the 641 

present study. 642 

 643 

Appendix B 644 

In addition to mean relationships, some raw data and traces of (i) angle and torque 645 

during the rapid stretch used in the alpha method (Figure B1, B2 and B3), (ii) EMG and 646 

measures of myotendinous junction displacement during isometric contractions (Figure B4 647 

and B5), and (iii) the passive force-length relationships (Figure B6) of a representative trained 648 

subject. 649 
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Tables 894 

Table 1: Geometrical parameters of Achilles tendon and triceps surae 895 

muscles 896 
 897 

 
Trained Group Control Group 

Pretest Posttest Pretest Posttest 

CSAT (mm²) 67.6 ± 7.2 66.6 ± 10.4 59.2 ± 11.6 58.9 ± 9.2 

CSATS (mm²) 3952 ± 750 3960 ± 735 3623 ± 679 3535 ± 698 

CSAGAS (mm²) 1686 ± 415 1668 ± 411 1667 ± 297 1612 ± 294 

GL 

Tendon length (cm) 22.2 ± 1.9 22.0 ± 1.7 21.9 ± 1.9 22.0 ± 1.6 

Pennation angle (°) 13.3 ± 1.6 12.6 ± 3.5 12.3 ± 2.4 13.5 ± 1.9 

Fascicle length (cm) 8.6 ± 1.8 9.5 ± 2.8 9.1 ± 3.1 8.0 ± 1.3 

GM 

Tendon length (cm) 19.7 ± 2.5 19.2 ± 2.2 * 19.4 ± 2.4 19.4 ± 2.2 

Pennation angle (°) 22.7 ± 2.3 21.6 ± 1.9 23.4 ± 3.0 23.2 ± 1.8 

Fascicle length (cm) 5.9 ± 0.9 6.2 ± 1.0 5.8 ± 1.1 5.9 ± 0.8 

SO 

Tendon length (cm) 4.9 ± 1.4 4.4 ± 1.5 4.8 ± 1.3 4.3 ± 4.3 

Pennation angle (°) 33.5 ± 8.5 31.9 ± 8.4 25.1 ± 7.7 24.3 ± 6.1 

Fascicle length (cm) 3.1 ± 0.7 3.1 ± 0.8 3.6 ± 1.0 3.7 ± 0.7 

Data are mean ± standard deviation. CSAT: Achilles tendon cross sectional area; CSATS and CSAGAS: 898 
mean cross sectional area of the triceps surae and gastrocnemii muscles respectively calculated from 899 
measurements at 50, 60 and 70% from proximal extremity of the lower leg length, tendon length, 900 
pennation angle and fascicle length for each muscle of the triceps surae (soleus [SO], gastrocnemius 901 
medialis [GM] and gastrocnemius lateralis [GL]). *: P < 0.05. 902 

903 
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Table 2: Active stiffness of plantar flexors muscle-tendon complex 904 

mechanical properties 905 

 906 

 
Trained Group Control Group 

Pretest Posttest Pretest Posttest 

S (N.m.°-1) 

30% MVC 3.6 ± 0.5 3.6 ± 0.6 3.5 ± 0.4 3.4 ± 0.5 

90% MVC 6.0 ± 0.8 6.0 ± 1.1 6.0 ± 0.8 6.0 ± 0.7 

60 N.m 4.7 ± 0.3 4.4 ± 0.3 * 4.6 ± 0.4 4.6 ± 0.4 

SSEC2 (N.m.°-1) 9.2 ± 1.4 10.2 ± 2.8 9.7 ± 1.9 9.8 ± 1.8 

SSEC1 60N.m (N.m.°-1) 9.9 ± 1.3 8.4 ± 1.5 * 9.2 ± 1.5 9.3 ± 2.4 

SSEC1 max (N.m.°-1) 19.8 ± 3.7 17.4 ± 4.2 18.5 ± 3.2 18.6 ± 5.4 

Data are mean ± standard deviation. S: global angular joint stiffness determined at 30%, 90% of 907 
maximal voluntary contraction and for an absolute level of contraction (60N.m), SSEC2: passive part of 908 
the series elastic component stiffness, SSEC1: active part of the series elastic component stiffness 909 
determined at 60N.m and for maximal voluntary contraction (SSEC1 60N.m and SSEC1 max, respectively). 910 
*: P < 0.05. 911 
 912 

913 
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Table 3: Achilles tendon mechanical properties 914 
 915 

 
Trained Group Control Group 

Pretest Posttest Pretest Posttest 

Lmax (mm) 14.4 ± 2.6 15.2 ± 2.9 15.9 ± 2.9 15.7 ± 2.0 

ST (N.mm-1) 215.8 ± 55.0 251.1 ± 109.2 220.1 ± 83.9 222.2 ± 84.9 

SIT (mm-1) 0.076 ± 0.049 0.096 ± 0.050 0.097 ± 0.063 0.084 ± 0.064 

DC (%) 27.8 ± 13.7 26.3 ± 11.2 33.6 ± 11.9 36.5 ± 13.4 

Data are mean ± standard deviation. Lmax: maximal Achilles tendon elongation; Achilles tendon 916 
stiffness (ST); dissipation coefficient (DC). 917 
 918 

919 
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Table 4: Ankle joint range of motion and passive stiffness of the 920 

gastrocnemii muscle and Achilles tendon 921 
 922 

 
Trained Group Control Group 

Pretest Posttest Pretest Posttest 

RoMPF (°) 61 ± 6 63 ± 4 59 ± 10 58 ± 8 

RoMDFext (°) 49 ± 4 52 ± 6 51 ± 8 50 ± 7 

RoMDFflex (°) 60 ± 6 62 ± 7 58 ± 10 58 ± 12 

F
or

ce
 –

 le
ng

th
 

re
la

ti
on

sh
ip

s 

LFSI −
MTC  (m-1) 87.5 ± 12.9 89.2 ± 11.2 84.6 ± 11.0 83.8 ± 16.4 

LF=1 MTC (m) 0.372 ± 0.019 0.373 ± 0.018 0.371 ± 0.026 0.366 ± 0.031 

LFSI −
muscle  (m-1) 168.1 ± 44.0 153.8 ± 27.7 150.6 ± 34.8 142.0 ± 39.9 

LF=1 M (m) 0.247 ± 0.026 0.246 ± 0.027 0.251 ± 0.017 0.248 ± 0.020 

LFSI −
tendon  (m-1) 152.9 ± 16.6 185.9 ± 32.6 * 165.6 ± 21.8 169.9 ± 38.4 

LF=1 T (m) 0.170 ± 0.023 0.174 ± 0.024* 0.168 ± 0.025 0.167 ± 0.028 

Data are mean ± standard deviation. RoMPF: Maximal range of motion of the ankle joint in plantar 923 
flexion with leg fully extended, RoMDFext: Maximal range of motion of the ankle joint in dorsi 924 
flexion with leg fully extended, RoMDFflex: Maximal range of motion of the ankle joint in dorsi 925 
flexion with knee flexed at 80°. Ankle joint angle = 0° with foot perpendicular to the tibia. Knee 926 
angle = 180° with leg fully extended. Stiffness index and length at a passive force of 1N of the 927 

gastrocnemii muscle-tendon complex, Achilles tendon and gastrocnemii muscle ( LFSI −
MTC , LF=1 MTC ; 928 

LFSI −
tendon , LF=1 T and LFSI −

muscle , LF=1 M respectively) determined from force-length relationships. 929 

*: P < 0.05. 930 
 931 

 932 
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Figure legends 933 

Figure 1 934 

Mean sEMG-time relationships for (A) Gastrocnemius Lateralis [GL], (B) Gastrocnemius 935 

Medialis [GM], (C) Soleus [SO] and (D) Tibialis Anterior [TA] obtained on 100ms before 936 

and after the stretch beginning [vertical dotted line] for the trained group before (solid line) 937 

and after (dotted lined) the 14 weeks of eccentric training. 938 

 939 

Figure 2 940 

Mean joint stiffness-torque relationships (A) and joint stiffness-relative torque relationship 941 

(B) for the trained group before (filled circles) and after (empty squares) the 14 weeks of 942 

eccentric training. Error bars were removed for clarity. *: P < 0.05. 943 

 944 

Figure 3 945 

Mean alpha-torque relationship for the trained group before (filled circles - solid line) and 946 

after (empty squares - dotted lined) the 14 weeks of eccentric training. 947 

 948 

Figure 4 949 

Stiffness index of the active part of the series elastic component (SISEC1) (A) and passive part 950 

of the series elastic component stiffness (SSEC2) (B) determined before (filled area) and after 951 

(empty area) the 14 weeks of eccentric training for both trained and control groups. Results 952 

are presented as mean ± standard deviation. *: P < 0.05. 953 

 954 
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Figure 5 955 

Mean torque-time relationships (A) and tendon force-elongation relationships (B) obtained 956 

during isometric contraction in plantar and dorsi flexion for the trained group before (solid 957 

line) and after (dotted lined) the 14 weeks of eccentric training. 958 

 959 

Figure 6 960 

Mean sEMG-time relationships for (A) Gastrocnemius Lateralis [GL], (B) Gastrocnemius 961 

Medialis [GM], (C) Soleus [SO] and (D) Tibialis Anterior [TA] obtained during isometric 962 

contraction in plantar and dorsi flexion for the trained group before (solid line) and after 963 

(dotted lined) the 14 weeks of eccentric training. 964 

 965 

Figure 7 966 

Mean relationships between passive torque and ankle angle obtained during passive 967 

stretching of ankle joint performed at 0°, 45° and 80° of knee flexion angle (A) and mean 968 

force-length relationships of the gastrocnemii muscle-tendon complex determined in passive 969 

condition (B) for the trained group before (solid line – filled circles) and after (dotted lined – 970 

empty squares) the 14 weeks of eccentric training. 971 

 972 

Figure 8 973 

Mean force-length relationships of the Achilles tendon (A) and the gastrocnemii muscle (B) 974 

determined in passive condition for the trained group before (solid line – filled circles) and 975 

after (dotted lined – empty squares) the 14 weeks of eccentric training. 976 

 977 
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Figure A1 978 

Mean values of regression coefficient (R²) of the linear fit on alpha-torque relationships using 979 

stiffness calculated as exposed in the present study, instantaneous stiffness determined 60ms 980 

after the beginning of the stretch, mean instantaneous stiffness values calculated between 40 981 

and 60ms, and between 50 and 70ms after the beginning of the stretch 982 

 983 

Figure A2 984 

Mean values of SISEC1 and SSEC2 determined considering instantaneous stiffness averaged on 985 

the range 50-70ms after the beginning of the stretch and considering method exposed in the 986 

manuscript for the trained group before (black) and after (white) training. 987 

 988 

Figure B1 989 

Typical raw data obtained during a trial of the short range stiffness experiment with (A) ankle 990 

angle, (B) angular velocity and (C) external torque. After the isometric contraction, triceps 991 

surae was quickly stretched. The first 60 ms [vertical dotted line] of the stretch were used to 992 

determine the joint stiffness. 993 

 994 

Figure B2 995 

Joint stiffness-torque relationships (A) and joint stiffness-relative torque relationship (B) for a 996 

representative trained subject before (filled circles) and after (empty squares) the 14 weeks of 997 

eccentric training. Error bars were removed for clarity. 998 

 999 

Figure B3 1000 

Alpha-torque relationship for a representative trained subject before (filled circles - solid 1001 

line) and after (empty squares - dotted lined) the 14 weeks of eccentric training. 1002 
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 1003 

Figure B4 1004 

Elongation-time relationships (A) and torque-time relationships (B) obtained during isometric 1005 

contraction in plantar and dorsi flexion for a representative trained subject before (solid line) 1006 

and after (dotted lined) the 14 weeks of eccentric training. 1007 

 1008 

Figure B5 1009 

Tendon force-elongation relationships obtained during isometric contraction in plantar and 1010 

dorsi flexion for a representative trained subject before (solid line) and after (dotted lined) 1011 

the 14 weeks of eccentric training. 1012 

 1013 

Figure B6 1014 

Force-length relationships of the gastrocnemii muscle-tendon complex (A) and the Achilles 1015 

tendon (B) determined in passive condition for a representative trained subject before (solid 1016 

line – filled circles) and after (dotted lined – empty squares) the 14 weeks of eccentric 1017 

training. 1018 
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