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stiffness values obtained with both methods were signifi-
cantly different (P < 0.001).
Conclusions In conclusion, these findings validate the 
two main assumptions underlying the alpha method using 
ultrasound. Differences in stiffness values obtained with 
alpha and ultrasound methods could be associated with 
physiological and geometrical differences between the 
whole plantar flexors muscles characterized by the alpha 
method and the gastrocnemius medialis assessed with the 
ultrasound method.
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Abbreviations
ANOVA  Analysis of variance
Lfh  Horizontal fascicle length
MVC  Maximal voluntary contraction
S  Muscle-tendon stiffness
SEC  Series elastic component
Smuscle  Muscle stiffness
Stendon  Tendinous stiffness
ΔF  Change in force
ΔL  Muscle-tendon unit length change
ΔLfh  Horizontal fascicle length change
ΔLtt  Tendinous tissues length change

Introduction

The mechanical properties of muscle–tendon unit highly 
influence storage–restitution of elastic energy and force 
transmission, and play an important functional role in 
several frameworks (Pearson and McMahon 2012; Wil-
son et al. 1991). Thus, several methods developed to 

Abstract 
Purpose The alpha method enables the dissociation of the 
passive (i.e., tendinous tissues) and active (i.e., fascicles) 
part of muscle–tendon stiffness. It is based on two main 
assumptions (i.e., a constant tendon stiffness and a muscle 
stiffness proportional to the torque produced), which have 
not been approved in vivo. The purpose of this study was to 
validate these two assumptions using ultrafast ultrasound, 
and to compare fascicle and tendon stiffness as determined 
by both methods.
Methods Ten healthy males performed a fast-stretch 
experiment on the ankle plantar flexors. The mathematical 
model of the alpha method allowed to estimate the stiff-
ness of muscle and tendinous tissues on the basis of the 
assumptions associated to the behaviors of muscle fascicles 
and tendinous tissues. Muscle and tendon stiffness of the 
gastrocnemius medialis were also calculated from ultrafast 
ultrasound measurements.
Results Muscle stiffness measured by the ultrasound 
method increased from 217 ± 83 to 720 ± 265 N/mm with 
an increasing level of force (from 30 to 90 % MVC). Tendi-
nous stiffness measured by the ultrasound method remained 
constant across the force level (P < 0.001). However, the 
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characterize stiffness for isolated muscles were adapted in 
vivo. These include sinusoidal perturbation (Cornu et al. 
1997), quick release (Cornu et al. 1998; Lambertz et al. 
2001; Goubel and Pertuzon 1973) and short-range stiffness 
experiments (Cook and McDonagh 1996; Rack and West-
bury 1973). Considering the latter method, muscle–tendon 
compliance (i.e., inverse of stiffness) is assumed to be the 
sum of active (i.e., contractile elements) and passive (i.e., 
tendon-aponeurosis structures) parts of the series elastic 
component (SEC) compliances (Ettema and Huijing 1994) 
associated mainly with the behaviors of the muscle cross-
bridges and tendinous tissues, respectively (Fouré et al. 
2010).

In the past 15 years, tendon stiffness (i.e., the main 
structure included in the passive part of the SEC) was 
assessed non-invasively from the force–elongation rela-
tionship determined with ultrasound measurements during 
an isometric contraction (Kubo et al. 1999; Maganaris and 
Paul 1999; Magnusson et al. 2001; 2008). In this way, the 
effects of training (Fouré et al. 2012a, b; Kubo et al. 2010; 
Lenskjold et al. 2013), aging (Carroll et al. 2008; Stenroth 
et al. 2012) or tendinopathy (Arya and Kulig 2010; Helland 
et al. 2013) on both Achilles and patellar tendon stiffness 
were characterized. In contrast, muscle stiffness remains 
more difficult to characterize non-invasively in vivo.

Currently, only one method, the “alpha method” (Mor-
gan 1977) enables the simultaneous assessment of the spe-
cific behaviors of both the active and passive parts of the 
SEC based on short-range stiffness experiments. Measure-
ments using the alpha method were shown to be reproduc-
ible in vivo (Fouré et al. 2010) and allowed for the study 
of the effects of training (Fouré et al. 2011, 2013), gender 
(Fouré et al. 2012a) and neuromuscular disorders (Svantes-
son et al. 2000). The alpha method is based on two main 
assumptions: (i) beyond 30 % of the maximal force tendon 
stiffness is constant (Proske and Morgan 1987) and (ii) 
muscle compliance is inversely proportional to the force 
produced. Although the experimental conditions for tendon 
stiffness measurements (i.e., incremental isometric con-
traction) were quite different compared to the short-range 
experiments (i.e., fast stretch during constant isometric 
contractions), the first hypothesis has been discussed pre-
viously based on ultrasound measurements (Fouré et al. 
2010, 2013). In order to experimentally check the second 
assumption, a more direct validation based on muscle and 
tendon behaviors could be very useful in assessing the 
validity of the alpha method applied in vivo.

Recently, ultrafast ultrasound (Deffieux et al. 2006, 
2008; Tanter and Fink 2014) has been used to analyze the 
behavior of muscle fascicles (Nordez et al. 2009; Hau-
raix et al. 2013; Farcy et al. 2014) during different tasks 
and modalities of contractions. Thus, the contributions of 
fascicles and tendinous tissues to the global compliance of 

the muscle–tendon unit could be assessed using ultrafast 
ultrasound. Additionally, a direct validation of assumptions 
associated with the alpha method with direct measurements 
using ultrafast ultrasound could facilitate the assessment of 
specific muscle and tendon stiffness in clinical and athletic 
contexts with a commercial isokinetic device as a unique 
requirement.

Therefore, the aims of the current study were to: (i) 
check the two main assumptions associated with the alpha 
method (i.e., a constant tendon stiffness and a muscle stiff-
ness proportional to the force produced) by measuring fas-
cicle behavior with ultrafast ultrasound during fast-stretch 
experiments in vivo, and, (ii) compare muscle and tendon 
stiffness determined by the alpha method and the ultrafast 
ultrasound.

Materials and methods

Subjects

Ten healthy males (27 ± 4 years, 180 ± 6 cm, 74 ± 7 kg) 
volunteered to participate in the present study. Subjects 
were fully informed about the nature and aim of the study, 
before signing a written informed consent form to be 
included in the study. This study was in conformity with 
the Declaration of Helsinki and has been approved by the 
local ethics committee.

Mechanical and ultrafast ultrasound measurements

A Biodex System 3 research dynamometer (Biodex Medi-
cal, Shirley, New York, USA) and research toolkit were 
used to measure ankle angle, angular velocity and torque. 
Subjects lay in a prone position with legs fully extended. 
The thighs and hips were secured by adjustable lap belts, 
and held in position. The right ankle was securely strapped 
to a footplate connected to the dynamometer’s lever arm 
(with 90° corresponding to the foot being perpendicular 
to the leg and 0° to full plantar flexion). The input axis of 
the dynamometer was carefully adjusted to the ankle’s axis 
of rotation. Mechanical signals of torque, joint angle and 
angular velocity were sampled at a frequency of 1,000 Hz 
(Delsys Inc, Boston, MA, EU).

The probe (5–12 MHz; 55 mm) of an ultrafast ultra-
sound scanner (Aixplorer, Supersonic Imagine, Aix en 
Provence, France) was placed on the medial gastrocnemius 
at 30 % of the distance between the popliteal crease and the 
center of the lateral malleolus (Kawakami et al. 1998). The 
probe was aligned vertically to the midline of the muscle in 
the same plane of the muscle fascicles, to obtain the long-
est possible fascicles’ length and to minimize measurement 
error (Bénard et al. 2009). A trigger output signal was used 
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to synchronize the mechanical data with the raw ultrasound 
signal, both sampled at 1,000 Hz.

Experimental protocol

The protocol started with a 3-min warm-up consisting of 
submaximal isometric plantar flexions. After 2 min of rest, 
two trials of maximal voluntary contraction (MVC) in 
plantar flexion were performed at 75° of ankle angle. Two 
trials at 30 and 60 % MVC were conducted to familiarize 
subjects with the fast-stretch experiment. Subjects had to 
maintain a submaximal isometric plantar flexion prior to a 
fast dorsiflexion (i.e., 250° s−1) applied by the dynamom-
eter on a range of motion of 20° (i.e., from 75° to 95°). The 
fast-stretch experiments (14 trials) were performed at 7 lev-
els of submaximal torque in random order (two trials for 
each torque level every 10 % MVC from 30 to 90 % MVC) 
with 2-min of rest between trials.

Data analysis

All data were processed with standardized Matlab Scripts 
(The Mathworks, Natick, MA). Mechanical data (i.e., 
torque, ankle angle and angular velocity) were filtered 
using a low-pass (98 Hz), zero-phase second-order Butter-
worth filter. The torque measured by the dynamometer was 
corrected for inertia and the weight of the dynamometer 
attachment to obtain the external torque. The moment arm 
and length of the muscle–tendon unit were estimated from 
the ankle and knee joint angles using the anthropometric 
model proposed by Grieve et al. (1978). The force was cal-
culated from the external torque divided by the moment 
arm. As described previously in a fast-stretch experiment 
(Fouré et al. 2010), the first 60 ms of stretch was consid-
ered for analysis of mechanical and ultrasound data.

B-mode images were created from ultrasonic raw data 
by a conventional beam formation, i.e., using a time-delay 
operation to compensate for the travel time differences. The 
changes in the length of the muscle fascicles were obtained 
via an automatic fascicle tracking method (Cronin et al. 
2011; Gillett et al. 2013). When the muscle fascicles length 
was not fully visible, an extrapolation was performed based 
on the interception with superficial and deep aponeurosis. 
The pennation angle corresponded to the angle between 
fascicle length and deep aponeurosis. The horizontal fasci-
cle length (Lfh) was calculated as the fascicle length multi-
plied by the cosinus of the pennation angle. The change in 
length of tendinous tissues (ΔLtt) was calculated from the 
difference between the change in length of muscle–tendon 
unit (ΔL) and Lfh.

Muscle and tendon stiffness was calculated using both 
the alpha method and ultrasound measurements, thereafter 
referred as to the “ultrasound method”.

Muscle and tendon stiffness estimated using the alpha 
method

The muscle–tendon stiffness (S) corresponded to the ratio 
between changes in force (ΔF) and ΔL (Eq. 1).

Then, the alpha method is a mathematical method 
using the fast-stretch experiment (Fouré et al. 2010; Mor-
gan 1977). Muscle and tendon are assumed to be placed 
in series, and thus the muscle–tendon stiffness could be 
expressed as (Eq. 2):

Assuming that tendon and muscle stiffness (Stendon and 
Smuscle, respectively) are constant and proportional to the 
force, respectively, it could be written as (Eq. 3):

where α0 represents a muscle stiffness index (Eq. 4):

In addition, α was defined as (Eq. 5):

A linear regression was performed on the α-F relation-
ship. Then, the tendon stiffness (Stendon) was determined as 
the inverse of the slope of the α-F relationship (Fig. 1). The 
α0 parameter was obtained as the inverse of the y-intercept 
of the α-F relationship.
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Fig. 1  Classical α-force relationship obtained for a representative 
subject. The inverses of the slope and of the y-intercept of the linear 
regression correspond to the tendon stiffness and an index of muscle 
stiffness, respectively
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Muscle and tendon stiffness using the ultrasound method

The ultrasound method was based on data from the auto-
matic fascicle tracking (Fig. 2). The muscle stiffness was 
calculated from the ratio between the global ΔF and the 
horizontal fascicles length change (ΔLfh). The tendinous 
tissues’ stiffness was calculated from the ratio between 
ΔF and the tendinous tissues’ length change (ΔLtt). There-
fore, this calculation implicitly considers that the change in 
length of fascicles and tendinous tissues was representative 
of the whole plantar flexors.

Statistical analysis

After checking the normal distribution of data using a Sha-
piro–Wilk test, parametric statistical tests were performed 
using Statistica® software (Statsoft Inc., Tulsa, OK, USA). 
Two-way multivariate analysis of variance (ANOVA) 
(force level × method) was performed to assess the statisti-
cal changes in the muscle and tendon stiffness measured by 
both the alpha method and the ultrafast ultrasound method. 
When appropriate, a Tukey HSD post hoc analysis was per-
formed. The level of significance was set at P < 0.05.

Results

Stiffness of tendinous tissues

The significant main effect for the “method” factor 
(P < 0.001) showed that the tendinous tissues stiffness 
measured by the ultrasound method was significantly lower 
than that calculated with the alpha method (258 ± 40 and 
401 ± 97 N/mm, respectively). Although a main effect was 
determined for “force” factor (P = 0.026), post hoc analy-
sis revealed no significant difference between force levels. 
Thus, the tendinous tissues stiffness was considered as con-
stant, regardless the torque level (Fig. 3). No significant 
interaction between “force level” and “method” factors was 
found.

Stiffness of muscle fascicles

The “force” effect (P < 0.001) indicated that the stiffness 
of the muscle fascicles increased with force level (Fig. 4) 

Fig. 2  Typical example of mus-
cle horizontal fascicle length 
during fast-stretch experiment. 
The ultrafast ultrasound was 
used to measure the fascicle 
length (white dotted line) 
and the horizontal fascicle 
length (white arrows) during a 
maintained isometric contrac-
tion at 40 % of maximal torque 
level—i.e., prior to quick stretch 
(A) and 60 ms after its begin-
ning (B)

Fig. 3  Stiffness of the tendinous tissues determined with both the 
alpha method (black squares) and the ultrasound method (gray cir-
cles) with regards to the relative force level. Significant differences 
between methods are denoted by ***(P < 0.001)

Fig. 4  Muscle stiffness estimated by the alpha method (black 
squares) and determined by ultrafast ultrasound method (gray cir-
cles) with regards to the relative force level. Significant differences 
between methods are denoted by ***(P < 0.001)
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(mean R2: 0.82 ± 0.11 and 0.97 ± 0.02 for the ultrasound 
and alpha methods, respectively). The “method” effect 
(P < 0.001) indicated that fascicle stiffness measured by 
the ultrasound method was significantly higher than mus-
cle stiffness determined by the alpha method. “Force” and 
“method” factors significantly interacted (P < 0.001) and 
showed that the increase in stiffness was more important 
for the ultrafast ultrasound method than that estimated 
by the alpha method (218 ± 83 to 721 ± 266 N/mm and 
139 ± 34 to 337 ± 97 N/mm, respectively). Higher mus-
cle fascicle stiffness was determined with the ultrasound 
method compared to muscle stiffness estimated by the 
alpha method for elevated force level (≥50 % MVC). In 
contrast, muscle fascicle stiffness was not significantly dif-
ferent between both methods (P < 0.05) for low force levels 
(i.e., 30 and 40 % MVC).

Discussion

The ultrasound method showed that tendon stiffness was 
not significantly different in the range of force from 30 to 
90 % MVC, and that muscle fascicle stiffness increased 
linearly with the force level. Therefore, the main novelty 
of the paper was the in vivo validation of the assump-
tions associated to the alpha method during fast stretches 
by direct ultrasound measurement of fascicle behavior. 
Tendon stiffness measured by the ultrasound method was 
significantly lower than the stiffness obtained by the alpha 
method. Inversely, muscle fascicle stiffness determined by 
the ultrasound method was significantly higher than muscle 
stiffness obtained by the alpha method, and this latter dif-
ference increased with force level.

The sampling frequency of ultrafast ultrasound scan-
ner used in the present study was 1,000 Hz, which is 
largely higher than conventional ultrasound scanner (i.e., 
30–170 Hz) (Cronin and Lichtwark 2012). First, a low tem-
poral resolution of 10 ms (i.e., 100 images per seconds) 
obtained with conventional ultrasound could induce vari-
ability in the fascicle length measurements 60 ms after the 
beginning of the stretch leading to biased stiffness assess-
ment. Second, considering the high velocity reached during 
the stretches (about 250° s−1), it would not be possible to 
perform automatic tracking using conventional ultrasound. 
The manual processing is time consuming and requires to 
average some trials to obtain a sufficient reliability of fas-
cicle length measurements (Cronin and Lichtwark 2012) 
while the automatic tracking is a “robust, repeatable and 
time-efficient method” to measure the fascicle behavior 
during contraction (Cronin et al. 2011). Therefore, ultra-
fast ultrasound measurements are useful to use automatic 
tracking to minimize the errors of measurement in fascicles 
length changes.

The experimental protocol used in the present study was 
similar to those described by Fouré et al. (2010), who dem-
onstrated the reproducibility of stiffness measurements dur-
ing fast-stretch experiments and using the alpha method. A 
global joint stiffness was measured during the fast stretch, 
and this stiffness was considered to represent the muscle–
tendon stiffness of plantar flexors. It implicitly means that 
the role of non-musculotendinous structures (e.g., joint cap-
sule, ligaments, skin) was neglected. While this assumption 
is quite classical for stiffness measurements performed in 
vivo during contractions (e.g., Blanpied and Smidt 1992; 
Zee and Voigt 2001), further studies could be required to 
better understand the contributions of the latter structures 
to the joint stiffness.

Considering the stretch applied, the velocity used in the 
present study was higher than in previous in vivo studies 
(Blanpied and Smidt 1992; Blanpied and Smidt 1993), and 
similar to the velocity applied in ex vivo studies (Morgan 
1977; Morgan et al. 1978). In addition, the relative range of 
the stretch was also similar to the range used in the study 
of Morgan (1977) (about 1.3 % of the total muscle–tendon 
length vs. 1.8 % in the present study). Finally, it was previ-
ously reported that stiffness assessment was not influenced 
by changes in muscle activation considering that reflex 
activity starts at least 45 ms or more after the beginning of 
the stretch (Fouré et al. 2013) and electromechanical delay 
is higher than 15 ms in experimental conditions used in 
the present study (Muraoka et al. 2004; Wu et al. 2009). 
Therefore, the influence of reflex activity on external torque 
and stiffness assessed in the present study is likely to be 
minimal.

Values of stiffness determined in the present study 
using the alpha method were in the same range as those 
obtained by Fouré et al. (2010) (ie., 0.13 ± 0.03°−1 
vs. 0.17 ± 0.04°−1, for the active part of the SEC 
and 14.3 ± 3.2 N/m vs. 12.2 ± 3.1 N/m for the passive 
part of the SEC). Values of tendinous tissue stiffness 
found in the present study using the ultrasound method 
(ranged from 226 to 300 N/mm) were in accordance with 
studies that assessed Achilles tendon stiffness using ultra-
sonography (ranged from 140 to 375 N/mm) (Arya and 
Kulig 2010; Fletcher et al. 2013; Fouré et al. 2013; Kubo 
et al. 2007; Peltonen et al. 2013; Rosager et al. 2002; 
Zhao et al. 2009).

The alpha model is based on two main assumptions 
from ex vivo experiments (Morgan 1977): (i) tendon stiff-
ness remains constant beyond 30 % of the torque level, 
and (ii) muscle stiffness is proportional to the torque level. 
These assumptions were established from studies that used 
isolated muscle, considering that “above 20–30 % of maxi-
mal isometric tension, tendon stiffness is more nearly con-
stant than proportional to the tension” (Proske and Morgan 
1987). Then, the alpha method has been adapted in vivo to 
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dissociate muscle and tendon stiffness in humans (Fouré 
et al. 2010). So far, no study has directly checked these 
assumptions in vivo during fast-stretch experiments using 
ultrafast ultrasound. Our results obtained in vivo with the 
ultrasound method show that tendon stiffness of the gas-
trocnemius medialis remains almost constant with increas-
ing torque level (i.e., from 30 to 90 % MVC). Moreover, 
muscle stiffness was found to be proportional to the force 
level confirming the second assumption associated to the 
alpha method.

We found that stiffness values for muscle and tendon 
were different using the ultrasound and the alpha methods 
(Fig. 3). We think that it could be explained by the differ-
ences between both methods. On the one hand, the alpha 
method characterizes the whole plantar flexor muscles 
(i.e., mainly the gastrocnemius medialis, the gastrocne-
mius lateralis and the soleus) using global torque and angle 
measurements. On the other hand, the ultrasound method 
was focused on one fascicle located in a restricted area of 
the gastrocnemius medialis muscle belly. Since the global 
stiffness is the sum of the stiffness of muscles (i.e., mus-
cles could be considered as in parallel), it actually does not 
make sense to compare the stiffness of several muscles (i.e., 
alpha method) with the stiffness of one muscle (i.e., ultra-
sound). Thus, to perform the comparison, we used the total 
force of plantar flexors to calculate a global stiffness using 
the ultrasound method, by implicitly assuming that the fas-
cicle length measured using ultrasound was representative 
of the whole plantar flexors. This assumption might not be 
valid for at least three reasons. First, the architectural char-
acteristics between plantar flexors muscles (i.e., muscle 
volume, tendon length, muscle fascicle length, and penna-
tion angle) are very different (Albracht et al. 2008; Fuku-
naga et al. 1996). Second, the alpha method evaluated ten-
dinous tissue stiffness of the whole plantar flexors, whereas 
the ultrasound method used in the present study was only 
focused on the tendinous tissues of the gastrocnemius 
medialis (Arya and Kulig 2010; Fouré et al. 2010, 2012a, 
b; Kubo et al. 2007, 2010; Lenskjold et al. 2013; Magnus-
son et al. 2001; Stenroth et al. 2012). Moreover, the soleus 
represents 62 % of the global volume of the triceps surae 
(Albracht et al. 2008), and its tendon length is significantly 
shorter than the gastrocnemius medialis tendon length 
(55 ± 9 vs. 192 ± 24 mm, respectively; Kongsgaard et al. 
2011; Stenroth et al. 2012). Third, since the strain (ΔL/L) 
was not calculated in the present study, the stiffness calcu-
lated in our study corresponds to an apparent stiffness (ΔF/
ΔL). Thus, tendon length largely influenced calculated 
stiffness. Kongsgaard et al. (2011) showed that free Achil-
les tendon stiffness (i.e., soleus tendon) was significantly 
higher than the values of gastrocnemius medialis tendon 
stiffness (2622 ± 534 N/mm vs. 140–375 N/mm, respec-
tively). Therefore, the assumption used for the comparison 

was probably not valid and it could largely explain the dif-
ferences between methods found in the present study. How-
ever, it should be noted that the estimation of the force (i.e., 
force of all plantar flexors or force of one muscle) is also 
problematic in several frameworks such as for the charac-
terization of tendon mechanical properties (Seynnes et al. 
2015). While it is very relevant and important, no consen-
sus currently exists on that topic in the literature.

Conclusion

In summary, the present study validated the two main 
assumptions underlying the alpha method using the ultra-
fast ultrasound method. Thus, the alpha method is a simple 
and reliable experiment for assessing the specific mechani-
cal properties of muscles and tendons after training, neuro-
muscular disorders and to compare populations (e.g., gen-
der and aging). However, the values of stiffness obtained 
between both methods are significantly different consider-
ing the various characterized structures (one muscle–ten-
don vs. the whole plantar flexor muscles) by the two meth-
ods (local vs. global). Further studies are therefore required 
to better understand these relative differences.
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