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Abstract

The aim of this study was to investigate the relationship between biceps brachii hardness using the transient elastography

technique, and its activity level by quantifying the surface electromyographic signal (sEMG). Ten healthy subjects volunteered for

this protocol. To assess the maximal biceps brachii myoelectric activity (sEMG-RMSm), subjects had to achieve their maximal

voluntary contraction trial during an elbow flexion effort. They were then asked to perform an isometric biceps sEMG-RMS ramp

trial in elbow flexion from 0% to 50% of their sEMG-RMSm in 120 s. A low-frequency pulse was sent every 5 s during all trials by

an innovative shear elasticity probe previously placed over the belly of the biceps brachii allowing the calculation of a transverse

shear modulus. The main results of this study were (i) the finding of a systematic linear relationship between the biceps brachii

transverse shear moduli and the corresponding sEMG-RMS values. This was not the case when plotting transverse shear modulus

versus the elbow flexion torque production. Therefore, the computation of a hardness index from the slope of individual transverse

shear modulus-sEMG-RMS linear relationship was enabled; (ii) It was also found that the higher is the rest shear modulus, the

lower is the hardness index, indicating that the transverse shear modulus change during contraction depends on its level at rest.

Therefore, this non-invasive technique could be useful in the medical field to explore deep muscles which are unreachable by classical

testing methods. It could also be applied for the follow-up of neuromuscular diseases inducing stiffness changes such as in Duchenne

muscular dystrophy.

r 2004 Published by Elsevier Ltd.
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1. Introduction

Viscoelastic properties are observed in both passive
and active muscles (Fung, 1993). Muscle stiffness and
joint stiffness are important parameters for the control
of movement because their levels determine resistance to
e front matter r 2004 Published by Elsevier Ltd.

iomech.2004.07.013

ing author. UFR STAPS, 25 bis, bd Guy Mollet, BP

antes cedex 3, France. Tel.: +33-02-51-83-72-22; fax:

2-10.

esses: christophe.cornu@staps.univ-nantes.fr,

gie.chups.jussieu.fr (C. Cornu).
external perturbations (Akeson et al., 1987). Moreover,
it seems that knowledge of mechanisms responsible for
muscle adaptation to changes in functional demand
(pathology or training) requires quantification of the
mechanical properties of muscle. In fact, muscle
contractility and elasticity are sensitive to hyperactivity
(e.g. training) as well as hypoactivity (e.g. bed rest). This
strengthens the interest in the characterization of such
parameters in scientific and medical domains. For
instance, elastic properties of a muscle–tendon complex
have been previously studied in humans with and
without neuromuscular disease using the quick release
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technique (Goubel and Pertuzon, 1973; Pousson et al.,
1990; Cornu et al., 1998, 2001, 2003; Cornu and Goubel
2001; Hof 1998; Zee and Voigt, 2001).
Another widely used approach for determining the

elastic properties of joints involves generating sinusoidal
perturbations over a range of frequencies (Joyce et al.,
1974; Zahalak and Heyman, 1979; Winters et al., 1988;
Cornu et al., 1997, 2001; Lambertz et al., 2001).
However, all these methods are very useful for the

understanding of human movements but they only
provide global measure for describing the behavior of a
muscle and/or joint system. Some methods, for instance
the use of ultrasonic waves, allow the mechanical
characterization of specific structures such as tendon
(Kubo et al., 2001). Such methods allow the study of
specific structure’s behavior within a muscle–tendon
complex. However, those investigations are limited to
superficial structures.
Furthermore, all the above studies concern the

assessment of the musculo-tendinous complex stiffness
among the longitudinal axis. Another approach is the
characterization of a transverse muscle stiffness that has
been termed hardness (Murayama et al., 2000).
In fact, it is well-known from palpation that muscle

becomes harder in some physiological conditions, e.g.,
voluntary contraction and in pathological conditions
such as spasm, cramps, oedema and delayed onset
muscle soreness. Nevertheless, few studies have quanti-
fied hardness changes in normal and pathological
conditions. Murayama et al. (2000), using an eccentric
exercise protocol which induced muscle stiffness and
swelling, have shown an increase in muscle hardness
assessed by a pressure method. Ultrasonic methods have
also been proposed to quantify hardness changes.
Quantitative induced motion (using a low-frequency
vibrator) obtained with Doppler techniques allows one
to estimate the Young’s modulus of soft tissues
(Krouskop et al., 1987; Yamakoshi et al., 1990; Lerner
et al., 1988). Applied on human quadriceps muscle,
these techniques showed that the Young’s modulus was
highly correlated to the muscle contraction level
(Levinson et al., 1995). In transient elastography, the
applied monochromatic vibrations are replaced by a
low-frequency (50–500Hz) pulse (Catheline et al., 1999).
The displacements are calculated from a speckle
tracking method (Ophir et al., 1991). Thus, the energy
propagates within isotropic soft tissues as compressional
(P) and shear (S) waves with typical velocities of
V P=1500m.s�1 and VS=2m.s�1, respectively. Since
the muscles are anisotropic (Levinson, 1987) these
velocities depend upon the direction of the propagation
and on the polarization of the waves. In the biceps
where the fibers are all aligned on the same axis
(transverse isotropy), the study of shear wave propaga-
tion in the direction perpendicular to the fibers is
simplified. The speeds of two shear waves with a
polarization perpendicular and parallel to the fibers,
are given, respectively, by

V?
s ¼

ffiffiffiffiffiffi
c66

r

r
; V 00

S ¼

ffiffiffiffiffiffi
c44

r

r
: (1)

c44 and c66 stands for the elastic coefficients of the
Christoffel’s matrix in Voigt’s notation and r for the
density. The shear elasticity cannot be assessed using
ultrasounds because they only deal with bulk elasticity.
It has been shown (Gennisson et al., 2003) that the use
of a rod piston is needed in order to control the
polarization of the shear waves with transient elasto-
graphy technique. Thus, the general idea is that
measuring the speed of shear waves allows one to
deduce an elastic coefficient given that r is fixed (in
muscle, r E 1000 kg.m�3). In this paper, a more
sophisticated approach is used to measure the elasticity:
the inverse problem. However, in this study we only
focused on the examination of c66; the shear modulus.
The main objective of this study was to characterize
biceps brachii transversal hardness index using the
elastographic method and to determine whether it was
related to local muscle activation changes during an
incremental standardized isometric contraction.
2. Materials and methods

2.1. Subjects

Ten healthy subjects (mean age: 26.873.2 years; mean
height: 175.776.2 cm; mean weight: 69.579.0 kg) vo-
lunteered for this study. All subjects were informed of
the nature and aim of this study. They signed an
informed consent form.

2.2. Materials

2.2.1. Local hardness assessment

The local hardness assessment is obtained with the
shear elasticity probe (Sandrin et al., 2002a,b) shown in
Fig. 1a. The ultrasonic transducer (7mm diameter and
35mm focal depth) is set up in the middle of a rod
(3� 80mm2) on a vibrator (Brüel & Kjær, type 4810). A
pulse echo system is used with a 2 kHz recurrence
frequency. The ultrasonic signals (5MHz central fre-
quency) are sampled at 50MHz and stored using a 9-bit
digitizer with 2Mbytes memory. The shear elasticity
probe is applied at the surface of the biceps and the
rod indicates the direction of the elbow–shoulder axis
(Fig. 1b).
A typical ultrasonic signal is represented in Fig. 2a.

Two main zones emerge from the muscular fibers
echoes. They correspond to the biceps and the agonist.
One sinusoid cycle (150Hz) from a function generator is
sent to the vibrator. This pulse propagates within
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Fig. 1. (a) The shear elasticity probe. (b) The local shear modulus is measured from the shear wave displacements induced by a low-frequency pulse

sent in the biceps brachii.
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Fig. 2. (a) Gray-scale image of the experimental displacement as a function of the depth and time obtained for an acoustic pulse (150Hz) in the

anterior part of the arm. (b) Ultrasonic signal on the arm as a function of the depth (or time of flight). The same depth scale is used in (a) and (b).

Three different zones are clearly visible on the ultrasonic signal: the biceps brachii, the brachialis anterior and the humerus.

J.L. Gennisson et al. / Journal of Biomechanics ] (]]]]) ]]]–]]] 3
muscles as a shear wave. The detection of the motion
induced by such a wave is carried out with a cross-
correlation technique on backscattered ultrasonic signal
stored in memory. A typical displacement field (Fig. 2b)
is represented on a gray-scale level as a function of time
and depth.
From the displacement field, the transverse shear

elastic constant c66 is computed using an inversion
algorithm. The inverse problem algorithm is based on a
simplified approach of the direct problem. The most
general form of the wave equation in linear elastic
medium can be expressed as (Brekhovskikh and Godin,
1990)

r0
q2ui

qt2
�

q
qxj

cijkl

qul

qxk

� �
¼ S ~r; tð Þ; (2)

where ui is the displacement component, r0 the density,
cijkl the Christoffel’s matrix and S ~r; tð Þ is the source term.
S ~r; tð Þ ¼ 0; in the situation where no source is present in
the investigated volume.
In the case of muscle, the wavelength (a few

centimeters for shear waves and a few meters for
compressionnal waves) is much bigger than the mus-
cular fibers. Thus the medium is considered as homo-
geneous and Eq. (2) becomes:

r0
q2ui

qt2
¼ cijkl

q2ul

qxkqxj

: (3)

Since the anisotropy of muscle is properly described by
the hexagonal system, the Christoffel’s tensor, for a
propagation direction perpendicular to the muscle
fibers, only contains three elastic constants c11; c44; c66
that are involved in the propagation of a longitudinal
wave and two shear waves, respectively. In the experi-
ment, the distance propagation under investigation
(along the ultrasonic beam) is smaller than the rod
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length. Since the rod source is placed in the direction of
the elbow–shoulder axis, for symmetry reasons, the
problem is reduced to the transverse isotropic plane
(perpendicular to the fibers).

r0
q2~u
qt2

¼ c11 � c66ð Þ~r~r~u þ c66r
2~u: (4)

From an experimental point of view, the longitudinal
wave can be neglected in the particular case of a pulsed
excitation as it propagates instantaneously regarding to
the shear wave. Thus, Eq. (4) can be reduced to a simple
equation involving one elastic coefficient c66:

r0
q2~u
qt2

¼ c66r
2~u: (5)

As the displacement estimation is based on a 1D
correlation algorithm, only displacements along the
ultrasonic beam axis can be measured. Thus, one can
only rely on the z-component of the displacement
vector. For this reason, the basic equation used in the
inversion algorithm is reduced to

r0
q2uz

qt2
¼ c66Duz; (6)

where the Laplacian term in the isotropic transverse
plane is given by

Duz ¼
q2uz

qx2
þ

q2uz

qz2
: (7)

One last approximation is needed. Indeed, the second-
order derivative in x cannot be experimentally esti-
mated. Fortunately, with a numerical simulation based
on Green’s functions, it has been shown (Gennisson,
2003) that the following assumption can be made:

q2uz

qx2



q2uz

qz2
: (8)

This inequality expresses that the shear wave is locally
plane. Thus, the Laplacian is reduced to the second-
order derivative in z and the wave equation can be
reduced to

r0
q2uz

qt2
¼ c66

q2uz

qz2
: (9)

Using this equation (Eq. (9)), it is easy to locally
estimate the shear modulus in the medium at each time
step:

c66 z; tð Þ ¼ r0
q2uz z; tð Þ=qt2

q2uz z; tð Þ=qz2
: (10)

A higher signal-to-noise ratio can be obtained in the
Fourier domain. Then, the shear modulus defined in
equation (Eq. (11)) can be expressed as a function of the
Laplacian and displacement Fourier transform (FT):

c66 �
r0

No:Nz

XNo

i¼1

XNz

j¼1

o2
i FT uzðzj ; tÞ

� ��� ��
FT

q2uzðzj ;tÞ
qz2

	 
��� ��� ; (11)

where No; Nz correspond to the number of significant
discrete frequencies and to the number of depth step
within the biceps.

2.2.2. Muscle strength and sEMG data assessment

A Biodexs dynamometer (validated by Taylor et al.,
1991) was used in this study. This dynamometer is
composed of three parts: a servomotor unit, a control
unit (panel and software), and a movable seat.
Furthermore, specific software (PROTAGSs) devel-
oped in our laboratory was used to record mechanical
data (torque, velocity, angle), surface electromyographic
(sEMG) signals and the trigger signal from the shear
elasticity probe shots. Using visual feedback, this
software allowed the subject to follow a linear sEMG-
RMS ramp. This software was also utilized in the
analysis of these data. The ramp was set to a level of
sEMG-RMS and to a time duration, both established by
the examiner. Lastly, silver chloride surface electrodes
(4mm diameter), with an interelectrode (center-to-
center) distance of 11mm, were used to record sEMG
activity of elbow muscles during testing (Fig. 1b). sEMG
signals were amplified with a frequency bandwidth
ranging from 10 to 1000Hz and were band-pass filtered
(6–500Hz) with a Goulds amplifier (6600).
Mechanical and myoelectrical data were processed

using PROTAGSs. For each impulsive shot, the
software determined the biceps brachii (BB) and triceps
brachii (TB) levels of sEMG-RMS and the level of
torque. Those data were then correlated to the biceps
hardness determined with the shear elasticity probe. For
the sEMG signals, RMS values were calculated on
windows of 250ms without overlapping during the ramp
trial. In the first second of the trial, subjects were asked
to relax so the sEMG-RMS signal determined during
the first 250ms window was considered as noise and
systematically subtracted from the following calculated
sEMG-RMS values.

2.3. Protocols

Surface electrodes were placed on the biceps brachii
and on the antagonist muscle, i.e. the triceps brachii.
Electrode position corresponded to SENIAM project
recommendations. Low impedance at the skin–electrode
surface was obtained (Zo2 kO) by abrading the skin
and cleaning with alcohol. The subjects upper arm was
then placed in a 901 flexion position. The distal part of
the upper arm was resting on a fixed support. The angle
between the upper-arm and the forearm was set to 901 in
a para-sagittal plane. A strap attached the forearm to
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the dynamometer lever arm at the level of the wrist that
was placed in a semi-prone position. The rotation axis of
the elbow joint was visually aligned with the rotation
axis of the dynamometer. Moreover, straps were
positioned across the chest, pelvis and mid-thigh to
minimize torso, hip and thigh motion during the
contraction. Following a specific warm-up consisting
of learning the task of elbow flexion incremental effort,
three trials of maximal voluntary contraction (MVC) in
an isometric condition were performed. The maximum
MVC was retained as the daily MVC of the subjects and
allowed to calculate the corresponding maximal root
mean square (sEMG-RMSm) of the biceps brachii.
Then, two isometric linear sEMG-RMS ramps of 120 s
were performed using an instantaneous visual feedback
from 0% to 50% of the biceps sEMG-RMSm previously
determined. Before the ramp test, the subject was asked
to stay at rest during 2 s. Moreover, an incomplete ramp
was first performed in order to familiarize the subject to
the sEMG-RMS feedback and to control the feasibility
of the test. A 2min rest interval was provided between
each trial.
Before each ramp trial, the shear elasticity probe was

applied at the surface of the biceps. The rod was parallel
to the shoulder–elbow axis and a low-frequency pulse
was sent every 5 s during the 120 s contraction. For each
acquisition the transverse shear modulus was calculated.
2.4. sEMG-RMS-shear modulus relationship

For all subjects, the sEMG-RMS and the elasticity
modulus values were assessed at each impulse. They
were normalized with the sEMG-RMSm value and the
shear elasticity value at rest, respectively. Then, these
normalized data were plotted together, describing a
Shear elasticity probe impulse

Elbow flexors torque production

Biceps brachii sEMG signal

0                                                                                  Time 

Fig. 3. Typical raw data obtained during an isometric contraction from a lin

the impulse shots were performed every 5 s. The torque developed at the end
linear relationship that allowed the determination of a
stiffness index which is the slope of the modulus-biceps
sEMG-RMS. This index characterizes the subject biceps
hardness.

2.5. Statistical analysis

A regression analysis was performed using Sigma-
Stats software. For all mechanical and myoelectrical
parameters, results are presented as means7standard
error. For all tests, the level of significance was
established at po0.05.
3. Results

Typical raw data obtained during a ramp trial are
presented in Fig. 3 and lead to the results presented in
Fig. 4. These results show a linear increase of biceps
brachii sEMG-RMS without any triceps brachii co-
contraction. These results are also associated with a
non-linear increase of flexors torque production with
time. Furthermore, the biceps brachii shear modulus
also describes a linear increase with respect to time.
When considering each individual’s data, a non-linear

relationship is systematically observed between biceps
brachii sEMG-RMS and flexors torque production (Fig.
5). When plotting data for all subjects (degree of
freedom=286), a global linear relationship is found
between the normalized biceps brachii sEMG-RMS and
shear modulus. This leads to a global hardness index
(slope of the relationship) of 2.3470.30 (r2 ¼ 0:17;
po0.05). In fact, the individual biceps brachii sEMG-
RMS—shear modulus normalized relationships system-
atically show a linear shape (po0.05). The slope of the
(s)                                                                           120

ear biceps brachii sEMG-RMS ramp trial. A trial lasted for 2min and

of the ramp by the subject was 29.75Nm corresponding to 41% MVC.
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Fig. 4. Typical raw results calculated during an isometric contraction

from a linear biceps sEMG-RMS ramp trial. : biceps brachii sEMG-

RMS; m: triceps brachii sEMG-RMS; : flexors torque production;

K: biceps brachii shear modulus (c66).

Fig. 5. Typical sEMG-RMS versus flexors torque relationships. ’:

biceps brachii sEMG-RMS; m: triceps brachii sEMG-RMS.

Fig. 6. Typical individual biceps brachii sEMG-RMS—shear modulus

normalized relationship. The shear modulus c66 is normalized versus

the rest shear modulus and the sEMG-RMS versus its maximum value.

A hardness index (1.3170.22) is calculated as the slope of this linear

relationship (r2 ¼ 0:55; po0.05).

Table 1

Individual hardness index and rest shear modulus values

Subjects Hardness index Rest shear modulus (kPa)

1 1.31 1.21

2 1.83 0.75

3 1.35 1.67

4 8.01 0.33

5 2.89 0.37

6 4.54 0.42

7 1.22 1.30

8 1.45 1.65

9 3.41 1.23

10 4.81 0.32

Mean 3.08 0.92

SD 2.20 0.55

SD: standard deviation.

Fig. 7. Hardness index–rest shear modulus relationship. The best fit

consists in a power function showing an decrease of biceps brachii

hardness index values when its rest shear modulus c66 increases

(r2 ¼ 0:69; po0.05).
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relationship corresponds to the hardness index (Fig. 6).
Mean hardness index is found to be 3.087 2.20 and the
individual values presented in Table 1 range between
1.22 and 8.01 (po0.05).
Moreover, mean rest biceps brachii hardness was

found to be 0.9270.55 kPa (Table 1). A relationship was
obtained plotting rest shear modulus versus hardness
index. It shows that the higher the rest modulus the
lower the hardness index (Fig. 7, r2 ¼ 0:69; po0.05).
This means that the weaker is the elasticity at rest, the
more prominent is the variation of elasticity.
4. Discussion

The present experiment was designed in order to
determine in vivo muscle hardness during a standardized
isometric muscle contraction. This was performed using
an innovative tool allowing local muscle hardness
evaluation. An original protocol, based on sEMG-
RMS feedback, was also designed to be sure that the
tested muscle was activated progressively as isometric
elbow flexor torque increased. This allowed us to
correlate two local muscle parameters, biceps brachii
sEMG-RMS and hardness index, rather than a more
global parameter such as elbow torque production and a
muscle hardness index. In fact, a non-linear relation-
ship between torque production and biceps brachii
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sEMG-RMS was found showing that this relationship is
influenced by other agonistic muscles that contribute to
elbow flexion torque production without any control of
their sequence and level of activation. Hence, the
interpretation of such results is somewhat difficult
(Grabiner et al., 1988; Hunter and Enoka, 2001).
The shear modulus assessment presented in this paper

is in accordance with the literature, although some
improvements on the elastography protocols can be
considered. Indeed, the mean shear wavelength is
influenced by the biceps size and shape. Hence, the
changing boundaries may influence the shear modulus
measurements. One solution to counter this effect is to
use a robust vibrator able to generate higher-frequency
shear waves that are strongly attenuated. Another
difficulty arises from the positioning of the shear
elasticity probe. The use of a mechanical lever controlled
by a pressure transducer between the probe and the
biceps would improve the reproducibility of the
measurements. This problem was controlled here by
the manipulator. In the literature, rest shear modulus
ranges from 12 kPa with a Doppler technique (Levinson
et al., 1995; Fujii et al., 1994) to 24 kPa with MRI
(Dresner et al., 2001). These values are higher than the
mean rest shear modulus shown in Table 1, c̄66 ¼

0:92 kPa: Two main reasons explain this difference.
First, Levinson and Fujii’s assessments were obtained
on a different muscle: the quadriceps. Second, Dresner
studied the shear wave propagating along the biceps
fibers which means that these measurements quantify
the longitudinal shear modulus (c44) instead of the
transverse shear modulus (c66). Nevertheless the above
authors found an increasing global Young’s modulus
with an increasing mechanical solicitation of a musculo-
tendinous complex (involving several muscles) which is
in general agreement with our measurements. In the
present paper, two main aspects of these experiments
have been refined due to the shear elasticity probe: (i)
the current study deals with the activity of an isolated
muscle (biceps brachii); (ii) because its anisotropic
properties, several elastic moduli completely define the
muscle elastic behavior. The transverse shear modulus
alone (c66) is characterized here.
Our results show a non-linear increase of torque

production during the isometric linear sEMG-RMS
ramp which illustrates the role played by agonistic
muscles, notably at the beginning of an isometric ramp
contraction. It also could be asserted that the global
muscle transversal section increases due to contraction
of those agonistic muscles. These agonistic muscles
influence the biceps brachii hardness and induce a
compression in the anterior arm compartment. Never-
theless, these compression effects seem to be limited in
the characterization of muscle transversal hardness since
a linear relationship is systematically found between this
parameter and biceps brachii sEMG-RMS.
The increase in muscle hardness parallels the muscle
activation. Hence, the transversal muscle hardness
changes during contraction could be attributed to
structural modifications. Namely the progressive tension
on myofilaments, due to contractile protein longitudinal
movement, leads to an increase in the transversal section
and also to an increase in intramuscular pressure as the
muscle is placed in a closed volume. In fact, Korner et
al. (1984) found that the sEMG signals from the biceps
brachii and the intramuscular pressure were always
correlated during isometric contraction. Jarvholm et al.
(1991), who worked on shoulder muscles, also showed
that both sEMG and intramuscular pressure were
correlated to isometric external force whatever the
tested muscle. Finally, Davis et al. (2003) observed a
good correlation between rabbit tibialis anterior muscle
force and intramuscular pressure.
Shear modulus hardness changes parallel biceps

brachii sEMG-RMS which allows the determination of
a hardness index parameters independent of the level of
contraction. In fact, hardness index shows inter-indivi-
dual differences. These differences seem to characterize
the subjects since no relationship was found between
either body weight or the body mass index and the
hardness index. Furthermore, it has been shown that the
lower the hardness index is at rest, the higher the muscle
hardness increases during contraction. Since subjects
reach the same level of contraction (50% biceps brachii
sEMG-RMS value), this shows that muscle hardness is
partially due to contraction mechanisms but also to
muscle spatial adjustment during the contraction.
This kind of normalized parameter may be very useful

to follow-up the effects of a neuromuscular pathology, a
therapeutic treatment or a rehabilitation protocol since
muscle stiffness changes often occur with induced
changes in muscle functional demand. Moreover, this
non-invasive technique could allow one to assess the
local activity of deep muscles unreachable by classical
hardness characterization testing methods. Future work
should include other elastic coefficients study such as
c44; as well as viscosity assessment.
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