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Passive muscle stretching can be used in vivo to assess the viscoelastic properties of the entire musculo-articular complex, but does not
allow the specific determination of the muscle or tendon viscoelasticity. In this respect, the local muscle hardness (LMH) of the
gastrocnemius medialis (GM) belly was measured during a passive ankle stretching of 10 subjects using transient elastography. A Biodex
isokinetic dynamometer was used to stretch ankle plantar flexors, to measure ankle angle, and the passive torque developed by the ankle
joint in resistance to the stretch. Results show that the LMH increased during the stretching protocol, with an averaged ratio between
maximal LMH and minimal LMH of 2.62+0.46. Furthermore, LMH—passive torque relationships were nicely fitted using a linear model
with mean correlation coefficients (R%) of 0.828 +0.099. A good reproducibility was found for the maximal passive torque (ICC = 0.976,
SEM =29Nm, CV = 5.5%) and the y-intercept of the LMH—passive torque relationship (ICC = 0.893, SEM = 105Pa, CV = 7.8%).
However, the reproducibility was low for the slope of this relationship (ICC = 0.631, SEM = 10.35m 2, C V= 60.4%). The y-intercept
of the LM H-passive torque relationship was not significantly changed after 10 min of static stretching. This result confirms the finding of
a previous study indicating that changes in passive torque following static stretching could be explained by an acute increase in muscle

length without any changes in musculo-articular intrinsic mechanical properties.
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1. Introduction

Many studies have shown that the characterization of
muscle mechanical properties enables clinicians and
researchers to have a better understanding of muscle
function and of the mechanisms responsible for muscle
adaptations following acute or chronic solicitations (e.g.
Goubel and Lensel-Corbeil, 2003). Experimental techni-
ques classically used to study the elastic behavior of muscle
in vivo, such as quick release (e.g. Cornu et al., 1998; Hof,
1998; Pousson et al., 1990) or sinusoidal perturbations (e.g.
Cornu et al., 2001; Lambertz et al., 2001; Winters et al.,
1988), enable the assessment of global mechanical proper-
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ties of the muscle tendon unit or the musculo-articular
complex without any differentiation of the involved
structures. Therefore, the use of more localized techniques
could be quite valuable to measure separately the mechan-
ical properties of muscle and tendon. For this purpose, in
the last few years, ultrasonography has enabled researchers
to assess the mechanical properties of specific local
structures such as tendon (e.g. Hansen et al., 2006; Kubo
et al., 2001; Maganaris and Paul, 1999; Reeves et al., 2003).
However, ultrasonography investigations are limited to
superficial structures and do not easily allow for an
assessment of specific muscle mechanical properties.

In fact, the noninvasive assessment of localized muscle
mechanical properties would enable the estimation of
individual muscle contributions to global joint stiffness,
and remains a topic of continued interest for researchers.



Nomenclature

CvV coefficient of variation

ROM range of motion

GL gastrocnemius lateralis

SEM standard error of the measurement

GM  gastrocnemius medialis
sEMG surface electromyography
ICC  intra-class correlation coefficient

SO soleus

LMH local muscle hardness

SSI supersonic shear imaging

MRE magnetic resonance Elastography
Vs shear wave velocity

R? determination coefficient

p muscle mass density

RMS root mean square

U elastic shear modulus

While all of the above studies concern the assessment of the
stiffness along the longitudinal axis of muscle and tendon,
another approach called transient elastography has been
developed to characterize a longitudinal or transverse
muscle stiffness that has been termed “hardness” (Gennis-
son et al., 2003). More precisely, using ultrasound imaging,
transient elastography consists of following the shear wave
propagation and measuring their velocity, which is related
to the LMH (Gennisson et al., 2003; Sandrin et al.,
2002a,b) (Eq. (1)):

LMH = u=pV3 (1)

where p is the muscle mass density (p~1000kgm ™), u the
elastic shear modulus and Vg the shear wave velocity.

This technique would allow the assessment of hardness
of both superficial and deep structures. Thus, a few studies
using elastographic methods have shown that the in vivo
human LMH is increased with the level of contraction
(Gennisson et al., 2005; Heers et al., 2003; Jenkyn et al.,
2003; Levinson et al., 1995). Moreover, other methods of
elastography could also be used to determine LMH in
passive conditions. For example, using magnetic resonance
elastography (MRE), Dresner et al. (2001) have shown that
the LMH is linearly increased with the passive tension for
in vitro beef muscles. These results are in agreement with
those of Jenkyn et al. (2003) who have shown using MRE
in vivo that the LMH of plantar flexors is ankle-angle
dependant. However, since MRE implies performing static
experiments with an acquisition time of about 1min
(Jenkyn et al., 2003), the passive LMH cannot be measured
in real time during passive muscle lengthening in vivo.
Conversely, transient elastography allows the LMH
measurement in 50 ms and could then be proposed as a
suitable method to follow LMH changes during a
stretching protocol.

It has been shown in the literature that passive stretching
protocols induce an acute decrease in the passive torque
developed by the musculo-articular complex in resistance
to stretch (Magnusson et al., 1998, 1996; McNair et al.,
2001, 2002; Nordez et al., 2006, in press). Previous research
has shown that dissipative properties (i.e. the normalized
area of torque—angle relationship hysteresis) are not
changed after static stretching (Nordez et al., in press).
Additionally, it has been shown by using in vitro rabbit

muscle that static stretching induces an acute increase in
muscle length (Taylor et al., 1990). Therefore, it could be
hypothesized that changes in passive torque are explained
by acute increases in muscle length, without any changes in
their intrinsic mechanical properties. This kind of hypoth-
esis could be verified using transient elastography and it
would provide fundamental data to better understand the
mechanical basis of stretching.

Using transient elastography, in order to assess acute
or chronic effects on the LMH, implies that reliable
measurements are possible. In fact, even if previous stu-
dies have shown variability in the measurements perfor-
med in vivo using elastography (Gennisson et al., 2005;
Heers et al., 2003; Jenkyn et al., 2003; Levinson et al.,
1995), to our knowledge, the reliability of the LMH
measure provided by transient elastography has never been
determined.

Therefore, the aims of the present study were (i) to assess
the relationships between LMH measured using transient
elastography, angle and passive torque during one passive
stretching test performed in vivo; (ii) to determine the
reliability of such relationships; and (iii) to assess changes
in passive LMH induced by a prolonged passive static
stretching protocol.

2. Materials and methods
2.1. Subjects

Nine healthy male subjects (25+ 3 years, height: 183.5+ 7.5 cm, weight:
75.3+8.3kg) volunteered to participate for the present study and signed
an informed consent form. This study was conducted according to the
Helsinki statement (1964).

2.2. Measurement techniques

The Biodex system 3 research®™ (Biodex medical, Shirley, NY,
USA) isokinetic dynamometer was used to measure ankle angle and
the passive torque produced by the ankle joint in resistance to the
stretch. The position of the subjects on the dynamometer was similar
to the position described in previous studies (Kubo et al., 2001; Riemann
et al., 2001). Briefly, subjects were lying prone on the dynamometer
and their right leg was fully extended. The input axis of the dynamo-
meter was aligned with the supposed axis of rotation of the right ankle
(Fig. 1).

Bipolar surface electromyographic (SEMG) signals were recorded from
surface electrodes (Ag/AgCl, 4mm recording diameter, In Vivo Metric,
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Fig. 1. Measurement techniques. (A) Position of the subject on the dynamometer: subjects were lying prone, and their right knee was fully extended. The

reference ankle angle (0°) was the foot perpendicular to the leg with positive angles in dorsiflexion. (B) The shear elasticity probe composed of a vibrator
and an ultrasonic transducer.
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Fig. 2. Experimental protocol. The familiarization was followed by two passive stretching tests (pre-test) until 95% of the maximal range of motion
(ROM) at 0.5°s~!. Thereafter, a third identical passive stretching test (post-test) was performed after a static stretching protocol. During the three passive
stretching tests, local muscle hardness (LMH) measurements were performed each 2.5s. Finally, subjects performed three maximal isometric plantar

flexions in order to normalize SEMG data.

Healdsburg, CA, USA) placed on the gastrocnemius lateralis (GL), GM
and soleus (SO) muscles with an 11 mm interelectrode distance. According
to the surface electromyography for the noninvasive assessment of muscles
(SENIAM) recommendations (Hermens et al., 2000), surface electrodes
were placed with respect to the assumed direction of the fibers. Three
reference electrodes were placed over the lateral and medial malleolus. The
interelectrode resistance was reduced to less than 55kQ (Hewson et al.,
2003) after standard skin preparation procedures: shaving, slight abrasion
and cleaning with an alcohol-acetone solution. sEMG signals were
preamplified (gain = 600).

In order to assess LMH, the shear elasticity probe (Fig. 1B) (Gennisson
et al., 2005; Sandrin et al., 2002b) was placed at the middle of GM
muscle belly close to surface electrodes. Briefly, it was composed
of an ultrasonic transducer (central frequency: 5 MHz; diameter: 7 mm;
focal depth: 35mm; Vermon, Tours, France) mounted on a mini
shaker (Briel & Kjer, type 4810, DK-2850 Nerum, Denmark). The
vibrator impacted GM muscle (low-frequency sinusoidal pulse: 100 Hz,
I mm amplitude) with the front face of the transducer working in
emission—reception. The transducer worked as a pulse-echo system
with a 2kHz recurrence frequency. Ultrasonic signals (5§ MHz central
frequency) were sampled at S0 MHz and stored on a computer hard
drive using a 9-bit digitizer with 2MB memory. The low-frequency
pulse propagates within the medium as shear waves. With ultrasound,
shear wave displacements were retrieved from a cross-correlation
algorithm (Ophir et al., 1991). From the displacement value, the shear
velocity is calculated and directly provides the LMH (Gennisson et al.,
2005; Sandrin et al., 2002b). LMH measurements were performed in less
than 50 ms.

The passive torque, the ankle angle, the low-frequency sinusoidal pulse
sent with the conventional function generator (for synchronization
purposes between LMH and sEMG measurements) and sSEMG signals
were sampled at 256, 512 and 1024 Hz, respectively, with a 12-bit analogic/
digital converter (Myodata®, Electronique du Mazet, France, input
impedance = 10 GQ, common mode-rejection ratio at 50 Hz = 100 dB).

Data were finally stored in a flash memory card and transferred to a
computer hard drive for further analysis.

2.3. Experimental protocol

The experimental protocol is described in Fig. 2. A familiarization
protocol with the passive stretching test was first performed and the maximal
range of motion (ROM) in dorsi flexion was first measured (Nordez et al.,
2006). sSEMG signals were visualized in real time by the experimenter and the
subject. After a 10min rest period, a passive stretching test (pre-test) was
imposed at a very slow velocity (0.5°s™") from 40° in plantar flexion until
95% of the maximal ROM. A pilot study has shown that after a
familiarization session most of our subjects were able to relax until this
ROM. Furthermore, the data were discarded when activity levels exceeded
1% of the level reached during the maximal isometric contractions (McNair
et al., 2001, 2002). LMH measurements were performed every 2.5s during the
passive stretching test. Then, after a 10 min rest period, subjects repeated the
same passive stretchings test to assess the reliability of the measurements.
Thereafter, after an additional rest period of 10 min, subjects performed four
150s passive static stretching at 80%, 82%, 84% and 86% of the maximal
ROM. The static stretching was immediately followed by a third identical
passive stretching test (post-test) in order to assess the effects of the static
stretching protocol. Finally, the three maximal isometric plantar flexions were
performed with a 45s rest period in between.

2.4. Data processing and statistics

Using inversion algorithm developed by Catheline et al. (2004) in soft
solids and by Gennisson et al. (2005) in muscles, it has been possible to
estimate the LMH. The general idea consists in computing the shear wave
speed across GM muscle depth using the Helmholtz equation (see Eq. (2)).
The time and spatial numerical derivatives were calculated from the
displacement field obtained with transient elastography. Then, the LMH
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Fig. 3. Typical raw data collected during a passive stretching test (left
graphs) and a maximal isometric plantar flexion (right graphs). (A)- ankle
angle; (B)- torque measured at the ankle joint; (C)- sinusoidal pulses sent
using the function generator (one pulse corresponded to one LMH
measure) used to synchronize LMH and torque measurements (D)-
surface electromyographic (SEMG) signal of gastrocnemius medialis
(GM).

was deduced from Eq. (1):

2 2
ou_10u -0 2
o yiox?
where i is displacement; 7 is time and x is muscle depth.

Torque and sEMG signals were filtered using dual low-pass (10 Hz) and
band-pass (6-400 Hz) second-order Butterworth filters, respectively.
Typical raw data are shown in Fig. 3. The time corresponding to LMH
measurements was determined using the low-frequency sinusoidal pulse
sent with the conventional function generator. For each LMH measure-
ment, the passive torque, ankle angle and the root mean square (RMS) of
SEMG signals (using a 200ms window placed around the pulse) were
determined. Thus, torque—angle, LMH-angle and LMH-torque relation-
ships were assessed. Since we were only interested in plantar flexors
stretch, all the measurements obtained for negative torque values

(dorsiflexion passive torque) were not taken into consideration. In
addition, LMH measurements in which RMS of SEMG signal exceeded
1% of the maximal level reached during the maximal isometric plantar
flexion were discarded (McNair et al., 2001, 2002).

A pilot study has shown that a linear fit could be used to model LMH
changes with passive torque. The determination coefficient (R?) and the P
value of the fit were determined for each relationship. The reliability of the
maximal passive torque, y-intercept and slope of LMH-torque relation-
ships was assessed using an intraclass correlation coefficient (ICC),
standard error of the measurement (SEM) and coefficient of variation
(CV) (Hopkins, 2000). A paired z-test was used to compare pre- and post-
test values for reproducible parameters. The critical level of significance
was set at P<0.05.

3. Results

One subject was excluded from the study because SEMG
RMS levels were higher than the criterion during most of
the passive stretching tests.

3.1. LMH-angle and LM H-torque relationships

Typical LMH-torque relationships obtained during
passive stretching test are described in Fig. 4. Individual
R? values are also reported in the Table 1, and indicated
that the linear model was nicely fitted to this relationship
(R* =0.81240.080, 0.69-0.93, P<0.001). Therefore, the
LMH was increased with the stretching level, and the mean
ratio between maximal and minimal LMH (LMH,,,,/
LMH,,;,) was about 2.5 (LMH,,,.,/LMH_;;, = 2.62+0.46,
1.84-3.08).

3.2. Reliability

Two typical examples of LMH-torque relationships are
shown in Fig. 4. For three subjects, results obtained for the
two measurements were similar (Fig. 4A), while for five
subjects, LMH measurements were clearly different for
high levels of passive torque (Fig. 4B). Overall, the
reliability was good for the maximal passive torque
(ICC =0.976, SEM =29Nm, CV =54%) and the y-
intercept of the LMH-torque relationship (ICC = 0.893,
SEM = 105Pa, CV = 7.8%), while it was low for the slope
of this relationship (ICC =0.631, SEM = 10.35m 2,
CV =60.4%).

3.3. Effects of static stretching

The passive torque was significantly (P<0.01) decreased
after the static stretching protocol from 57.6+18.0 to
50.6+16.6 Nm (—12.24+8.9%). Conversely, no significant
change in the y-intercept of the LMH-torque relationship
was found (pre-test: 1000+ 351 Pa; post-test: 1012+ 382 Pa;
P>0.05).
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Fig. 4. Typical examples of relationships between local muscle hardness (LMH) measured using transient elastography and passive torque during the first
(#) and the second (0J) passive stretching tests for subjects 4 (A-) and 7 (B-) representing the two kinds of observed behavior.

Table 1

Coefficient of determination (R?) for the linear model fitted on
LMH-torque relationships obtained during the first passive stretching
test, and ratio between LMH,,;;;, and LMH,,.x

R? P<0.001 LMH,,0/LMH,yi,
Subject 1 0.834 1.84
Subject 2 0.846 3.08
Subject 3 0.707 2.86
Subject 4 0.930 2.77
Subject 5 0.825 2.95
Subject 6 0.812 1.97
Subject 7 0.856 2.72
Subject 8 0.686 2.77
Mean 0.812 2.62
SD 0.080 0.46

LMH: local muscle hardness.
SD: standard deviation.

4. Discussion
4.1. LMH-angle and LMH-torque relationships

In transient elastographys, it is important to keep in mind
that the displacement field is transient. Therefore, contrary
to MRE techniques that uses stationary field, a 1-D
measurement of a pulse wave along its direction of
propagation gives an accurate estimation of the speed.
However, in order to strictly investigate the nonisotropic
structure of muscles, one option consists in controlling the
wave polarization and the direction of propagation with
respect to the main axis of anisotropy (Gennisson et al.,
2003). Another option would be to measure the three
components of a 3-D displacement field with an MRE
device (e.g. Sinkus et al., 2005). As in previous papers
(Dresner et al., 2001; Jenkyn et al., 2003; Heers et al.,
2003), we have chosen a more global approach: the
nonisotropic nature of the medium is ignored and the
speed of a wave generated by a point source is supposed to
reveal a global muscle hardness (LMH) that could be

assessed by manual palpation. The present study was first
designed to assess changes in this LMH with the stretching
level. Results confirm the observation that could be
performed by manual palpation, where the LMH is
increased when the stretching level is increased. The
LMH-angle and LMH-torque relationships obtained in
passive conditions could be nicely modeled, respectively,
using parabolic and linear fits. Determination coefficients
obtained between passive torque and LMH were higher
than those reported by Gennisson et al. (2005), between
muscle activity and LMH during an incremental isometric
contraction using the same shear elasticity probe (R* of
about 0.55). It is then probable that the contraction induces
a greater variability than the passive stretching test because
of spatial and temporal recruitment changes in muscles.

On average, the LMH,,,x/LMH,,;, ratio during the
passive stretching test is 2.62+0.46. As a comparison,
Gennisson et al. (2005) obtained a similar LMH,,.4/
LMH,,;, ratio (3.08+2.20) between the muscle at rest
and muscle at 50% of the maximum voluntary contraction.
The reason why the LMH increases with the level of
stretching is not yet well known, but it could be assumed
that collagen fibers are aligned in the direction of the stress
when the muscle is stretched (Purslow, 1989) and that this
phenomenon is partially responsible for the increase in the
longitudinal stiffness of the muscle with the stretching
(Gajdosik, 2001). This could be accompanied by an
increase in the transverse stiffness, since a reduction in
the muscle cross-section inducing a transverse stress and an
increase in the intramuscular pressure (Davis et al., 2003)
parallels the lengthening and the longitudinal stress
induced by the stretching which could partly explain the
increase in the LMH.

A linear relationship between the tension and LMH
measured by MRE has been reported for an in vitro muscle
(Dresner et al., 2001). Besides, using a specific hardness
device with mechanical pressure, Murayama et al. (2005)
confirmed that the transverse hardness is correlated with
the passive tension of the isolated muscle ex vivo. Since the
relationship between the level arm and the articular angle



could be modeled by a linear function (Grieve et al., 1978;
Hoang et al., 2005), a linear relationship between the
passive torque at the ankle and the passive tension of the
gastrocnemii could be considered in a first approximation.
Therefore, our results which show a linear relationship
between the passive torque and the LMH tend to confirm
the linear relationship between muscle passive tension and
passive LMH.

4.2. Reliability

Tough test-retest studies require performing reproduci-
ble measurements, very little attention in the literature has
been focused on the reliability of elastographic measure-
ments performed in vivo. Previous studies on gel phantoms
have shown that the transient elastography technique
provides reproducible measurements (Gennisson et al.,
2004; Gennisson and Cloutier, 2006). Results of the present
study show that the reliability of the LMH changes during
the stretching (slope of the LMH-torque relationship) is
low. One main hypotheses could be proposed to explain
this result. During the stretching, the muscle moves under
the skin, whereas the shear elasticity probe was static.
Various places of the muscle were then characterized
during stretching, and heterogeneities in muscle could
induce variability in LMH measurements. This hypothesis
is strengthened by our result indicating that the LMH at
rest (i.e. y-intercept of the LMH-torque relationship) is
reliable. Therefore, the reliability of LMH measurements
must be improved, and it would be interesting to use 2-D
transient elastography (Bercoff et al., 2003; Sandrin et al.,
2002a), 2-D ultrafast ultrasound imaging (Deffieux et al.,
2006), or supersonic shear imaging (SSI) (Bercoff et al.,
2004) in order to obtain an LMH mapping. SSI consists of
using ultrasonic focused beams in order to generate
mechanical vibration sources radiating low-frequency
shear waves inside tissues without any external mechanical
vibration (Bercoff et al., 2004). Therefore, it could be
hypothesized that the use of this technique would decrease
in the variability of the measurements, but its reliability will
have to be determined.

Our results also showed that the reliability of the passive
LMH at rest (y-intercept of the LMH-torque relationship)
is good. Therefore, the LMH at rest could be used to assess
changes in muscle intrinsic stiffness following different
solicitations. The better reliability of the y-intercept in
comparison to the slope of LMH-torque relationships
could be easily explained by the lack of tissue motion for
low torque levels inducing a lower variability in measure-
ments.

4.3. Effects of static stretching

Considering reliability results, the effects of static
stretching were assessed only using the y-intercept of the
LMH-torque relationship (i.e. LMH at rest) and changes
in the whole LMH-torque relationship have not been

determined. Despite a significant decrease in passive torque
after the static stretching protocol, our results showed that
the passive LMH at rest was not significantly changed.
Therefore, results of the present study tend to confirm
results obtained from our previous hypothesis, that
changes in passive torque following static stretching could
be mainly explained by an acute increase in muscle length
without any changes in intrinsic muscle mechanical
properties. In isolated rabbit muscle, acute increases in
muscle resting length have been demonstrated after 10
replicates of 30s of static stretching (Taylor et al., 1990).
These authors suggested that changes could be due to
viscoelastic creep taking place within microstructures of
both muscle and tendon tissues, but the relative contribu-
tion of these structures to the lengthening is not yet known.

5. Conclusions

Since transient elastography enables a quick assessment
of localized muscle hardness in a noninvasive way and
using simple protocols, LMH measurements would be of
particular interest in the field for muscular biomechanics
and myology. Our results show that the passive LMH
measured in vivo increases during a passive stretching of the
muscle, and LMH-torque relationship was nicely modeled
by linear fits. Changes in the passive LMH during
stretching are not reproducible, in contrast to the passive
LMH at rest. No significant change in LMH at rest was
found after the 10 min of static stretching protocol.
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