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Assessment of the Mechanical Properties of
the Musculoskeletal System Using 3-D Very
High Frame Rate Ultrasound

Thomas Deflieux, Jean-Luc Gennisson, Mickael Tanter, and Mathias Fink

Abstract—Omne of the great challenges for understanding
muscular diseases is to assess noninvasively the active and pas-
sive mechanical properties of the musculoskeletal system. In
this paper we report the use of ultrafast ultrasound imag-
ing to explore with a submillimeter resolution the behavior of
the contracting tissues in vivo (biceps brachii). To image the
contraction, which is a very brief phenomenon (<100 ms), a
recently designed ultrasound scanner prototype able to take up
to 6000 frames/s was used. A very high frame rate from 1000
to 2500 frames/s was used to image the cross section plane of
the muscle (transverse to fibers) enabling us to catch in real
time the muscle contraction during a transient electrostimu-
lation. Tissue velocities were obtained from radio frequency-
based speckle tracking techniques and their profiles are dis-
cussed with respect to electrostimulation intensities and pulse
repetition frequencies for different volunteers. Three-dimen-
sional (3-D) very high frame rate movies were also acquired
by repeating the experiment for different acquisition planes
while triggering the imaging system with the electrostimula-
tion device. The reconstructed 3-D velocity field allows the full
localization of the contracting fibers bundle. This ultrasound
technique, referred to as echo mechanomyography, offers new
perspectives for in vivo and in situ noninvasive muscle diagnosis
of an active contractile tissue.

I. INTRODUCTION

MEASUREMENT methods of muscle properties are of
great clinical interest for physical therapists seeking
to diagnose muscle diseases and plan accurate treatments.
They are also very helpful to narrow the search for genetic
disorders by improving the diagnosis [1].

Among these methods, some are specifically designed
and are fully dedicated to the measurement of muscle
functional properties, such as electromyography (EMG),
which records the muscle electrical activity [2], and sur-
face mechanomyography [3] (sMMG) or acceleromyog-
raphy [4], which records pressure or acceleration on the
skin surface during a contraction. Electromyography is a
powerful tool to discriminate between neuromuscular and
physiological disorders by recording the compound action
potential with a needle electrode or by using surface elec-
trodes. Presence at rest as well as size and shape of the
action potentials are all key factors in the diagnosis of

Manuscript received August 13, 2007; accepted February 29, 2008.

The authors are with the Laboratoire Ondes et Acoustique, ESPCI,
CNRS UMR 7587, INSERM, Université Paris VII, 75231 Paris Cedex 05,
France (e-mail: thomas.deffieux@espci.fr).

Digital Object Identifier 10.1109/TUFFC.

a neuromuscular disease [2], especially neuropathies and
myopathies.

Standard imaging techniques have also been applied
and adapted to the muscle. They provide full anatomic
as well as functional images of the muscle. Among them
are mainly T1 and T2 weighted magnetic resonance (MR)
imaging [5], MR spectroscopy [6], cine phase contrast MR
imaging [7], MR elastography [8], Doppler imaging [9],
and ultrasonography [10]. Although they provide valu-
able information on different functional parameters of the
muscle, many of them, too expensive, are not yet used
clinically and are still in an early research phase. [AU1:
AuQ; No Ref. 11 here or in References. Refs have
been renumbered, please proof carefully.]

Based on the tissue velocity field estimation during con-
traction, cine phase contrast MR [7] or ultrasound Doppler
[9] present new functional imaging techniques of the me-
chanical activity of a muscle and are thus complementary
to electromyography which measures its electrical activ-
ity and a natural extension to mechanomyography which
records the mechanical activity at the surface. Unfortu-
nately, those techniques lack a good time resolution and
can only image slow mechanical response of the muscle;
therefore they are blind to transient phenomena occurring
during a muscle contraction such as those recorded by
EMG [11] or sMMG [12].

High frame rate ultrasound techniques (>100 Hz) are
able to track small displacements noninvasively with both
good spatial and good temporal resolutions. In 2004, Witte
et al. conducted an experiment with a single ultrasound
element on an electrostimulated ex vivo rat muscle, dem-
onstrating the use of radio frequency (RF)-based speckle
tracking techniques to record an in situ contraction with
a high sampling rate [13]. In 2006, another experiment
was devoted to the role of fatigue with the imaging of
an in vivo contraction of the flexor digitorum superficialis
muscle with an iU22 scanner able to reach 320 images per
second [14]. Also in 2006, Deffieux et al. published a proof
of concept paper demonstrating the feasibility of using ul-
trafast ultrasound imaging to track the in vivo contraction
of the biceps brachii [15]. Beyond tetanization or fatigue
study, this approach results in both localization of the
contracting fiber bundle and extraction of the temporal
profile of the tissue velocity field inside the contracting
fiber bundle. This technique was named echo mechano-
myography (eMMG) in reference to sSMMG.
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In the present paper, we aim to consolidate these find-
ings and investigate the repeatability of eMMG with a
new ultrafast ultrasound scanner. Based on research on
transient elastography [16], our new ultrafast ultrasound
scanner prototype can store up to 1000 ultrafast echo-
graphic frames with a framerate ranging from 500 up to
20,000 frames/s. The acquisition is synchronized with an
electrostimulation device. The contraction can thus be ful-
ly imaged and its associated tissue velocity field recorded
in a region of interest (ROI) of the image. The maxima of
the tissue velocity field perpendicular to the fiber muscle
are found to be a quadratic function of the stimulation
amplitude.

An experimental setup is also proposed enabling a
three-dimensional (3-D) acquisition of the velocity field,
providing a much better spatial localization of the con-
tracting fiber bundle. The feasibility of this imaging tech-
nique is demonstrated in wvivo and discussed, as well as
the results and the difficulties of these preliminary sets
of experiments. Finally, in vivo assessment of the propa-
gation speed of mechanical tissue displacements induced
by transient electrostimulations was measured in healthy
volunteers (va4 m.s~!) and compared with the propaga-
tion speed of shear waves induced in the same area using
a remote ultrasonic radiation force (v ranging from 2.5
m.s~1 at rest to 5 m.s~! for a 4 kg loading).

By adding information on the mechanical response of
the muscle, we hope that the technique can turn into a
powerful tool complimentary to electromyography and can
extend surface mechanomyography, resulting in a measur-
ing technique taking into account the whole command—
response chain of the muscle system in situ.
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II. MATERIALS AND METHODS
A. Muscle

Experiments were focused on the biceps brachii, a mus-
cle of the arm controlling elbow flexion as well as wrist
supination. The biceps lies just under the skin and is in-
nervated by the musculocutaneous nerve. Its motor point,
the nerve entry into the muscle, is usually located midway
of the muscle, between the shoulder and the elbow (Fig.
1).

Muscle contraction is a complex electromechanical phe-
nomenon, which is controlled by the nervous system. An
action potential propagating along a motoneuron of the
nerve is chemically transmitted to a muscle fiber at the
neuromuscular junction. Each motoneuron can control
several muscle fibers constituting a single motor unit. The
transmitted action potential then propagates along the
muscle fiber membrane, the sarcolemma, and initiates an
entry of calcium ions into the muscle fiber cytoplasm [17].
The calcium then binds to the troponin—tropomyosin mol-
ecules allowing myosin molecules to freely interact with
actin, an interaction that develops force (Fig. 2). Calcium
is then pumped out of the cell, and adenosine triphos-
phate (ATP) is used to reset the actin—myosin complex
to its initial state [18]. Contraction propagates along a
muscle fiber with the action potential at a few meters
per second, as measured by the muscle fiber conduction
velocity (MFVC) technique [11], a special mode of elec-
tromyography.

The whole contraction process lasts less than one hun-
dred milliseconds depending on the fiber type [19]; it is
thus very difficult to image as a single mechanical event
by traditional imaging techniques, although it can easily
be electrically recorded by an electromyography system
(single motor unit action potential recording) or surface
mechanomyography.
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Fig. 1. Anatomy of the arm. The biceps brachii is highlighted in red. The image was taken from the 1918 edition of Gray’s Anatomy.
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B. Imaging Device

The technique is based on the use of an ultrafast scan-
ner coupled with an electrostimulation device. The elec-
trostimulation device is used to allow a perfect synchroni-
zation of the contraction with the acquisition. Moreover,
the electrostimulation device allows a repeat of the acqui-
sition under the same conditions, enabling a stroboscopic
3-D scan as well as evaluation of the repeatability.

The ultrasonic scanner used for these measurements is
a prototype designed by SuperSonic Imagine Company
(Aix en Provence, France) for clinical trials of the super-
sonic shear imaging technique (an imaging technique ca-
pable of indicating the shear modulus of in wvivo tissue
and based on the coupling between ultrafast echographic
sequences and remote palpation induced by the ultrasonic
radiation force [20]). This scanner offers a medical grade
image quality, ultrafast imaging as well as a Matlab api
(The MathWorks, Inc., Natick, MA) and has been ap-
proved for clinical trials. This scanner was coupled with
a b Mhz linear transducer array (4 to 7 MHz bandwidth;
L7-4, ATL, Seattle, WA).

Applying ultrasound imaging to the acquisition of the
muscular contraction requires mainly 3 conditions:

e A submillimetric resolution to obtain good image
quality and good localization of structures inside the
muscle; this is generally achieved by all conventional
ultrasound scanners.

e A high frame rate to track the modification of the
muscle in a very short period of time during the con-
traction (lasting less than 100 ms). This translates
into frame rates higher than 200 Hz (for 20 samples).
Very high frame rates (>500 Hz) improve the sam-
pling time, enabling more accurate measurements of
contraction and half relaxation times. This is also re-
quired in order to measure the velocity of the propa-
gation of the contraction, which is expected to follow
the muscle fiber conduction velocity close to 4 m/s
[11]. A propagation distance of about 2 c¢m results in
a time delay of 5 ms from end to end and as such re-
quires at least 2000 Hz for a delay of 10 samples.

e A micrometer sensitivity to displacement between
consecutive ultrasound images. For high frame rates,
displacements appear smaller requiring higher accu-
racy in their measurements. It is also possible to cor-
relate nonconsecutive ultrasound images to reach a
lower frame rate to increase the apparent amplitude of
the displacements; however, this operation is similar
to that of a low pass filter [21]. In practice, we use
consecutive images keeping the full bandwidth of the
acquired signal.

The physical principle behind ultrafast imaging is to reach
very high frame rates by using plane wave insonifications
of the medium instead of the conventional line per line
focusing techniques. Single plane wave insonifications are
known to decrease the B-mode image quality but allow

stimulated muscle fibers

motor unit< neuromuscular junction
stimulated motoneuron

21 action potential

motor nerve

Fig. 2. Hlustration of the neuromuscular complex. An action potential
propagates along a stimulated motoneuron to the neuromuscular junc-
tion. It is then transmitted to the muscle fibers belonging to the same
motor unit and triggers the contraction of sarcomeres while propagat-
ing.

much higher frame rates because only one transmit step is
needed to build a full image.

Backscattered signals are then directly stored in the de-
vice’s memories, and images are reconstructed in a post-
processing step using a conventional beamforming tech-
nique, that is to say, applying a time delay operation to
compensate for the travel times differences.

The velocity field is then estimated from 2, usually
consecutive, frames by applying one-dimensional cross-
correlations of windows of the RF signal along the beam
axis (RF signals are sampled at a much higher sampling
rate and thus feature a much higher precision than the
envelope signal), a technique known as RF-based speckle
tracking [22]. The scanner performs an automatic In phase
(I) and Quadrature (@) demodulation of the acquired sig-
nals at the central frequency:

Si(x,t) = Ii(x,t) x cos(wust) + Qi(x,t) X sin(wust), (1)

where S; is the conventional beamformed ultrasound sig-
nal (¢ being along the beam axis and x along the transduc-
ers), and I; and @) represent the In phase and Quadrature
demodulated and beamformed signals as stored by the
scanner for the #h image. At the same time, the RF-based
speckle tracking step is directly implemented as a phase
shift d¢ estimation along the beam axis between 2 ultra-
sound images:

dpi—ivi(r,t) =
-1 Qi(xa t)IiJrk(x? t) - Ii(xv t)Qz‘+k(w7 t) (2)
Ii(xv t)Ii+k(I’ t) + Qi(xv t)Qi+k($7 t) ’

1
—tan
Wus

where the phase shift d¢ can be computed from the In
phase and Quadrature signals for the ! and the i+t im-
ages. When higher accuracy is required and time sampling
is not critical, the lag k between the ultrasound images
can be increased; the result is then equivalent to a high
sampled signal but filtered with a low-pass sliding window.
In practice, we used consecutive images (k = 1), keeping
the original bandwidth of the signal. One can then esti-
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Fig. 3. Schema of the electrostimulation setup. The programmable function generator’s output is connected to a low frequency amplifier, which is
directly connected to the electrodes. The monitoring of the tension of a 10 2 resistor in series allows a check of the intensity used. Electrodes are
positioned on the biceps brachii, one over the motor point and one near the elbow.

mate the z component of the tissue velocity field V, from
the phase shift d¢ between successive images:

1 i it kT Finy
VZ(:L’,Z, Z) = 5 X d<p27+k($t) X Aus X L (3)
7

where Ays is the ultrasound wavelength, z = cys.t is the
depth, Fim is the imaging frame rate, and k is the lag be-
tween compared images.

One can notice that the measured tissue velocity field
V. is only the component parallel to the beam axis z of
the true tissue velocity vector V and that a displacement
superior to half the wavelength (d¢ > 27) requires un-
wrapping. The high frame rate enables us to track smaller
movements but also to record higher frequency signals
more accurately, thanks to an increased sampling rate.

C. Electrostimulation Device

An electrostimulation device was used to trigger the
contraction in order to enhance repeatability, synchroniza-
tion, and better overall control over a voluntary contrac-
tion (Fig. 3). The[AU2: Most figures were not cited
in text. Please carefully review all figure citations
and correct as needed.] electrostimulation was set up
to be triggered by the imaging device through a stan-
dard TTL entry, thus avoiding any additional delay in
the experimental setup. The electrostimulation device was
composed of a programmable function generator (Model
33220A; Agilent Technologies, Inc., Palo Alto, CA) con-
trolled by a computer through a GPIB interface, a low
frequency amplifier (Type 2718; Briiel & Kjeer, Neerum,
Denmark), an oscilloscope (Tectronix, Inc., Dyersburg,
TN), and a pair of noninvasive surface electrodes. Electri-
cal pulse duration was set to 1 ms. A 10 Q resistor was
put in series with the electrodes and its tension was vi-

sualized on the oscilloscope to measure the corresponding
intensity.

Electrodes had to be carefully placed to excite the nerve
on the motor point of the biceps brachii, a well-innervated
region of the muscle where contraction is maximal for a
given excitation. Applying an electric stimulation on the
motor point leads to the depolarization of some motor ax-
ons of the nerve. An action potential is then generated in
each excited axon and propagates to the end motor plates
of the axon where it is transmitted to associated muscle
fibers. Each axon is connected to several adjacent muscle
fibers forming a single coherent motor unit. The transmit-
ted action potential propagates on the surface of each ex-
cited muscle fiber and makes it twitch, resulting in a short
and small contraction of the fiber (Fig. 2). Depending on
the number of recruited motor units and their firing rate,
different contraction strengths can be generated. That be-
ing said, electrostimulation is always heavily dependent on
the position of the electrodes and the muscle state regard-
ing its efficiency and localization [23].

To fine-tune the electrostimulation, the voltage was
gradually incremented and the local tissue velocity ana-
lyzed as a function of time and current values; all of these
measurements have been fully automatized through the
use of the GPIB interface. Voltages used were typically
around a few volts (corresponding to a few mA), a trade-
off between signal-to-noise ratio in the velocity field and
the locality (to avoid excitation of many motor units re-
sulting in a large contraction). In these experiments, we
tried to have a small excitation corresponding to the ac-
tivation of a few motor units while keeping a reasonable
signal-to-noise ratio.

Since the muscle is also a viscoelastic medium [8], [24],
a dilatation of one area compresses the surrounding tissue
according to the boundary conditions (bone, skin, tendon,
or other soft tissues) resulting in a complex tissue velocity
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Fig. 4. Experimental setup for a 2D single acquisition (a) or a full 3-D scan (b). The imaging probe is positioned perpendicular to the muscle fibers
in both cases and can be translated in the 3-D case. A few-millimeter layer of gel was inserted between the probe and the muscle to avoid contact

during contraction.

field. Smaller contractions enable us to avoid most of the
hard boundary conditions and remain local. However, all
hard boundary effects could not be avoided and a twist of
the excited muscle fiber is visible in most experiments and
will be discussed later.

D. Ezxperimental Setups

A master computer controls both the imaging device
and the electrostimulation device. Running the ultrafast
imaging sequence automatically launches the electrostim-
ulation device through a hardware trigger. The probe was
always positioned perpendicularly to the bone, meaning
the imaging plane was a transverse cross section in regard
to the fiber’s main axis [Fig. 4(a)].

As noted previously, the measured tissue velocity cor-
responds only to the component parallel to the ultrasound
beam axis of the true tissue velocity vector. This means
that the measured tissue velocity was always perpendic-
ular to the bone and thus perpendicular to the muscle
fibers. However, a contracting fiber is naturally shorten-
ing in its longitudinal direction, thus mainly creating a
displacement of the tissue in the longitudinal direction, a
displacement that cannot be imaged precisely by our sys-
tem. Fortunately, while contracting, the fiber also happens
to grow in diameter explaining why a muscle increases in
diameter when contracting. The empiric law linking the
lateral stretch to the longitudinal stretch can be written
[25]:

1

)\lateral = . (4)
\V Alongitudinal

The first set of experiments was dedicated to a single
twitch while slowly increasing the stimulation amplitude.
The experiment was then repeated on 3 healthy volun-
teers and the repeatability discussed. As a true imaging
technique, geometrical and spatial extension can be fully

visualized. Contraction and relaxation times were also ex-
tracted for each volunteer and their physiological meaning
discussed. The imaging sequence was set to 1000 frames
per second for 300 images.

In a second experiment, the electrostimulation pulse
repetition was increased to induce a tetany of the muscle.
The velocity profiles were then extracted for each fre-
quency. For this experiment, 1000 images were acquired
at 1000 frames per second.

Finally, a 3-D setup was also developed and tested to
allow the imaging of the whole contracting bundle and fol-
low any propagation that could occur along the fiber axis
(Fig. 4). To perform such a scan of the biceps brachii, we
used a linear motor (Micos; SMC Pollux, Freiburg, Ger-
many) moved along the bone axis and took an ultrafast
acquisition in the transverse plane at each position [Fig.
4(b)]. Ultrafast acquisitions were performed at 2000 or
2500 frames/s and was set up to trigger the electrostimu-
lation device. The electrical stimulation was thus repeated
for each position and a 3-D movie of the contraction was
computed.

III. RESuULTS
A. Electrostimulation Amplitude and Recruitment

1. Measurement of Tissue Velocity Profile: We tried
to keep the excitation as small as possible to have only a
small region of the biceps contracting and to keep a lo-
cal response, thus avoiding boundary conditions and com-
plex movements of the muscle. Transverse images show
a good localization of the maximum of the contracting
fiber bundle that will lay the grounds for the 3-D track-
ing of the contracting fiber bundle. The velocity profile
was extracted from the mean inside a 3 X 3 mm? square
positioned as close as possible to the maximum [Fig. 5(a)].
The measured intensity through the resistor also happens
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Fig. 5. (a) Tissue velocity field in a transverse image of the biceps brachii 14 ms after an 9 V (11 mA) electrostimulation. An approximately 3 x 3
mm? region of interest (ROI) is defined around the maximum. (b) Measured intensity versus applied voltage shows a quasi-constant impedance of

approximately 810 €.

to follow the voltage meaning that the skin impedance
did not change much for a given position of the electrodes
[Fig. 5(b)].

2. Repeatability of Tissue Velocity Profile: To estimate
the repeatability of a single electrostimulation experi-
ment, 30 acquisitions were done with fixed amplitude (9
V) without changing the electrodes or imaging probe posi-
tions (Fig. 6).

The maximum is found to be 2.9 mm/s £+ 0.2 mm/s
(relative error of 6%) and the minimum at —0.9 mm/s +
0.1 mm/s (relative error of 11%). This standard deviation
is relatively low considering the in vivo nature of the mea-
surements, amplified by the highly nonlinear behavior of
the muscle as well as the electrostimulation strength vari-
ation. It is also not clear if the subject’s ability to contract
its own muscle can interfere, consciously or not. Although
repeatability seems rather good, we expect reproducibility

Tissue velocity (m/s)

to be much lower particularly due to the position of the
arm and the placement of the electrodes.

3. Influence of Stimulation Amplitude: Slowly incre-
menting the voltage of the electrostimulation device, the
velocity field induced by the contraction was recorded.
Results show that the velocity, as expected, gradually in-
creases with the voltage, thus showing that more and more
motor units are recruited [26] (Fig. 7). The in situ tissue
velocity curves also illustrate the threshold effect of the
excitation found to be around 10 mA for each volunteer.

Interestingly, maximum tissue velocity seems to depend
on the square of the stimulation amplitude (Fig. 8); how-
ever, more data are needed to confirm this hypothesis.
The stimulus threshold appears at 7.7 V corresponding
here to 10 mA. The extracted tissue velocity profiles are
very close to those obtained for typical surface mechano-
myograms [12].

Time (ms)

Fig. 6. Tissue velocity profile: mean of the 30 acquisitions with its standard deviation envelope. The relative error is approximately 10% at peak
velocities. Total duration of these 30 acquisitions was approximately 5 min (Volunteer #2).
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Fig. 7. Tissue velocity field versus time and stimulation amplitude. Amplitude is progressively increased from 7 to 10 V by a 0.1 V step (correspond-
ing roughly to 8.5 mA to 12.5 mA with a 0.1 mA step). The threshold of contraction is visible for a 8 V stimulation (approximately 10 mA).

4. Inter-Subject Comparison:  Measurements on 3
healthy volunteers show that the behavior is similar
among all subjects, and tissue velocity field is roughly
in the same range (Fig. 9). However, there seem to be
differences in maximum tissue velocity field as well as on
the threshold value. We speculate that these differences
have, again, more to do with electrostimulation param-
eters [23] (mainly position) than physiological differences
of the muscles.

B. Contraction and Relaxation Times

1. Definition of Characteristic Times: By extracting
the velocity field in a region of interest (ROI) correspond-
ing to the tracked fiber bundle, it is possible to display
the temporal profile of the velocity field along the muscle
fiber bundle (Fig. 10). This representation illustrates the
contraction and its amplitude. Temporal features can also
easily be extracted, such as the contraction time (when
velocity is positive) and relaxation time (when velocity is
negative). To do that we define characteristic points on
the velocity profile.

Extraction of these characteristic points has been done
through a simple procedure: first maximum and mini-
mum of the velocity profile is computed. The start point
is found thanks to a threshold on the curve and the last
point is defined as half relaxation time.

2. Repeatability of Characteristic Times Measurement:
Repeatability is first investigated on 30 successive acquisi-
tions with the same stimulation amplitude; characteristic

times are extracted and their standard deviations com-
puted (Table I).

Using ultrafast imaging allows an increase in the time
resolution and an improvement in the overall quality of
these measurements. One can also define the contraction
and half relaxation times as the part when the tissue ve-
locity is positive and negative, respectively (Tcontraction =
Tzero crossing — Tstart, Trelaxation = Thalf min — Tzero crossing)-
The contraction and half relaxation times found in the
current study match results from the literature [10] for

Maximum and minimum tissue velocity versus stimulation amplitude
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Fig. 8. Maximum and minimum of the tissue velocity field versus stimu-
lation amplitude. A quadratic fit has been added (Volunteer #2).
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Fig. 9. Inter-subject comparison (3 volunteers) of the tissue velocity field versus time and electrostimulation intensity.

in vitro surface mechanomyograms [12] or results from in
viwo surface mechanomyograms [19].

3. Influence of Stimulation Amplitude on Characteristic
Times: The influence of the stimulation amplitude on the
characteristic times was investigated (Fig. 11).

The characteristic times do not depend much on the
stimulation amplitude, which should thus make their mea-
surements more robust to the electrodes positions. On the
measurable part of the graph (where tissue velocity is high
enough), their values are respectively 6.2 + 1.3 ms, 27.2
4+ 4.1 ms, 69.1 £ 8.8 ms, 110.7 + 4.7 ms and 292.5 £+ 12.6
ms.

4. Inter-Subject Comparison: Ten acquisitions were
done on the biceps brachii of 3 healthy volunteers using
the same setup. Contraction and half relaxation times

were then extracted as well as their standard deviation
(Table II).

No significant differences can be noted among the 3
healthy volunteers’ contraction and half relaxation times
(differences are within the standard deviation range).
However, comparing results of the 2 different sets of mea-
surements on volunteer #2 (Tables I and II) together with
the independence of electrostimulation amplitude and
characteristic times suggest that reproducibility should
be reasonable. Those measurements demonstrate in vivo
and in situ measurements of the mechanical contraction
and half relaxation times in a human biceps brachii. Con-
traction and half relaxation times correlate well with sur-
face mechanomyography. Contraction and half relaxation
times are important to measure since they are specific to
the contracting fiber types, e.g., slow or fast fibers [19].

C. Tetany
These velocity profiles can also be used concurrently

with a periodical electrical stimulation leading to a pe-
riodical mechanical response or a tetany of the muscle

£10° Tissue velocity profile
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Fig. 10. Example of tissue velocity profile and definition of the extracted points (Volunteer #2).
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TABLE 1. REPEATABILITY OF MEASUREMENTS OF CHARACTERISTIC TIMES AND STANDARD DEVIATION
(VOLUNTEER #2).

start maximum zero crossing minimum Half min contraction Half relaxation
mean (ms) 7.1 30.4 7.2 115.4 182.3 70.1 105.2
standard deviation
(ms) 1.2 3.2 1.6 7.8 11.3 2 11

TABLE II. MEASUREMENTS OF CONTRACTION AND HALF RELAXATION TIMES AND STANDARD DEVIATION ON
THREE HEALTHY VOLUNTEERS.

Volunteer #1

Volunteer #2 Volunteer #3

66.3 £ 5.7
102.9 + 11

Contraction (ms)
Half Relaxation (ms)

70 £2.3
104 + 12,5

73.4 £86
114.5 + 24

depending on the frequency used for the stimulation (Fig.
12). These profiles show the tetany threshold in the sta-
tionary state of the muscle when tetany occurs.

The 1 ms electrostimulation pulse was repeated with
different pulse repetition rates (from 1 to 20 Hz with a
0.5 Hz step). The velocity profiles in a 3 x 3 mm? ROI
were acquired at 500 Hz during one 1 second. The data
are represented as a pulse repetition rate versus time ma-
trix [Fig. 12(a)]. Maximum amplitude of the velocity pro-
files have been extracted from [AU3: AuQ: Incomplete
sentence]

Below the tetany threshold, the tissue velocity follows
the excitation; above it, a summation of the response takes
place and the contraction increases. In the stationary case,
the muscle is fully contracted and incoherently vibrates
around this position: the velocity profiles show lower am-
plitudes and a rich spectral content.

D. Spatial Measurements
Until now all measurements were focused on the time
profile of the contraction by looking at the velocity field

inside an approximatively 3 x 3 mm? ROI . We will now
demonstrate how using a true imaging technique such as

Contraction and half-relaxation times

300 T T I
= _Contraction
== Half-relaxation
250 - g
200 - B
]
£
E 150 - B
100} 7/ N\ N
p——
50l \-—-——\_——/\
o 1 1 1

8 8.5 9 95 10
Stimulation amplitude (W)

Fig. 11. Influence of the stimulation amplitude on the characteristic
times (Volunteer #2).

eMMG enables visualization of the spatial extension of
the contracting fiber bundle and its behavior. It has an
advantage over surface mechanomyography, which has to
deal with the summation of responses from large areas.
With eMMG, it is possible to measure the tissue velocity
field inside the contracting sources.

1. Spatial Extension and Maps: Using a threshold on
the tissue velocity field enables the drawing of curves that
illustrate the spatial extension of the contracting area
(Fig. 13). This moving area consists of the true contract-
ing bundle and the passive surrounding elastic tissue.

2. Twist of the Tissue: Many acquisitions clearly show
a twist of the contracting fiber bundle (Fig. 14); the mea-
sured component of the tissue velocity is positive and neg-
ative side by side in the image, following the contraction
dynamics, and the phenomenon is then reversed during
the relaxation. Whether the twist is due to the contractile
tissue itself or to hard boundary conditions at the end of
the fiber bundles is unknown.

Geometrical features that cannot be visualized by sur-
face mechanomyograms are available.

E. 3-D Fiber Bundle Tracking and Visualization

By performing a 3-D stroboscopic scan along the bi-
ceps, a whole volume of the tissue velocity field can be
acquired. We chose to scan 22 positions with a 2-mm step
for a total scanned volume of 44 x 38 x 50 mm? (Fig.
15); a 1500 Hz frame rate was used. Results show that
the tissue velocity distribution mainly follows a curve that
matches visible echogeneic structures and is thought to be
a fiber bundle. The coordinates of this curve are automati-
cally extracted and the equation of encompassing planes
computed. These coordinates are useful for 3-D visualiza-
tion of the data as well as for the reconstruction of the
tissue velocity profile along the fiber bundle [Fig. 15(b)].
We can reconstruct then contracting fiber bundle using
an isosurface.

These results show the feasibility of the in vivo track-
ing of a contracting fiber bundle with a low electrically
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Fig. 12. (a) Response of the muscle to different excitation frequencies. Its behavior becomes erratic at greater than 7.5 Hz. (b) Tissue velocity maxi-

mum amplitude versus excitation frequency.

induced stimulation. The localization of the contracting
fiber bundle is retrieved in a 3-D volume and matches
echogeneic structures of the muscle (Fig. 16). This rep-
resents the first attempt of tracking contracting muscle
fibers in vivo. Diffusion tensor imaging, an MR imaging-
based technique has been applied to the anatomical track-
ing of skeletal muscle fibers [27], but can give only ana-
tomical information and no functional information on the
mechanical response of a muscle to a given stimulation.

However, this experiment is difficult in practice. Choos-
ing the right position for the arm, the probe, and the
electrodes and good electrostimulation parameters inside
the water tank is tricky and uncomfortable, whereas mov-
ing the probe directly on the skin leads to changes in the
electrostimulation strength and a drop in repeatability,
thus preventing a stroboscopic acquisition.

Spatial extension and maps

Maximum Tissue Velocity

IV. DISCUSSION

From a similar experiment acquired every millimeter
with a 2000 Hz frame rate, we have been able to extract
characteristic times inside the contracting area, such as
the maximum, the zero crossing, and the minimum times,
every millimeter along 2 cm of the biceps brachii (Fig.
17).

These velocity profile maxima, zeros, and minima can
be fitted to straight lines (Fig. 17, right); the slope of each
series of points gives respectively propagation velocities of
4.2, 3.3 and 3.8 m/s. The accuracy of this measurement is
highly limited by the width of the signal, and the range of
velocity requires a high frame rate.

It is striking to compare such measured velocities to
other characteristic propagation velocities of the biceps
brachii muscle, muscle fiber conduction velocity, and shear
wave velocity.

mm/s

Fig. 13. Map (left) of the maximum of the tissue velocity field (8.3 V stimulation) and spatial extension (right) of the contraction as visualized by

an isocontour on the velocity tissue field. A threshold of 2 mm/s was used.
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(right) of a clockwise rotation are visible, and the associated time profiles along a sample line (dashed line) illustrate the anticlockwise rotation

during relaxation.

An application of electromyography well known by
muscle physiologists and named muscle fiber conduction
velocity (MFCV) enables the measurement of the veloc-
ity of action potentials traveling along the muscle fibers.
The electromyography signals recorded by an array of
electrodes on the muscle surface are correlated; from the
time shift between 2 positions, a velocity of the underly-
ing electrical wave can be computed. This “wave” called
M-wave is found to have a velocity ranging from 3.5 to
5.5 m/s [11] in the biceps brachii. The striking similitude
between the electric and mechanic propagation is not that
surprising since the mechanical response is thought to be
triggered by the M-wave.

Another characteristic velocity can play a role in the ob-
served phenomenon, mechanical shear waves. Shear waves
or transversal waves propagate in soft tissues between 1
and 10 m/s a thousand times slower than longitudinal
waves (1500 m/s); moreover, their velocities are directly
linked to the stiffness of the material. To measure the
shear velocity of an in vivo biceps brachii (Volunteer #3)
along the fibers, the same echograph was simply put in the
supersonic shear imaging mode [20] and all electrostimula-

o
N

(subsampled each 15mm)

Side travel movement

Time (subsampled each 8ms)

tion devices were shut down. For illustrative purposes, the
subject was asked either to stay relaxed or to carry a 4 kg
load. Details measurements on the biceps brachii are be-
yond the scope of this paper and will be provided in a fol-
lowing paper. A quick analysis of the shear wave profiles
show a propagation velocity of 2 m/s with no load and 4
m/s with the 4 kg load, illustrating that the muscle is get-
ting stiffer with the contraction strength (Fig. 18). These
velocities, especially when the muscle is contracting, are
very close to the velocity measured and to the much more
known M-wave velocity.

By combining the measurements of electrostimulated
muscle contraction with local elasticity estimation of pas-
sive muscular tissue [20] on the same probe, it should be
possible to understand if the mechanical pattern recorded
during this electrostimulation experiment is due either to
the single propagation of the action potential, to the prop-
agation of mechanical shear waves due to the contraction,
or, more interestingly, to a natural and clever coupling of
both waves. In particular, this resulting mechanical wave
could be an elegant way to increase excitability along the
skeletal muscle fiber by mechanically triggering stretch-ac-

Fig. 15. (a) Raw data acquired in the transverse plane (38 x 50 mm). (b) Fiber bundle’s envelope extraction after thresholding at 80% of the maxi-

mum of each renormalized transverse acquisition.
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Fig. 16. A 3-D visualization of the tissue velocity field at various times after electrostimulation. The contraction of a fiber bundle is clearly visible
and matches echogeneic structures.
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Fig. 18. No electrostimulation. The supersonic shear imaging technique is applied on an in vivo biceps brachii parallel to the fibers (Volunteer #3)
to initiate and follow a shear wave. (a) Velocity profile when muscle is in rest state; shear velocity is 2 m/s. (b) A 4 kg load is applied; shear velocity

increases to 4 m/s.

tivated ion channels [28], a mechanism known as the myo-
genic response for cardiac [29] and smooth [30] muscles.

V. CONCLUSION

The clinical emergence of ultrafast scanners could soon
propose echo mechanomyography as a unique and original
way of imaging the transient mechanical response of a
muscle to an electrical stimulation. Using very high frame
rate ultrasound, the contractile properties of a fiber bundle
can be fully measured in situ, imaged, and tracked in 2D
or 3-D, upgrading surface mechanomyography to in depth
imaging with optimal time and spatial resolutions for in
vivo applications. It permits both the in situ estimation
of muscle fiber conduction speed and the localization of
muscle fibers recruitment. The technique now needs to be
tested with standard electrostimulation procedures used
by surface mechanomyography studies to compare and
improve results. It could then lead to a new in situ tool
for muscle physiologists. Coupled with electromyography,
clinicians would have both the electrical command and the
in situ mechanical response of a muscle, information that
could improve diagnosis and monitoring of neuromuscular
diseases.
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