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a b s t r a c t

Duchenne muscular dystrophy (DMD) is caused by the absence of dystrophin, the protein that plays a key
mechanical role in maintaining muscle membrane integrity. One of the major consequences of dystro-
phin deficiency is the degeneration of muscle fibres, with a progressive loss in muscle strength. The
objective of this research was to find an ultrasonic parameter sensitive to DMD, which could give relevant
information related to microstructure if compared to traditional investigations such as morphometrical
analysis. This ‘‘in vitro” study focused on the Mdx mouse model and investigated the potential differences
between wild-type and dystrophin-deficient mice diaphragms. Using a 50 MHz ultrasonic sensor built in
our group, we recorded an increase in ultrasonic wave attenuation in the dystrophin-deficient samples in
comparison with normal muscles. A correlation between attenuation, mouse age and the percentage of
non-muscular proportion in muscle was observed. As Mdx mouse is the best animal model for DMD
and reproduces the degenerative pattern observed in human DMD muscles, this approach could be a
powerful tool for in vitro DMD investigation and, more generally, for the characterisation of muscle
properties.

! 2010 Elsevier B.V. All rights reserved.

1. Introduction

In many mechanical diseases, muscle wasting and weakness are
associated with abnormalities in the structure or expression of the
components of myofibre [1]. For example, dystrophin deficiency
[2] has been shown to result in myopathic phenotypes in human
(i.e. dystrophinopathy) and animal [3] skeletal muscle. The muscle
weakness is correlated with an increase in interstitial connective
tissue, leading to fibrosis and progressive adiposis in the myofibres.

Most of pre clinic physiopathologic and therapeutic studies con-
cerning Duchenne muscular dystrophy (DMD) have been and are
today performed on Mdx mice [4–6].

For Mdx mouse, all skeletal muscles are affected by necrosis.
This degeneration begins 15 days after birth but only the dia-
phragm muscle has an evolution which is comparable to the evo-
lution observed in human DMD. It exhibits a high dystrophic
pattern and reproduces the degenerative pattern observed in hu-
man DMD muscles [7]: no muscle regeneration, fibrosis, adipose. . .
Even if symptoms observed in mice are attenuated compared to
human DMD, the animal constitutes an excellent model for molec-

ular interactions and their consequences on membrane cells.
Hence, Mdx diaphragm muscle constitutes an excellent model for
pre-clinical physiopathologic and therapeutic studies and has been
chosen for the present study.

In this work, we propose an ultrasonic technique to detect de-
fects in Mdx diaphragms. It could give new information compared
to traditional investigations such as morphometrical analysis.

The ultrasonic parameter chosen was the longitudinal ultra-
sonic attenuation, which is sensitive to heterogeneity and fat
content [8,9]. As one of the major effects of DMD is the progres-
sive invasion of muscle by adipose and fibrotic tissue, the atten-
uation parameter could be relevant. If a correlation is established
between attenuation and non-muscular area, the parameter
attenuation could be used on mice diaphragms to evaluate the
non-muscular area. As the non-muscular area is an indicator of
DMD evolution one could follow the DMD evolution with
attenuation.

The diaphragms from 3-, 10-, 12- and 18-month-old BL10
(normal animal) and Mdx mice were studied with an ultrasonic
method especially adapted to mice diaphragms. Then, using stan-
dard biological techniques (histochemistry and morphometrical
analysis), the percentage of non-muscular proportion was
deduced. The attempt to correlate these two parameters will be
discussed at the end of the experiments.
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2. Experimental approach

2.1. Mice samples

Control (C57 BL/10) and Mdx mice were purchased from Jack-
son Laboratory (Bar Harbor, ME, USA) and selected according to
age (3, 10, 12 and 18 months). The study was approved by our uni-
versity’s Institutional Animal Care Use Committee (agreement No.
A 34-545). Following a standard protocol, the diaphragm muscles
were dissected immediately after death and divided into two parts.
Each diaphragm was cut into two strips (left and right). The
dimensions of each strip were about 2 cm (length) ! 4 mm
(width) ! 400 lm (thickness).

2.2. Ultrasonic measurements

Ultrasonic velocity and attenuation measurements are not al-
ways easy in soft tissues because the precise measurement of sam-
ple thickness is quite difficult. We thus decided to use a modified
approach usually dedicated to experiments on fluids. We have al-
ready used this method for characterising liquid sugar [10].

A 50-MHz piezoelectric transducer was built in our group to
study these small and thin mouse diaphragms. This frequency
was chosen to avoid overlapping between multiple reflections in
the samples. The sensor is made of a thin piezoelectric crystal
(thickness: 45 lm) settled on a silica rod and is excited with an
electrical pulse generator. Thanks to the inverse piezoelectric ef-
fect, this electric excitation is converted into an ultrasonic
(mechanical) wave that propagates through the silica rod to reach
the sample. The silica rod, sometimes called the delay line, ensures
the emission of the ultrasonic wave in the far field region where
the ultrasonic pressure is quite spatially homogeneous. It also con-
stitutes a wave-guide for the ultrasonic waves. For our sensor the
delay line length is 20 mm. A photograph of the sensor is presented
in Fig. 1. One can notice that the delay line diameter is small:
3 mm. We chose this diameter because the diaphragms are also
small sample (see Section 2.1) with comparable dimensions.

Typically, an ultrasonic measurement is performed as follows:
just after dissection, the sample is settled on a hard material
(2 cm glass plate), which constitutes an ultrasonic reflector. The
ultrasonic sensor is then approached. When contact with the sen-
sor tip occurs, an ultrasonic wave propagates through the sample,
is reflected from the reflector, propagates again in the sample, is
converted into an electric signal by the piezoelectric, and the echo
is then visualised on an oscilloscope. Then, using a micrometric
stepper motor, the sensor tip is slowly approached, leading to a

progressive reduction in the sample thickness. Such an experiment
can be called an indentation procedure.

The thinner the sample becomes, the higher the ultrasonic sig-
nal amplitude becomes. If ‘‘z” is the vertical axis and A(z) is the
amplitude of the ultrasonic echo, one can plot the curve: 20 Lo-
g10(A(z)) versus z. From this curve, the ultrasonic attenuation a
can be extracted thanks to a linear fit. If g is the slope, the ultra-
sonic attenuation in decibels per meter is then defined as:
a(dB m"1) = "g/2.

Concerning the apparatus, we used a pulse generator (model
5900 PR, Olympus, France). With this generator, the sensor is ex-
cited by an electrical voltage of 220 V during 2 ns. The oscilloscope
was a WaveRunner, LeCroy Corporation, France. For the stepper
motor we chose a Newport (RI, USA.) with a displacement resolu-
tion of 1 lm. All the experiments were remote controlled by per-
sonal computer (Dell) via a GPIB IEEE interface (Newport, RI,
USA). Data acquisition and signal processing were ensured by soft-
ware written with Labview 8.1 (National Instruments, France).

Immediately after measurement, the samples were conditioned
for histochemical and morphometrical analysis, as described in the
following section.

Remark: Ultrasonic measurements were very rapid; less than
3 min. So, diaphragm samples remained at room temperature a
very small time and did not dry. Thanks to morphometrical analy-
sis performed before and after ultrasonic tests, we have checked
that it was non destructive and that muscle structure was not de-
stroyed during experiment.

2.3. Histochemistry and morphometrical analysis

Diaphragm muscles from wild-type and dystrophin-deficient
mice were frozen in liquid nitrogen-cooled isopentane, and cryo-
sections were submitted to either haematoxylin or specific primary
antibody labelling. The slides were then analysed on a Nikon
microscope-based imaging system using Histolab imaging soft-
ware (Microvision Instruments, France). The 10-lm transversally
cryostat sections of Mdx and normal diaphragms were stained by
haematoxylin and eosin (H&E) to distinguish between healthy
myofibres, showing peripheral nuclei and regenerating myofibres,
and degenerating fibres, often present in areas where small regen-
erating fibres and cell infiltrates were also visible [11–13]. Mor-
phometrical analysis was performed on about 10 cross-sections
from diaphragm to obtain more than 1500 fibres analysed. The per-
centage of total non-muscle area (fibrotic or adipose tissue) was
recorded.

3. Results

Fifteen mice were studied for each age. Six ultrasonic measure-
ments were performed for each diaphragm, for a total of about
400 measurements. Furthermore, a first batch of mice (3 and
10 months) had been studied in 2006, and a second batch (with
the same ages) had been studied in 2007; the attenuation results
were the same in all cases. Thus, the results presented here are to-
tally reproducible and representative. The acoustic attenuation val-
ues of the diaphragm types were between 9 and 32 dB mm"1. The
results are given in Fig. 2 with their standard deviation. This latter
ranged from 1 to 3 dB mm"1, depending on the sample.

Remark: Diffraction effects due to the finite size of the piezo-
electric element have been quantified with the method proposed
in [14]. We found 0.140 dB mm"1. This is totally negligible com-
pared to attenuations measured on diaphragms.

As shown in Fig. 2, attenuation increased with mouse age and
pathology. Furthermore the ultrasonic attenuation differentiated
the two populations of mice, i.e. Mdx and BL10. Even thoughFig. 1. Ultrasonic sensor for attenuation measurements.
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attenuation increased with age, none of the older BL10 mice pre-
sented attenuation equal to that measured in the Mdx mice. All
the Mdx mice had higher attenuation. Furthermore, a link was ob-
served between ultrasonic attenuation and the non-muscular area.
As the pathology progressed, fibrosis and adipose tissue continued
to replace muscular cells and ultrasonic attenuation increased. As a
fibrotic pattern creates geometrical disorder and generates more
ultrasonic diffusion in muscle, it contributes with fat to the
increase in attenuation. Separating the two effects (fibrosis and
adiposis) is difficult and presents no real interest for our
investigations.

4. Conclusion

The results presented here demonstrated that ultrasonic longi-
tudinal wave attenuation can give relevant information for in vitro
DMD investigation on Mdx mice. This technique could become a
new parameter for systematic measurement in mice after dissec-
tion and before histochemistry and morphometrical tests.

As Mdx mouse is the best animal model for DMD, some extrap-
olations of results are possible. It could be performed in the case of
therapeutic treatment testing, for example. If a treatment has an
effect on ultrasonic attenuation measured on Mdx mouse, an effect
on human could be expected.

Furthermore, this study is very promising regarding the results
recently obtained in vitro by Tanveer et al. [15] on skin biopsy.
These authors demonstrated that the structure of human skin is
greatly affected by DMD. As we have demonstrated that the acous-

tical approach presented in this paper is valid for DMD investiga-
tion, future work could be dedicated to the analysis of skin. This
approach could initially be tested in vitro on biopsy specimens be-
cause of the small zone analysed by the sensor (3 mm ! 3 mm). A
next and last step would be direct in vivo measurement on skin.
The appropriate sensors and methods are under currently develop-
ment in our laboratories.
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Fig. 2. Ultrasonic attenuation versus percentage of non-muscular area and mice
age.
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