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ABSTRACT

Objectives - In vivo characterization of muscle tissues is necessary to increase the understanding of
musculoskeletal pathologies. Currently, few imaging techniques are able to characterize the in vivo
mechanical properties of muscle. Thus, the purpose was to couple experimental and numerical tools to
characterize the displacement and strain fields. This approach was validated on a phantom and then applied
in vivo on thigh muscles.

Materials and methods - An experimental compression device was developed in order to measure the
displacement field from a phantom with inclusions, and from quadriceps muscles, using compressed and
uncompressed ultrasound acquisitions (9MHz). A diffuse approximation method was used to determine the
optimal ZOI (Zone Of Interest) size (4, 8, 16 pixels) allowing for the realization of the DIC with a low
noise and a high spatial resolution (about 100um). Then, the strain field was represented with a diffuse
approximation radius, optimized from the theoretical noise.

Results - The in vitro and in vivo displacement fields confirmed the qualitative ultrasound observations.
The ZOl size was found optimal at 8 pixels. Then, the diffuse approximation radii were determined at 9 and
13 data points for the phantom and the quadriceps, respectively, providing the strain field cartographies.

These cartographies validated the experimental protocol and the displacement field measurement.



Conclusion — The present study revealed the feasibility of the Digital Image Correlation technique to

assess the in vivo muscle mechanical behavior, and could be extended to different soft tissues.

Key words — muscle, digital image correlation, ultrasound, displacement and strain fields, diffuse

approximation



1. INTRODUCTION

The in vivo identification of the muscle mechanical behavior remained a challenge to better understand
the pathologies. Medical imaging techniques such as ultrasound (US) or magnetic resonance imaging
(MRI) allow for the characterization of the morphological properties in order to diagnose and follow-up
treatments. To complete the structural analysis, dynamic elastography techniques using measurement of
shear wave speed in function of frequencies enable the assessment of the muscle viscoelastic properties [1-
3]. Moreover, it is well known that muscle tissue is a complex material with nonlinear and quasi
incompressible behaviors. Thus, to further analyze these characteristics, experimental tests and numerical
tools were used to measure the muscle displacement field.

Quasi-static tests such as traction [4], suction [5, 6] or indentation [7-9] have been performed in order to
measure in vivo the external displacements of the skin tissue. Subsequently, Finite Element Model
Updating (FEMU) was developed to determine the skin elastic behavior. In addition, ultrasound technique
was used to better characterize the geometry of the skin and the environmental tissues with suction [10-13]
or indentation tests [14-17]. This modeling provided a more accurate identification of the soft tissues. Other
studies coupled in vivo mechanical tests with MRI acquisitions to identify the hyperelastic behavior of the
arm and calf muscles [18, 19]. This identification was performed from the displacement of the contours of
the muscle, bone and adipose tissues.

To further analyze their characteristics, it was proposed that experimental tests and numerical tools could
be used to measure the muscle displacement field and strain fields. Thus, Zerhouni et al. [20] used the MR
tagging to measure the 2D myocardial motion during the cardiac cycle. Recently, this method was coupled
with quasi-static excitations performed on the lower leg [21] in order to obtain the displacement and strain
fields. In addition, a 3D analysis was also carried out on the arm [22, 23]. Moreover, an ultrasound
technique was associated with static compression tests on phantom to image the cartography of the strain

field in order to calculate the Young's modulus as the stress / strain ratio [24-27]. Ultrasound was further


http://zerhouni.ea.lib.bioinfo.pl/auth:Zerhouni,EA

improved with an algorithm based on the correlation of B-mode ultrasound signals to measure the
displacement and strain fields [28, 29]. This measurement was performed on phantom [30-32] and on
breast tissue to image the hyperelastic properties and to discern tumors [30, 33, 34]. Another way to
measure the displacement field was to use the digital image correlation (DIC) [35-37] that enables to
measure the displacement field from images. Thus, Han et al. [38] acquired ultrasound images on phantom,
under several static loading, coupled with DIC method to measure the 2D and 3D displacement and strain
fields. Moreover, ex-vivo tendon analysis was also performed with DIC to validate 2D ultrasound
elastography results, and to demonstrate the potential of the DIC method for the characterization of in vivo
biological tissue [37].

Thus, the originality of this study was to use the DIC on ultrasound acquisitions of in vivo thigh muscles
to obtain a local displacement measurement. Moreover, a home-made compression device was developed
to perform a quasi-static loading. Thus, the purpose of this present study was to couple experimental and
numerical tools to characterize the displacement and strain fields. This approach was firstly validated on a

phantom and then applied in vivo on thigh muscles.



2. MATERIALS AND METHODS

2.1. Experimental set up

A home-made compression device (Fig. 1a-1d) was composed of three plastic plates (200 x 300 mm2).
The lower one was only used as a support for the leg and four threaded rods were fixed at each corner
allowing the up and down motions of the upper plates. The two upper plates were used to compress the
muscle where the level was adjusted with screws. Then, sensors (I-scan, Tekscan, 5027) (Fig. 1d) were
placed between the two upper plates in order to quantify the distribution of pressure. A specific design was
made on the upper plates to fit and to maintain the ultrasound probe (9MHz) during the loading and the

ultrasound acquisitions.

2.2. In vitro and in vivo ultrasound acquisitions

The experimental device was applied in vitro to a phantom (CIRS, Norfolk, VA), mimicking soft tissues,
composed of eight spherical inclusions (from #1 to #8) (Diameter: 10 mm and 20 mm) having different
stiffnesses (Fig. 1b). The four small and large spheres were aligned and spaced (30 mm) at a depth of 15
mm and 35 mm, respectively. According to the CIRS company, the phantom background had an elasticity
of 25 £ 6 kPa and the spherical inclusions had an elasticity of 8 + 3 kPa (#1, #5), 14 + 4 kPa (#2, #6), 45 £
8 kPa (#3, #7), 80 + 12 kPa (#4, #8) (Fig. 1b).

Subsequently, ultrasound images were acquired for the two central small spherical inclusions (#2, #3)
(Fig. 1c).

The homemade compression device was used for in vivo experiment performed on the thigh muscles of
a 33 year old male without venous pathologies (Fig.1d). The ultrasound probe was placed in the lower third
part of the thigh due to the low amount of adipose tissue allowing a better strain of the muscle tissue. Fig.
1e showed the localization of the investigated quadriceps muscles composed of the vastus medialis (VM)

and vastus intermedius (V1) (Fig. 1f) acquired with the same optimized ultrasound parameters.



2.3. Measurement of the displacement field with the DIC

The DIC method (Correli_Q4 [36]) is based on the grey level comparison between two B-mode
ultrasound (US) acquisitions performed on uncompressed (Fig. 2a, 3a) and compressed (Fig. 2b, 3b)
phantom and quadriceps muscle in order to measure the displacement field. The ultrasound parameters
were optimized to perform efficiently the digital image correlation (DIC), as described in a previous study
[39, 40] where the ultrasound parameters were set up to reduce the random error of the measurement.

A zone of interest (ZOI) was located inside a ROl (region of interest) defined on the ultrasound image
(Fig. 1c). The DIC aimed at matching the ZOI (8 pixels) between reference and deformed images. It must
be noted that the DIC performances were strongly linked to the grey level and image characteristics (i.e
contrast and dynamic of the speckle). Considering f(x) and g(x), the grey level values of the reference and
deformed images at position X, g(x) can be defined as:

g(x)= f(x+u(x))+b(x) 1)

u(x) is the displacement field and b(x) the noise induced by the image acquisition. The specificity of the

present global DIC method is to seek the displacement field corresponding to a set of shape function. The

field, u(x), can therefore be written as:

u)=> . N, e, @)

m is the number of nodes for one element (m = 4), v are the degrees of freedom unknowns of the
problem, Nm(x) are the shape functions and eq is a characteristic vector of the considered element.

To obtain the cartographies representing the lateral (Ux) (Fig. 2c, 3c) and axial (Uy) (Fig. 2d, 3d)
displacement fields five ultrasound acquisitions were performed with intermediate loadings (muscle step:
15N, phantom step: 112N). Thus, the DIC convergence was facilitated between the initial (ON) and final
(muscle: 60N, phantom: 450N) loadings. These loading level differences were chosen because the same
external displacement levels were observed at the sample surface between the two experiments. Finally, the

displacement fields were displaced to match the bone structure between the initial and final images. Thus



the femur is taken as the reference.

2.4. Measurement of the strain field

The strain field was calculated using diffuse approximation from the displacement field measurement.
This method based on using local least squares [41] consists on performing a local diffuse approximation
regression [42, 43]. Thus, cartographies of strain fields were represented for three different ZOI (4, 8 and
16 pixels) with three different diffuse approximation radii (4, 8 and 16 data points) (Fig. 4). These
cartographies were obtained for shear strain.

The radius of the diffuse approximation is optimal when the maximum of noise is filtered without
losing mechanical information (Fig.5a-5c, 6a-6¢). Thus, to determine the more appropriate diffuse
approximation radius the standard deviation for each experimental strain (lateral, axial and shear strains)
was represented as a function of the radius (from 4 to 20 data points).

Then, the evolution of the theoretical noise filtering, assuming a white Gaussian noise with a standard
deviation (o), can be written in function of a linear operator of the reconstruction (M) [42]:

cov({du, })= oZMM ©)

This theoretical curve was shifted in order to match the same value of standard deviation with the
experimental curve. Thus, a reference value (dot line) was established to represent the level of the applied
filtering. Then, the standard deviation (o) of the measured displacement field was quantified between 11
uncompressed images by considering a white Gaussian noise for each ZOI (4, 8, 16 pixels).

Finally, the intersection with the theoretical noise filtering revealed the optimal radius for which the

cartographies of the lateral, axial and shear strain were represented (Fig. 5d-5f, 6d-6f).



3. RESULTS

3.1. Result of the in vitro and in vivo displacement fields

The ultrasound images acquired on the phantom (Fig. 2a-2b) revealed a higher deformation for the left
inclusion (#3) compared to the right (#2) one. This structural result was expected due to the difference of
stiffness between the two spherical inclusions.

Fig. 2c and Fig. 2d showed the cartographies of the displacement fields, represented on the uncompressed
image, measured along the Y and X axis, respectively.

Along the direction of compression (Fig 2c), highest displacements (about 7mm) were observed (red
color) close to surface of the phantom, and lowest displacements (blue color, about 3mm) were found in
depth. In addition, a higher gradient of displacement was observed for the left inclusion (#3). This last
result was in agreement with the structural deformation observed on the ultrasound acquisitions. Along the
X axis (Fig. 2d), the scale indicated few displacements (from -1mm to 0.2mm) which is expected according
to the applied compression test. However, a higher gradient displacement field (from -1mm to -0.4mm) was
observed in the left inclusion (#3) compared to the right one (#2) (from -0.3mm to -0.1mm).

This last result confirmed the difference of mechanical properties between the two inclusions.

The result of the ultrasound images acquired for the quadriceps muscle (Fig. 3a-3b) revealed a visual
sliding of both vasti muscles (VM and VI) around the aponeurosis tissue. The result of the displacement
field (Fig. 3c) measured along the Y axis, showed highest displacements (about 20mm, red color) close to
the fat tissue while any displacements was found around the bone tissue. Furthermore, a gradient of
displacement was observed inside the muscles. Fig. 3d illustrated the cartography of the displacement field
measured along the X axis. A high displacement gradient (from -5mm to 2mm), indicated by arrows, was
observed around the aponeurosis located between the vastus intermedius (V1) and the vastus medialis (VM)
muscles. This last result confirmed the qualitative sliding obtained after the compressive test.

Repeatability (lateral: 1.23 mm, axial: 0.96 mm) and reproducibility (lateral: 0.25 mm, axial: 0.23)



analysis showed similar quantitative and qualitative displacement fields [40].

3.2. Quantification of the experimental noise

Table 1 showed the results of the standard deviation (o) as a function of the ZOI size (4, 8 and 16 pixels)
for the phantom and the quadriceps muscle. As expected, the value of the standard deviation decreases
when the ZOI size increase. Along the ultrasound beam (axial direction), the result of the standard
deviation was less important than the lateral noise. The comparison between the in vivo and in vitro

experimental noises revealed a higher noise for the muscle tissue compared to the phantom.

Table 1: Standard deviation as a function of the ZOlI size for the phantom and the quadriceps muscle

Phantom Muscle
ZOl size (pixels) 4 8 16 4 8 16
Axial standard deviation (pixels) 0.83 0.393 0.20 1.46 1.29 0.89
Lateral standard deviation (pixels) 0.99 0.48 0.26 1.98 1.78 1.27

3.3. Result of the in vitro and in vivo strain fields

3.3.1. Determination of the ZOI from the shear strain field

Fig. 4 illustrated the results of the shear strain fields obtained for three different ZOI and three radius of
diffuse approximation.

For a ZOl of 4 pixels, the strain field was very noisy and no information can be interpreted (Fig. 4a) with
a radius of 4 data points. On the contrary, the spherical inclusions were clearly represented with a radius of
16 data points (Fig. 5¢). Nevertheless, the contours of the spherical insertions were not well defined due to
the noise.

For a ZOlI of 8 pixels, the best cartographies were obtained with a radius between 8 and 16 data points

(Fig. 4e-4f). Indeed, these configurations enabled the localization of the two spherical inclusions
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represented with clear contours and a quasi-homogeneous strain field [44, 45].

Using a ZOlI of 16 pixels, provided a low spatial resolution, the best compromise was represented with a
radius of 4 data points (Fig. 4g). For larger radius, the strain field was strongly filtered leading to a lack of
information (Fig. 4h-4i).

In agreement with all of these results, a ZOl of 8 pixels was chosen in order to determine the diffuse

approximation radius allowing the interpretation of the strain fields.

3.3.2. Analysis of the in vitro strain field with the optimal diffuse approximation radius

The evolution of the experimental standard deviation (o) was represented for the lateral (Fig. 5b), axial
(Fig. 5a) as a function of the radius (blue curve). As expected, the standard deviation decreased
exponentially with the radius. The theoretical curve (red) showed the evolution of the standard deviation of
the noise.

Fig. 5a revealed that the dotted line intersected the experimental curve (blue) for a radius value of 9 data
points. As a consequence, the noise is considered filtered above a radius of 9 data points while below this
value the information was degraded. Therefore, the optimal radius was chosen to 9 data points for a ZOl of
8 pixels.

The lateral standard deviation (Fig. 5b) showed that whatever the range of radius is, the experimental
curve was always above the dotted line. This last result indicated that the information and the noise were in
the same range. Therefore, the lateral strain was not solicited by the present mechanical test.

Thus, the diffuse approximation radius was set up to 9 data points to analyze the strain fields.

The cartographies of the strain fields were represented in the axial (Fig. 5¢), lateral (Fig. 5d) and shear
(Fig. 5e) directions.

Fig. 5c revealed a high strain field below the left inclusion (#3) while a weak strain field was found

below the right inclusion (#2). This result was related to the environmental structure around the inclusions.
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Indeed, the strain below the right inclusion (#2) was lower than the strain inside the inclusion,
demonstrating that the inclusion was stiffer than the background. On the contrary, the strain below the left
inclusion (#3) was higher than the strain inside the inclusion, revealing a softer inclusion than the
background.

Fig. 5d was not interpretable due to the low level of information which did not allow the localization of
the spherical inclusions.

Fig. 5e showed the shear strain field where the contours of the two inclusions were well identified. In
addition, a homogeneous strain was observed inside both inclusions. Therefore, these results confirmed the
ultrasound observations and demonstrated the feasibility of the present method to measure the displacement

and strain field within the muscle tissue.

3.3.3. Analysis of the in vitro strain field with the optimal diffuse approximation radius

A ZOI of 8 pixels was chosen to analyze the muscle strain fields as previously presented for the phantom.

A similar process as for the in vitro study was performed for the choice of the diffuse approximation
radius. A radius of 13 data points was determined as optimal for the in vivo analysis (Fig 6a) and Fig. 6b
showed that the information and the noise were in the same range leading more difficult the analysis of the
lateral strain field.

Fig. 6¢-6e presented the axial, lateral and shear strains of the quadriceps muscle. The three cartographies
revealed a sliding of both vastis around the aponeurosis area as it was observed on the ultrasound
acquisitions and displacement field (Fig. 3). Moreover, Fig. 7c presented a high strain level located inside

the fat tissue, demonstrating a lower stiffness for fat tissue than muscle tissue.
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4., DISCUSSION

The originality of this study was to develop an experimental protocol to measure the muscle displacement
and the strain field using a DIC. The present protocol was set up on a phantom with structural and
mechanical properties know from the CIRS’ company. The ultrasound structural deformation observed on
the inclusions validated the developed mechanical test and also the displacement field measurement.
Furthermore, this in vitro work enabled to fix the ZOI size to 8 pixels due to the clear contours of the
inclusions from the strain field. This result allowed to choose a reference ZOI size (8 pixels) for the in vivo
study. Moreover, a complementary study was performed on several ZOlI sizes and confirmed the use of 8
pixels for the quadriceps muscle.

The comparison of the displacement fields between the phantom (Fig. 2c¢) and the muscle (Fig. 3c)
showed similar maximal axial displacement levels (phantom: -7mmn, muscle: -10mm) despite different
loadings were applied. Indeed, a higher loading was performed on the surface of the phantom due to the
boundary conditions. In fact, the lateral direction (x axis), the boundary displacement being fixed for the
phantom increasing the resulting force. This result demonstrated that the CIRS phantom could be used to
mimic the muscle displacement. Obviously, the loadings were adjusted according to the respective
mechanical properties. Furthermore, the cartography of axial muscle displacement field (Fig.3c) showed a
continuity of the displacement as a function of the muscle depth, and validated the developed experimental
protocol (quasi static test and DIC).

On the contrary, the comparison of the lateral displacement (Fig. 2d and Fig. 3d) showed a higher range
of displacement values for the muscle (from -5mm to 5mm) compared to the phantom (from -1mm to
1mm). This may be due to the difference of texture. Indeed, a speckle was present on the phantom while
the presence of lateral white bands, reflecting the muscle structure, may induce measurement errors on the
lateral axis. Moreover, during the mechanical test, a rotation of the muscle structures around the bone and a
sliding of the tissue close to the aponeurosis may explain this difference of range.

The quantification of the experimental noise showed a higher incertitude for the lateral displacements
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compared to the axial ones for both samples. This result may be due to the direction of the beam which is in
the compression direction inducing a higher noise in the lateral direction. The uncertainty of the lateral
displacement field lead [34] to propose the identification of the linear and non-linear elasticity of soft
tissues from a cost function only based on the axial component.

The comparison of the experimental noise between the phantom and the muscle for both directions
revealed a higher error for the muscle tissue due to the difference of texture and due to muscle movements,
such as involuntary contraction or blood flow, providing changes during the ultrasound acquisitions.

The method used to determine the diffuse approximation radius was similar to Feissel et al. [46] in order
to obtain an optimal filtering. In the present study, the assumption of the white Gaussian noise may induce
an error on the diffuse approximation radius choice. Indeed, the DIC method (Correli_Q4), revealing the
displacement field as a shape function, provided another reparation of noise [46].

To our knowledge, the DIC is a technique often used in the mechanical field, this study is the first to
combine the DIC method with ultrasound acquisition on in vivo muscle tissue in order to obtain the strain
field. The limitation of the present study is the measurements obtained from one subject and should be
realized on other participants. Indeed, the quality of images and the mechanical properties of the muscles
will differ between individuals, due to the gender, age and health of muscle. Thus, the measured
displacement field might be a starting point for the characterization of the in vivo elastic properties and
may be extended to the measurement of different soft tissues. In addition, according the important level of
sliding and strain between both vasti muscles, a way to improve the strain cartographies would be to
develop an integrated-DIC method to remove the discontinuity problems.

Finally, from this measurement, the next step will be to develop an inverse method, coupling this

acquired displacement field with finite element simulation, to identify the muscle mechanical behavior.
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Fig. 1. (a) Home-made compression device applied to the phantom. (b) Phantom technical drawing (CIRS, Norfolk, VA). (c)

Ultrasound acquisition of the phantom. (d) Home-made compression device applied to the thigh. (e) Localization of the

investigated thigh muscles. (f) Thigh ultrasound acquisition of the target muscle (VM: Vastus Medialis, VI: Vastus Intermedius).
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Fig. 2. Ultrasound images of (a) uncompressed and (b) compressed phantom. Cartographies of the displacement fields along
the axial (c) and lateral (d) axis.
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Fig. 3. Ultrasound images of uncompressed (a) and compressed (b) quadriceps muscles composed of the Vastus Intermedius

(VI) and the Vastus Medialis (VM). Cartographies of the displacement fields obtained along the axial (c) and lateral (d) axis
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Fig. 4. Cartographies of the shear strain fields as a function of the ZOl size (4, 8 and 16 pixels) and the radius (4, 8, 16 data

points).
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Fig. 5. Evolution of the experimental (blue) and theoretical (red) standard deviation for a ZOlI of 8 pixels during an axial (a)
and lateral (b) strain. Cartographies of the axial (c), lateral (d) and shear (e) strain obtained for a ZOl of 8 pixels and a radius of 9
pixels.
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Fig. 6. Evolution of the experimental (blue) and theoretical (red) standard deviation for a ZOlI of 8 pixels during an axial (a)
and lateral (b) strain. Cartographies of the axial (c), lateral (d) and shear (e) strain obtained for a ZOI of 8 pixels and a radius of
13 pixels.
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