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1. Introduction

Froze shoulder, a condition that limits the
range of motion (ROM) in shoulder, has a high
prevalence rate of 76% among diabetic patients’).
One of the causes is considered to be the adhesion
between the soft tissues surrounding the joint?. A
dynamic ultrasonography study has been conducted
to investigate these adhesions. Fujiwara et al.
introduced a method to quantitatively assess the
adhesion state using the stretching velocity ratio
between the deltoid muscle and the subscapularis®.

Meanwhile, continuous shear  wave
elastography (C-SWE) employs an external
mechanical vibrator to excite shear waves inside the
human body*?. The vibrator in C-SWE can induce
micro displacements in tissue, making it a quasi-
dynamic measurement without requiring patient
movement®. This study focused on observing the
propagation of shear waves continuously excited in
C-SWE, investigating the influence of tissue
adhesion on their phase. Here, the effects of adhesion
were experimentally examined through simulations
and phantom studies designed to replicate tissue
adhesion.

2. 2D-FDTD Simulation of Tissue Adhesion

The effect of tissue adhesion on shear wave
propagation is simulated by 2D-FDTD (finite-
difference time-domain) method. The FDTD
simulation is derived from the equation of motion

and strain-velocity relationship, presented as
followed.
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where v,, v,, and o stand for particle velocities
along the x and z axes, and shear stress.
Additionally, p, u,and n are the physical property
values of the medium, specifically density, shear
elastic modulus, and viscosity coefficient.

The adhesion strength affects the strength
of the impact of velocity and shear stress from
neighboring particles at the adhesion interface.
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Therefore, we introduced the adhesion coefficient k
into the basic equations of Equation (1) to (3), as
follows:
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where k, and k, are adhesion coefficients in
the corresponding axes. Since these coefficients
determine the influence from the neighboring
particles, higher coefficient values within the
range of 0 to 1.0 indicates the stronger adhesion
conditions.

Fig. 1-a shows the shear wave phase map
at different adhesion coefficients. The phase map at
k, =1.0 shows no phase changes in the
propagated shear wave as it can be regarded as
a continuous continuum without adhesion
interfaces. In contrast, the less adhesive model at
k, = 0.1 causes a shift in the shear wave phase
at the adhesion interface. However, it should be
noted that in this simulation model, k, was
consistently set to 1.0, while k, was assigned a
specific value only at z =10 and 11 mm. The
plots in Fig. 1-b represent the relationship between
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Fig. 1 Simulated shear wave propagation. a) Phase maps
at k, = 1.0,0.1. b) Phase plot around adhesion interface.
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Fig. 2: Measurement of adhesion strength and shear wave
propagation in the phantom. a) A diagram of a
compression shear adhesion strength test. b) Phase maps
of an adherent phantom (left) and a non-adherent
phantom (right). c¢) Phase plot at x = 20 mm in an
adherent and a non-adherent phantom. Background color
corresponds to the B-mode values.

the adhesion coefficient and the amount of phase
shift around the adhesive interface. The plot
indicates that the phase shift of shear waves
between the two layers across the adhesion
interface becomes larger as the adhesion condition
weakens.

3. Phantom Experiments

Phantoms with different adhesive levels
were fabricated to observe shear wave propagation
under varying adhesion conditions. The phantom
tissue was created by dissolving agar powder
(Basic Grade Agar Powder; Nichie) in water at a
concentration of 1% and then solidifying it. To
simulate adhesion, the phantom was divided into
two layers, with the second layer was poured when
the first layer cooled to 50°C. The non-adherent

condition was achieved by placing a thin plate
between the two layers, which was removed after
the layers solidified. Adhesive strength was
evaluated by a compression shear adhesion strength
test, as illustrated in Fig.2-a. The measured
adhesion strengths for the adherent and non-
adherent phantom were 809 Pa and 226 Pa,
respectively.

Fig. 2-b demonstrates the shear wave
propagation in the phantom tissues. A difference in
the propagation angle of the shear wave between the
first and second layers was noted. This resembles the
propagation pattern observed around x = 30 mm
in Fig.1-a. Furthermore, the amount of phase shift
also increased in non-adherent phantom as shown in
Fig. 2-c. The phase shift after adhesion interface was
1.3 rad and 3.4 rad in adherent and non-adherent
phantom, respectively.

4. Discussion & Conclusion

This work experimentally observed the
influence of tissue adhesion on shear wave
propagation through simulation and phantom study.
A change in propagation pattern was seen at the
adhesion interface. Meanwhile, future work aims to
perform in-vivo measurements and extract a
quantitative index for the evaluation of adhesion.
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