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Abstract—In 10 patients with cutaneous sclerotic skin condi-
tions, shear wave elasticity imaging (SWEI) was used to measure
shear wave speed in the skin in vivo. The dermis was segmented
using an thresholding-based algorithm and group speeds were
found in both the dermis and the subcutaneous tissue. Phase
velocities were calculated in the layer, and a linear regression
was fit to obtain a dispersion slope. A statistically significant
non-zero dispersion was found in the skin in vivo. An ordinary
least squares multiple linear regression was performed to assess
what factors affected the dispersion slope. Thickness did not
have a statistical effect on the dispersion slope in each model,
and subcutaneous speed was only found to have a statistical
effect at one of two investigated frequency-thickness products.
This work shows SWEI based dispersion in the skin ir vivo and
demonstrates the importance of subcutaneous speed in future
models.

Index Terms—skin, SWEI, dispersion, elastography, SWS

I. INTRODUCTION

Cutaneous sclerotic skin diseases such as morphea and
graft-versus-host disease have irreversible effects, can greatly
limit patient motion, and are treated with very harsh im-
munosuppressive therapies [1]-[3]. These diseases occur when
there is increased collagen deposition in the skin, leading to
increased stiffness [4], [5], however they cannot be identified
on B-mode alone as changes in thickness are not sufficient for
diagnosis [6], [7]. As such, many efforts have been made to
come up with a quantitative way to measure skin stiffness.

Shear wave elastography imaging (SWEI) measurement of
stiffness in the skin is of clinical interest as a quantitative
measure of sclerotic skin disease progression. Skin thickness
can be on the same order as shearwave wavelength, and so the
structured geometry of the dermis is hypothesized to induce
dispersion of the shear waves within the dermis. Studies to
date have demonstrated an overall difference in group shear
wave speed (SWS) in sclerotic skin compared to healthy [6],
[8], [9], but for longitudinal monitoring of disease progression
a better understanding of what factors affect the shear wave
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speed in the skin is clinically necessary. Previous works
have accounted for the thickness of the skin with techniques
like normalization of group SWS by the skin thickness or
generating a normalization metric using the diseased location
and matched contralateral healthy location thickness [6], [8],
[9], but did not account for the Lamb wave or Rayleigh
wave like behavior potentially present in the skin based on its
thickness relative to shear wave length, although efforts have
been to account for this in modeling and in phantoms [10],
[11]. Dispersion, a frequency dependence of the phase velocity
[12], can result from both viscoelasticity of the material itself
or from the plate like structure of the material [13]. Dispersion
has been previously demonstrated in the skin using mechanical
vibrometry [14], [15].

One of the primary objectives of this work was to investigate
if SWEI can be used to assess dispersion in the skin in vivo.
Previous simulation work [10] also indicated that the stiffness
of the material in the subcutaneous layer beneath the dermal
layer could have a significant effect on the phase speeds and
dispersion measured in the skin itself. This study aims to
evaluate the impact of subcutaneous tissue stiffness, dermal
layer thickness, and group SWS on dispersion measures in
the dermal layer in vivo.

II. METHODS
A. SWEI Methods

A custom multi track location (MTL) supsersonic imagine
(SSI) SWEI sequence was created on a Siemens SC2000
scanner using a 14L5 transducer at 6 MHz. 10 patients
with sclerotic skin conditions were recruited in compliance
with Duke University’s IRB protocol. SWEI measurements
were taken in both diseased sclerotic plaques and matched
contralateral healthy locations in a total of 55 locations across
the 10 subjects. If multiple acquisitions were taken at a
given location, these were processed separately and averaged
together.
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Fig. 1. B-mode of skin image. The red outline shows the dermis as identified
using thresholding-based segmentation methods. The green box shows the
region of acoustic radiation force excitation region of interest selected from
the dermis, while the light blue box shows the region of acoustic radiation
force excitation region in the subcutaneous layer, which begins 1 mm deep
to the bottom of the dermis and extends 2 mm axially.

B. Thresholding-Based Segmentation

A two-step thresholding approach based on Otsu’s method
was used to segment and identify the dermal layer on the
skin images. Otsu’s method [16] finds the binary threshold
level that minimizes the variances within classes. First, Otsu’s
threshold was applied to each image to generate a binary
mask. The skin’s top edge was then detected by starting at
a pre-defined depth and searching for the first bright pixel. To
remove outliers, we fit a cubic polynomial to the top boundary
and removed points more than a standard deviation away
from the regression. The bottom boundary was then detected
similarly, starting a set distance from the top boundary. A
linear regression was applied to the difference between top and
bottom positions (i.e. the thickness) and was used to remove
outliers for the bottom boundary. An example segmentation
produced using this thresholding method is shown in Figure
1. The subcutaneous region was defined as the axial region
extending from 1 mm deep to the bottom boundary to 3 mm
deep to the bottom boundary.

C. SWEI Processing

Only 27 out of 55 locations across 10 patients, with varied
disease states, had data of high enough quality to segment
the dermal layer and measure reliable shearwave speeds in
both the dermis and subcutaneous layer. Acquisition inclusion
was decided based visual assessment of both Otsu segmen-
tations and shear wave speed trajectories in the dermis and
subcutaneous layer. After Otsu based segmentation was used
to find the dermal layer, we applied both a Radon Sum based
approach [17] to find the velocity group speed (SWSv) as
seen in Figure 2, and a 2DFT approach [18] to calculate
the phase velocities at discrete frequencies from 0.02 to 3
kHz within the dermis as seen in Figure 3. The discrete
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Fig. 2. Velocity space time data from inside the dermal layer. Displacement
data was differentiated through time to calculate velocity data at each lateral
position, then a Radon Sum approach [17] was used to identify the velocity
based group speed in the dermal layer. In this example, the speed is 4.42 m/s.
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Fig. 3. Phase Velocities in the dermal layer. Blue marks indicate the phase
velocity normalized by group shear wave speed (SWSv) (unitless) calculated
at each discrete temporal frequency (kHz), then multiplied by thickness of
the dermal layer (2.43 mm), and also normalized by SWSv (4.42 m/s),
resulting in a unitless x-axis. The red marks show the bandwidth from 0.2
to 0.8 over which a linear regression was fit. The dispersion slope in this
example is 0.758.

frequencies were then multiplied by the thickness of the dermis
to obtain a frequency-thickness product as is standard for plate
like materials [19]. Then both phase velocity and frequency-
thickness product (fd) were normalized by the velocity group
speed in the dermal layer (SWSv). The dispersion slope
was linear regressed in the 0.2 to 0.8 frequency-thickness
normalized by SWSv (fd/SW Sv, unitless) and a slope was
calculated based on fitting to the normalized phase speeds in
this region. This slope, which is also unitless, was used as
a measure of dispersion in the dermal layer. Additionally, the
displacement based group speed in the subcutaneous layer was
calculated using a time of arrival based approach, as seen in
Figure 4.
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Fig. 4. Speed in the Subcutaneous Layer. A time of arrival based approach was
used to find the displacement based group speed in the subcutaneous region.
At each lateral position, the displacement through time was normalized to the
maximum displacement, then the time of arrival of 50% of this maximum was
used as wave arrival time. This was chosen due to the notably slower shear
wave speeds in the subcutaneous layer, such that the maximum displacement
had not occurred during the tracking time window (3 ms).

D. Multiple Linear Regression and Statistical Analysis

The statsmodel and scipy packages in Python were used
for all statistical analysis, both using an o = 0.05. An
ordinary least squares regression using the statsmodel package
in Python was used to investigate how the following variables
affected the dispersion slope: 1) phase velocity at a specific
fd/SW Sv , 2) displacement based group speed in the sub-
cutaneous layer, and 3) thickness of the dermal plate itself.
This analysis was repeated at two different fd/SW Sv values:
0.2fd/SW Sv and 0.75fd/SW Swv, the lower and upper end
of the linear region respectively.

III. RESULTS AND DISCUSSION

The thickness adjusted dispersion slope in the dermal layer
(0.77 £ 0.39 unitless) was found to be statistically signifi-
cantly different from O using a two-tailed one sample t-test
(F = 10.33, p < 0.001). This shows that dispersion, as
represented by the thickness and group speed adjusted linear
slope of the phase velocity curve, is present in the dermis.

An ordinary least squares multiple linear regression was cal-
culated to predict thickness adjusted dispersion slope (Slope)
based on 1) normalized phase velocity at 0.2 (PhVel0.2) 2)
displacement based group speed in the subcutaneous layer
(Subcut), and 3) thickness of the dermal layer (d). A significant
regression equation was found (F' = 4.09, p = 0.018, with an
R? of 0.348, representing a poor fit. The predicted regression
equation was:

Slope = 0.13 * Subcut — 1.6 x PhVel0.2 4+ 0.07 * d + 1.48

As seen in Table 1, each of the independent variables was
found to be statistically significant, except thickness. Velocity
based group speed in the dermal layer was 3.7 £ 1.7 m/s,
subcutaneous speed was 1.90+1.07 m/ s, thickness was 2.65+
1.03 mm, and the dispersion slope was 0.78 + 0.39.

TABLE I
OLS REGRESSION RESULTS FOR fd/SW Sv = 0.2, SUBCUTANEOUS
SPEED, AND THICKNESS EFFECT ON DISPERSION SLOPE

Overall R-squared = 0.348
Results F-statistic = 4.09
Prob(F-statistic = 0.018
Dependent No. Observations = 27
Variable: Df Residuals = 23
Dispersion Df Model = 3
Slope Covariance Type: non robust
Independent Variables
Variable Coefficient | Std Error t P>t
Subcut 0.13 0.06 2.16 0.042
NormPhaseVel at 0.2 -1.6002 0.60 -2.647 0.014
Thickness 0.074 0.064 1.16 0.260
Constant 0.55 0.15 3.7 0.001

Another ordinary least squares multiple linear regression
was calculated to predict thickness adjusted dispersion slope
(Slope) based on 1) normalized phase velocity at 0.75
(PhVel0.75) 2) displacement based group speed in the sub-
cutaneous layer (Subcut), and 3) thickness of the dermal layer
(d). A significant regression equation was found (F' = 30.26,
p < 0.001), with an R? of 0.798. The predicted regression
equation was:

Slope = 0.05 * Subcut + 1.62 * PhVel0.75 — 0.02xd — 1.22

As seen in Table 2, only the normalized phase velocity at
0.75 was significant, thickness and subcutaneous speed were
not statistically significant.

TABLE II
OLS REGRESSION RESULTS FOR fd/SW Sv = 0.75, SUBCUTANEOUS
SPEED, AND THICKNESS EFFECT ON DISPERSION SLOPE

Overall R-squared = 0.798
Results F-statistic = 30.26
Prob(F-statistic = 3.69¢-08
Dependent No. Observations = 27
Variable: Df Residuals = 23
Dispersion Df Model = 3
Slope Covariance Type: non robust
Independent Variables
Variable Coefficient | Std Error t P>
Subcut 0.0515 0.035 1.469 0.1555
NormPhaseVel at 0.75 1.6235 0.189 8.5901 0.000
Thickness -0.0176 0.037 -0.474 0.640
Constant -1.22 0.218 -5.62 0.000

These results show overall that statistically significantly
dispersion present in the dermis, and that it can be measured
using ultrasound based SWEI. These results are concordant
with mechanical vibrometry results from other groups [15],
that demonstrate that dispersion is present in the dermis. It
is interesting to note that in neither of the OLS regression
model results (Table 1 and 2), was the thickness of the
dermal plate itself found to be statistically significant. This
is likely due to the fact that the analysis already accounted
for thickness by calculating slope based on the frequency-
thickness product normalized by the group SWS. In the OLS
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Fig. 5. Partial Regression Plots. These partial regression plots show the effect
of subcutaneous speed on the dispersion slope, after taking thickness and phase
velocity into account as part of the OLS multiple regression models described
in Table 1 and 2. On the left is the partial regression plot for when taking phase
velocity at 0.2fd/SW Sv into account, and on the right 0.8 fd/SW Sv)

regression model looking at the lower frequency phase velocity
(0.2), the subcutaneous speed was significant, while it was not
at the higher frequency phase velocity (0.75). This can be seen
in the slopes of the partial regression plots seen in Figure
5: there is less slope to the regression at higher frequency
phase velocity. This may be explained by the fact that, the
dermis appears more plate like, and so the presence of a
shear supporting substrate is a greater violation of the standard
Lamb-wave assumptions [19]. It is important to note that while
dispersion is present in the skin, it cannot be concluded from
this analysis what portion of this dispersion can be attributed
to the plate like structure of the dermal layer, and what can
be attributed to viscoelasticity of the material itself.

IV. CONCLUSIONS

This work demonstrates dispersion is present in the dermis
in vivo, and shows that this dispersion can be measured with
shear wave elastography. We also show that the dispersion,
as characterized by a linear slope of the phase velocity curve
after normalization for dermal layer thickness and group SWS,
is statistically significantly influenced by the group speed in
the subcutaneous layer, depending on the exact frequency.
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