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Abstract

Plantar soft tissue stiffness provides relevant information on biomechanical characteristics of the
foot. Therefore, appropriate monitoring of foot elasticity could be useful for diagnosis, treatment,
or healthcare of people with complex pathologies such as diabetic foot. In this work, the reliability
of reverberant shear wave elastography (RSWE) applied to plantar soft tissue was investigated.
Shear wave speed (SWS) measurements were estimated at the plantar soft tissue at the first
metatarsal head, the third metatarsal head and the heel from both feet in five healthy volunteers.
Experiments were repeated for a test-retest analysis with and without the use of gel pad using a
mechanical excitation frequency range between 400 and 600 Hz. Statistical analysis was
performed to evaluate the reliability of the SWS estimations. In addition, the results were
compared against those obtained with a commercially available shear wave-based elastography
technique, supersonic imaging (SSI). The results indicate a low coefficient of variation for test—
retest experiments with gel pad (median: 5.59%) and without gel pad (median: 5.83%).
Additionally, the values of the SWS measurements increase at higher frequencies (median values:
2.11 m/s at 400 Hz, 2.16 m/s at 450 Hz, 2.24 m/s at 500 Hz, 2.21 m/s at 550 Hz and 2.31 at 600
Hz) consistent with previous reports at lower frequencies. The SWSs at the plantar soft tissue at
the first metatarsal head, third metatarsal head and heel were found be significantly (p<0.05)
different, with median values of 2.42, 2.16 and 2.03 m/s, respectively which indicates the ability
of the method to differentiate between shear wave speeds at different anatomical locations. The
results indicated better elastographic signal-to-noise ratios with RSWE compared to SSI because
of the artefacts presented in the SWS generation. These preliminary results indicate that the RSWE
approach can be used to estimate the plantar soft tissue elasticity, which may have great potential

to better evaluate changes in biomechanical characteristics of the foot.
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INTRODUCTION

Plantar soft tissue is the first area of the foot to be in contact with the ground during walking
or running. Concentration of mechanical stress on the weight-bearing sections of the plantar soft
tissue may generate histological changes that modify the biomechanical properties, leading to the
deterioration of the structure of the foot. In middle-aged and older people, this could generate foot
pain and nail and joint problems. For instance, Hill et al. (2008), reported that 20% of people in
their study had foot pain, aching or stiffness, with a high prevalence in those classified as obese.
The more complex pathologies such as diabetes could result in ulcerations or amputations. In that
sense, diabetes foot is one of the most common consequences of diabetes disease progression
(Cardenas et al., 2015). This condition occurs as a result of damage to the nervous system as in
peripheral neuropathy or ischemia (Pendsey, 2010). Broadly speaking, improper foot care could
lead to injuries, infections and ulcerations, but diabetic patients are at greatest risk of foot
amputation. While there is no consensus on the mechanism underlying the stages of deterioration
in diabetic foot, some studies relate this condition to mechanical properties (Chao et al., 2011,
Chatzistergos et al., 2014). Additionally, previous studies that used clinically viable methods such
as strain elastography (SE) have reported a relationship between the mechanical properties of the
plantar soft tissue in people with diabetes and the risk of ulceration (Naemi et al. 2016a, 2016b,
2017). However, in SE, strain rate dependency and the amount of force applied to the tissue as a
viscoelastic material can affect the measurements of stiffness (Naemi and Chockalingam 2013;
Naemi et al. 2016a, 2016b). Also, the non-linearity of the soft tissue mechanical behavior can be

the reason for the major discrepancies in results in compression elastography.



10

11

12

13

14

15

16

17

18

19

20

21

22

Shear wave ultrasound elastography is another non-invasive method used to assess soft tissue
stiffness. Shear wave elastography (SWE) deserves particular focus because of its capacity to
provide quantitative data (Sigrist et al., 2017) and has been successfully used for tissue
characterization (Hoyt et al. 2008; Gonzalez et al. 2018; Chiu et al. 2020; Machado et al. 2020;
Hsu et al. 2021). Shear wave speed (SWS) has been used to assess the in vivo non-linear
mechanical behavior of the heel pad with a commercially available SWE method (Chatzistergos
et al., 2018). However, this application is limited as unidirectional shear wave propagation is not
fully achieved because plantar soft tissue consists of a multilayer structure where, close to the
bone, it generates excess reflections from its surface (Lin et al. 20173, ; Wu et al. 2018). The novel
elastography technique based on the application of a reverberant shear wave field (Parker et al.,
2017,Parker et al., 2011 ) leverages wave reflections produced by internal inhomogeneities, organ
boundaries, hard structures and physiological activity through application of multiple external
vibration sources. Ormachea et al. (2018) verified the clinical feasibility of its use in breast and
liver tissue using a multifrequency harmonic signal and compared it against a single-tracking-
location acoustic radiation force impulse method. Later, Zvietcovich et al. (2019) advanced the
physical model to consider multiple transversal polarizations of shear waves.

A gel pad is a common, flexible, disposable and easy-to-use ultrasound standoff that facilitates
visualization of near-field areas (Klucinec, et al., 1996). Additionally, considering the complex
foot anatomy, using a gel pad could make it easier to position the transducer at a correct angle
parallel to the foot section in the acquisition (Yablon et al., 2013). While in previous studies no
differences in the transmitted energy to the tissue using a gel pad was reported, given the

applications of gel pads in musculoskeletal ultrasound, the comparison between reverberant shear
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wave elastography (RSWE) and commercially available ultrasound while using a gel pad also
needs to be investigated.

The main objective of this study was to investigate the reliability of using RSWE to measure SWS
at the sole of the foot of healthy individuals. The secondary objective was to compare the values
of SWS in plantar soft tissue obtained using RSWE with those obtained using commercially
available shear wave ultrasound elastography equipment.

METHODS

Volunteer enrolment and data acquisition

Five healthy volunteers were recruited under the requirements of informed consent to the approved
Research Protocol No. 021-2019 from the Research Ethics Committee at Pontificia Universidad
Catolica del Peru (PUCP) and Staffordshire University. The age of the volunteers ranged between
27 and 44 years, and body mass index (BMI) ranged between 26.5 and 31.6 Kg/m?. The
experiments were performed at the Laboratorio de Imagenes Medicas at PUCP and at the Centre
for Biomechanics and Rehabilitation Technologies at Staffordshire University. The participants
were placed in a supine position on a wheeled stretcher with their feet positioned at the edge of the
bed. Images were acquired using a linear array L11-4v (frequency = 9 MHz) operated by a Vantage
64LE (Verasonics, Kirkland, WA, USA) ultrasound system using plane wave mode acquisition.
In addition, a frequency sample of 5 KHz, imaging field of view of 3 cm and spatial resolution of
86 um were used. A graphic user interface based on MATLAB (Version 2019b, The MathWorks,
Inc., Natick, MA, USA) was used to acquire the data. A set of driven speakers (Misco, Pleasanton,
CA, USA) were placed onto the medial and lateral malleoli of the ankle to generate the reverberant
shear wave field. Speakers were powered using an external amplifier (Denon Electronics,
Mahwah, NJ, USA). Images from the first metatarsal head (MH), third MH and heel area of both

5
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feet were acquired (Fig. 1). The acquisitions were performed with or without a gel pad and by
applying ultrasound gel directly onto each foot. After identifying and centering the first MH, third
MH and apex of the calcaneus for the heel pad (Naemi et al. 2016a, 2016b), the speakers emitted
a multi-frequency audio track with 400, 450, 500, 550 and 600 Hz. The MATLAB script used to
control the ultrasound probe indicates to the operator when the measurement has been completed.
Next, the volume of the speakers was turned down. Three measurements were performed per
location for each foot.
Data processing

Following the framework of Ormachea et al., (2018), offline processing was performed
after Doppler US data were acquired. A Loupas algorithm (Loupas et al., 1995) was used to
generate a 3-D matrix to estimate the particle velocity produced by the vibration. A temporal filter

with a bandwidth of 20 Hz centered on each vibration frequency was applied. Additionally, a

2nf, 21fy

— ]Was applied considering that f,is
h l

bandpass spatial filter with a wavenumber range of [

the vibration frequency and ¢, and ¢; are 0.7 m/s and 5 m/s, respectively. This range was chosen
to avoid outliers in the SWS estimation based on the approximated stiffness range expected in
plantar soft tissue (e.g., heel pad) according to previous studies (Lin et al. 2017a; Wu et al., 2018).
Shear Wave Speed Estimation

A 7.7 x 15.4 mm? moving kernel was used to estimate the local wavenumber to ensure at least
the half-maximum wavelength of the signal in the entire process. The lateral profile from the
normalized 2-D autocorrelation of particle velocity was extracted and fitted to its corresponding

theoretical function (Zvietcovich et al., 2019) as in:
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where B, ,, is the normalized 2-D autocorrelation, At is the time-difference, Ae, is the

displacement along the x-axis, w, was the angular vibration frequency, Vs cos(wy4t) is the
real part of the squared particle velocity magnitude, j, and j, are the spherical Bessel functions of

the zero and first order, respectively; and k is the local wave number.

As Fig. 2 illustrates, only a lateral range from —2 to 2 mm, including the central lobe, was
considered to avoid inaccurate results (Flores et al. 2020). Additionally, the coefficient of
determination (R?) was calculated as a goodness-of-fit parameter considering values from a

minimum threshold of 0.7. After that, the resultant SWS was calculated as:

_2nfy @)
ok

CS
where c; is the SWS.

The regions of interest (ROIs) were selected considering the outermost layer of the skin
(epithelium) and the top of the corresponding anatomical landmark for each location. For analysis
purposes, the mean value of the SWS from the ROI was evaluated. Fig. 3 and Fig. 4 illustrate
representative results of SWS map generation in one of the three replicates of acquisitions on the
third MH using RSWE without or with gel pad, respectively. The selected ROls are represented
as a dashed white rectangle on each figure. Considering the complex foot structure, all ROIs were
manually selected. The ROIs cover the top of the skin to the top of the corresponding anatomical
landmark with a width of 2 cm. This depth is approximately 1 cm but may vary per location or

volunteer.
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Supersonic Imaging

Supersonic imaging (SSI) acquisition was performed at the Centre for Biomechanics and
Rehabilitation Technologies Staffordshire University. The same volunteers, with non-substantial
weight or BMI changes, lay supine on the couch with their feet positioned at the edge of the bed.
The data were acquired using a linear transducer (4-15 MHz, SL 15-4 Linear 140 transducer,
SuperSonic Imagine, Aix-en-Provence, France) attached to the ultrasound device Aixplorer
(SuperSonic Imagine). In this approach, the SWS corresponds to a group velocity and is performed
by using a single push based on acoustic radiation force with a frequency content of the shear wave
velocity that increases to a maximum of 500 Hz (Deffieux et al. 2008). The acquisition protocol
was performed following the same procedure use for the RSWE experiments. Fig 5, Fig provide
examples of the SSI acquisition. The selected ROl is also represented by a dashed white rectangle.
Previous studies have reported the reliability of SSI in measuring SWS (Lacourpaille et al. 2012).
Hence a single measure of SSI was used for the purpose of the study. Finally, the comparison
between RSWE (at 500 Hz) and SSI was performed by calculating the elastographic signal-to-
noise ratio (SNRe) by dividing the mean by the standard deviation (SD) of each ROI of the SWS
map (Ahmed et al. 2018; Ahmed and Doyley 2020).
Statistical Analysis
The coefficient of variation (CV) was calculated by dividing the SD by the average SWS of the
three data acquisition values to assess the repeatability of the experiments.
As the CV of the data was not normally distributed (Shapiro—Wilk normality test: p value < 0.05),
Friedman's tests were used to assess if CV differs with frequency, use of gel pad and foot side, as
well as to identify significant differences in the average SWS between different groups of
characteristics. Complementary pairwise Wilcoxon tests with Bonferroni correction were used to

8
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identify which groups had significant differences in CVs between regions. Finally, multiple
Spearman’s rank-order correlation tests with Bonferroni correction were used to evaluate the
relation between the SWSs obtained from RSWE and SSI. All statistical tests were performed
using R Statistical Software version 4.0.2 (R Foundation for Statistical Computing, Vienna,
Austria).
RESULTS

Fig. 7 compares results of the average SWS obtained in experiments with and without gel
pads in all volunteers. Fig. 8 illustrates a representative result of the average SWS of the three
trials of the experiments with and without gel pad in one volunteer using the RSWE approach. In
addition, Fig. 9, Fig. 10 illustrate the meanst+ SD of the three trials at each location for all

volunteers without and with gel pad, respectively.

Table 1 outlines the results of the CV by the test-retest experiment. No significant
differences were found in CV values for the SWS of RSWE when different frequencies (p = 0.24,
>0.05) were used. There were no significant differences in CVs for the SWSs of RSWE with and
without the gel pad (p = 0.87, >0.05). Also, the left and right feet did not significantly differ with

respect to the reverberant shear wave speed (p = 0.14, >0.05).

There was a significant difference (p < 0.05) in CVs between regions. Table 2 outlines the
paired comparison of CVs by region. A significant difference can be observed between the heel

(median: 9.88%) and the first (median: 5.19%) and third (median: 4.60%) MHs.

Table 3 outlines a significant difference in the mean SWS by frequency (p < 0.05).

However, when a gel pad was used, no significant difference in measured SWS (p > 0.05) or foot
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side (p < 0.05) was observed. There was a significant difference in the average SWSs (p <0.05)

across the volunteers.

Table 4 indicates that there are significant differences between the average SWS of the first

MH (median: 2.42 m/s) and those of the third MH (median: 2.16 m/s) and heel (median: 2.03 m/s).

Regarding the comparison against SSI, Fig. 11 illustrates the results of the SWS of one trial
of RSWE (at 500 Hz) and SSI without the gel pad. The difference in SWSs is between 0.55 and
4.88 m/s. Similarly, Fig. 12 illustrates the SWSs obtained with the gel pad generating a difference
ranging between 2.19 and 4.61 m/s. In Fig. 13 are the results of the SNRe corresponding to the

experiments presented in Fig. 11 and 12.

Finally, Table 5 outlines the Spearman correlations between the SWSs obtained with
RSWE and SSI. There was a positive correlation with (p < 0.05) in the third MH of the right foot

(r =1 at 450 Hz) when a gel pad was used. No other significant differences were found.

DISCUSSION

This study assesses the feasibility of applying the RSWE approach to mechanical
characterization of the plantar soft tissue of the foot. The performed analysis providing
encouraging results for the three locations. The CVs of the test-retest analysis revealed a low
percentage of variability in all experiments (7.40 + 5.50 %). Additionally, the CVs for the
measured SWSs were not found to differ significantly at each frequency analyzed and between the

left and right feet. This indicates that RSWE can be performed with good repeatability..
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With respect to the use of gel pads, the CV and average SWS indicated non-significant
differences; however, a difference could be observed in the SWS maps in Fig. 3 and 4. In Fig. 3,
a representative result of the SWS on the third MH when the gel pad was not used is shown. The
presence of artifacts in the SWS generation resulting from the near-field effect of the ultrasound
is noted at the top of the image. On the other hand, Fig. 4 illustrates the SWS at the same location
from the same volunteer when the gel pad was used. This can indicate that use of the gel pad
successfully overcomes the generation of artifacts. Even if surface acoustic waves were generated,
the polarization of continuous vibration at a specific frequency generates predominant shear waves

in contrast to other effects (Zvietcovich et al. 2019).

The comparison between locations (Table 2) revealed a significant difference between the
CV at the heel and those at the first and third MHs. A possible source of error could be that
anatomical landmarks of metatarsal heads present a higher contrast with the tissue than anatomical
landmarks of the heel, which can be challenging to find by the sonographer considering its
heterogeneous mechanical properties. Lin et al. (2015) reported that the success of the acquisition
in the heel may depend on the experience and technique of the operator. Considering the average
SWS, the three locations differed significantly (Table 4). On average, the lowest and highest values
of stiffness were found in the heel (2.03 m/s) and first MH (2.42 m/s), respectively. This is in
agreement with results reported in Sun et al. (2011), where the stiffness of plantar soft tissue was

analyzed through Young's modulus using an ultrasound palpation system.

Table 3 indicates that the SWS increases significantly at higher frequencies. This trend is
consistent with previous work from Pai and Ledoux (2010), in which increasing stiffness was

observed when the frequency was increased because of the viscoelastic properties of plantar soft
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tissue. This result can be useful in characterizing the relationship between SWS and frequency
through analysis of the linear dispersion. Further studies are to be conducted to assess the

dispersion caused by using this information.

Considering that the literature on characterization of plantar soft tissue using shear wave
elastography is limited, the objective of this work was to compare the results and limitations of the
RSWE approach against a commercially available reference such as SSI. Lin et al. (20173, )
reported an SWS analysis on the foot using SSI in the approximate range 1.22—2.78 m/s (calculated
based on the reported stiffness) in the heel by taking small circular regions without a gel pad.
Additionally, in the work of Wu et al. (2018), a range of 3.09—4.07 m/s was found for the entire
heel pad. The selected ROI was a circular ROI that included the microchamber and microchamber
layers of the heel pad. In this study, the ROI was a rectangle that included more information than
in the previous reports. For that reason, in SSI, the SWS values of the heel are larger than those
previously reported. In addition, this difference can be attributed to the fact that this approach has
a high probability of generating artifacts in plantar soft tissue caused by boundary effects of the
plane shear waves or by the superposition of waves resulting from multiple reflections of foot
bones (Deffieux et al. 2011; Lin et al. 2017). In contrast, even when the RSWE approach includes
artifacts, the SWS generates results more comparable with the literature. Along the same line, it is
noted that SSI generates a lower SNRe (1. 77 + 0.34) than RSWE (5.82 + 2.19) because of the
artifact effect. A potential postprocessing can be performed to overcome this problem; however,
in this work, access to the SSI raw data was not available. Further studies can focus on additional
processing to enhance the SNRe for this comparison. On the other hand, when a gel pad is used,
the SNRe was 6.32 + 2.47 and 3.72 + 0.64 for RSWE and SSI, respectively. Both approaches

improved the SNRe results, respectively; however, it is important to note that in SSI, while the SD
12
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of the ROI decreases, the average SWS increases. This effect occurs because use of a gel pad
generates a bias in the estimation for SSI produced by the wave reflection in the foot. Finally, on
the basis of Spearman’s test, only one positive, strong correlation was found that could be owing
to the previously reported bias and low SNRe from the SSI approach. Additional studies, with

postprocessing data are required to verify a more substantial relation between the two approaches.

In general, alternative elastography approaches consider that the shear wave propagation
must be in the lateral direction and try to avoid reflections (Parker et al. 2017), which could be
challenging because of the complexities of foot anatomy. In that sense, RSWE was used under the
assumption that in heterogeneous media, such as in the foot structure, the reflections could benefit
the generation of the reverberant field. Hence, this study illustrates the potential of RSWE to

adequately quantify foot stiffness through the SWS.

Although the results reveal viscoelastic behavior, an appropriate viscoelastic model needs
to be developed in the future. Previous studies (Naemi et al. 2016a, 2016b) established viscoelastic
models for foot—ground interaction with a focus on the heel pad. There is a need to develop models

that can be applied to metatarsal pads and that consider shear and normal stress.

CONCLUSIONS

This study proves that the RSWE approach can estimate the SWS of the foot in the first MH, third
MH and calcaneus in a range between 400 and 600 Hz, providing good repeatability and consistent
average SWS estimates. This approach also illustrates that use of a gel pad could be more
beneficial in SWS estimation to avoid the presence of artifacts caused by the near-field ultrasound

effect. Finally, the RSWE approach has the potential to characterize the mechanical properties of
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the plantar soft tissue of the foot, and future studies can investigate the differences between healthy
and diseased feet.
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FIGURES

(b)

Fig. 1. Positions of the transducer to acquire the first metatarsal head (a), the third metatarsal head (b) and the
heel (c).
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Fig. 6. B-Mode (left) and overlapped supersonic imaging-shear wave speed (right) map from the third
metatarsal head acquisition using gel pad material indicating the analyzed region of interest (dashed white

rectangle).
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Fig. 7. Comparison between the means + standard deviations of the shear wave speeds for all volunteers at a
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Fig. 10. Means + standard deviations of the shear wave speeds of the trials for all the volunteers using gel pad
in each location: (a) right foot, first metatarsal head; (b) right foot, third metatarsal head; (c) right foot, heel;
(d) left foot, first metatarsal head; (e) left foot, third metatarsal head; and (f) left foot, heel.

Right Foot=1st Metatarsal Head i Right Foot=3rd Metatarsal Head B Right Foot=Heel
2 @ 2
g 8 _g 8 é 8
kel el kel
@ [} jod
26 26 26
(%] 7] (7]
[} [} [}
3 4 g 4 8 4
= = =
5 % 5 5 §
2 2 2 2 2 2 {
%] %] @]
0 0 0
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
Volunteer Volunteer Volunteer ; z:NE
(a) (b) (c)
j Left Foot-1st Metatarsal Head io Left Foot=3rd Metatarsal Head io Left Foot=-Heel
e <z @
E 8 E 8 E 8
° °© °
[} [} [}
26 26 g6
7] (7] %]
2 g S
T 4 T 4 T 4
= = =
@© @© ©
2 2 Vi 2 2 2 2 L] %
%] %] @]
0 0 0
1 2 3 4 5 1 2 3 4 5 1 2 3 4 5
Volunteer Volunteer Volunteer
(d) (e) (f)

Fig. 11: Comparison between the mean + standard deviations of the shear wave speeds from reverberant
shear wave elastography and supersonic imaging of all volunteers without gel pad. Specific results at 500 Hz
applied to the (a) right foot, first metatarsal head; (b) right foot, third metatarsal head; (c) right foot, heel; (d)
left foot, first metatarsal head; (e) left foot, third metatarsal head; and (f) left foot, heel.
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Fig. 13. Comparison between the elastographic signal-to-noise ratio from reverberant shear wave
elastography (at 500 Hz) and supersonic imaging of all volunteers with and without gel pad applied to the (a)
right foot, first metatarsal head; (b) right foot, third metatarsal head; (c) right foot, heel; (d) left foot, first

metatarsal head; (e) left foot, third metatarsal head; and (f) left foot, heel.
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Tables

Table 1. Results of Friedman tests of the coefficients of variation of the reverberant shear wave speed
approach of the three trails controlling the frequency, the use of gel pad and the foot side

Coefficient of Variation

Median (%)

P-value (no. of observations)

Frequency (Hz) 0.24(300)
400 5.20
450 4.494
500 5.634
550 6.044
600 6.834
Use of gel pad 0.87(300)
Without gel pad 5.8323
With gel pad 5.5952
Foot side 0.14(300)
Right 5.49
Left 6.03

Table 2. Results of the paired Wilcoxon tests with Bonferroni correction of the coefficients of variation of

reverberant shear wave speeds between regions

1 MH 34 MH
319 MH 1.00(100) -
Heel p<0.05 (100) p<0.05 (100)
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Table 3. Results from the Friedman's tests of the shear wave speeds of reverberant shear wave speeds
controlling the frequency, the use of gel pad and the foot side

Median of the average SWS (m/s)

P-value (no. of observations)

Frequency (Hz) p<0.05(300)

400 212
450 217
500 2.24
550 2.22
600 231

Use of gel pad 0.41 (300)
Without gel pad 2.18
With gel pad 2.24

Foot side 0.10(300)
Right 2.19
Left 221

Table 4. Results from the paired Wilcoxon tests with Bonferroni correction of the shear wave speeds of
reverberant shear wave speeds between regions

1 MH 34 MH
34 MH p<0.05 (100)
Heel p<0.05 (100) p<0.05 (100)
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Table 5. Spearman’s rank correlation coefficients at different frequencies, locations and foot sides with and

without gel pad for the shear wave speeds obtained with shear wave elastography and supersonic imaging

Left Foot Right Foot
Use of gel | Frequencies 1st 3rd Heel 1st 3rd Heel
pad
400 -0.05 0.20 -0.46 -0.30 -0.6 -0.10
450 0.80 0.20 -0.60 0.30 -0.41 0.30
Without 500 0.40 0.67 0.50 0.60 0.16 0.46
550 0.21 0.87 0.05 0.10 -0.10 0.3
600 041 0.10 -0.20 -0.20 -0.90 -0.7
400 -0.50 -0.70 0.60 0.60 -0.41 -0.05
450 -0.72 -0.82 0.60 0.80 1.00(*) -0.1
500 0.36 -0.53 0.70 0.70 0.90 0.2
With
550 0.10 0.30 0.82 0.56 0.90 0.46
600 -0.20 -0.60 -0.67 -0.36 0.05 0.20
(*) p<0.05
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