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Abstract

Shear wave tensiometry is a noninvasive approach for gauging tendon loads based on shear wave
speed. Transient shear waves are induced and tracked via sensors secured to the skin overlying a
superficial tendon. Wave speeds measured in vivo via tensiometry modulate with tendon load but are
lower than that predicted by a tensioned beam model of an isolated tendon, which may be due to the
added inertia of adjacent tissues. The objective of this study was to investigate the effects of adjacent
fat tissue on shear wave propagation measurements in axially loaded tendons. We created a layered,
dynamic finite element model of an elliptical tendon surrounded by subcutaneous fat. Transient shear
waves were generated via an impulsive excitation delivered across the tendon or through the
subcutaneous fat. The layered models demonstrated dispersive behavior with phase velocity
increasing with frequency. Group shear wave speed could be ascertained via dispersion analysis or
time-to-peak measures at sequential spatial locations. Simulated wave speeds in the tendon and
adjacent fat were similar and modulated with tendon loading. However, wave speed magnitudes were
consistently lower in the layered models than in an isolated tendon. For all models, the wave speed-
stress relationship was well described by a tensioned beam model after accounting for the added
inertia of the adjacent tissues. These results support the premise that externally excited shear waves
are measurable in subcutaneous fat and modulate with axial loading in the underlying tendon. The
model suggests that adjacent tissues do add inertia to the system, and hence must be considered when
using tensiometry wave speed measures to infer absolute tendon loading.

1 Introduction

Shear wave tensiometry is an emerging technique for gauging tendon load based on the propagation
speed of shear waves [1]. In tensiometry, an external actuator induces a transient wave in a
superficial tendon. Skin-mounted accelerometers are used to track wave speeds in the underlying
tissue. Wave speed can then be used to infer the axial loading in the tendon. Tensiometry can be
performed at high repetition rates (e.g. 100 Hz), enabling the measurement of tendon wave speeds
during dynamic movement such as walking and running [1]-[3].

The relationship between in vivo wave speed and tendon load is inherently complex. The finite
thickness of tendon can also give rise to wave guided behavior, with wave propagation exhibiting
dispersive behavior in which phase velocity depends on excitation frequency [4], [5]. A tensioned
beam model [1] suggests that group wave speed in response to impulsive excitation depends on the
tendon axial stress, tangential shear modulus, and the effective density of the tissue. Tendon is often
modeled as a transversely isotropic material, in which fibers are embedded in a matrix and aligned in
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the direction of loading. This structure results in a material that has high axial stiffness but a
relatively low tangential shear modulus, due to the capacity of fibers to slide relative to each other.
As a result, the axial stress in tendon becomes a dominant determinant of shear wave speed. Both
finite element model predictions and ex vivo measurements are consistent with tensioned beam model
predictions [6], [7]. In isolated tendon, wave speed varies in proportion to the square-root of axial
stress, with speeds approaching 100 m/s with 15 MPa of axial stress [1].

Tensiometry measures of tendon wave speeds in vivo are considerably lower than those observed in
isolated tendons. For example, Keuler et al. reported peak Achilles tendon wave speeds of 80 m/s
during human walking, where the average stress is estimated to reach up to 40 MPa [8]. The lower
wave speeds measured in vivo with tensiometry could arise from the added inertia effects of adjacent
tissues. A prior study showed that tendon wave speeds in water are 22% lower than in air [7]. This
difference was well predicted by the added inertia effects of the surrounding fluid. It is more
challenging to predict the added inertia effects of the tissues (e.g., muscle and subcutaneous fat) that
surround the tendon, or to assess how transient waves in the tendon might propagate through
subcutaneous tissue to be detectable at skin-mounted sensors.

The objective of this study was to investigate the effects of adjacent tissues on shear wave propagation
measurements in axially loaded tendons. To do this, we implemented a finite element model capable
of simulating shear wave propagation patterns in a layered structure representing a tendon surrounded
by subcutaneous fat. We simulated wave propagation generated via an ideal impulse in the tendon and
by an external impulsive excitation through the layered structure, as done by current tensiometer
devices [9]-[11]. We analyzed the dispersive nature of wave propagation in the tissues and compared
group wave speed to that which would be obtained via temporal analysis of the transient waves. We
expected to show that adjacent tissues decrease wave speed in axially loaded tendons, and that wave
speeds measured at the tissue surface are similar to those propagating within the tendon.

2 Materials and Methods
2.1 Finite Element Model

2.1.1 Overview

We developed a finite element model capable of simulating shear wave propagation [6], [12] in
layered tissues. In the model, an elliptical tendon was enclosed in a subcutaneous fat medium. The
subcutaneous fat and tendon layers were meshed using hexahedral elements. For a 60 mm long, 5
mm thick tendon with 3 mm of subcutaneous fat, the fat was composed of 12,960 elements and the
tendon 2,250 elements. A mesh convergence analysis was performed in a prior finite element study
and determined no changes in wave speed for a similar mesh pattern [6]. Contact between the outer
surface of the tendon and inner surface of the subcutaneous fat was maintained using frictionless
sliding-elastic contact. Surfaces were constrained such that the tendon and subcutaneous fat did not
come out of contact during axial loading of the tendon. All finite element simulations were
performed using FEBio v3.6.0 [13].
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Figure 1: (a) The multi-layered finite element model included an elliptical tendon surrounded by
subcutaneous fat. We assumed model symmetry on the right side. The tendon had a fixed width w; of
5.5 mm, and the subcutaneous fat width was scaled based upon the ratio of fat to tendon present. (b)
The tendon and subcutaneous fat were modeled with a thickness of t: and tf, respectively. The tendon
and subcutaneous fat were modeled as 60 mm long. Specific variations in geometry are detailed in
§2.4.1.

2.2 Constitutive Modeling

2.2.1 Tendon

We modeled the tendon as an incompressible, transversely isotropic hyperelastic material [14] that
represents a tissue with longitudinal fibers embedded in a matrix using the following combination of
strain energy density functions:

Y = Whatrix + llJfibers (1)

Here, Wpqerix represents the contribution of the ground matrix and Wy;p.,s represents the
contribution of embedded fibers. The ground matrix, embedded fibers, and tissue’s volumetric
response to loading were characterized using the following uncoupled strain energy density function,
W

Y =F(, L)+ F(A)+ g (in))? (2)

I, and T, represent the first and second invariants of the right Cauchy-Green deformation tensor, A
indicates the deviatoric part of the stretch ratio along the fiber direction, K represents the bulk
modulus, and finally J represents the volume change of the deformation. F, (I, I,) represents the
contribution of the ground matrix to the strain energy density function:

F (I, L) = C,(I —3) + C,(I, - 3) 3)

We assumed the tissue constituted an isotropic, Mooney-Rivlin ground matrix [15]. The transverse
tangential shear modulus of the ground matrix is estimated as 2 x (C; + C,). F,(4) represents the
contribution of the collagen fibers to the strain energy density function:

_dF.
1—2=

=0 <1 4
7 (4)
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Here, 1 represents the axial tissue stretch during loading and A* is the stretch at which the fibers
engage. In the toe region, Csscales the exponential stress and Cs scales the strain-dependent rate at
which the fibers uncrimp. Cs is the elastic modulus of straightened fibers and Ce is set so that the
stress-strain curve is continuous at A*. For a transversely isotropic material with perfectly aligned
fibers, as is presented here, the stretch of the collagen fibers is the same as the axial stretch, 1. We
chose constitutive parameter values based on previous finite element modeling studies of transversely
isotropic tendons and ligaments [6], [16], [17] .

2.2.2 Subcutaneous Fat
We modeled the subcutaneous fat as a nonlinear, anisotropic, and uncoupled Ogden material [18].
The hyperelastic strain energy function is given by the following:

N
‘P=Z%(Afi+l‘;i+/1§i—3)+U(]) (5)
i=1
Here, u and «a represent material constants, and A, _5 represent the deviatoric principle stretches. The
term U(J) is the volumetric component and J is the deformation gradient of the subcutaneous fat

material. The undeformed shear modulus of the material in the stress-free configuration is given by
the following relationship:

N
Z,uial- = Z‘Ll (6)
i=1

We applied Ogden material parameters based on a prior study that characterized the multidirectional
properties of subcutaneous fat and satisfied the constraints that u was positive and ;4,45 = 1. [19].

Table 1: Constitutive parameters used in the transversely isotropic tendon and Ogden subcutaneous
fat.

Transversely Isotropic (tendon) Ogden (subcutaneous fat)
Density, p [kg/m?] 1500 Density, p [kg/m] 1000
C; [MPa] 2.05 U, [kPa] 2.18 x 104
C, [MPaq] 2.05 o [KPa] 1.04 x 10t
C; [MPa] 1 Us [kPa] -2.81x 103
C, 50 a, 3.36 x 107
Cs [MPa] 6 x 102 a, 16.4
A* [mm/mm] 1.04 a3 2.58 x 10!
K [MPa] 10°x €, K [MPa] 5

2.3 Shear wave propagation simulation
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2.3.1 Shear wave excitation techniques

2.3.2 Dynamic simulation of wave propagation

Tendons were axially loaded by displacing the proximal cross-section of the tendon in the axial
direction with the distal end held fixed. We applied displacements that induced axial strains ranging
from 0 to 10%. We excited the shear wave in the multi-layered model using an impulsive excitation
applied across the entire cross-section (idealized) and via an external contact through the
subcutaneous fat (external), as is used commonly in vivo [20]. The idealized excitation was
performed by displacing nodes at the proximal end of the tendon transversely. The external excitation
was performed using a rigid mechanical tapper in contact with the superficial surface of the
subcutaneous fat (frictionless sliding-elastic contact). The rigid tapper was pressed into the
subcutaneous fat by 0.5tr prior to the impulsive excitation being applied (Fig. 1). For both the
idealized and external excitation, the excitation displacement profile was a half sine with a half
period of 250 us with an amplitude of 100 um. The resulting shear wave in the tendon-subcutaneous
fat structure was simulated for 2.5 ms (Fig. 2).
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Figure 2: Shear wave propagation patterns in an isolated tendon and in the multi-layered model.
Shear wave propagation patterns displayed were the result of an idealized excitation. Shear waves in
the model propagate faster when the tendon is loaded, and wave propagation in the model (as
indicated by the transverse velocity colormap) is observed in both the tendon and subcutaneous fat.

2.3.3 Transient shear wave speed measurement

Tendon wave speed was assessed based on the transverse motion of nodes along the central axis of
the tendon, the tendon-superficial fat interface, and along the surface of the superficial fat. For ideally
excited simulations, shear wave speeds were measured using the best fit slope of the distance
between transverse motion peaks and their time delay in wave arrival (in m/s) (Fig. 3a). For
externally excited simulations, the shear wave speed was determined using a cosine-interpolated,
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normalized cross-correlation between the transverse motion of two nodes with cosine interpolation to
assess sub-sample alignment [21], as is done in vivo. Shear wave speed for these simulations was
then computed as the distance between measurement nodes divided by the calculated time delay.
Axial tendon stress was computed using the average axial stress across measurement regions.

2.3.4 Shear wave dispersion analysis

We performed a 2D fast Fourier transform-based (2D FFT) dispersion analysis on our dynamic
models to assess the effects of subcutaneous fat on the frequency content of the shear wave
propagation [4], [22]-[24]. Briefly, we reconstructed the spatiotemporal profile of the shear wave
propagation at a fixed depth in the model (Fig. 3a). For the dispersion analysis we used ideally
excited shear wave propagation along the entire length of the tendon (i.e., 60 mm). We first applied a
linear interpolation to the spatiotemporal profile of the shear wave to increase the density of phase
velocity points. We then applied a 2D FFT to the spatiotemporal profile to extract the temporal
frequency (in Hz) and spatial frequency (in m™?) of the propagated shear wave in k-space (Fig. 3b).
Finally, the phase velocity is given by:

(7)

where f is the temporal frequency (in Hz), k is the wavenumber (i.e., spatial frequency) (in m™), and
¢, is the phase velocity (in m/s). We identified the maximum intensity at each temporal frequency
represented in the k-space diagram and used linear regression to determine a slope between temporal
frequency and wavenumber. We then converted our k-space intensities to phase velocity to visualize
the dispersion curve (Fig. 3c), where the phase velocity converges to the group speed of the observed
wave packet at high frequencies. The phase velocities from the shear wave excited were extracted
using the phase velocity transform of the maximum observed intensities in the k-space diagram (Fig.
3d). For ideally excited simulations, we computed the group shear wave speeds and compared to
those measured using the transient, slope-based approach outlined in §2.3.3.
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Figure 3: (a) The shear wave was allowed to propagate along the length of the 60 mm tendon
embedded in subcutaneous fat. (b) We performed a 2D FFT on the spatiotemporal shear wave profile
from (a). (c) We extracted phase velocity as a function of temporal frequency using Equation 7. (d)
We used a linear fit (in the spatiotemporal frequency domain) to determine phase velocity as a
function of temporal frequency and the group velocity of the shear wave. Dispersion analysis was
performed for simulations using an idealized excitation only.

2.4 Sensitivity analyses
2.4.1 Sensitivity to tendon and subcutaneous fat geometry

We assessed the sensitivity of our model to tendon and subcutaneous fat thickness by creating 12
models of tendon thicknesses spanning 3, 5, and 7 mm, and subcutaneous fat thicknesses spanning 1,
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3, and 5 mm (including isolated tendon) (Fig. 1b). The tendon width was held fixed at 5.5 mm for all
simulations (Fig. 1a), and the subcutaneous fat width was scaled to the width needed to achieve a
thickness variation of 2 mm. Tendon axial load was modulated by varying the axial tendon strain for
0-10% according to a uniform distribution. All variations in geometry were evaluated using ideal
excitations and 1,000 simulations per geometry were performed on a high-throughput computing grid
to assess changes in shear wave speed with tendon loading.

2.4.2 Sensitivity to excitation technique

We evaluated variations in excitation (idealized, external) techniques by creating two separate base
models. For the external excitation, we displaced the tapper into the layered structure by 1.5 mm.
Comparisons between excitation techniques were evaluated for a model with a tendon thickness of 5
mm and a subcutaneous fat thickness of 3 mm (Fig. 1b). Tendon axial load was modulated by
varying the axial tendon strain from 0-10% according to a uniform distribution. We performed 500
simulations per condition on a high-throughput computing grid to assess changes in shear wave speed
with tendon loading.

2.5 Statistical analysis
We assessed the shear wave speed-axial stress relationship using the tensioned beam model for shear
wave tensiometry [1], [25]:

0 = pesrc? — k' (8)

Here, o represents the axial tendon stress (in Pa), p. ¢ the effective density of the propagation
medium (in kg/m?), ¢ the shear wave speed in (m/s), k' a shear correction factor (unitless), and u the
tangential shear modulus of the tendon (in Pa). We used linear regression to assess the
correspondence of model results to our tensioned beam model and to compare the effective density of
the system across geometries. For all linear regressions. the dependent variable was the axial stress,
o, and the independent variable was the squared shear wave speed, c?.

3 Results
3.1 Presence of subcutaneous fat lowers tendon shear wave speeds

Shear wave speeds in the tendon increased with increasing tendon strain (Fig. 4a). For isolated
tendon, shear wave speeds corresponded well with a tensioned beam model in which the effective
density is attributable solely to the tendon tissue. For the layered models, shear wave speeds were
substantially lower but modulated with tendon stress in a manner that could be described by a
tensioned beam model. Numerical estimates of effective tissue density were sensitive to the amount
of tendon and subcutaneous fat present in the model. Namely, there was an increase in the effective
density of the system for a constant tendon thickness when the thickness of the subcutaneous fat
increased (Fig. 4b). Shear wave speed-axial stress relationships for all geometry combinations can be
found in the Electronic Supplementary Material (Fig. 1S).
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Figure 4: (a) Tendon-measured shear wave speeds were sensitive to the geometry of the tendon and
subcutaneous fat, with lower shear wave speeds being measured in models with less subcutaneous
fat. Isolated tendon shear wave speeds were in range of the tensioned beam model. (b) The effective
density of the model increased with an increasing subcutaneous fat thickness.

3.2 Layered shear wave dispersion affects shear wave speed-stress calibration

Phase velocity of the shear wave increased monotonically with axial stress and temporal frequency
(Fig. 5a). Phase velocity magnitudes asymptotically approached the group shear wave speed at higher
frequencies. Our measure of group shear wave speed based on the linear fit in k-space agreed well
with our transient measured of shear wave speed made within the tendon (Fig. 5b).
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Figure 5: (a) Phase velocity increased monotonically with frequency and approached the group
velocity asymptotically. Shaded regions indicate 95% confidence bounds on the k-space linear fit. (b)
Group wave speed computed using a dispersion analysis agreed well with the transient shear wave
speeds induced via an impulsive excitation.

3.3 Shear wave propagation, dispersion, and speed are sustained within the superficial fat

A consistent shear wave speed-axial stress relationship was evident in both the tendon and adjacent
tissues. For example, similar wave speeds were determined when analyzing nodal displacements
along the tendon midline, at the superficial surface of the tendon, and at the superficial surface of the
fat (Fig. 6). We also observed that frequency-dependent dispersion patterns were maintained at these
measurement locations (group velocity shown in Fig. 6).
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Figure 6: Shear wave propagation was monitored at the fat surface, at the tendon surface, and within
the tendon. Independent of the amount of subcutaneous fat present, shear wave speeds (measured
using group speed) and dispersion patterns were similar between measurement regions. All results
shown are for a tendon thickness of 5 mm.

3.4 External excitations can excite shear waves within the tendon

Shear waves excited via an external impulsive excitation induced waves within the tendon that also
modulated with loading (Fig. 7a). When subcutaneous fat was present, externally excited shear waves
were less distinct than achieved using the ideal excitation (Fig. 7b vs Fig. 3a). However, transient
shear wave speeds could still be ascertained from time-to-peak measures obtained at sequential
spatial locations along the fat or tendon. External excitation did induce slightly lower wave speeds,
which resulted an effective density estimate that was slightly higher than that observed via an ideal
excitation.
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Figure 7: (a) External shear wave excitations featured a rigid tapper in contact with the superficial
surface of the subcutaneous fat. (b) Shear wave propagation could be ascertained via spatial
displacement images in both the unloaded and loaded tendons. (c) Externally excited shear wave
speeds modulated in proportion to the square-root of axial tendon stress, albeit with lower speeds
than seen in the isolated tendon. (d) The estimated effective density for externally excited shear wave
speeds was greater than the tendon density, and slightly higher than the effective density measured
using an idealized excitation.

4 Discussion

The objective of this study was to investigate the effects of adjacent tissues on shear wave
propagation in axially loaded tendons. To do this, we developed a multi-layered finite element model
of an elliptical tendon surrounded by subcutaneous fat of varying thicknesses. We found that the
presence of adjacent subcutaneous fat increased the effective density of the vibrating tendon, and
hence produced slower waves speeds than observed in isolated tendon. However, the wave speed-
stress relationship was still well approximated by a tensioned beam model, albeit with an effective
density that depended on the relative amounts of subcutaneous fat and tendinous tissue. The layered
models did exhibit dispersive behavior, with the phase velocity approaching the group velocity at
excitation frequencies between 1000 and 10,000 Hz. These results can inform further development
and use of noninvasive tensiometers for characterizing tendon loads in vivo.

12
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A primary observation of our study was that adjacent fat reduced the apparent shear wave speed in
tendon. For example, by varying the amount of subcutaneous fat alone, we observed nearly a two-
fold increase in the effective density of the system (Fig. 4). These results are consistent with a prior
ex vivo study showing that tendon waves travel 22% slower when vibrating in water than when
vibrating in air. The subcutaneous fat layer reduced shear wave speeds further than water, which may
be the cause of additional effects imposed by a solid medium (i.e., material properties). We also
demonstrated sensitivity of tendon-measured shear wave speed to adjacent tissue inertia by varying
the amount of subcutaneous fat density present. While we expect that the mass density of
subcutaneous fat in human subjects would be relatively constant [26], [27], there could be variations
in shear wave speed in human subjects due to relative amounts of subcutaneous fat present (and thus,
a higher mass of adjacent tissues). It may be possible to correct for such factors by using imaging
(e.g., MRI or ultrasound) to characterize the geometry of tendon and adjacent tissues. Larger scale
human subject studies would be needed to characterized whether such a calibration procedure can
account for variability in the wave-speed stress relationship across subjects [2].

Our simulations demonstrate the presence of dispersion in the layered tissue model. Notably, phase
velocity increased with frequency and asymptotically approached the group velocity at frequencies
ranging from 1000 to 10,000 Hz (Fig. 5a). The dispersive behavior likely arises from the finite
thickness of tendons, which results in wave guided behavior at lower frequencies [4]. While high-
frame rate ultrasonic imaging approaches can be used to measure dispersive behaviors in tissues [5],
it is not feasible in tensiometry which, limited to the use of sparse spatial measures to characterize
wave propagation. However, we show that transient impulsive excitations (250 us pulse) can produce
a wave speed that approaches the group wave speed ascertained via dispersion analysis. Further
human subject testing with different excitation patterns in tensiometry are warranted to better
understand the nature of dispersion in vivo, and how to properly account for excitation frequencies
when using skin-based measures of wave speed to infer tendon loading.

We were able to excite a shear wave measurable within both the tendon and subcutaneous tissue
using external impulsive actuation. While shear wave propagation patterns were more complex than
observed with an idealized planar excitation, it remained feasible to track load-dependent variations
in wave speed via sparse, transient measurements within the tendon. The resulting wave speed-stress
relationships were generally consistent between the ideally and externally excited conditions. While
this result is promising, further sensitivity analyses and experimental validation of the external
excitation condition are warranted. Additional parameters to consider are the external excitation
pattern, the pre-load of the device into the skin, and the relative location of the sensors used to
monitor wave propagation [12].

There are prior studies that examined shear wave propagation patterns in layered structures. Sadeghi
and Cortes examined shear wave propagation in thin-layered agarose gel phantoms using ultrasound
[28], measuring shear wave speeds that resulted in a more accurate prediction of shear modulus in the
tissue of interest. Further, they clarify that the same or similar methods could be used to obtain a
more accurate measure of shear wave speed in a subcutaneous tissue, as was investigated in this
study. Second, Nguyen et al. studied the quantification of shear modulus in a layered organ model
using a simulated supersonic shear imaging technique (shear wave spectroscopy) [29]. They observed
strong guided wave behavior along the thin-layered organ, which corroborates our findings of
dispersion within this layered model. These relatively recent studies, in concert with the findings
presented here, suggest that accounting for adjacent tissues is of increasing importance if one is to
correctly quantify loading or material properties in soft tissues in vivo using shear wave propagation.
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There are limitations to consider when interpreting these results. First, we used simplified geometries
to construct the tendon and subcutaneous fat layers. Anatomical geometries that include more
detailed morphology of the tendon (e.g., subject-specific anatomy or with subtendons [30]) and
subcutaneous fat may reveal further important relationships between tendon measured shear wave
speeds and surrounding adjacent tissues. Second, we primarily investigated inertial effects of wave
propagation and measurement techniques, but there may be other mechanisms that alter shear wave
propagation, such as variation in adjacent tissue material properties and types of adjacent tissues (i.e.,
subcutaneous fat, muscle, bone, skin). More specifically, this model should be further adapted to
provide a more detailed insight into shear wave propagation in other tissues relevant for tensiometry
applications, such as in ligaments [31] which have a shorter span between bony attachments. Finally,
subcutaneous fat material properties are viscoelastic in addition to being nonlinear and anisotropic
[32]. Future studies using this layered propagation model should investigate its sensitivity to both the
elastic and viscoelastic material properties of subcutaneous fat and other adjacent tissue types.

In summary, we developed a layered finite element model capable of predicting tendon shear wave
speeds that are similar in magnitude to those observed in vivo [2]. The presence of adjacent tissues, in
this case subcutaneous fat, increase the effective inertia of the system and reduce shear wave
propagation speeds. The new knowledge provided in this study allows for more nuanced
interpretations of tendon loading measurements made using shear wave tensiometry and advances the
fidelity of models for understanding shear wave propagation patterns in vivo.
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Figure 1S: Tendon-measured shear wave speeds were sensitive to the geometry of the tendon and
subcutaneous fat, with lower shear wave speeds being measured in models with less subcutaneous
fat. Isolated tendon shear wave speeds were in range of the tensioned beam model. The model
conditions are as follows: (a,b) 3 mm thick tendon with varying subcutaneous fat thickness. (c,d) 3
mm thick tendon with varying subcutaneous fat thickness. (e,f) 3 mm thick tendon with varying
subcutaneous fat thickness.
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