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ABSTRACT

Direct quantification of physiologically-relevant tendon forces can be used in a wide range of clinical ap-
plications. However, tendon forces have usually been estimated either indirectly by computational models
or invasively using force transducers, and direct non-invasive measurement of forces remains a big chal-
lenge. The aim of this study was to investigate the feasibility of using Shear Wave Elastography (SWE)
for quantifying human tendon forces at physiological levels. An experimental protocol was developed to
measure Shear Wave Speed (SWS) and tensile force in a human patellar tendon using SWE and conven-
tional tensile testing to quantify the correlation between SWS and load. The SWE system was customised
to allow imaging of fast shear waves expected in human tendons under physiological loading which is
outside the normal range of the existing SWE systems. SWS increased from 10.8 m/s to 36.1 m/s with
the increasing tensile load from 8N to 935N and a strong linear correlation between SWS and load
(r=0.99, p<0.01) was observed. The findings in this study suggest that SWE can be used as a poten-
tial non-invasive method for direct quantification of physiologically-relevant tendon forces, as well as for

validating the estimated forces from other methods such as computational models.

© 2019 IPEM. Published by Elsevier Ltd. All rights reserved.

1. Introduction

Tendons attach muscle to bone and transmit tensile force due to
muscular contraction to produce motion [1]. As such, tendons are
subjected to considerable mechanical stresses and tensile forces
during various activities and measurement of in-vivo tendon forces
can provide a quantitative description of the tendon-muscle force
transmission in production of movement which can be employed
to evaluate the biomechanical properties of the musculoskeletal
(MSK) system. Knowledge of tendon forces can be used in the diag-
nosis and treatment of MSK disorders such as tendon pathologies
[2] and simulating tendon transfer surgery [3,4].

Tendon forces can be estimated indirectly by MSK models
[5,6] or through measurements of strain, cross-sectional area (CSA)
and stiffness of tendon using ultrasound elastography techniques
[7-14]. Direct measures of tendon forces have been obtained using
invasive force transducers [15,16]. Ultrasound elastography tech-
niques have been typically used for measuring the stiffness of ten-
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don as quantification of tendon forces using this technique re-
quires accurate characterisation of viscoelastic properties of ten-
don. Therefore, considering the technical difficulties in validating
MSK models and converting ultrasound strain measures to stress
and load, as well as the invasiveness of using transducers, there
is a need to develop non-invasive techniques to quantify tendon
forces directly.

Shear Wave Elastography (SWE) is an emerging ultrasound-
based imaging technique that quantifies mechanical properties
of soft tissues by measuring Shear Wave Speed (SWS) propaga-
tion within the tissue [17-20]. This technique works based on a
remotely-induced mechanical excitation and ultrafast imaging of
the resulting shear wave propagation to calculate the SWS within
the tissue. This technique has been widely implemented to char-
acterise mechanical properties of various soft tissues including:
liver [21], prostate [22], breast [23,24], brain [25], carotid artery
[26] and MSK tissues [20].

Among MSK tissues, several studies have used SWE to quan-
tify mechanical properties of muscles [27-32], ligaments [33] and
tendons [19,34-41]. In these studies, SWS has been measured
to characterise the length- and activation-dependence of stiff-
ness changes in MSK tissues. The length-dependence of stiff-
ness changes has been investigated by measuring the stiffness of
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the tissue under different conditions such as the resting position
[29,36,37,41] or passive tension at various positions [19,34,35,38-
40]. The activation-dependence of stiffness changes has been char-
acterised by measuring the stiffness during static [28,30,31,42] or
dynamic muscle contraction [27,28,42]. However, despite recent
advances in the SWE technique, there are two major limitations
in all of these studies that hinder the application of SWE for direct
quantification of physiologically-relevant loadings in tendons.

Firstly, in these studies, tissue stiffness has been mostly charac-
terised in terms of Young’s modulus [35,36] or shear modulus [28-
30,37,39,41] by using the assumption of an isotropic linear elas-
tic tissue. However, tendons demonstrate non-linear, viscoelastic,
transversely isotropic behaviour [18,43-45]. Therefore, some stud-
ies used SWS only to characterise the stiffness of MSK tissues
[28,34,38,46]. Although these studies reported that SWS and stiff-
ness increase by increasing the load, the direct relationship be-
tween tensile force, mechanical stress and SWS in human tendons
remained unexplored.

Ultrasound
transducer

Secondly, even though the results of the SWE studies have
shown promise to characterise the stiffness of tendons at con-
trolled postures, or to investigate the load-dependent changes of
stiffness at low levels of muscle activation [27,34,42], the stiffness
of tendon under physiological loading has not been adequately
investigated.

Tendons of the lower limb are typically loaded up to one-
quarter of their ultimate tensile stress during normal physiological
activities [47]. This converts to a range from 6 MPa to 23 MPa for
patellar tendon [48,49]. Others have estimated higher stresses up
to 67 MPa during normal activities [50]. Although these estimates
depend on the individual tendon, the intensity and type of physio-
logical activity, it is evident that lower limb tendons are subjected
to forces that are considerably higher than those investigated in
previous SWE studies. The higher stiffness of tendons compared to
muscles results in higher SWS that usually exceeds the range of
SWS that can be detected by existing SWE systems. This issue has
been conclusively reported as a key limitation of SWE with MSK

Patellar tendon
specimen

Fig. 1. The experimental setup for combination of SWE and tensile test.
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tissues [27,28,30,34-42]. Therefore, a technical improvement is re-
quired to enable the measurement of higher SWS and therefore in-
vestigate mechanical properties of tendons with high stiffness un-
der more physiologically-relevant loading. Thus, the aims of this
study are to:

o find the direct correlation between tensile force, tensile stress
and SWS in a cadaveric human patellar tendon using conven-
tional tensile testing and SWE; and

o use an improved SWE system to estimate the SWS in tendon
(with high stiffness) under high tensile loading and evaluate
the feasibility of using the SWE technique as a direct mea-
surement technique to estimate physiologically-relevant tendon
forces for validating MSK models.

2. Materials and methods
2.1. Patellar tendon specimen preparation

A human cadaveric knee was harvested from the left leg of a
male donor (age: 48 years). The patellar tendon with the entire
patella and part of tibial bone, including the tibial tuberosity, was
isolated by removing skin, muscles and knee ligaments. The tibial
bone was cut into a block using a saw in order to fit in a custom-
made pot for tensile testing. The tibial bone block and the patella
were placed into the custom-made cylindrical aluminium pots and
secured by alignment screws. The tendon was carefully aligned so
that it was coaxial with the direction of loading of the materials
testing machine. The patellar tendon was then set in polymethyl-
methacrylate bone cement before tensile testing. Ethical approval
was granted from the Tissue Management Committee of the Im-
perial College Tissue Bank ethics committee (reference number:
12-WA-0196).

2.2. Cross-sectional area of the tendon

Tendon CSA was measured using a previously-validated proto-
col for soft tissues [51]. This protocol consisted of creating a cast
of the tendon using stiff alginate paste (Blueprint cremix, Dentsply
DeTrey, Germany), sectioning the cast along the length, taking pho-
tographs and using image analysis to calculate a mean CSA.

2.3. Tensile test

A tensile test was conducted using a screw-driven electro-
mechanical materials testing machine (Instron 5866, 10 kN load
cell with + 0.5% accuracy, Canton, MA, USA). The tendon was
mounted onto the materials testing machine so that the direction
of the tendon fibres was parallel to the loading axis (Fig. 1). Load-
elongation data were acquired at a sampling rate of 10Hz using
Bluehill software (v2.11, Instron, High Wycombe, UK).

2.4. Shear wave elastography measurements

2.4.1. Ultrasound imaging system

A Verasonics programmable ultrasound imaging system (Van-
tage, Verasonics Inc., Redmond, WA, USA) with a conventional lin-
ear transducer array (L7-4, 5 MHz, Philips healthcare, Bothell, WA,
USA) was used to perform the SWE measurements. The system al-
lows imaging a frame rate of up to 20,000 frames/s at an imag-
ing depth of 3 cm. This system enables the focal depth of the push
beam to be controlled so that strong shear waves can be generated
at the region of interest (ROI).

Loading direction

Transducer

Patellar
tendon

Lateral distance (mm)

Axial distance (mm)

Fig. 2. A typical example of the B-mode image illustrating the position of the ul-
trasound transducer and the patellar tendon under tension. The B-mode image was
used to align the transducer and set the location of the push beam.

2.4.2. Estimation of shear wave speed

The SWE procedure includes generation of a transient shear
wave, ultra-fast imaging of propagation of the shear wave and es-
timation of the local SWS within the tendon. The shear wave was
generated by inducing a single focused ultrasound “push” beam
with an aperture of 48 elements in the lateral location of the trans-
ducer. The lateral push location was chosen to optimise the size
of the imaging field of view in the lateral direction (38 mm) and
to use the optimum length of the effective elements in the trans-
ducer. The focal depth was fixed to 50 wavelengths (15mm) at
mid-depth of the tendon specimen (Fig. 2). The push waveform
was transmitted with a 500-cycle pulse at the central frequency
of 5MHz and duration of 100ps. The push was followed by a
128-element plane wave imaging where the system immediately
switched to flash imaging mode and used the same transducer to
acquire successive raw radio-frequency data of propagation of the
shear wave for 2ms at a frame rate of 20kHz. The imaging wave-
form consisted of one cycle pulse at the central frequency of 5 MHz
and produced a set of complex in-phase/quadrature data for each
push acquisition. A 2D autocorrelation method [52] was used to
calculate tissue displacement fields due to the shear wave along
the ultrasonic beam axis and to obtain a spatial-temporal map-
ping of the axial tissue particle veloctiy. The SWS was calculated
by tracking the time delay in displacement fields at two reference
pixels with known distance between them in the lateral direction
[53]. The local SWS in the direction of the tendon fibres was then
determined as the average of the calculated SWS in the pixels of
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the ROI This estimation is based on the assumption that the ROI
is homogenous and SWS is consistent, and also the dispersion ef-
fect in the ROI is negligible [43]. The ROI was defined as a 12 by
27 mm rectangle on the surface of the tendon.

2.5. Experimental protocol

The experimental protocol consisted of a patellar tendon tensile
test inside a water tank with simultaneous SWE to measure SWS in
the tendon at various static loads. The water tank was used to en-
sure a good coupling between the transducer and tendon specimen
for generating the shear wave. The patellar tendon specimen was
kept at —18°C and thawed overnight at room temperature prior
to each test. The tendon specimen was then attached to the ma-
terials testing machine and the ultrasound transducer was placed
in front of the tendon using a clamp (Fig. 1). Prior to each test,
the transducer was carefully aligned with the direction of tendon’s
fibres according to the ultrasound B-mode image of the tendon
(Fig. 2) to ensure the SWS is measured in the longitudinal direc-
tion of loading. The B-mode image was also used to locate the fo-
cal depth of the push and define the ROI. The specimen was then
loaded to a pre-defined tensile force, with a crosshead speed of
0.05 mmy/s, representing an estimated strain rate of 0.001/s, and
then held under static force to perform the SWE measurements
(all SWE measurements were performed under static loading of
the tendon). This slow strain rate was chosen to minimise the ef-
fect of strain rate on the stiffness and mechanical properties of
the tendon [54]. At each static load, measures of tendon force
and local SWS were acquired. The recorded force was then con-
verted to stress by dividing by the mean CSA of the tendon. The
tensile stress was estimated to provide an additional measure for
comparing the physiological relevance of loading relative to CSA
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Table 1
Different loads tested during tensile test.
o denotes the normal engineering stress.

Test number  Load (N) o (MPa)
1 8 0.06
2 85 0.61
3 175 1.25
4 270 1.93
5 370 2.64
6 460 3.28
7 560 4.00
8 660 4.71
9 755 539
10 855 6.10
1 935 6.67

with the reported stresses in other studies. Eleven loading incre-
ments up to 935N were tested (Table 1). Each trial was repeated
six times on one day, and then the whole protocol was repeated on
two other days, and the results are presented as a mean of the 18
measurements.

2.6. Statistical analysis

The mean and standard deviation of the local SWS at each load
were calculated. A Pearson’s product-moment correlation was run
to assess the relationship between the tensile force and SWS at
each load. A Shapiro-Wilk’s test was used to assess whether the
variables were normally distributed. As the result of Pearson’s cor-
relation test is sensitive to outliers [55], the scatterplot of tensile
force and SWS was used to inspect the presence of outliers. All
statistical analysis was performed using SPSS software (version 22,
Chicago, USA).
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Fig. 3. Axial tissue particle velocity of shear wave propagation at (a) 500us (b) 700ps (c) 900pus (d) 1100us time points, when the patellar tendon specimen is loaded to

460 N. Colorbar shows particle velocity.
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3. Results

The patellar tendon CSA was measured as 140.1 (£ 35.3) mm2
The axial tissue particle velocity map of the shear wave propaga-
tion was reconstructed for each static load. Fig. 3 shows the prop-
agation of the shear wave in the direction of the tendon’s fibres at
460N at different time points in a typical trial.

The relationship between the mean local SWS, tensile force and
tensile stress is shown in Fig. 4. The SWS increased from 10 (£ 0.9)
m/s to 36 (+ 2.6) m/s by increasing the load from 8N to 935N.

SWS and load were linearly related, with both variables nor-
mally distributed as assessed by Shapiro-Wilk’s test (p > 0.05), and
there were no outliers. The results of Pearson’s product-moment
correlation test showed a strong positive linear correlation be-
tween the mean SWS and load (r=0.99, p <0.01).

4. Discussion and conclusion

The SWE technique and conventional tensile testing were used
for the first time to quantify the direct relationship between ten-
sile force, tensile stress and SWS in a human patellar tendon un-
der physiologically-relevant loading. There was a linear correla-
tion between tensile force, tensile stress and SWS. The developed
SWE system used in this study measured a maximum SWS of
36.1 m/s for an applied tensile force of 935N that corresponds to
tensile stress of 6.67 MPa. Some other studies have conducted sim-
ilar studies on animal tendons only at very low loads of up to 10N,
or low stress level of 40 kPa [32,41,56].

The fastest SWS measured using a prevalent commercial SWE
system (Aixplorer, SuperSonic Imagine, France) in the literature is
16 m/s [35,36,40,57]. This system has been widely used in many
MSK tissue studies [29-31,34-36,38-42]. In addition, Cortes et al.
[37] reported a maximum SWS of 20 m/s using another SWE sys-
tem (Ultrasonix MDP, Ultrasonix, Vancouver, Canada).

Therefore, the results obtained in this study are the largest SWS
(36.1 m/s) measured with SWE in the literature. This high SWS
allows higher, physiologically-relevant, loads to be measured and
so this study also represents the highest tendon loading measured
by SWE. The measured tensile force of 935N is higher than nor-
mal patellar tendon loading presented in the literature [58,59];

and is higher than other lower limb tendon loading, such as
gastrocnemius [9,60].

There are a number of limitations associated with the study
presented in this paper that need to be further improved for
clinical application of the SWE technique. Although the range
of mechanical loading measured in this study (8-935N; 0.06-
6.67 MPa) can be associated with a range of physiological activities,
there are activities that demonstrate much higher tendon loading
[50,61] which this system could not measure. Therefore, further
improvement in the SWE system is required to measure higher
SWS in the MSK tissues during all physiological loading conditions.

The present study is limited to a single cadaveric specimen and
the correlation between SWS and load should be further assessed
with more specimens to verify reproducibility of the results. The
relationship between SWS and load can be then integrated with
subject-specific measurements of CSA and strain elastography tech-
niques [13,14] to quantify tendon forces from measured SWS on
a subject-specific basis. This provides more accurate estimation of
physiological CSA and it can be used to develop regression models
for characterising mechanical properties of MSK tissues and quan-
tify the relation between load, stiffness and SWS.

The results from isolated tensile testing in the present study
might not be extrapolated directly to interpret in-vivo physiolog-
ical function of the tendon due to the difference between in-vitro
and in-vivo conditions [62]. Therefore, the relationship between
SWS and load should be clinically validated by applying the SWE
method in-vivo and compare the results with estimation of tendon
forces by other means (such as MSK models and force transducers).

In the present study, SWS was determined as the mean SWS
within the ROI by assuming a locally homogenous ROI with a uni-
form strain distribution along the direction of the tendon’s fibres.
The size and location of ROI was also defined based on the B-
mode ultrasound image to minimise the effect of tissue borders on
the calculation of SWS. However, tendons may not always exhibit
homogenous characteristics at different regions and the size and
location of the ROI (particularly at the borders of the tissue) can
affect the measurement consistency of SWS [40,63]. Therefore, the
influence of size and location of ROI on the calculation of SWS
should be further investigated to characterise the sensitivity of
SWS to different regions of tendon.
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Moreover, SWS was measured in the longitudinal direction of
the tendon’s fibres by manually aligning the transducer parallel to
the loading axis and assuming transversely isotropic characteristics
of the tendon [64,65]. This assumption was made as tendons typi-
cally exhibit a strong axial symmetry under tensile loading accord-
ing to the arrangement of collagen fibres [66]. However, it should
be noted that the calculation of SWS is highly sensitive to the
transducer alignment and the direction of shear wave propagation
with respect to the fibre orientation [67,68]. Therefore, the vari-
ations of SWS with changes in the transducer alignment should
be carefully considered for estimating the anisotropic properties of
tendon and comparing the results with in-vivo measurements [28].

In this study, the SWS was measured during static load-
ing of the tendon specimen (constant strain) and the effects of
force/stress-relaxation and creep due to tendon viscoelasticity on
the SWS was neglected by assuming that the time-variation of
stress at each level of loading is small [66]. This assumption is
also supported by DeWall et al. [38] who observed no significant
temporal changes in SWS within loaded tendons for 30 min. How-
ever, synchronous measurement of SWS and tensile force during
dynamic tendon loading can eliminate the force/stress-relaxation
and creep effects on SWS calculations, and it can provide more in-
formation about the characteristics of SWS during dynamic load-
ing conditions, as well as the effect of strain-rate on tendon stiff-
ness. The correlation between SWS and load found in this paper
should be further investigated under dynamic loading conditions
for in-vivo characterisation of SWS in MSK tissues during differ-
ent activities (under dynamic loading conditions). This also pro-
vides a new opportunity in addition to the conventional methods
for characterising mechanical and viscoelastic properties of other
soft tissues undergoing cyclic loading, such as human blood ves-
sels [26,43,69] and skin [70,71].

In conclusion, the SWE technique presented in this study has
measured the fastest SWS in the literature and has enabled for the
first time physiologically-relevant tendon forces to be measured
as a function of SWS. This technique can be used as a potential
non-invasive direct method to quantify tendon forces for which
there are many clinical applications as well as technical applica-
tions such as validating MSK models. This approach can be also
implemented along with strain elastography techniques to measure
localised tissue mechanics in different regions and multiple planes
to fully characterise anisotropic, non-linear and viscoelastic prop-
erties of tendons as a function of SWS.
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