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A novel application of strain
sonoelastography can detect changes in
Achilles tendon elasticity during isometric
contractions of increasing intensity
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Abstract

Background: Mechanical and morphological properties of the Achilles tendon are altered in disease and in
response to changes in mechanical loading. In the last few years different ultrasound based technologies
have been used to detect tendon mechanical properties changes mainly in resting condition. Therefore the
aim of this study was to evaluate if strain sonoelastography can identify changes in Achilles tendon elasticity
during isometric contractions of increasing intensity.

Methods: This cross-sectional study enrolled 37 healthy volunteers (19 women) with mean (±SD) age of 27.1
(±7.0) years between January and June 2017. Strain sonoelastography images of the Achilles tendon were
acquired during an isometric ramp force (0 kg, 0.5 kg, 1 kg, 2 kg, 5 kg and, 10 kg). An external reference material was
used to provide a comparison between the examined tissue and a material of constant elasticity. Friedman test with
post hoc pairwise comparison were used to determine the correlation between the difference contraction levels.

Results: The median and interquartile range (IQR) values for the strain ratio were 1.61 (1.5–2.9) in a relaxed state and 1.
30 (1.07–2.02), 1.00 (0.76–1.66), 0.81 (0.70–1.19), 0.47 (0.39–0.73) and 0.33 (0.28–0.40) for 0.5 kg, 1 kg, 2 kg, 5 kg and 10 kg,
respectively revealing increased tendon hardness with increasing contraction intensities. Friedman test revealed
significant differences (p < 0.05) in the strain ratio between all contractions except between 0.5 kg – 1 kg (p = 0.41); 1
kg – 2 kg (p = 0.12) and 5 kg – 10 kg (p = 0.12).

Conclusion: Strain sonoelastography can detect changes in Achilles tendon elasticity between different contraction
intensities. The results provide an original force-elasticity curve for the Achilles tendon in a healthy, asymptomatic
population.

Trial registration: The study was approved by the Ethics Committee of Canton Ticino.
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Background
The Achilles tendon is the strongest tendon in the body
and constitutes a dynamic link between the triceps surae
and the calcanous bone [1, 2]. A high mechanical load is
applied to the Achilles-gastrocnemius complex and ten-
don stiffness can increase in response to chronic load
[3]. Changes in glycosaminoglycan content, reduction of
collagen cross-linking content and alignment of collagen
fibers are factors that may alter tendon elasticity [3].
Overuse injuries of the Achilles tendon can occur with

excessive loading during physical exercise [4]. Repetitive
overload and subsequent microtrauma can lead to in-
flammation of the tendon sheath or degeneration of the
tendon body [5]. The mechanical and morphological
properties of the Achilles tendon are altered in disease
and in response to changes in mechanical loading, in-
cluding a reduction in tendon stiffness and a softening
of the tendon measured with sonoelastography in indi-
viduals with chronic tendinopathy [6, 7].
A healthy Achilles tendon with intact mechanical and

morphological properties is expected to become stiffer
and harder with increased tensile load during isometric
contraction. [8, 9] As shown by Magnusson et al. [10],
both deformation and strain of a healthy Achilles tendon
increase with an increase in tendon isometric force.
Similarly, Lersch et al. [11] demonstrated increased
strain of the Achilles tendon when the tendon was sub-
jected to an increased load. Wren et al. [12] showed an
increased Young’s modulus in a similar in vitro investi-
gation using a servo-hydraulic materials testing machine,
and although in vivo and in vitro results are not directly
comparable, the Achilles tendon seems to behave similarly.
Shear wave sonoelastography is based on acoustic radi-

ation force impulses through tissue to obtain the elastic
modulus (Young modulus, kPa) and is typically employed
to measure Achilles tendon elasticity. An ultrasound pulse
produces a directional shear wave within the tissues, and
the propagation velocity of this wave is calculated using an
ultrafast ultrasound tracking technique [13]. However,
given that the upper limit of 800 kPa of Young modulus is
often reached in the Achilles tendon when the ankle is
near 0° of plantar flexion, this measurement technique is
not suitable for the evaluation of the tendon in a func-
tional position (near 0° plantar flexion), during usual
movement or with additional load [14]. Moreover, signal
saturation occurs when the Achilles tendon approaches
the 0° plantar flexion or a dorsiflexed position and leads to
an underestimation of the shear wave speed [15].
Strain sonoelastography is another ultrasound-based

technique that enables the elasticity of musculoskeletal
structures to be evaluated [16–18]. Tissue compression
with an ultrasound probe is applied to a surface producing
a displacement within the tissue. The displacement, which
is less pronounced in harder than in softer materials, is

calculated by comparing B-mode image pairs before and
after compression [19]. A novel method using strain
sonoelastography and calculation of a strain ratio was re-
cently developed and provides a semi-quantitative evalu-
ation of the tendon based on the elastography color scale
[8]. Combined with an external reference material, this ap-
proach can identify changes between a contracted and re-
laxed state [8], however the accuracy of this novel method
to detect small changes in tendon mechanical properties
due to load, needs further investigation. The use of an ex-
ternal reference material with known elasticity properties
allows the computation of the strain ratio between the
tendon color scale and the external material which is not
affected by changes during contraction. This method has
established reliability [8, 20].
The added value of this methods is the combination of

a measure of elasticity, provided by the transverse com-
pression force of the probe, and the progressive longitu-
dinal mechanical load given by the contraction of the
triceps surae muscle.
A more comprehensive analysis of the Achilles tendon

with evaluation of the tendon under load is warranted as
this approach could provide a clearer indication about
the functional impairment of tendon structure. There-
fore, together with clinical history and standard imaging
this technology could ultimately lead to an enhancement
of the diagnosis and management of tendinopathy.
Thus, the aim of this study was to evaluate if strain

sonoelastography using the strain ratio, can accurately de-
tect changes in Achilles tendon elasticity during isometric
contractions of varying intensity in healthy volunteers.
We hypothesized that differences between the selected

contraction levels could be identified by a change in
strain ratio of the sonoelastography color scale.

Methods
Study population
Thirty-seven healthy participants (19 women) were
prospectively enrolled in the study between January to
June 2017. The mean (±SD) age, height and weight
were 27.1 (±7.0) years, 172.2 (±9.8) cm and 67.5
(±13.2) kg, respectively.
Inclusion criteria for the selection of the sample were:

no history of tendon and/or foot injury or surgery; any
painful episodes in the lower limb in the last year. Exclu-
sion criteria were: history of connective tissue, endocrine
or metabolic diseases; systemic inflammatory disorder;
spondyloarthropathy, rheumatoidarthritis, or hyperchol-
esterolemia. Furthermore, those usually taking estrogen
or steroid treatment were excluded.
The study was approved by the Ethics Committee of

Canton Ticino, conducted according to the Declaration
of Helsinki and written informed consent forms were
signed by participants. The report of this study adheres
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to STROBE (Strengthening The Reporting of Observa-
tional Studies in Epidemiology) guidelines.
Mean and standard deviation values of relaxed and

contracted strain ratios from a previous study [8] using
the same experimental setup were used to calculate the
minimal sample size necessary to ensure a statistical
power of 90% at the 5% significance level for a two-tailed
hypothesis test. The Cohen’s d effect size has been calcu-
lated using the pooled standard deviation of the previous
study [8]. Effect size was very large (d = 1.69). The calcu-
lation, performed with STATA 14 (College Station, TX,
USA), showed that the minimal sample size of n = 32
was required.

Ultrasound and sonoelastography
A MyLab Class C ultrasound device (Esaote, Genoa, Italy)
with a linear probe (3–13MHz) and elastography software
were used to perform the measurements. The Achilles
tendon was visualized through a custom made external
material (Zerdine® CIRS, Norfolk, VA, USA). The proper-
ties of the reference material were tested by the manufac-
turer, the elasticity was 102 kPa, speed of sound was 1580
m/s, and the attenuation coefficient was 0.5 dB/cm/MHz.
The external reference material was utilized to guarantee
a comparison between the Achilles tendon and a material
with known elasticity (102 kPa). Furthermore, the refer-
ence material was used as stand-off pads to create a steady
contact between the transducer and the skin and to en-
hance the stability of the sonographer’s hand [21].
Light and rhythmic perpendicular compression was

applied by the operator with the ultrasound probe on
the reference material. A quality indicator graph on a
screen in front of the operator was controlled to regulate
the amount of the compression across condition and
participants. Compression–relaxation cycles were pro-
vided for 5 s (approximately 100 frames) for each acqui-
sition, during this time the sonoelastogram remained as
stable as possible.

Dynamometry
The torque of the ankle was assessed using a dynamom-
eter connected to a force sensor that operated linearly in
the range between 0 and 100N (Mod. TF2/S; CCT Trans-
ducers, Turin, Italy). The force sensor was attached to a
wooden board connected to a hinge that allowed natural
dorsiflexion and plantar flexion of the ankle (Fig. 1). The
board was fixed in order to permit isometric contractions
only at a fixed angle of 0° dorsiflexion. The force measured
by the force sensor was proportional to the torque exerted
at the ankle level. Force signals were amplified using
MISO-II (OT Bioelettronica, Turin, Italy; bandwidth 0–
80Hz) and presented to the participants as a real time vis-
ual feedback (60 Hz refresh rate) on a PC monitor posi-
tioned 50 cm in front of the subjects.

Procedure
Participants were asked to lie in a prone position with
the foot tightly secured within the dynamometer with
the ankle in a neutral position (0° of plantarflexion).
Prior to the recordings, the participants practiced the
contraction with the instruction to “push on the board
as if you were pushing onto the top of your toes”) and a
contraction of 10 kg (maximum strength required) was
performed to verify that the heel remained in contact
with the dynamometer and to familiarize the participant
with the visual feedback. Heel movement was prevented
during the contraction by firmly securing the foot in the
dynamometer with two belts over foot and ankle.
Both the left and right Achilles tendon of each partici-

pant were evaluated during isometric plantar flexion
under increasing contraction intensities (0 kg, 0.5 kg, 1
kg, 2 kg, 5 kg and, 10 kg) performed in a randomised
order. Strain sonoelastography of the Achilles tendon,
was performed in a longitudinal scan using the Elasto-
Dual software (Fig. 3). The external reference material
was included in the image and the measurement were
performed at the level of the medial malleolus applying
an established and reliable method [8].
To guarantee the evaluation of the same tendon part

under the different conditions, a reference point on the
medial malleolus was drawn and the ultrasound trans-
ducer was aligned with the point each time. All the

Fig. 1 Schematic of the experimental setup. The foot was securely
attached to a dynamometer with a wooden board at a fixed angle
of 0° of dorsiflexion. The force measured by the load cell was
proportional to the torque exerted at the ankle level. The ultrasound
probe was placed in a longitudinal scan at the level of the
medial malleolus
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ultrasound procedures were conducted by the same, well
trained operator, with 8 years of ultrasound and elasto-
graphy experience.
The colour scale of the elastograms ranged from red,

showing soft tissue, to blue showing hard tissue, whereas
green to yellow indicating medium tissue elasticity. The
elastograms were automatically constructed maintaining
the same ideal settings during the entire study, as rec-
ommended by Havre et al. [22] in a previous study.

Image analysis
The analysis of the 5 s ultrasound clip was leaded using
a customized MATLAB® software (MathWorks, Natick,
MA, USA). Two different regions of interest (ROI) were
drawn on the sonoelastographic images, including the
reference material and the Achilles tendon (Fig. 3). The
range between soft and hard (from red to blue) was di-
vided into 256 levels (0–255) according to the depth of
colour of the sonoelastographic image where blue corre-
sponds to 0 and red to 255. The frames of the entire clip
were averaged to extract a single image where the colour
distribution was calculated. The median and interquar-
tile range of colours was computed for each acquisition.
Strain ratios were calculated between the Achilles tendon

median range of colours and the external reference material
median range of colours, comparisons between the differ-
ent contraction levels were computed for each tendon.

Statistical analysis
Statistical Package for the Social Sciences (SPSS) version
22 (SPSS, Chicago, IL, USA) was used to perform statis-
tical analysis. Descriptive statistics (mean ± SD) were
used to describe the characteristics of the sample.
Shapiro-Wilk test was used to evaluate if the data were
normally distributed. Non-parametric, independent sam-
ples, Mann-Whitney test was then used to assess
whether there were significant differences in Achilles
tendon elasticity between men and women and between
the right and left Achilles tendon.
Since the data were not normally distributed, Friedman

test with post hoc pairwise comparison (Wilcoxon
signed-rang test) were used to determine the correlation
between elasticity measured at different contraction levels.
Bonferroni correction was applied and statistical signifi-
cance was set to α = 0.05.
Data are presented as median and interquartile

range (IQR).

Results
No significant difference in Achilles tendon strain ratios
was observed between men median (IQR) 1.31 (0.96–
1.81) and women 2.00 (1.19–2.81) (p = 0.6) or between
the left 1.48 (1.13–2.06) and right Achilles tendon 1.71

(0.94–2.91) (p = 0.5), therefore the data were pooled and
further analysed as an entire sample.
The median (IQR) values for the strain ratio were 1.61

(1.5–2.9) in a relaxed state and 1.30 (1.07–2.02), 1.00
(0.76–1.66), 0.81 (0.70–1.19), 0.47 (0.39–0.73) and 0.33
(0.28–0.40) for 0.5 kg, 1 kg, 2 kg, 5 kg and 10 kg, respect-
ively. Friedman test for related samples showed signifi-
cant (p < 0.01) differences between all contraction levels
except for 0.5 kg – 1 kg (p = 0.41); 1 kg – 2 kg (p = 0.12)
and 5 kg – 10 kg (p = 0.12) (Fig. 2). Detailed pairwise
comparison for all the contraction levels are presented
in Table 1.

Discussion
This is the first study to evaluate changes in Achilles
tendon elasticity using strain sonoelastography during
progressive increases in contraction force. The results
provide an original force-elasticity curve for the Achilles
tendon in a healthy, asymptomatic population (Fig. 2).
This study confirms that strain sonoelastography can

detect changes in Achilles tendon elasticity between a
relaxed state and all the examined contraction levels; the
Achilles tendon progressively become harder across the
different contraction levels, and this increment was seen
as a reduction of the strain ratio as previously reported
in other studies [8, 9]. A previous study [8] with a simi-
lar experimental setup showed large variability of the
Achilles tendon strain ratio between healthy subjects
when measured in the resting state. This variability,
similarly to our study, is reduced when load is put on
the tendon (see Fig. 2). The large variability seen be-
tween participants when the tendon is measured in the
relaxed state is likely related to variation in physical ac-
tivity levels, age and individual anatomical differences.
Although tendon elasticity changed across contraction in-
tensities, the contraction levels with similar intensity (0.5
kg – 1 kg (p = 0.41); 1 kg – 2 kg (p = 0.12) and 5 kg – 10
kg (p = 0.12)) revealed similar measures of elasticity thus
likely the difference in load was insufficient to change ten-
don mechanical properties to a significant extent.
Previous studies [23–26] used the Kager Fat pad (KFP) as

a medium to calculate the strain ratio in the evaluation of
Achilles tendon elasticity. The results showed moderate to
good reliability [24] and the authors suggested the use of
strain elastography in the evaluation of the Achilles tendon
following surgery [23]. However, caution should be taken
when measuring strain ratio with a biological tissue such as
KFP since other tissues could encounter changes in elasti-
city due to pathology, recovery or to different measurement
conditions. The mechanical properties of the KFP changes
following the hardening of the Achilles tendon and this
change is not always linear, likely because of anatomical dif-
ferences between subjects e.g. longer soleus muscle, more
connective tissue, or due to the compression of the Achilles
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tendon on the underlying tissues. In the current study, we
used an external material with a constant elasticity. Figure 3
shows an apparent softening of the reference material as
the tendon became harder. The sonoelatography algorithm
implemented in the ultrasound machine display the elasti-
city of the tendon with an “auto-scale” color range. The
softest and the hardest structure visible in each of the ROI
analyzed are displayed in red and blue respectively. For
this reason, we can observe a progressive color change of
the reference material (green at 0 kg, red at 10 kg) (see Fig.
3) because the tendon progressively becomes the harder
structure within the ROI. However, strain ratios (i.e. ra-
tios between the median colors) have been used as an
index of elasticity which is not affected by the “auto--
scale” color range.
The findings of the present study are supported by

other investigations which measured strain of the Achil-
les tendon using a strain tracking procedure during
maximal voluntary contractions [10, 27]. However, in
these studies tendon displacement and tendon strain
were measured using the aponeurosis-tendon complex

while in the present study we have characterized
changes in tendon elasticity with a direct measure of the
free tendon. Other ultrasound-based techniques with
direct measures of the tendon (i.e. shear wave elastogra-
phy) have measured an increase of Young modulus
(kPa) while the tendon is tensioned by changing the de-
gree of ankle flexion [14, 15]. However in those studies
it was suggested that the use of shear wave elastography
should be limited to the relaxed tendon to avoid satur-
ation of the signal.
Another promising 2D ultrasound technology, based

on a speckle tracking algorithm [28] has been proposed.
A non-uniform regional strain behavior of the different
layers of the Achilles tendon has been observed. How-
ever given the different nature of strain sonoelastogra-
phy measurement compared to the speckle tracking
technique, the results cannot be directly compared.
Future studies which apply strain sonoelastography to

evaluate the free tendon in different ankle positions or
under different conditions (i.e. varying contraction
intensity; functional tasks) are now warranted to better

Table 1 Pairwise comparison for the different contraction levels. Statistical significant results (p < 0.01) are represented in bold

Contraction
levels (Kg)

Pairwise
comparison

Contraction
levels (Kg)

Pairwise
comparison

Contraction
levels (Kg)

Pairwise
comparison

Contraction
levels (Kg)

Pairwise
comparison

Contraction
levels (Kg)

Pairwise
comparison

0–0.5 p < 0.01 0.5–1 p = 0.41 1–2 p = 0.12 2–5 p < 0.01 5–10 p = 0.12

0–1 p < 0.01 0.5–2 p < 0.01 1–5 p < 0.01 2–10 p < 0.01 – –

0–2 p < 0.01 0.5–5 p < 0.01 1–10 p < 0.01 – – – –

0–5 p < 0.01 0.5–10 p < 0.01 – – – – – –

0–10 p < 0.01 – – – – – – – –

Fig. 2 Force-elasticity curve. Box plot showing the median and interquartile range of values of the entire sample during the different contraction
levels. The orange line represent the force-elasticity curve. * p < 0.01; statistical significant difference between the different contraction levels
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understand and characterize the behavior of the Achilles
tendon. Moreover, the addition strain sonoelastography
measures of the Achilles tendon during loaded contrac-
tions may increase diagnostic capability in Achilles ten-
dinopathy and future research is needed to explore this.
Strain sonoelastography requires manual compression

and therefore variation in the level of pressure of the
transducer on the skin may affect the results. To reduce
such variability, both very high and low pressure was
avoided as proposed by Itoh et al. [29] and visual feed-
back of the applied pressure was provided so that it
could be constantly controlled by the experienced operator.
Furthermore, strain ratio employed in this study offers

a measure of elasticity provided by a transverse com-
pression force of the ultrasound probe on the tendon
structure. Further research is needed to establish the re-
lationship between strain ratio and tendon longitudinal
mechanical properties.

Conclusions
Strain sonoelastography can detect changes in Achil-
les tendon elasticity between different contraction in-
tensities. It was observed that tendon elasticity was
not modified between some contraction intensities.
The reduction of the strain ratio between the tendon
and the reference material indicates a constant increase

of tendon elasticity during contractions of increasing in-
tensity and provides an original force-elasticity curve. Fu-
ture studies, using strain sonoelastography with an
external reference material, are now warranted to explore
potential changes in Achilles tendon elasticity in those
with tendinopathy.
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