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Institute of Movement Sciences E-J Marey, UMR CNRS 6233, Aix-Marseille Université, Parc Scientifique et Technologique de Luminy, 163, Avenue de Luminy,13288 Marseille, France
a r t i c l e i n f o

Article history:
Accepted 17 May 2011
The ultrasonography contributes to investigate in vivo tendon force–strain relationship during

isometric contraction. In previous studies, different methods are available to estimate the tendon
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strain, using different loading rates and models to fit the tendon force–strain relationship. This study

was aimed to propose a standard method to characterize the in vivo tendon force–strain relationship.

We investigated the influence on the force–strain relationship for medialis gastrocnemius (MG) of

(1) one method which takes into account probe and joint movements to estimate the instantaneous

tendon length, (2) models used to fit the force–strain relationship for uniaxial test (polynomial vs.

Ogden), and (3) the loading rate on tendon strain. Subjects performed ramp-up contraction during

isometric contractions at two different target speeds: 1.5 s and minimal time with ultrasound probe

fixed over the muscle–tendon junction of the MG muscle. The used method requires three markers

on ultrasound probe and a marker on calcaneum to take into account all movements, and was

compared to the strain estimated using ultrasound images only. The method using ultrasound image

only overestimated the tendon strain from 40% of maximal force. The polynomial model showed similar

fitting results than the Ogden model (R2
¼0.98). A loading rate effect was found on tendon strain,

showing a higher strain when loading rate decreases. The characterization of tendon force–strain

relationship needs to be standardized by taking into account all movements to estimate tendon strain

and controlling the loading rate. The polynomial model appears to be appropriate to represent the

tendon force–strain relationship.

& 2011 Elsevier Ltd. All rights reserved.
1. Introduction

Ultrasonography (US) associated with force measurements
contributes to estimate the tendon force–strain relationship
during muscle contraction (Maganaris, 2002) and allows to
compare populations differing on age (Kubo et al., 2000) or sex
(Burgess et al., 2008). Consequently, a method that accurately
estimates the tendon force–strain relationship is essential.

During isometric contractions meaning that the muscle–tendon
complex is held at constant length, firmly fixing the foot on plate
does not prevent from movement of the body. Different methods
were used to estimate in vivo muscle–tendon junction (MTJ)
displacement while minimizing the measurement errors due to
joint and probe movements. One method consists in using a skin
marker and fixing the ultrasound probe (Burgess et al., 2008) on the
leg but it leads to overestimation of the MTJ elongation (Muramatsu
et al., 2001). Another method called passive correction (Maganaris,
2005) using additional measurements during passive task lead to
ll rights reserved.
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us).
inaccurate elongation value (Maganaris, 2005). An alternative
method (Maganaris, 2005) requiring the use of two ultrasound
probes over the MTJ and the calcaneum remains restrictive because
of the second probe. These previous methods lead to either
erroneous MTJ elongation or need additional tasks or US devices.
A previous method combining motion capture and ultrasonography
and providing an easy way to estimate the instantaneous tendon
length has been used for dynamics tasks (Lichtwark and Wilson,
2005). However, this promising method has not been used during
isometric contractions whereas this particular task is often used to
characterize the tendon mechanical properties.

The tendon presents a non-linear behavior that could be
represented in Finite Elements Modeling (FEM) by a hyperelastic
mechanical model, such as Ogden formulation (Cheng et al., 2008;
Shibata et al., 2006). In vivo force–strain relationships were also
fitted using a second-order polynomial function (Burgess et al.,
2008; Pearson et al., 2007) based on good fitting with experi-
mental data. It is not known whether the use of a second-order
polynomial fit is able to catch all the features of the force–strain
relationship in comparison with an Ogden model.

The tendon force–strain relationship has been previously esti-
mated during different loading rates meaning that different ramp-up
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contraction durations were used. The presence of loading rate effect
on tendon could have important implications to test and compare the
mechanical properties and needs to be quantified for further studies
on tendon mechanical characterization.

This study was aimed to propose a standard method to
characterize the in vivo tendon force–strain relationship. Thus
we investigated the influence on the force–strain relationship for
medialis gastrocnemius (MG) of (1) one method which takes into
account probe and joint movements to estimate the instanta-
neous tendon length, (2) models used to fit the force–strain
relationship for uniaxial test (polynomial vs. Ogden), and (3) the
loading rate on tendon strain. We hypothesize that these factors
will affect the overall characterization of the tendon and need to
be included when estimating the in vivo tendon force–strain
relationship during isometric contraction.
2. Method

2.1. Experimental protocol

Eight healthy males (26.071.5 years, 73.979.6 kg, 1.7770.05 m) gave their

consent to participate. Subjects were seated on the bench of a custom ergometer

with the knee fully extended and the sole of the foot perpendicular to the shank.

The right foot was set in a rigid shoe fixed to a plate with both joint and static

torquemeter (CS3, Meiri) axes aligned. The net ankle joint moment was sampled at

2000 Hz.

Subjects performed three 3 s maximal voluntary isometric contraction (MVIC)

plantarflexion trials with verbal encouragement and on-screen joint moment

feedback. Then they performed ramp-up contractions (from rest to 100% MVIC) in

1.5 s (C1.5), and in minimal time (Cmax) with on-screen feedback on the expected
UltrasoundImage ReferenceFrame 
(UIRF)

Probe Reference Frame 
(PRF)

Torquemeter

Marker on calcaneum

Markers on US probes

Fig. 1. Representation of the reference frames used in this study for estimating the

in vivo tendon strain. Three markers positioned on ultrasound probe were used to

define the Probe Reference Frame (PRF) while the Ultrasound Image Reference

Frame was accessible directly from the US acquisition device.
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Fig. 2. In vivo tendon force–strain relationships for one subject estimated from method

data correspond to the gray line and polynomial and Ogden model to the continuous and

in (A) and (B).
moment. Three trials were recorded for each condition with a resting time of

2 min.

A 50 mm linear array ultrasound probe (BK-Med-Pro-Focus) at 10 MHz was

positioned over the MTJ of the MG muscle. The probe was carefully attached to the

leg using foam fixation and secured with elastic bandage. Images were recorded at

30 Hz with an image acquisition device (NI, PCI 1410).

Three markers were attached to the probe in order to create a probe reference

frame (PRF) parallel to the image plane (Fig. 1). Additional markers were attached

to the Achilles’ Tendon insertion over the calcaneum, the first metatarsal head of

the foot, the lateral and medial malleoli, and the fibula head. Markers positions

were recorded at 125 Hz (Vicon System) and synchronized with US data.
2.2. Estimation of in vivo tendon strain

US images were used to track the MTJ defined as the intersection between the

MG muscle fascicles and the MG tendon. Raw images were processed by adjusting

the contrast and then binarized using a graythreshold value. The MTJ displace-

ments were tracked using the method presented by Korstanje et al. (2010) with

manual adjustment when necessary. All possible pixel displacements within the

search region were evaluated with normalized cross-correlation, while the higher

value is used to determine the MTJ position on the next frame.

On each frame, two different methods were used to estimate the tendon

elongation (Dl). Method 1-UIRF computed Dl in the US Image Reference Frame as

the difference between the MTJ position during the contraction and the MTJ

position at rest (Burgess et al., 2008; Duclay et al., 2009). In the method 2-PRF, the

tendon length (lt) was computed as the distance between the markers placed on

calcaneum and the MTJ position in the global coordinate system using the PRF.

Dl was defined as the difference between lt and the initial tendon length (l0).

The same value of l0 was used to compute the tendon strain for the two

methods.

The tendon strain was defined as : eT ¼
Dl

l0
ð1Þ

2.3. Estimation of in vivo normalized force–strain relationship

The relative moment contribution of the MG to the ankle net joint moment

and the moment arm of MG were assumed constant (Kubo et al., 2004).

Consequently, The normalized tendon force ðFT ðtÞÞ was computed as the measured

joint moment normalized by its maximum value during the task.

Two different models were used to represent the tendon force–strain

relationship:
(1)
(A) 1

dash
A second-order polynomial model

F T ðtÞ ¼ aeT ðtÞ2þbeT ðtÞ ð2Þ

with a and b parameters adjusted using Matlab.
(2)
 A second-order hyperelastic Ogden model

F T ðtÞ ¼
2m1

a1
ððeT ðtÞþ1Þa1�1

�ðeT ðtÞþ1Þð�a1=2Þ�1
Þþ

2m2

a2
ððeT ðtÞþ1Þa2�1

�ðeT ðtÞþ1Þð�a2=2Þ�1
Þ ð3Þ
With m1, m2, a1 and a2 parameters adjusted using ABAQUS (Dassault-Systems,

v. 6.82).
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2.4. Data analysis and statistics

The fits between experimental data and each model were compared using R2

(squared correlation coefficient) and Root Mean Square (RMSerror) values.

The tendon strain was estimated using the two methods (1-UIRF & 2-PRF)

every 10% of maximal force for each condition (Cmax and C1.5) and each model

(Ogden and polynomial).

Two-factor ANOVA (conditions vs. force levels) was conducted on tendon strain to

compare C1.5 and Cmax. Two-factor ANOVA (methods vs. force levels) and (models vs. force

levels) were conducted on tendon strain. Two-factor ANOVA (models vs. methods) were

conducted on RMSerror and R2 values. A significance level of 0.05 was used for all

comparisons and Newman–Keuls Post-Hoc testing was used whenever necessary.
3. Results

The estimation of in vivo tendon strain was significantly higher
from 40% to 100% of maximal force for the method 1-UIRF
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Fig. 3. In vivo tendon force–strain relationships averaged over eight subjects for

Cmax and C1.5 for polynomial model according to method PRF and UIRF. Note the

significant difference on the tendon strain estimates depending on the method

used and the loading rate effect.

Table 1
Summary of experimental conditions.

Cmax C1.5

Maximal moment (N m) 139721 116724

Ankle plantarflexion rotation (deg.) 5.872.4 4.371.7

Ramp-up time duration (s) 0.5870.20 1.3970.10

Initial tendon length 208731 206731

Table 2
Maximal tendon elongation, maximal tendon strain, and fitting results according to m

Method 1-UIRF

Ogden X2

Cmax C1.5 Cmax C

Tendon elongationa (mm) 16.473.6 20.775.4 16.473.6 2

Tendon straina (%) 8.273.1 10.473.9 8.273.1 1

RMS 3.372.1 2.470.9 2.871.1

R2 0.9970.02 0.9870.01 0.9970.01 0

a Reveal significant difference between method 1 and 2 and condition Cmax and C1
(maximal strain: 9.473.5%) compared to the method 2-PRF
(maximal strain: 7.872.2%).

No difference on RMSerror (mean value: 3.571.7), on R2 (mean
value: 0.9870.02), and on tendon strain was found between
polynomial and Ogden models.

Whatever the model (polynomial or Ogden), the tendon strain
was significantly higher for C1.5 compared to Cmax above 20% of
maximal force (Table 2 and Figs. 2 and 3).
4. Discussion

The main findings of this study were that; (1) using Method
1-UIRF overestimated the tendon strain from 40% of maximal
force, (2) the polynomial model showed similar results than an
Ogden hyperelastic model, and (3) the loading rate influences the
MG tendon strain.

Relative to the method 2-PRF, using the Method 1-UIRF over-
estimated the tendon strain from 40% of normalized force despite
the ultrasound probe being firmly fixed on the leg and the small
ankle joint rotation (Table 1). This result agrees with previous
studies (Arampatzis et al., 2008; Muramatsu et al., 2001) and
confirms the necessity of another methodology to measure tendon
strain. In this study, the movements of the Achilles’ tendon insertion
were taken into account in the tendon length estimation using
marker on the calcaneum. This solution gives similar results than
using an ultrasound probe over the tendon insertion (Maganaris,
2005), but without needing a supplementary probe. Thus, the
method requiring three markers on ultrasound probe and one
marker on Achilles’ tendon insertion could be easily implemented
to directly estimate tendon strain during isometric and dynamic
tasks (Lichtwark and Wilson, 2005).

The second-order polynomial model has shown similar good
fitting results without difference in estimated tendon strain relative
to the Ogden model. Thus, if the mechanical characterization of the
tendon is not dedicated to a further use in FEM, a second-order
polynomial model could be an easy to implement and suitable
physiological representation of the non-linear behavior of tendon.

The maximal tendon strain obtained with the method 2-PRF was
in the range of other study (Pearson et al., 2007). In addition, as
reported by Pearson et al. (2007) on the patellar tendon, a loading
rate dependency was found above 20% of maximal force on the MG
tendon strain when comparing two different ramp-up time dura-
tions. Thus, the standardization of ramp-up time duration is of high
importance when characterizing the tendon mechanical properties.
This tendon property is even more important and needs to be taken
into account for studies of highly dynamic tasks such as hopping,
jumping or running because the tendon become stiffer.

To conclude, the tendon force–strain relationship have to be
estimated using a method that takes into account (1) joint and
probe movements by combining for example ultrasound and
motion capture, and (2) a controlled ramp-up time and allows a
ethod, model, and condition (mean7SD).

Method 2-PRF

Ogden X2

1.5 Cmax C1.5 Cmax C1.5

1.974.9 14.672.5 17.073.6 14.472.3 17.473.7

0.973.4 7.271.9 8.472.5 7.171.8 8.672.4

2.370.8 5.271.8 3.572.2 4.471.3 3.071.2

.9970.01 0.9770.02 0.9770.04 0.9870.01 0.9870.01

.5, respectively.
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standardized characterization of the tendon properties. The sec-
ond-order polynomial model appears to be appropriated to model
the tendon force–strain relationship during uniaxial test.
Conflict of interest statement
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