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SUMMARY 
 
 The shear elastic modulus measured using Supersonic 
Shear Imaging (SSI) is highly related to muscle activity level. 
Since muscle shear elastic modulus is linked to the muscle 
stress, we hypothesize that SSI could be used to indirectly 
estimate muscle force. To test this hypothesis, the present 
study was designed to assess shear elastic modulus-torque 
relationships during contractions that involve only one muscle. 
Thus, 6 subjects performed isometric ramps for two finger 
movements: the index abduction (involving mainly the first 
digitorum interrosseus, FDI) and the little finger abduction 
(involving mainly the abductor digitimi minimi, ADM). 
Subjects performed one ramp from 0 to 70% of maximal 
voluntary contraction (MVC) over a 30 s period in index 
abduction, and one ramp from 0 to 40% of MVC over 40 s in 
little finger abduction. For both muscles, the shear elastic 
modulus-torque relationship was linear (R2 = 0.996 ± 0.002 
and 0.989 ± 0.006 for FDI and ADM, respectively) and the 
standard error of measurement (SEM) was low (i.e., 0.20 ± 
0.10% of MVC), indicating accurate estimation of torque from 
the shear elastic modulus measurement.  
 
INTRODUCTION 
 Due to muscle redundancy, the estimation of individual 
muscle force still represents one of the main research theme in 
biomechanics. Although several modeling approaches are 
proposed in the literature, these models cannot be fully 
validated because of the lack of accurate in vivo experimental 
procedures [2]. For example, muscle activity level is 
classically measured by surface electromyography (EMGs); 
however, this technique cannot be used to directly estimate the 
muscle force production [e.g., 1].  
 A new elastographic technique (Supersonic Shear 
Imaging, SSI) might enable us to develop an alternative 
method to analyze the muscle activity. Indeed, Nordez and 
Hug [3] recently showed that the shear elastic modulus, 
measured using SSI [4], is linearly correlated to muscle 
activity level recorded with EMG (R2 = 0.94 ± 0.05) during 
linear isometric torque ramps from 0 to 40% of maximal 
voluntary contraction (MVC). However, non-linear 
relationships between global external torque and both EMG 
activity level and shear elastic modulus were reported, and this 
study did not show that SSI could be used to estimate muscle 
force. An additional experiment showed that the non-linear 
relationship between muscles activity level and external torque 
could be explained, at least partially, by changes in sharing 
loads between the four main elbow flexors (i.e., brachialis, 

brachioradialis, biceps brachii short and long heads).  
Because of the non-linearity of the mechanical properties 

of biological tissues, the muscle stress is linked to its elastic 
modulus [5]. Consequently, we express the hypothesis that the 
shear elastic modulus measured by SSI is linked to the muscle 
stress and, thus, to the muscle force. 

To test this assumption and determine the shape of the 
shear elastic modulus-force relationship, it is necessary to 
investigate contractions that involve only one muscle alone. 
Two muscular tasks nearly correspond to this condition, the 
index abduction (involving mainly the flexor digitorum 
interroseus, FDI [6]), and the little finger abduction 
(involving mainly the abductor digiti minimi, ADM [7]).  

Therefore, this study was designed to determine the 
accuracy of muscle force estimation using SSI for FDI and 
ADM muscles. Since the shear elastic modulus is sensitive to 
muscle fiber direction [8], the muscle architecture can 
influence the muscle force estimation using SSI. Thus, the 
measurements for both FDI and ADM (bi-pennated muscle 
and fusiform muscle, respectively) could provide interesting 
information on the influence of the muscle architecture on the 
shear elastic modulus-torque relationship. 
 
METHODS 
 Six healthy male subjects volunteered to participate in this 
study (aged 28 ± 3.4 years; height 179 ± 7.2 cm; weight   77.8 
± 7.7 kg). 

A home-made ergometer was used to measure the force 
produced during index finger abduction and little finger 
abduction [9]. Briefly, subjects were seated with the right 
elbow flexed to 120° (180° corresponds to a full extension of 
the elbow), and the pronated forearm was supported by a 
platform and all fingers extended with the palm facing down. 
The hand and others fingers 3-5 or 2-4 (respectively, during 
index abduction and little finger abduction) were immobilized 
with Velcro to prevent any movement during the exercises. 
The lateral side of the index finger or little finger was in 
contact with a rigid interface, with the proximal 
interphalangeal joint aligned with the force sensor (SML-50, 
Interface, Arizona, USA). 

An Aixplorer ultrasonic scanner (Supersonic Imagine, 
Aix en Provence, France) was used in the SSI mode [4]. 
Measurements were made on the FDI and ADM. Maps of the 
shear elastic modulus were obtained at 1 Hz with a spatial 
resolution of 1x1 mm (Figure 1). 

Using direct visual feedback of the torque signal, subjects 
performed one smooth linear torque ramp of 30 s from 0 to 
70% of the previously determined maximal voluntary 



contraction (MVC), and one smooth linear ramp of 40 s from 
0 to 40% of MVC, for index abduction and little finger 
abduction, respectively. 

The software (version 4.0) of the ultrasound scanner 
allowed us to measure an averaged shear elasticity value per 
map obtained in a circular region (from 0.2 to 1.5 cm in 
diameter, depending on muscle thickness) (Figure 1). 
 

 
Figure 1: Typical example of shear elastic modulus 
measurement of the abductor digiti minimi. The region of 
interest (colored region) was chosen using the echographic 
image. The shear elastic modulus (in kPa) was averaged over 
the circular region. 
 
RESULTS AND DISCUSSION 
 Due to a technical limitation of the ultrasonic scanner, the 
measurements saturated at 267 kPa, limiting the range of 
analysis for most of the subjects. 

Results showed linear relationships between torque and 
shear elastic modulus for both FDI and ADM muscles. Figure 
2 depicts individual relationships for the ADM muscle. 
Coefficients of determination (R2) were 0.996 ± 0.002 (range 
0.992-0.998) and 0.989 ± 0.006 (range 0.980-0.994) for FDI 
and ADM, respectively. Moreover, standard error of 
measurement (SEM) of muscle force estimation using SSI was 
0.20 ± 0.10% of MVC (range 0.11-0.38 % of MVC), 
indicating very accurate estimation of torque from the shear 
elastic modulus. 

The FDI muscle is bi-pennated (10 and 11.7° at muscle 
fascicle optimum length) while the ADM is a fusiform muscle. 
Considering the influence of fibers direction on the shear 
elastic modulus measurement [8], it can be argued that the 
changes in muscle pennation angle during contraction should 
affect SSI measurement and the ability to estimate muscle 
force. Since linear relationships were found for both muscles, 
and R2 were higher for the FDI in comparison to ADM, it can 
be concluded that the muscle architecture has no significant 
influence on the muscle force estimation using SSI. 
Reporting linear relationships for muscles that are almost the 
sole force producer, the present study confirms that shear 
elastic modulus is linearly linked to muscle stress and force. 
Indeed, since shear elastic modulus depends on mechanical 
factors rather than electrophysiological ones, it confirms that 
the non-linear shear elastic modulus-torque relationships 
obtained for elbow fexors (i.e., brachialis, brachioradialis, 
biceps brachii) can be explained by changes in the sharing 
loads between muscles, resulting from muscular redundancy.  

 
Figure 2: Linear regressions and 95% confidence intervals 
fitted on the relationship between torque, expressed in 
percentage of maximal voluntary contraction (MVC), and 
shear elastic modulus for the abductor digiti minimi of each 
subject. SEM: standard error in estimation of torque using the 
shear elastic modulus (in % of MVC). 
 
CONCLUSIONS 
 The present study showed that external torque during 
contractions involving mainly a sole muscle could be precisely 
estimated from the measurement of the shear elastic modulus 
using SSI. Nevertheless, the reproducibility of the torque 
estimations must be assessed, and these results will be 
presented in the communication. In addition, to confirm that 
SSI can be used to estimate muscle force using a linear 
calibration, we plan to perform ex vivo (in vitro) investigations 
on isolated animal muscles.  
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