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SUMMARY 
In this study, we used velocity-encoded phase-contrast (VE-
PC) and water-saturated spin-lattice relaxation time (T1)-
weighted magnetic resonance imaging to track the fascicle 
behavior and aponeurosis displacement patterns of human 
medial gastrocnemius (MG) and soleus (Sol) during 
concentric contractions. Intra-aponeurosis shear strain greater 
than unity indicates that the strain was greater in the MG 
aponeurosis than the Sol aponeurosis. The musculotendinous 
junction (MTJ) displacement increased significantly with 
decreasing shear strain (P < 0.05). We found that the 
magnitude of shear strain was associated to temporal 
difference between the time at which the peak displacement of 
the MG and Sol occurred (P < 0.05). Our model also indicated 
that MTJ displacement varies in relation to temporal 
difference (P < 0.05). Therefore, we concluded that intra-
aponeurosis shear strain provides a mechanism to dynamically 
modulate the aponeuroses’ behavior with some independence 
along the muscle’s line of action during muscle contraction. 
 
INTRODUCTION 

In most cases, it is generally recognized that aponeurosis 
merges structurally with other adjacent ones [1]. The close 
coupling of adjacent aponeuroses has the potential to generate 
a loading regime that is more complex than that generated in 
the free tendon. During muscle contraction, there is intra-
aponeurosis shear and causing sliding planes of tissue layers 
parallel to the acting forces [2]. Heterogeneous fiber 
shortening [3] and muscle thickness [4] between two adjacent 
muscle compartments during a contraction may have the 
potential to alter the behavior of the aponeurosis along the 
muscle’s line of action. However, this feature is largely 
unexplored.  

In this study, we measured the effect of intra-aponeurosis 
shear strain on MTJ displacement in a contracting muscle. 
Different levels of intra-aponeurosis shear strain would be 
expected if there is a temporal difference in the contractile 
events, i.e., a timing of the greatest displacement mismatch 
between two aponeuroses. We used VE-PC MRI and water-
saturated T1-weighted imaging to quantify fascicle length, 
pennation angle, muscle thickness, and aponeurosis 
displacement of the MG and Sol during a concentric 
plantarflexion. We also determined the MTJ displacement by 
independently measuring position and excursion of the MTJ 
using a magnitude image.  
 
METHODS 

Eight healthy subjects participated in the investigation. A 
computer-controlled dynamometer was used to generate ankle 
plantarflexion movements. The dynamometer was 
programmed to complete a rotational cycle of 75º 
(dorsiflexion) – 120º (plantar flexion) – 75º (dorsiflexion) with 
a cyclic period of 2.9 s (21 cycles/min). The target force level 
was set at 40% of the maximum voluntary contraction (MVC). 
The angular velocity was ~31º/s. 

A 1.5-T MR scanner and a spine coil were used for all of 
the following image acquisitions. An oblique-sagittal water-
saturated T1-weighted image, was first acquired, with 2000 
ms repetition time (TR), 13 ms echo time (TE), 192 × 320-mm 
matrix to visualize fatty tissues running parallel to muscle 
fascicles and to determine the ends of the muscle fascicles. 
Next a VE-PC sequence (16.5 ms TR, 7.7 ms TE, 10 cm/s 
velocity encoding in three directions, 22 phases, 154 × 256-
mm matrix, 1:53 scan time) was used to acquire tissue velocity 
encoded dynamic images of the lower leg during 70 ankle 
plantarflexions using. VE-PC acquisition synchronized to each 
contractile plantarflexion phase at 40% of MVC. 

The longitudinal aponeurosis displacement, fascicle length, 
fascicle angle, and muscle thickness were quantified over 22 
time phases (Figure 1). The intra-aponeurosis shear strain was 
calculated by dividing deep aponeurosis displacement of the 
MG by deep aponeurosis displacement of the Sol. The MTJ 
displacement was manually tracked from each magnitude 
image. 

 
 
RESULTS AND DISCUSSION 

The deep aponeurosis in both MG and Sol moved the most 
in the proximal direction, while the superficial aponeurosis 
remained almost static or moved only slightly. The magnitude 
of intra-aponeurosis shear strain among all subjects was an 
average of 1.37 ± 0.28 (range 1.11 ~ 1.87). A shear strain 
greater than unity indicated that the MG aponeurosis 
displacement was greater than the Sol aponeurosis 
displacement.  

In order to determine how the normalized MTJ 
displacement (relative to aponeurosis displacement) was 
influenced by intra-aponeurosis shear strain and the temporal 
differences, we compared these three variables by plotting a 
second order polynomial regression. Temporal differences 

Figure 1: Representative phase contrast magnitude image (A) 
and water-saturated T1-weighted image (B). The water-
saturated T1-weighted image allowed us visualization of the 
origin and insertion of the muscle fascicles, as shown by white 
circles. Those circles and the connecting lines were transposed
onto the PC magnitude images for tracking the fascicle 
displacement and the subsequent calculation of fascicle length 
(l), pennation angle (Φ), and thickness (s) (C). Black circle is
the MTJ. 
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were defined by the difference between the time at which the 
peak displacement of the MG and the Sol occurred. MTJ 
displacement increased non-linearly with decreasing shear 
strain (R2 = 0.56, P < 0.05, Figure 2). There was also a 
significant correlation between shear strain and temporal 
difference (R2 = 0.48, P < 0.05).  

 
Additionally, we determined how the magnitude of temporal 
difference impacts on the MTJ displacement, which pulled by 
component of the resultant displacement from each MG and 
Sol aponeurosis (Figure 3). MTJ displacement was the greatest 
when the temporal difference is zero. By contrast, a large 
temporal difference, i.e., the time at which the peak 
displacement of the aponeurosis is not identical between MG 
and Sol, caused reduction of the MTJ displacement. 

 
 
CONCLUSIONS 
In conclusion, the results presented here highlight a previously 
unappreciated mechanism of the MTJ behavior that occurs at 
the fascicle level in pinnate muscle. Our findings suggest that 
intra-aponeurosis shear strain provides a mechanism to 
dynamically modulate the aponeuroses’ behavior with some 

independence along the muscle’s line of action during muscle 
contraction. 
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APPENDIX 
Calculation of theoretical MTJ displacement (Fig. 3) 

For a given rest length of muscle fascicle (l) and pennation 
angle (Φ): 
 
The height projected by the fascicle onto the aponeurosis (h) = 
l * cos (Φ) 
 

If the fascicle length is shortened to l2 and new pennation 
angle is then Φ2. New height projected by the fascicle 
shortening onto the aponeurosis (h2) is: l2 * cos (Φ2). 
Therefore, the displacement of the aponeurosis (d) is: h – h2. 
 
Figure 3 was generated by modeling a MG fascicle shortening 
to 24.1 mm and pennation angle increasing to 39.0º from a rest 
fascicle length of 39.5 mm and a pennation angle of 22.6º. For 
the Sol, fascicle shortening to 18.4 mm and pennation angle 
increasing to 41.0º from a rest fascicle length of 29.8 mm and 
a pennation angle of 24.6º. These numerical characteristics 
were made from the present experimental observations. 
 

For a given MTJ displacement (dMTJ) and spring constant 
(k):  
 
For the aponeurosis extension:  
dMG – dMTJ  for the MG  (1) 
dSol – dMTJ for the Sol  (2) 
 
For the aponeurosis force:  
k (dMG – dMTJ) for the MG  (3) 
k (dSol – dMTJ) for the Sol  (4) 

 
We had assumption that no effect of force in the distal 
direction on tendon where below MTJ, and then next equation 
is acquired to equation of equilibrium. 
 

For the resultant force:  
k (dMG – dMTJ) + k (dSol – dMTJ) = 0 (5) 
 
Theoretical MTJ displacement is then calculated as: 
dMTJ = (dMG + dSol)/2   (6

Figure 2: The relationship between normalized MTJ 
displacement and intra-aponeurosis shear strain, and temporal 
difference and intra-aponeurosis shear strain. Data pooled for 
eight individuals.  

Figure 3: The relationship between theoretical maximum 
MTJ displacement and temporal difference. The curve is fitted 
with a quadratic function. Theoretical MTJ displacement is 
calculated by independent displacement of the MG and Sol 
aponeuroses. See Appendix for details of calculation of 
theoretical MTJ displacement. Negative temporal difference 
indicates time at which the peak displacement occurred is 
faster in the Sol than in the MG (Sol > MG). Zero temporal 
difference indicates time at which the peak displacement of 
the MG and Sol occurred is equal (MG = Sol).  


