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SUMMARY 

Using MRI we show that, despite their global isometric 
condition, major local deformations occur in both synergistic 
and antagonistic muscles of m. gastrocnemius as a 
consequence of knee movement. Moreover, similar knee 
movement imposed in human cadavers yields global strains 
within m. gastrocnemius remaining an order of magnitude 
smaller than such local deformations (MRI). These findings 
indicate that, also in vivo, muscles are not mechanically 
independent because of myofascial force transmission. 
 
INTRODUCTION 
Results of many animal experiments [for a review see 1] show 
that transmission of muscle force occurs also via non-
myotendinous pathways from muscle to muscular and non-
muscular structures. Using finite element modeling, such 
epimuscular myofascial force transmission has been shown to 
cause highly non-uniform muscle tissue deformation [2]. 
However, in vivo occurrence of this mechanism has not been 
shown explicitly. Our aim is to test the following hypotheses: 
(1) Global strain imposed on the muscle-tendon complex by 
joint movement and local strains within the muscle will be 
quite different (2) myofascial force transmission does occur in 
vivo among synergistic and antagonistic human muscles as it 
will lead to results very contrasting with global strains.  
 
METHODS 

I. Cadaver study: Length change of gastrocnemius muscle 

tendon complex 

In isolated cadaver legs (n=7), muscles and muscle parts were 
dissected: (i) intermuscular connective tissue was severed, (ii) 
major blood vessels and nerves and their major branches were 
cut. However, the joint capsules were left fully intact. In order 
to further allow creation of sufficient knee movement both 
heads of m. gastrocnemius were transected approximately at 
the middle of their muscle bellies. After imposed knee angle 
changes of muscle tendon complex length changes were 
quantified by measuring changes in gap length between 
transected ends of the muscle. Segment length of the lower leg 
was defined as the perpendicular distance between the lateral 
aspect of the knee joint cavity and the lateral tip of the lateral 
malleolus. All changes in muscle-tendon complex lengths 
were expressed as deviation from the gap value at the 
reference positions (i.e. a knee angle of 135º, with 180 º 
representing the fully extended knee) and normalized for 
segment length. 
 

II. MRI Analysis 

Healthy male subjects (n=5, age = 27 ± 3 years, height = 175 ± 
7 cm and body mass = 73 ± 8 kg) participated. Each subject 
was positioned prone within the MRI scanner with the ankle 
angle fixed at 90° and the upper body supported at the chest 
using MR compatible positioning aids.  The knee angle 
attained in this position (defined as undeformed state) was 
(mean ± SD) 173° ± 3°. After acquiring sets of 3D high 
resolution MR images, the hip and knee joints were flexed by 
repositioning the upper body: the trunk was elevated until 
reaching the spatial limits of the MRI machine bore (diameter 
= 60 cm). In this deformed state, the knee angle equaled 150° 
± 6°. Subsequently, a second MR image set was collected. 
 
Demons algorithm [3], an intensity based non-rigid non-
parametric image analysis technique, was applied to the MR 
image sets to align images of the deformed and undeformed 
states. Image differences calculated (based on voxel gray scale 
values) iteratively are used to characterize the displacement 
values for each original voxel. Using the displacement fields 
obtained, a Green-Lagrange strain tensor was calculated for 
each voxel in order to assess local deformations within the 
lower leg muscles caused by changing the knee angle. First 
and third principal strains were analyzed, characterizing 

maximal tissue lengthening and shortening respectively. 
Image sets of the undeformed state were also transformed by a 
“synthetic rigid body motion” imposed on the data. In this data 
set, deviation of any principal strains from zero was used as 
estimate of errors in strain calculations (baseline strains). 
 
RESULTS AND DISCUSSION 

Knee movement related global strain of gastrocnemius muscle  

For the range of knee joint angles considered also in the MRI 
analysis, the values of length change found in the cadaver 
study amounted to only approximately 1.5 % of segment 
length. As gastrocnemius muscle-tendon complex is somewhat 
longer than tibia length, expected imposed global strain due to 
length changes of the muscle tendon complex will be 
somewhat less than 1.5 % of segment length. 
 
Knee movement related in vivo local strains within lower leg  

After knee movement, mean principle strains were 
significantly higher than baseline strains not only in m. 
gastrocnemius, but also in its synergistic, as well as 
antagonistic muscles (Table 1). 
 
 



Table 1: Baseline strains and tissue strains 
Local baseline strains (synthetic rigid body motion) (n=5). 

Knee angle =173° ± 3°. Ankle angle = 90° 

Mean ± SE 
m. 

gastroc. 
m. sol. 

deep 

flexors 
peronei 

anterior 

crural 

1st principal 

strain 

0.009 
± 0.001 

0.011 
± 0.002 

0.012 
± 0.002 

0.024 
± 0.004 

0.016 
± 0.002 

3rd principal 

strain 

-0.009 
± 0.001 

-0.011 
± 0.002 

-0.011 
± 0.002 

-0.020 
± 0.003 

-0.013 
± 0.001 

Local principal strains in the deformed state (n=5). 

Knee angle = 150° ± 6°. Ankle angle = 90° 
1st principal 

strain 

0.103 
±  0.010* 

0.085 
±  0.010* 

0.054 
±  0.008* 

0.080 
± 0.013 

0.102 
± 0.026* 

3rd principal 

strain 

-0.097 
± 0.010* 

-0.094 
± 0.003* 

-0.110 
± 0.004* 

-0.079 
± 0.007 

-0.102 
± 0.021* 

(*) indicate significant differences with baseline strains. 

 

Moreover, highly pronounced and heterogeneous local 
deformations were shown within all lower leg muscles (Figure 
1): (1) m. gastrocnemius peak local lengthening and 
shortening amounts to 34.2% and 32.6%, respectively. Inter-
quartile range (IQR) values of pooled data from all subjects 
equaled 0.060 and 0.073 for the first and third principal 
strains, respectively. Being a knee flexor, for m. 
gastrocnemius, knee extension corresponds to global 
lengthening strain and knee flexion to global shortening strain. 
Our results show the presence of considerable strain 
distributions within this muscle. (2) m. soleus It should be 
noted that if soleus and gastrocnemius muscle would be fully 
independent mechanically, no local strains should be 
encountered within soleus muscle, since this muscle-tendon 
complex does not cross the knee joint, and as consequence no 
global strains are imposed on this muscle-tendon complex. In 
contrast to such expectation, peak lengthening and shortening 
amounts to 23.3% and 35.9%, respectively. IQR values 
equaled 0.053 and 0.052 for the first and third principal 
strains, respectively. (3) Deep flexor muscles Peak local 
lengthening and shortening attained values of 23.44 % and 
27.35 % (i.e. approximately 68% and 84% of the values 
calculated for m. gastrocnemius), respectively. IQR values 
equaled 0.055 and 0.071 for the first and third principal 
strains, respectively. (4) Anterior crural muscles Very high 
values of peak local lengthening and shortening (44.5% and 
41.24 %, respectively) were found however for only a 
minority (0.35% and 1.45%) of the voxels. Nevertheless, 
median strain values were approximately 77% and 92% of 
gastrocnemius values, respectively for local lengthening and 
shortening. IQR values for the first and third principal strains 
equaled 0.110 and 0.075, respectively. (5) Peroneal muscles 
Peak local lengthening and shortening attained values of 24.77 
% and 25.54 % respectively. IQR values equaled 0.081 and 
0.049 for the first and third principal strains, respectively. 
 

Maas and Sandercock [4] argued that for the cat, knee angle 
induced changes in relative position of its synergist muscles 
does not affect the force of m. soleus. Given our present 
results, these authors’ generalization that mechanical 
interaction between muscles does not occur under 
physiological circumstances in vivo is not tenable. Several 
potential explanations (differences in e.g., species and 
mechanical conditions i.e., static vs. dynamic) for such 

inconsistency are plausible. However, our results suggest that 
even for conditions in which the net effect at the tendon is 
small (due to a likely mechanical balance of counteracting 
epimuscular loads of variable magnitude), local heterogeneous 
effects may substantiate, which could also have happened for 
the muscles of Maas and Sandercock’s study, without 
appearing in the data. 

Figure 1:  Local lengthening and shortening effects of knee 
movement with box & whisker plots. Median and peak values 
are indicated by horizontal line inside a box and lines 
extending from each end of the box (whiskers), respectively. 
Absolute value of the difference between upper and lower 
quartiles (indicated by the edges of a box) i.e., inter-quartile 
ranges (IQR) quantify strain heterogeneity. 
 

CONCLUSIONS 

Our results show that (1) local strains within the muscle are 
very much higher than the global strains imposed on it. (2) 
Such local strains are not limited to the specific muscle that is 
exposed to length changes, but also occur within synergistic, 
as well as antagonistic muscles kept at constant muscle-tendon 
complex length (global isometric condition). (3) Variable 
magnitudes of local lengthening will occur simultaneously 
with local shortening at other locations. These findings show 
that, also in vivo, muscles are not independent mechanically.  
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