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SUMMARY 
This study examined two different methods of calculating the 
length-tension (L-T) relationship of human muscle during in 
vivo contractions. The methods differ in their interpretation of 
the passive forces during contraction. We examined how this 
influences measurement of muscle L-T curves after exercise-
induced muscle damage (EIMD). We found that the method 
used has implications for determining the peak isometric force 
and optimal fascicle length. The use of the more appropriate 
muscle model to construct L-T curves was suitable for 
determining the presence of EIMD.  
 
INTRODUCTION 
A key indicator of EIMD is a shift in the L-T relationship to 
longer muscle lengths [1]. Human L-T curves are typically 
assessed using the relationship between joint angle and joint 
torque. This relationship is corrected for passive muscle forces 
using Hill’s original model of muscle, where the parallel 
elastic component is parallel to both the contractile element 
and the series elastic component (model A). This model 
assumes that passive tension does not change during an 
isometric contraction and can therefore be subtracted directly 
from the total force to calculate the active force. However, 
animal studies have proposed an alternative model in which 
the parallel elastic component is parallel to the contractile 
element only (model B) [2]. This model specifies that passive 
tension changes during an isometric contraction if the series 
elasticity is sufficiently compliant to allow the muscle fibres to 
shorten. Animal studies have shown that model B better 
accounts for experimental data, especially in muscles where 
large amounts of passive tension can be produced (e.g. triceps 
surae) [2]. Therefore, using model A may actually result in 
significant underestimation of the active force generated by 
muscles, which might influence the interpretation of L-T 
curves as a result of interventions such as EIMD. As such, the 
aims of this study were twofold: 1) to compare human triceps 
surae L-T curves using both models and; 2) to determine if the 
use of model B to construct L-T curves can detect the presence 
of EIMD after a bout of unaccustomed, eccentric exercise. 
 
METHODS 
We performed two experiments to address the aims of the 
study. Experiment 1 (n=6, 25.3 ± 2.3 yrs) examined the 
influence of using model A vs. model B for detecting peak 
isometric joint torque and optimal muscle fascicle length 
during electrically evoked twitch contractions. Fascicle length 
was measured in vivo using ultrasound imaging. Subjects laid 

prone on a bench with their right foot attached to an isokinetic 
dynamometer with the knee at ~175°. A flat shaped ultrasound 
probe was strapped firmly to the medial aspect of the medial 
gastrocnemius. Supra-maximal peripheral nerve stimulation 
(PNS) was used to evoke maximal plantar flexion torque 
twitches via the tibial nerve.  
 
To construct L-T curves, supra-maximal PNS was applied at 
1°-5° ankle angle increments over the subject’s range of 
motion, with smaller increments during the final 10° of 
dorsiflexion. Supra-maximal PNS was applied 3 times at each 
test angle in random order. Prior to the application of PNS but 
after rotation of the ankle into a new position, subjects 
performed a small, plantar flexion contraction to eliminate any 
thixotropic effects. 
 
Active L-T curves were created for models A and B by 
plotting the shortest fascicle length during the contraction 
against the active torque produced during the contraction. 
Active torque, for model A, was calculated as the difference 
between the peak torque of the twitch (total torque) and the 
passive torque prior to the twitch. For model B, active torque 
was calculated as the difference between the total torque and 
the passive torque during the twitch. Passive torque during the 
twitch was calculated from the passive L-T curve created from 
all trials and the measurement of the muscle fascicle length 
during each twitch.  
 
Experiment 2 (n=5, 21.9 ± 2.4 yrs) examined the L-T curve in 
response to unaccustomed, eccentric exercise. L-T curves 
were constructed according to model B (described above) 
immediately before and 2-hr after an EIMD protocol. The 
EIMD protocol consisted of walking (6 km/h) backwards, 
downhill (13° gradient) for 1-hr carrying 10% of the subject’s 
body mass in a backpack.  
 
A custom optical flow tracking algorithm implemented in 
Matlab (Mathworks, MA, USA) was used to track muscle 
fascicle length on the ultrasound recording throughout each 
PNS period. Physiologically appropriate equations describing 
the active  and passive L-T curves 

 were fit to each individual’s data 
[3]. From the active L-T equation, maximum torque (Fmax) and 
the muscle length at which Fmax occurs (Lo) was determined. 
For experiment 2, the gradient of the passive L-T curve (i.e. 
passive stiffness) was also determined. 



 
RESULTS AND DISCUSSION 
Experiment 1: Example data of L-T curves using model A 
compared to model B are shown in Fig. 1. Mean calculated 
values of Fmax and Lo were greater for model B compared to A 
by ~29% and ~12%, respectively (Table 1).  These results are 
similar to those comparing the two models in animal studies 
[2]. This indicates that the choice of skeletal muscle model 
used to investigate the L-T relationship has implications 
regarding faithfully constructing the correct relationship. 
 

 
Figure 1:  Example L-T curves (single subject) calculated 
with model A (solid line, closed diamonds) and model B 
(dashed line, open diamonds). Model B L-T curve shifts to the 
right and up affecting the values of Fmax and Lo compared to 
model A. Total torque (open squares) and passive torque 
(solid line, open circles) are the same for models A and B. 
 
Experiment 2: Using model B to construct L-T curves, EIMD 
was found to have occurred due to changes in the shape of the 
curves between pre-exercise and 2-hr post-exercise (Fig. 2). In 
4 out of 5 subjects, maximum force production decreased after 
exercise. Average Fmax dropped by ~20% between pre-
exercise and 2-hr post-exercise (Table 2). In the same 4 
subjects, the optimal length for torque production increased 
after exercise. Average Lo increased by ~6% between pre-
exercise and 2-hr post-exercise. Passive elements also 
appeared to become stiffer with an increase in passive stiffness 
of ~50% after exercise. These results indicate that model B L-
T curves are sensitive enough and can provide an indication of 
EIMD. Furthermore, without knowledge of the length changes 
of the muscle fascicles, using method A would likely 

overestimate reductions in active torque after damaging 
exercise because of the increased passive stiffness that would 
be incorrectly subtracted from the total torque.  
 

 
Figure 2:  Example pre-exercise (solid line, closed markers) 
and 2-hr post-exercise (dashed line, open markers) L-T curves 
using model B. After exercise, the active (diamonds) L-T 
curve shifts to the right and drops down while the slope of the 
passive (circles) L-T curve increases. 
 
CONCLUSIONS 
This study has shown that the skeletal muscle model used to 
construct L-T curves has implications regarding the shape and 
accuracy of these curves. As such, research that use the L-T 
relationship to measure or examine certain phenomena (such 
as EIMD), should carefully determine the model appropriate 
for the muscle being investigated. Finally, L-T curves created 
with model B, using ultrasound to measure muscle fascicle 
length, are able to correctly identify the presence of muscle 
damage in humans in vivo. 
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Table 1: Group maximum torque (Fmax) and optimal muscle fascicle length (Lo) values for models A and B. 

 
Table 2: Group maximum torque (Fmax), optimal muscle fascicle length (Lo) and stiffness values pre- and 2-hr post-exercise. 

 Fmax (N.m) Lo (mm) Stiffness Constant 
Pre-exercise 61.49 ± 11.59 51.88 ± 6.41 0.2316 ± 0.0392 
2-hr Post-exercise 49.01 ± 15.68 54.76 ± 7.39 0.3482 ± 0.0855 
 

 Fmax (N.m) Lo (mm) 
Model A 49.49 ± 9.35 54.98 ± 10.88 
Model B 63.98 ± 9.88  61.39 ± 12.96  


