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ABSTRACT 
Previously, myofascial force transmission was studied for isometric muscle 
conditions exclusively. Therefore, effects of dynamic shortening of head III of rat 
extensor digitorum longus muscle (EDL III) on myofascial force transmission were 
investigated. The anterior crural compartment was left intact. Force was measured 
simultaneously at the distal EDL III tendon as well as at the proximal EDL tendon 
and the distal tendons of tibialis anterior and extensor hallucis longus muscles 
(TA+EHL). Two types of distal shortening of EDL III were studied: (1) sinusoidal 
shortening (from lo to lo–2 mm) and (2) isokinetic shortening (from lo + 1 mm to lo–7 
mm, velocity = 5 mm/s).  

Sinusoidal shortening of EDL III caused a decrease in force exerted at the distal 
tendon of EDL III (from 0.58 ± 0.04 N to 0.26 ± 0.02 N). In contrast, hardly any 
changes in proximal EDL force and distal TA+EHL force were found. Maximal 
concentric force exerted at the distal tendon of EDL III was higher than maximal 
isometric force expected on the basis of the physiological cross-sectional area of 
EDL III muscle fibers. Therefore, a substantial fraction of this force must originate 
from sources other than muscle fibers of EDL III.  

Isokinetic shortening of EDL III caused high changes in EDL III force (from 
0.97 ± 0.06 N to zero). In contrast, changes in proximal EDL force were rather low 
(from 2.44 ± 0.10 N to 1.99 ± 0.08 N) and, remarkably, not equal to changes in EDL 
III force. No effects of isokinetic shortening of EDL III on TA+EHL force could be 
shown. 

These results are explained in terms of force transmission between the muscle 
belly of head III of multi-tendoned EDL muscle and adjacent tissues. Thus also in 
dynamic muscle conditions, muscle fiber force is transmitted via myofascial 
pathways.  
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INTRODUCTION 
Several human tasks, such as typing on a keyboard and playing a musical instrument 
require movements of fingers relative to each other. In general, multi-tendoned 
muscles of the forearm contribute to finger flexion and extension. Movements of 
fingers relative to each other involve muscle-tendon complex length changes of the 
corresponding muscle heads. Consequently, some heads of a multi-tendoned muscle 
may be active at high length, while simultaneously other heads are active at a lower 
length. In such conditions, the position of muscle heads relative to each other 
changes, as well as their position relative to other surrounding muscular and non-
muscular structures.  

For rat whole extensor digitorum longus muscle (EDL) within an intact anterior 
crural compartment, it has been shown recently that muscle relative position is a co-
determinant of isometric muscle force (Huijing and Baan, 2003; Maas et al., 2003a; 
Maas et al., 2003c; Maas et al., 2003d). Such position effects have been explained in 
terms of force transmission out of the muscle via pathways other than the tendons, 
i.e. inter- and extramuscular myofascial force transmission (Huijing and Baan, 
2001a; Maas et al., 2001). Previous studies (Huijing et al., 1998; Jaspers et al., 2002) 
on fully dissected multi-tendoned rat EDL muscle yielded clear evidence of 
transmission of force between muscle heads via connective tissue at their interface 
(i.e. intramuscular myofascial force transmission). Recently, force transmission 
between a single head of EDL muscle and adjacent synergists as well as 
extramuscular structures was found (Maas and Huijing, 2003a).  

All previous experiments on myofascial force transmission involved isometric 
muscle contractions exclusively. Therefore, in the present work, effects of two types 
of dynamic shortening of one head of rat EDL muscle (head III, referred to as EDL 
III) were studied (i.e. small sinusoidal and long range isokinetic shortening). The 
purpose of this study was to test the hypothesis that also in dynamic muscle 
conditions force is transmitted between EDL III and adjacent tissues (1) via 
intramuscular myofascial pathways as well as (2) via inter- and extramuscular 
myofascial pathways.  
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METHODS 
Surgical and experimental procedures were in strict agreement with the guidelines 
and regulations concerning animal welfare and experimentation set forth by Dutch 
law, and approved by the Committee on Ethics of Animal Experimentation at the 
Vrije Universiteit. 
 
Surgical procedures 
Male Wistar rats (n = 11, body mass = 310.7 ± 7.6 g) were anaesthetized by 
intraperitoneal injection of a 12.5 % urethane solution (1.2 ml/ 100 g body mass; if 
necessary, extra doses were given to maintain deep anesthesia: maximally 1.5 ml). 
To prevent hypothermia during surgery and data collection, the animals were placed 
on a heated water pad of approximately 37°C. Ambient temperature (22 ± 0.5 °C) 
and air humidity (80 ± 2%) were kept constant by a computer controlled air-
conditioning system (Holland Heating, Waalwijk, The Netherlands). Dehydration of 
muscle and tendon tissue was prevented by regular irrigation with isotonic saline. 

Removing the skin and most of the biceps femoris muscle from the left hind limb 
exposed the anterior crural compartment, which envelopes the tibialis anterior (TA), 
extensor digitorum longus (EDL) and extensor hallucis longus (EHL) muscles. 
Connective tissues of the compartment at the muscle bellies of TA, EHL and EDL as 
well as the retinaculae at the ankle (i.e. transverse crural ligament and the crural 
cruciate ligament) were left intact.  

Multi-tendoned EDL muscle consists of four heads of which the muscle fibers 
share a common aponeurosis and tendon proximally, but have individual aponeuroses 
and tendons distally (Balice-Gordon and Thompson, 1988). The heads are named 
after their insertions on the digits of the toes (II, III, IV, V). In the foot, the distal 
tendon of head III of multi-tendoned EDL muscle (EDL III) was dissected free from 
surrounding tissues. The most distal part of the anterior crural compartment had to be 
opened to reach the distal tendons of TA and EHL muscles. The distal tendons of TA 
and EHL muscles are, for a substantial part of their length, quite close to one another. 
As it is difficult to measure force exerted at each tendon individually without friction 
between them, the distal tendons of TA and EHL were tied together using polyester 
thread, with the ankle joint at 90° (further referred to as TA+EHL). The distal tendon 
of EDL III and the distal tendons of the TA+EHL complex were cut and Kevlar 
threads (diameter = 0.5 mm, tensile modulus = 58 GPa, 3.7% extension to breaking; 
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Goodfellow, Cambridge, England) were tied to them. The foot was attached to a 
plastic plate with tie wraps. The femoral compartment was opened in order to (1) cut 
a small piece of the lateral epicondyle of the femur (i.e. the origin of EDL muscle) 
for attaching it to Kevlar thread, (2) to secure a metal clamp to the femur for later 
fixation at a knee angle of 100° in the experimental apparatus, and (3) to dissect the 
sciatic nerve.  

Within the femoral compartment, the sciatic nerve branches into the tibial nerve, 
the sureal branch and the common peroneal nerve. The common peroneal nerve 
enters the anterior crural compartment from the peroneal compartment through a 
fenestration within the anterior intermuscular septum (Huijing and Baan, 2001b, 
2003). Branches of the intact common peroneal nerve innervate EDL, TA and EHL 
muscles as well as the muscles in the peroneal compartment. The tibial nerve, the 
sureal branch as well as all other more proximal branches of the sciatic nerve were 
cut. The sciatic nerve, with only the common peroneal nerve branch left intact, was 
dissected and cut as proximally as possible. 
 
 

FT 3

FT 2 (EDL III)

� l EDL IIIm t+

Pulley

Ergometer

FT 1 (EDL prox)

TA+EHL

TA
90

 
Fig. 1. A schematic representation of the experimental set-up. A lateral view of the lower leg of the rat 
left hind limb in the experimental set-up is shown. As EDL and EHL muscles are enclosed by TA 
muscle, only the latter muscle is visible. FT1 indicates the force transducer connected to the proximal 
tendon of EDL muscle, FT2 indicates the force transducer mounted on a multipurpose muscle ergometer 
connected to the distal tendon of EDL III, FT3 indicates the force transducer connected to the distal 
tendons of TA and EHL muscles. Kevlar thread was used to connect the muscles to force transducers. A 
low friction pulley guided the Kevlar thread from TA+EHL to FT3 that, for reasons of space, was placed 
perpendicular to the other force transducers. The proximal tendon of EDL muscle was connected directly 
to the force transducer, which was positioned in the line of pull. The distal tendon of EDL III was 
connected to the force transducer via a low friction pulley. Various muscle-tendon complex lengths of 
EDL III were obtained by repositioning the ergometer (i.e. FT2), as indicated by the double arrow.  
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Mounting the animal in the experimental apparatus 
The rat was placed on a platform. The metal clamp was used to secure the femur at a 
knee angle of 100°. The plastic footplate was positioned in such a way that the ankle 
angle was 90° (Fig. 1). Using the Kevlar threads, the proximal tendon of EDL muscle 
as well as the distal tendons of the TA+EHL complex were connected to force 
transducers (maximal output error < 0.1 %, compliance of 0.0048 mm/N; Hottinger 
Baldwin, Darmstadt, Germany) mounted on single axis micropositioners, and the 
distal tendon of EDL III was connected to a force transducer (compliance 0.014 
mm/N) mounted on a multipurpose muscle ergometer (Woittiez et al., 1987). The 
other distal tendons of EDL muscle were left attached to their insertions on the digits 
within the foot (i.e. II, IV and V). For TA+EHL force measurements, the Kevlar 
thread was connected to the force transducer via a low friction pulley that, for 
reasons of space, was placed perpendicular to the other force transducers. For EDL 
head III distally, a natural pulley (i.e. the retinaculae at the ankle) causes its line of 
pull to be in parallel with the foot. To connect the Kevlar thread to the force 
transducer on the ergometer, an additional pulley was needed. The proximal tendon 
of EDL muscle was connected directly to the force transducer, which was positioned 
in the line of pull. 

The sciatic nerve, with only the common peroneal nerve branch left intact, was 
placed in a pair of silver electrodes. The nerve was prevented from dehydration, by 
covering it with paper tissue saturated with isotonic saline covered by a thin piece of 
latex. In all experimental conditions, the sciatic nerve was stimulated 
supramaximally using electrodes connected to a constant current source (3 mA, pulse 
width 100 µs, frequency 100 Hz).  
 
Experimental protocols 
For all experimental conditions, the length of the TA+EHL complex (corresponding 
to an ankle joint at 90°) was kept constant. This was also the case for the position of 
the proximal tendon of EDL muscle (corresponding to a knee joint at 100°). In 
addition, the distal tendons of EDL head II, IV, and V were left attached to their 
insertions. Therefore, their muscle-tendon complex lengths were also kept constant. 
In the experiment, EDL III was allowed to shorten dynamically, leading to changes 
of its muscle-tendon complex length, as well as to changes of its position relative to 
(1) other EDL heads, (2) adjacent muscles and (3) extramuscular tissues. Time traces 
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of force exerted at the distal tendon of EDL III, the proximal EDL tendon and the 
distal tendons of the TA+EHL complex, were collected using a 12-bit A/D converter 
(sampling frequency 1000 Hz, resolution of force < 0.01 N, resolution of length < 2.5 
mm). Timing of stimulation of the nerve, length changes of EDL III and A/D 
conversion were controlled by a special-purpose microcomputer. Before acquiring 
data, EDL muscle was preconditioned by isometric contractions at several high 
lengths of EDL III until isometric forces at low and high EDL III length were 
reproducible (Huijing and Baan, 2001a).  

Two types of concentric contractions of EDL III were imposed:  
A) Sinusoidal shortening of EDL III (n = 5). Passive EDL III was lengthened distally 
to isometric optimum length (lo). Subsequently, stimulation of the common peroneal 
nerve and shortening of EDL III were started simultaneously. EDL III was allowed to 
shorten over a limited length range (i.e. from lo to lo–2 mm in 0.5 s). To make sure 
that the muscles were fully relaxed by the end of shortening, nerve stimulation was 
turned off after 0.35 s (Fig. 2C). Note that active shortening of EDL III follows a 
sinusoidal trajectory in time, i.e. length and shortening velocity change in time 
according to sinusoidal curves (maximal velocity = 6.28 mm/s).  
B) Isokinetic shortening of EDL III (n = 6). Before each contraction, passive EDL III 
was brought to the desired length (lo+1 mm) by moving the ergometer force 
transducer (Fig. 4C). Subsequently, the common peroneal nerve was stimulated 
without any changes of EDL III length, to allow building up of isometric force (pulse 
train 300 ms). While muscle stimulation continued (pulse train 1600 ms), EDL III 
was shortened isokinetically by 8 mm (i.e. from lo+1 mm to lo–7mm, velocity = 5 
mm/s).  
 
Treatment of force data and statistics 
For all force data, mean ± standard error of the mean (SE) was calculated. Although 
forces exerted at the distal tendons of EDL III and the TA+EHL complex are in 
opposite direction to forces exerted at the proximal tendon of EDL, all forces will be 
presented as positive values.  

To test for effects of EDL III muscle-tendon complex length on proximal EDL 
force, distal EDL III force and TA+EHL complex force, one-way ANOVA’s for 
repeated measures were performed. P values < 0.05 were considered statistically 
significant. 
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RESULTS 
Effects of small concentric length changes of EDL III 
In Fig. 2, mean traces of total force exerted at the distal tendon of EDL III and at the 
proximal tendon of whole EDL during small concentric length changes of EDL III 
are shown.  

EDL proximal force (Fig. 2A). At t = 0 s, a small passive force (0.06 ± 0.01 N) 
was exerted at the proximal tendon. After concurrent simultaneous onset of 
stimulation of the common peroneal nerve (exciting EDL, TA, EHL muscles as well 
as muscles in the peroneal compartment) and the start of EDL III shortening, 
proximal EDL force built up to a maximum of 1.61 ± 0.08 N. Despite the fact that 
the shortening muscle fibers of head III have the capability to transmit force onto the 
proximal aponeurosis of EDL, the proximal EDL force trace resembles that of an 
isometric contraction. After reaching a plateau, force exerted at the proximal tendon 
of EDL remained fairly constant (it decreased by only 0.07 N, i.e. by 4.3 %) and no 
very obvious effects of progressive shortening of EDL III are observed. After nerve 
stimulation was switched off, proximal EDL force dropped to 0.04 ± 0.00 N. These 
results indicate that small dynamic length changes of EDL III hardly affect proximal 
EDL force. 

Distal EDL III force (Fig. 2B). Since EDL III was brought to optimum length (lo) 
prior to excitation of the muscles, some passive force (0.08 ± 0.01 N) was exerted at 
the starting time of stimulation (t = 0 s). After the simultaneous onset of nerve 
stimulation and EDL III shortening, EDL III force built up to a maximum of 0.58 ± 
0.04 N. Due to the fact that the length signal follows a sinusoidal curve, EDL III was 
shortened by only 0.23 mm at the time maximal force was measured (t = 0.11 s). 
Until stimulation was switched off (t = 0.35 s), a further decrement of EDL III 
muscle-tendon complex length (∆ lm+t = 1.36 mm) caused EDL III force to decrease 
progressively (to 0.26 ± 0.02 N, i.e. by 55 %). After stimulation of the common 
peroneal nerve was switched off, EDL III total force decreased to near zero (i.e. 
passive force exerted at its new length, lo – 2 mm, was smaller than 0.01 N). 
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Fig. 2. EDL total forces during small concentric 
length changes of EDL III. (A) Mean traces of 
total force (Fm) exerted at the proximal tendon of 
EDL. (B) Mean traces of total force exerted at the 
distal tendon of EDL III. (C) EDL III length and 
stimulation of the common peroneal nerve. Passive 
EDL III was brought to high length (lo). 
Subsequently, stimulation of the nerve and 
shortening (from lo to lo-2 mm) of EDL III were 
started simultaneously. Muscles are excited 
maximally for 0.35 s. Note that the active 
shortening of EDL III follows a sinusoidal 
trajectory in time. Stimulation of the common 
peroneal nerve causes activation of EDL, TA and 
EHL muscles as well as the muscles in the 
peroneal compartment. The end of nerve 
stimulation is indicated (vertical dotted line). The 
horizontal dotted line in A indicates maximal force 
of proximal EDL. Values are shown as mean ± SE 
(n = 5). 

 
If all force generated within the muscle fibers of EDL III would be transmitted 

exclusively onto the proximal EDL tendon, changes of force exerted at the proximal 
tendon of EDL are equal the changes of force exerted at the distal tendon of EDL III. 
Fig. 2 clearly shows that this was not the case. For mechanical equilibrium, the sum 
of the forces exerted proximally should equal the sum of the forces exerted distally. 
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Such mechanical equilibrium can be obtained by (1) an increase of force exerted at 
distal locations other than the distal tendon of EDL III and/or (2) a decrease of force 
exerted at proximal locations other than the proximal tendon of EDL. Locations that 
may be involved are: the distal tendons of the not measured EDL heads (i.e. II, IV 
and V), the origin and insertion of TA and EHL muscles, other non-muscular 
structures of the anterior crural compartment. Therefore, it is concluded that force is 
transmitted via myofascial pathways between EDL III and its surrounding muscular 
and/or non-muscular structures. 
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Fig. 3. Total force of TA+EHL during small 
concentric length changes of EDL III. (A) Mean 
traces of total force (Fm) exerted at the distal 
tendons of TA+EHL. (B) EDL III length and 
stimulation of the common peroneal nerve (see 
legend Fig. 2). The end of nerve stimulation is 
indicated (vertical dotted line). The horizontal 
dotted line indicates maximal total force of the 
TA+EHL complex. Values are shown as mean ± 
SE (n = 5). 
 

 
TA+EHL complex force. In Fig. 3, mean traces of total force exerted at the distal 

tendons of the TA+EHL complex during small dynamic length changes of EDL III 
are shown. Passive TA+EHL force exerted at t = 0 s was very small (i.e. 0.01 ± 0.01 
N). After an initial steep rise, distal TA+EHL force remained almost constant. 
Passive TA+EHL force exerted at the end of EDL III shortening (i.e. 0.04 ± 0.02 N) 
was slightly increased, but not significantly different from passive force prior to EDL 
III shortening. These results can be explained in two ways: (1) either intermuscular 
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interactions between EDL III and TA+EHL during small dynamic length changes of 
EDL III are absent, or (2) effects of intermuscular interactions cancel each other and 
yield a net effect equal to zero. If the former is assumed, the present results must be 
explained in terms of force transmission between the heads of EDL (i.e. 
intramuscular myofascial force transmission) or between EDL III and surrounding 
extramuscular structures (i.e. extramuscular myofascial force transmission). 
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Fig. 4. EDL total forces during long range 
isokinetic shortening of EDL III. (A) Mean traces 
of total force (Fm) exerted at the proximal tendon 
of EDL. (B) Mean traces of total force exerted at 
the distal tendon of EDL III. (C) EDL III length 
and stimulation of the common peroneal nerve. 
After building up of isometric force, EDL III was 
shortened isokinetically (velocity = 5 mm/s) by 8 
mm (i.e. from lo+1 mm to lo-7 mm). Note that 
stimulation of the common peroneal nerve causes 
activation of EDL, TA and EHL muscles as well 
as the muscles in the peroneal compartment. The 
start and end of EDL III shortening is indicated 
(vertical dotted lines). Values are shown as mean 
± SE (n = 6). 
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Effects of isokinetic shortening of EDL III 
To assess if the limited effects of dynamic shortening of EDL III on proximal EDL 
force and distal TA+EHL force can be ascribed to the limited length range, EDL III 
was shortened isokinetically (velocity = 5 mm/s) over a larger length range (i.e. by 8 
mm) (Fig. 4C). Mean traces of total force exerted at the distal tendon of EDL III and 
the proximal tendon of whole EDL are shown in Fig. 4.  

EDL proximal force (Fig. 4A). Before EDL III was shortened, a small passive 
force (0.06 ± 0.02 N) was exerted at the proximal EDL tendon. After building up of 
isometric force, active shortening of EDL III imposed via its distal tendon decreased 
proximal EDL total force exponentially (from 2.44 ± 0.10 N to 1.99 ± 0.08 N, i.e. by 
18%). After full relaxation of EDL muscle, proximal passive force was zero.  

Distal EDL III force (Fig. 4B). As EDL III was kept initially at over isometric 
optimum length (lo + 1 mm), a substantial passive force was exerted at the distal 
tendon of EDL III (0.12 ± 0.01 N). After building up of isometric force, distal total 
force of EDL III decreased exponentially (from 0.97 ± 0.06 N to zero) due to 
shortening velocity and length effects. After full relaxation of EDL muscle, distal 
passive force was zero. 

These results show that even with substantial dynamic length changes of EDL 
III, force changes at the distal tendon of EDL III are not equal to force changes at the 
proximal EDL tendon: changes of EDL III distal force were approximately twice the 
changes of proximal EDL force. Therefore, it seems likely that during more extreme 
shortening similar mechanisms are active as during small sinusoidal length changes.  

TA+EHL complex force (Fig. 5). Initial passive force exerted by the TA+EHL 
complex, kept at a constant moderate length, was negligible. After building up of 
isometric force, mean total TA+EHL force decreased monotonically during the 
tetanic contraction of these muscles (from 5.07 ± 0.34 N to 4.60 ± 0.31 N, i.e. by 9.3 
%). It should be noted that the time-force signal of TA+EHL is not perturbed by the 
onset (t = 0.48 s) of isokinetic shortening of EDL III (i.e. see magnification of time-
force signal). These results constitute no unequivocal evidence for intermuscular 
interactions between EDL III and the TA+EHL complex during dynamic EDL III 
shortening. As the muscles are activated for 1900 ms, the decrement of TA+EHL 
force in time may be well explained by other effects, such as fatigue due to sustained 
maximal excitation of TA and EHL muscles.  
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Fig. 5. Total force of TA+EHL during long-range 
isokinetic shortening of EDL III. (A) Mean traces 
of total force (Fm) exerted at the distal tendons of 
TA+EHL. Note that that the time-force signal is 
not perturbed by the onset of isokinetic shortening 
of EDL III as shown by the magnification of the 
time-force trace (see inset, the arrow indicates the 
start of EDL III shortening). (B) EDL III length 
and stimulation of the common peroneal nerve. 
(see legend Fig. 4). The start and end of EDL III 
shortening is indicated (vertical dotted lines). 
Values are shown as mean ± SE (n = 6). 

 

DISCUSSION 
To the best our knowledge, this is the first systematic study regarding effects of 
myofascial force transmission during controlled dynamic changes of muscle-tendon 
complex length. The major result of the present study is that changes of force exerted 
at the proximal tendon of whole EDL muscle as a result of dynamic shortening of 
head III of EDL muscle were unequal to changes of distal EDL III force. This 
indicates that shortening EDL III distally did not cause comparable length changes of 
components (i.e. sarcomeres, intramuscular connective tissue) located more 
proximally within muscle fibers of EDL muscle. No effects of such EDL III length 
changes on force exerted at the distal tendons of TA and EHL muscles were found. 
Therefore, these results are explained in terms of myofascial force transmission 
between EDL III and surrounding heads (i.e. intramuscular) as well as non-muscular 
surrounding structures (i.e. extramuscular).  

Our present experiments yielded more evidence for such a conclusion. Recently, 
it was reported that the mass of head III of EDL muscle expressed as a percentage of 
total EDL muscle mass was 16 ± 2.2 % (Maas and Huijing, 2003a). As the number of 
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sarcomeres in series within fibers of different EDL heads has been shown to be rather 
similar (Huijing et al., 1998), values of normalized mass were considered as adequate 
estimates of normalized physiological cross-sectional area and, thus, of maximal 
relative contribution of individual heads to total EDL muscle force. In a previous 
study, optimal isometric force for whole EDL muscle of rats with similar body mass 
was 2.60 ± 0.14 N (Maas et al., 2001). If a comparable optimal EDL force is assumed 
for the present study, maximal isometric force exerted by the muscle fibers of EDL 
III onto its distal tendon should be ~0.42 N.  

In isometric as well as concentric muscle conditions of the present study, force 
exerted at the distal tendon of EDL III was higher than this estimated maximal value. 
Isometric force prior to isokinetic shortening was 0.97 ± 0.06 N (Fig. 4B). Note that 
according to the force–velocity characteristics (Hill, 1938), maximal force exerted by 
the muscle fibers of EDL III during concentric contractions should be decreased 
compared to maximal isometric force. Nevertheless, concentric forces exerted at the 
distal tendon of EDL III were also higher than maximal isometric force expected on 
the basis of the physiological cross-sectional area of EDL III muscle fibers: (1) force 
in the first phase of isokinetic shortening (between t = 0.48 s and t = 0.82 s, Fig. 4B) 
and (2) maximal force during sinusoidal shortening (i.e. 0.58 ± 0.04 N, Fig. 2B) 

It is concluded that, also for concentric muscle conditions, some force is 
transmitted onto the distal tendon of a single muscle head of multi-tendoned muscle 
via extramuscular myofascial pathways as well as via intramuscular myofascial 
pathways.  
 
Intermuscular myofascial force transmission in dynamic muscle conditions 
Recently, effects of length of a single head of rat EDL muscle on isometric muscle 
forces were studied (Maas and Huijing, 2003a). Comparable to the present results 
(Fig. 4), we found that increasing of EDL III muscle-tendon complex length distally 
causes relatively high changes of force exerted at the distal tendon of EDL III, but 
only limited changes of force exerted at the proximal tendon of EDL muscle. 
Furthermore, a substantial decrease of EDL III length (i.e. by 9 mm) caused a 
significant but small increase of isometric TA+EHL force (0.17 ± 0.03 N, i.e. 3.4 %). 
In contrast, no unequivocal evidence for intermuscular interactions between EDL III 
and TA+EHL was found in the present study (Fig. 3 and 5). The main difference 
between these experiments is the condition of EDL III: isometric versus concentric. 
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Therefore, the lack of intermuscular interactions should be explained by effects of 
dynamic length changes of EDL III. Potential explanations are: 

(1) Effects of shortening velocity of muscle fibers of EDL III, force exerted at its 
distal tendon is lower compared to isometric force at the same muscle-tendon 
complex length. If force is decreased the tendon will shorten. As a consequence, fiber 
length is increased at any muscle-tendon complex length of EDL III. This indicates 
that changes of the position of the muscle belly of EDL III relative to adjacent 
synergists are smaller, which may decrease the effects of intermuscular myofascial 
force transmission. As substantial changes of EDL relative position are still expected, 
this cannot fully explain the absence of intermuscular interactions.  

(2) Dynamic shear at the interface between the muscle belly of EDL III and 
adjacent tissues may decrease the shear stiffness of the structures responsible for 
intermuscular force transmission. Such thixotropic effects would decrease the 
amount of force transmitted via intermuscular myofascial pathways. However, the 
precise dynamic mechanical properties of structures representing myofascial 
pathways are unknown. Therefore, further experiments are needed to elucidate the 
mechanisms responsible for the different intermuscular interactions between 
isometric and concentric muscle conditions.  
 
Implications of myofascial force transmission for the development of muscle 
disorders in the forearm 
Computer related tasks, such as typing on a keyboard, require movements of fingers 
relative to each other. A recent survey on working conditions, among a representative 
sample of the total working population, indicated that 41% of employees in the 
European Union use computers for at least one quarter of their working time (Paoli 
and Merllié, 2001). Epidemiological studies have shown that computer work is 
accompanied by an increased risk of upper extremity musculoskeletal disorders (for a 
review see Punnett and Bergqvist, 1997), which may affect any part of the upper 
extremity from the shoulder to the fingers (e.g. Pascarelli and Kella, 1993).  

Various pathophysiological mechanisms of muscle pain have been hypothesized, 
both at peripheral and the central nervous system level (for reviews see Armstrong et 
al., 1993; Forde et al., 2002). Recently, it was postulated that myofascial force 
transmission plays a role in the etiology of muscle disorders in the forearm related to 
repeated movements of fingers relative to each other (Huijing and Baan, 2001a; 
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Jaspers et al., 2002; Maas and Huijing, 2003a). Such finger movements require 
shortening of one or more heads of multi-tendoned extrinsic extensors or flexors of 
the human fingers while, simultaneously, the length of other heads increases or 
remains constant. This implies changes of the relative position of muscle heads and 
adjacent tissues and, thus, shearing at the connective tissue interface between those 
structures. There are two consequences of changes of muscle relative position, 
predisposing pain within the forearm muscles: 

(1) Local high strains and stresses at the interface between muscle bellies. If a 
single muscle-tendon complex is lengthened, shearing of the interface between the 
corresponding muscle belly and adjacent tissues is highest near the location at which 
length changes are imposed and gradually decreases to the opposite site (for a 
schematic illustration see Maas et al., 2003a). Thus very local differences in shear 
strain are expected and, if equal shear stiffness of the connective tissues between a 
muscle head and adjacent tissues is assumed, local differences in shear stress. 
Accordingly, for small distal length changes of a single head of a multi-tendoned 
muscle, high shear strain and stress at the muscle belly interface is expected near the 
distal tendons.  

(2) Co-contraction of antagonists. Due to myofascial force transmission between 
a single head of multi-tendoned muscle and adjacent tissues, forces exerted at the 
distal tendons of muscle heads other than the target one may be affected also. If the 
antagonist forces remain constant, altered agonist or synergist force would lead to 
joint movements of the corresponding digits. Therefore, myofascial force 
transmission should also be considered as an important mechanism, contributing to 
the limited ability of humans to move a single digit without movements of adjacent 
digits. To prevent any undesired digit movement, co-contraction of antagonists is 
needed. In an experiment with monkeys that were instructed to move a single digit, 
co-contraction in the extrinsic flexors and extensors was reported (Schieber, 1995).  

Prolonged repetitive movements of digits relative to each other involves frequent 
shearing of the interface between muscle heads and their surrounding tissues and, 
thus, repetitive local high shear strain and stress on the structures that bear the 
myofascial forces (e.g. collagens within connective tissue as well as proteins that link 
sarcomeres to endomysium). Note that only small movements are needed to cause 
such local high shear strains. For the short-term, this may lead to very local damage 
of connective tissue as well as of muscle fibers and, consequently, muscle pain. For 
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the long-term, this may result in local adaptation of connective tissue (Jaspers et al., 
2002). As the amount and arrangement of collagen within muscle connective tissue is 
altered in response to changes of mechanical load (Kovanen et al., 1984; Williams et 
al., 1998; Williams and Goldspink, 1984), the stiffness of connective tissue is 
expected to increase. Stiffer connective tissue at the interface between a muscle head 
and adjacent tissues will enhance the magnitude of force transmitted via myofascial 
pathways. As a consequence, the interdependence of digits is increased. To move a 
single digit without movements of adjacent digits co-contraction of antagonists needs 
to be intensified. Such events may create a downward spiral, which may ultimately 
result in cramp and pain in the muscles of the forearm.  
 
Concluding remarks 
It should be noted that in the present experiment a multi-tendoned rat muscle of 
lower hind limb was studied. For implications of myofascial force transmission on 
the development of muscle pain in the human forearm, species related differences 
between human and rat (e.g. body size, anatomy, muscle architecture) as well as 
differences between lower hind limb and fore limb musculature should be 
considered. Studies comparing rat EDL muscle to human extensor digitorum 
communis muscle (EDC) cannot be found in the literature. Though, striking 
similarities were found between cat EDL and human EDC with regard to anatomy 
and function (Fritz and Schmidt, 1992).  

It should be noted that in the present experiment tendon forces were measured 
while all four EDL muscle bellies as well as TA and EHL muscles were excited 
simultaneously and maximally. For most movements in vivo, such activation pattern 
is not found. It may be argued that the stiffness of intra-, inter- and extramuscular 
connective tissues in the present study was higher than if muscles are not active. 
Accordingly, effects of myofascial force transmission during in vivo activation 
patterns may differ. Therefore, effects of length changes of a single head that is 
surrounded by passive or submaximal activated muscle fibers needs further 
investigation.  

Moreover, due to length changes of series elastic components (i.e. tendons, 
aponeuroses) as well as due to changes of angle of pennation, changes of muscle-
tendon complex length differ from changes of muscle fiber length (Huijing and 
Woittiez, 1985; Kurokawa et al., 2001). Accordingly, muscle-tendon complex length 
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shortening velocity differs from muscle fiber shortening velocity (Kurokawa et al., 
2001; Zuurbier and Huijing, 1992). In the present study, the muscle belly of EDL 
muscle was fully covered by TA muscle. As a consequence, effects of changes of 
EDL III muscle-tendon complex length on the relative position of EDL III as well as 
on the length of EDL III muscle fibers could not be assessed. Such changes of the 
relative position of a muscle head should be measured to quantify the amount of 
shearing of the connective tissue interface during finger movements in humans. 
Ultrasonography, which is used to study changes of muscle fascicle length in vivo 
(Fukunaga et al., 1997; Maganaris, 2001), or cine phase-contrast magnetic resonance 
imaging, which is used to measure changes of the position of a specified region of 
the muscle belly during human movements (Asakawa et al., 2002; Pappas et al., 
2002), may be used for this.  

In conclusion, myofascial force transmission is an important mechanism during 
dynamic muscle activity. The present work shows that effects of such force 
transmission are substantial, also during small in vivo like length changes of a single 
head of multi-tendoned muscle. As multi-tendoned muscles of the forearm contribute 
to finger flexion and extension, these new insights improve the understanding of 
finger interdependence as well as of the pathogenesis of repetitive strain injury 
within the forearm.  
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ABSTRACT 
During dynamic shortening of a single head of multi-tendoned EDL muscle, force is 
transmitted via myofascial pathways between that head and adjacent tissues. The aim 
of the present experiment was to study effects of prolonged (3 hours) intermittent 
concentric exercise of head III of EDL (EDL III) on (a) indices of early muscle 
damage and on (b) force transmission between EDL III and adjacent tissues of the 
intact anterior crural compartment. 

Three hours after the cessation of EDL III exercise, muscle damage, as assessed 
by histological and immunohistochemical methods, was found in EDL as well as 
TA+EHL: a limited number of (a) swollen muscle fibers, (b) swollen muscle fibers 
with discontinuous dystrophin staining, and (c) fibers stained negative for 
dystrophin, desmin as well as titin. The damaged muscle fibers were not uniformly 
distributed throughout the muscle cross-sections, but were located predominantly 
near the interface of TA and EDL muscles as well as near intra- and extramuscular 
neurovascular tracts.  

Post EDL III exercise, length-distal force characteristics of EDL III were altered 
significantly: at high EDL III lengths, active forces decreased (by 20-32%) and the 
length range between active slack length and optimum length increased. For all EDL 
III lengths tested, passive (by 26-49%) as well as active force (by 8-12%) of 
proximal EDL decreased. The slope of the EDL III length–TA+EHL force curve 
decreased, which indicates a decrease of the degree of intermuscular interaction 
between EDL III and TA+EHL.  

It is concluded that frequent loading of myofascial pathways causes damage to 
structures constituting those pathways, as well as changes of their mechanical 
properties. As a consequence, force transmission from the exercised muscle head is 
altered, as well as its mechanical interaction with surrounding tissues. 
 



Chapter 7 

 123 

INTRODUCTION 
The concept of myofascial force transmission is based on the phenomenon that, in 
addition to transmission between sarcomeres in series, force can be transmitted from 
sarcomeres within muscle fibers to the surrounding endomysium (Street, 1983; Street 
and Ramsey, 1965). Within muscle fibers adjacent parallel sarcomeres are linked to 
each other by desmin at the Z-line (Lazarides, 1980) and by skelemin at the M-line 
(Price, 1987; Price and Gomer, 1993). Complexes of structural proteins located 
between sarcomeres, subsarcolemmal cytoskeleton and extracellular matrix 
(reviewed by Berthier and Blaineau, 1997) connect muscle fibers to the 
intramuscular connective tissue network. Experimental evidence of myofascial force 
transmission (for reviews see Huijing, 1999b; Monti et al., 1999) indicates that these 
linkages are stiff enough to transmit force. Such force transmission is proposed to 
occur by shearing of these structures (Huijing, 1999b). 

For isometric conditions, it has been shown that myofascial pathways transmit 
force from a single muscle head of multi-tendoned muscle to the bony skeleton. 
Experiments on fully dissected extensor digitorum longus muscle (EDL) indicated 
that force is transmitted between muscle heads via their connective tissue interface 
(i.e. intramuscular myofascial force transmission) (Huijing et al., 1998; Jaspers et al., 
2002). For EDL muscle within an intact anterior crural compartment, it has been 
reported that force is transmitted between a muscle head and (a) adjacent muscles 
and/or (b) surrounding non-muscular structures (i.e. inter- and extramuscular 
myofascial force transmission) (Maas et al., 2003b). Recent results showed that 
intramuscular and extramuscular myofascial force transmission are also present 
during concentric contractions of a single EDL head (Maas and Huijing, 2003b).  

During shortening of a single head of multi-tendoned EDL muscle, the position 
of that head relative to adjacent tissues is altered, indicating shearing of the interface 
between these structures. Shearing of this interface is highest near the location at 
which length changes are imposed and gradually decreases to the opposite site (for a 
schematic illustration see Maas et al., 2003a). If a single head of multi-tendoned 
muscle is lengthened at the distal tendon, highest shear strains and stresses at the 
muscle belly interface are expected near the distal aponeurosis. The frequent 
occurrence of such high strains and stresses may lead to local disturbances or altered 
mechanical properties of the structures providing the myofascial route of force 
transmission. Damage to proteins linking sarcomeres and endomysium may lead to 
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damaged muscle fibers.  
The aim of the present experiment was to study effects of prolonged (3 hours) 

intermittent concentric exercise of EDL III on (a) indices of early muscle damage 
and on (b) force transmission between EDL III and adjacent tissues of the intact 
anterior crural compartment.  
 

METHODS 
Surgical and experimental procedures were in strict agreement with the guidelines 
and regulations concerning animal welfare and experimentation set forth by Dutch 
law, and approved by the Committee on Ethics of Animal Experimentation at the 
Vrije Universiteit. 
 
A. Force measurements 
Surgical procedures 
Male Wistar rats (n = 8, body mass = 306.4 ± 5.1 g) were anaesthetized using 
intraperitoneally injected urethane (1.2 ml/ 100 g body mass 12.5 % urethane 
solution, extra doses were given if necessary: maximally 1.5 ml). To prevent 
hypothermia during surgery and data collection, the animals were placed on a heated 
water pad of approximately 37°C. Ambient temperature (22 ± 0.5 °C) and air 
humidity (80 ± 2%) were kept constant by a computer controlled air-conditioning 
system (Holland Heating, Waalwijk, The Netherlands). Dehydration of muscle and 
tendon tissue was prevented by regular irrigation with isotonic saline. 

Removing the skin and most of the biceps femoris muscle from the left hind limb 
exposed the anterior crural compartment, which envelopes the tibialis anterior (TA), 
extensor digitorum longus (EDL) and extensor hallucis longus (EHL) muscles. 
Connective tissues of the compartment at the muscle bellies of TA, EHL and EDL as 
well as the retinaculae at the ankle (i.e. transverse crural ligament and the crural 
cruciate ligament) were left intact.  

EDL muscle consists of four heads of which the muscle fibers share a common 
aponeurosis and tendon proximally, but have individual aponeuroses and tendons 
distally (Balice-Gordon and Thompson, 1988). The heads are named after their 
insertions on the digits within the foot (II, III, IV, V). In the foot, the distal tendon of 
head III of EDL muscle (further referred to as EDL III) was dissected free from 
surrounding tissues. The most distal part of the anterior crural compartment had to be 
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opened (limited local fasciotomy) to reach the distal tendons of TA and EHL 
muscles. The distal tendons of TA and EHL muscles are, for a substantial part of 
their length, quite close to one another. As it is difficult to measure force exerted at 
each tendon individually without friction between them, the distal tendons of TA and 
EHL were tied together using polyester thread, with the ankle joint at 90°. This 
complex of muscles will be referred to as the TA+EHL complex. The distal tendon of 
EDL III and the distal tendons of the TA+EHL complex were cut and Kevlar threads 
(diameter = 0.5 mm, tensile modulus = 58 GPa, 3.7% extension to breaking; 
Goodfellow, Cambridge, England) were tied to them. The foot was attached to a 
plastic plate with tie wraps. The femoral compartment was opened in order to (a) cut 
a small piece of the lateral epicondyle of the femur (i.e. the origin of EDL muscle) 
for attaching it to Kevlar thread, (b) to secure a metal clamp to the femur for later 
fixation at a knee angle of 100° in the experimental apparatus, and (c) to dissect the 
sciatic nerve.  

Within the femoral compartment, the sciatic nerve branches into the tibial nerve, 
the sureal branch and the common peroneal nerve. The common peroneal nerve 
enters the anterior crural compartment from the peroneal compartment through a 
fenestration within the anterior intermuscular septum (Huijing and Baan, 2001b). 
Branches of the intact common peroneal nerve innervate EDL, EHL and TA muscles 
as well as the muscles in the peroneal compartment. The tibial nerve, the sureal 
branch as well as all other more proximal branches of the sciatic nerve were cut. The 
sciatic nerve, with only the common peroneal nerve branch left intact, was dissected 
and cut as proximally as possible. 
 
Mounting the animal in the experimental apparatus 
The rat was placed on a platform. The metal clamp was used to secure the femur at a 
knee angle of 100°. The plastic footplate was positioned in such a way that the ankle 
angle was 90° (Fig. 1). Using the Kevlar threads, the proximal tendon of EDL muscle 
as well as the distal tendons of the TA+EHL complex were connected to force 
transducers (maximal output error < 0.1 %, compliance of 0.0048 mm/N; Hottinger 
Baldwin, Darmstadt, Germany) mounted on single axis micropositioners, and the 
distal tendon of EDL III was connected to a strain gauge force transducer 
(compliance 0.014 mm/N) mounted on a multipurpose muscle ergometer (Woittiez et 
al., 1987). The other distal tendons of EDL muscle (i.e. II, IV and V) were left 
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attached to their insertions within the foot. For TA+EHL force measurements, the 
Kevlar thread was connected to the force transducer via a low friction pulley that, 
because of limited space, was placed perpendicular to the other force transducers. For 
EDL III distally, the retinaculae at the ankle causes the line of pull to change 
direction to be in parallel with the foot. To connect the Kevlar thread to the force 
transducer on the ergometer, an additional pulley was needed. The proximal tendon 
of EDL muscle was connected directly to the force transducer, which was positioned 
in the line of pull.  

The sciatic nerve, with only the common peroneal nerve branch left intact, was 
placed in a pair of silver electrodes. The nerve was prevented from dehydration, by 
covering it with paper tissue saturated with isotonic saline covered by a thin piece of 
latex. In all experimental conditions, the sciatic nerve was stimulated 
supramaximally using electrodes connected to a constant current source (3 mA, pulse 
width 100 µs).  
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Fig. 1. Schematic representation of the experimental set-up. FT1 indicates the force transducer 
connected to the proximal tendon of EDL muscle, FT2 indicates the force transducer mounted on a 
multipurpose muscle ergometer connected to the distal tendon of EDL III, FT3 indicates the force 
transducer connected to the tied distal tendons of TA and EHL muscles. Kevlar thread was used to 
connect the muscles to force transducers. A low friction pulley guided the Kevlar thread from TA+EHL 
to FT3 that, for reasons of space, was placed perpendicular to the other force transducers. The proximal 
tendon of EDL muscle was connected directly to the force transducer, which was positioned in the line 
of pull. The distal tendon of EDL III was connected to the force transducer via a low friction pulley. 
Various muscle-tendon complex lengths of EDL III were obtained by repositioning FT2, as indicated by 
the double arrow. 
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Experimental protocol 
For all experimental conditions, the length of the TA+EHL complex was kept 
constant (corresponding to an ankle joint at 90°). This was also the case for the 
position of the proximal tendon of EDL muscle (corresponding to a knee joint at 
100°). In addition, the distal tendons of EDL head II, IV, and V were left attached to 
their insertions. Therefore, their muscle-tendon complex lengths were also kept 
constant. In the experiment, exclusively the muscle-tendon complex length of EDL 
III was changed. Before acquiring data, EDL muscle was preconditioned by 
isometric contractions at several high lengths of EDL III until isometric forces at low 
and high EDL III length were reproducible (Huijing and Baan, 2001a).  

Assessment of isometric length-force characteristics of EDL III and the 
simultaneous measurements of isometric forces exerted at the proximal EDL tendon 
and the distal TA+EHL tendons was performed prior to (pre) and after (post) 3 hours 
of intermittent concentric exercise of EDL III.  
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Fig. 2. The time course of isometric force after EDL III exercise. (A) Isometric force exerted at the distal 
tendon of EDL III kept at constant length (i.e. lo–2 mm), measured at consecutive time points after the 
prolonged intermittent concentric exercise of EDL III (n = 1). Pre exercise active force (Fma) of exerted 
at the distal tendon of EDL III = 0.80 N. Zero minutes indicates the end of exercise. (B) Time-total force 
(Fm) traces of tetanic contractions of EDL III kept at constant length (i.e. lo–2 mm), for selected time 
points (i.e. pre EDL III exercise, 2 min and 20 min after the exercise of EDL III). It should be noted that 
qualitatively similar results were found for proximal EDL force as well as distal TA+EHL force, which 
are therefore not shown. Based on these results, isometric length-force characteristics were assessed 20 
minutes after the end of prolonged intermittent concentric contractions of EDL III. 
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In one experiment (rat body mass = 340 g), immediately after the EDL III 
exercise ceased, isometric muscle forces were measured intermittently in time (one 
contraction every 2 minutes) at a constant EDL III length (i.e. lo–2 mm). As for all 
locations of force measurement qualitatively similar results were found, only force 
data exerted at the distal tendon of EDL III is shown (Fig. 2). Within approximately 
12 minutes forces increased to a level remaining almost constant up to 50 minutes 
post exercise (Fig. 2A). However, this post exercise force was substantially lower 
than the pre exercise force level (54%, 37% and 24% for EDL III, proximal EDL and 
TA+EHL, respectively). In contrast to the time-normalized force trace 2 minutes post 
exercise, the shape of the time-normalized force trace after 20 minutes resembled 
that of an isometric tetanic contraction of a muscle in the unfatigued state (Fig. 2B). 
Based on these results, isometric length-force characteristics were assessed 20 
minutes after the cessation of prolonged intermittent concentric contractions of EDL 
III.  

Isometric length– distal force characteristics of the EDL head III (n = 6). 
Isometric force was measured at various muscle-tendon complex lengths of EDL III. 
EDL III was lengthening distally with 1 mm increments starting at active slack 
length (i.e. the lowest length at which active force approaches zero) until 
approximately 2 mm over optimum length (lo). Length changes of this muscle head 
were imposed by the ergometer. Before each contraction passive EDL III was 
brought to the desired length by moving its force transducer. Two twitches were 
evoked, followed by a tetanic contraction of the muscles after 500 ms (pulse train 
400 ms, frequency 100 Hz). Passive isometric muscle force was measured just prior 
to the tetanic contraction and total isometric muscle force was measured during the 
tetanic plateau of the muscles (i.e. 275 ms after evoking tetanic stimulation). Timing 
of stimulation of the nerve and A/D conversion (12-bit A/D converter, sampling 
frequency 1000 Hz, resolution of force 0.01 N) were controlled by a special-purpose 
microcomputer. After each contraction EDL III was allowed to recover near active 
slack length for 2 minutes.  

Exercise: intermittent concentric contractions of EDL III. Passive EDL III was 
lengthened distally from lo−2 mm to lo in 0.5 s. Subsequently, stimulation of the 
common peroneal nerve (exciting EDL, TA, EHL muscles as well as muscles in the 
peroneal compartment) and shortening of EDL III were started simultaneously. EDL 
III was  allowed  to shorten over  a limited length range (i.e. from lo to lo−2 mm in 
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0.5 s). The duration of one stretch-shortening cycle was 1 s (i.e. frequency = 1 Hz). 
Pilot experiments revealed that the duration of relaxation of EDL III after a tetanic 
contraction was maximally 0.15 s. To prevent EDL III from being exposed to any 
eccentric contractions, nerve stimulation was turned off after 0.35 s, well before the 
onset of the eccentric phase (Fig. 3). Note that active shortening of EDL III follows a 
sinusoidal trajectory in time, i.e. length and shortening velocity change in time 
according to sinusoidal curves (maximal velocity = 6.28 mm/s). Such intermittent 
concentric contractions of EDL III were continued for an extended period of 3 hours. 
Note that the other heads of EDL muscle as well as TA and EHL muscles were also 
excited intermittently for the extended period of 3 hours.  

Control muscles. To test if muscle damage could be attributed to the EDL III 
exercise, the unloaded contra-lateral hind limb (i.e. right leg) was used as a control. 
In addition, in one experiment (rat body mass = 305 g), identical changes of EDL III 
length were imposed also for 3 hours, but the muscles remained passive during these 
stretch-shortening cycles. In another experiment (rat body mass = 307 g), potential 
effects of length-force measurements exclusively on muscle damage were assessed. 
These length-force measurements of EDL III were performed prior to and after 3 
hours of rest.  
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Fig. 3. A typical example of EDL III force 
during one cycle of intermittent concentric 
exercise of EDL III. Muscle-tendon complex 
length of EDL III and stimulation of the 
common peroneal nerve are shown. Passive 
EDL III was lengthened distally from lo−2 mm 
to lo in 0.5 s. Accordingly, force exerted at the 
distal tendon of EDL III increased. 
Subsequently, stimulation of the common 
peroneal nerve (exciting EDL, TA, EHL 
muscles as well as muscles in the peroneal 
compartment) and shortening of EDL III were 
started simultaneously. EDL III was allowed to 
shorten over a limited length range (i.e. from lo 
to lo−2 mm in 0.5 s). Note that active 
shortening of EDL III follows a sinusoidal 
trajectory in time. After building up of force, 
EDL III force decreased progressively. To 
prevent the muscle from being exposed to 
eccentric contractions, nerve stimulation was 
turned off after 0.35 s. Prior to the start of a 
subsequent stretch-shortening cycle, EDL III 
was fully relaxed. 
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Treatment of isometric length-force data 
The individual muscle-tendon complex length (lm+t) – passive muscle force (Fmp) 
data were fitted with an exponential curve (equation 1), using a least-squares 
criterion: 
 
y = e a1 + a2x (1) 
 
where y represents Fmp, x represents lm+t, and a1 and a2 are coefficients determined in 
the fitting process. For each muscle-tendon complex length studied, active muscle 
force (Fma) was assessed by subtracting fitted Fmp from total muscle force (Fm). 
These lm+t – Fma data were fitted by a polynomial (equation 2): 
 
y = b0 + b1x + b2x2 + b3x3 + b4x4 +…+ bnxn (2) 
 
where y and x represent Fma and lm+t respectively, and b0 through bn are coefficients 
determined in the fitting process. The order of the polynomial most adequately 
describing the relationship was selected (see statistics). Fitted curves were used to 
calculate mean data and standard errors of the mean (SE) as well as to determine 
optimal force and optimum muscle-tendon complex length. Muscle-tendon complex 
length was expressed as the deviation from active slack length (∆ lm+t). 

Although forces exerted at the distal tendons of EDL III and the TA+EHL 
complex are in opposite direction to forces exerted at the proximal tendon of EDL, 
all forces will be presented as positive values.  
 
B. Immunohistochemical analysis 
Muscle Sampling 
Whole EDL muscle, and the TA+EHL complex of both hind limbs were excised and 
frozen, 3 hours post exercise, according to the following procedures: The distal ends 
of the tendons of head II, IV and V of EDL muscle were cut and tied to the distal 
tendon of EDL III. The transverse crural ligament and the crural cruciate ligament 
(retinaculae at the ankle) were severed. The anterior crural compartment was opened 
by full lateral fasciotomy and the muscles were marked (1% Brilliant Cresyl Blue 
solution, w/v, Sigma, St. Louis, USA) for anatomical orientation at the most medial 
and the most lateral location of the dorsal side of EDL muscle (i.e. the side adjacent 
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to the anterior intermuscular septum) (open arrow heads, Fig. 6A). Subsequently, 
EDL muscle and the TA+EHL complex were (a) separated (i.e. cutting intermuscular 
connective tissue), (b) fully isolated from the compartmental borders, (c) weighed 
(i.e. muscle wet weight), (d) fastened to a metal frame at a fixed length and (e) frozen 
in isopentane cooled to freezing point (-160 °C) by liquid nitrogen. All samples were 
stored at -70 °C until analysis.  
 
Histological and immunohistochemical treatment 
The midbelly region of the muscle samples was cut (thickness 3-5 mm) with razor 
blade in a cryostat at -20°C and mounted with O.C.T. embedding compound (Tissue 
Tek7, Miles Laboratories, USA) distal side upwards. A cross-section of EDL muscle 
at this level will likely include muscle fibers of all four heads (Maas et al., 2003b). 
Due to the special morphology of EDL muscle, fibers of head V are cut closer to the 
proximal aponeurosis while fibers of head III are cut closer to the distal aponeurosis. 
After trimming the block face, serial transverse sections (10 µm) were cut. Sections 
were stained for (1) hematoxylin and eosin to verify any overall histopathological 
changes and (2) Sirius Red to examine the structure of the connective tissue network. 
Additional serial sections were used for immunohistochemical stainings for 
dystrophin (dilution 1:500, dys2, Novocastra Laboratories, U.K.), desmin (1:100, 
Zymed Laboratories, USA), and titin (1:2000, Anti-Titin, Sigma, USA). The 
transverse sections were incubated overnight with dilutions of the primary antibody 
in a humidified chamber at +4°C. After washing with Tris-buffered saline (TBS, pH 
7.5) the bound primary antibodies were visualized by avidin-biotin peroxidase kit 
(Vectastain PK-4002, Vector Laboratories, USA) using diaminobenzidine (Abbott 
Laboratories, USA) as a chromogen. The sections were contrasted with hematoxylin 
staining.  
 
Analysis of muscle damage 
Images were captured by a color video camera (Sanyo High Resolution CCD) 
mounted on a microscope (Olympus BX-50). These images were used to evaluate the 
muscle damage. Fibers that do not stain for dystrophin, desmin as well as titin were 
counted and their location within the muscle cross-section was determined.  
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Statistics 
For fitting the length-active force data, a stepwise polynomial regression procedure 
was used. In this procedure, the curve fit is determined by increasing the order of the 
polynomial as long as this yields a significant improvement to the description of the 
length-active force data, as determined by one-way analysis of variance (ANOVA).  

To test for effects of prolonged intermittent concentric exercise of EDL III on 
length-force characteristics of EDL III as well as on proximal EDL force and 
TA+EHL force, two-way ANOVA for repeated measures (factors: lm+t EDL III and 
EDL III contraction protocol) was performed. If significant effects were found, 
Bonferroni post-hoc tests were executed to further locate significant differences. A 
paired samples t-test was used to test (a) for effects of EDL III exercise on the length 
of EDL III at which proximal EDL force was maximal and (b) for differences in 
mass between the muscles of the contra-lateral and the experimental legs. P values < 
0.05 were considered statistically significant. 
 

RESULTS 
I. Histology and immunohistochemistry 
Control muscles. None of the cross-sections of the contra-lateral EDL, TA or EHL 
muscles showed any indices of muscle damage (i.e. swollen fibers or dystrophin, titin 
or desmin negative fibers) as indicated by light microscopy of muscle cross-sections 
(Table 1). Neither did ipsilateral experimental muscles exposed exclusively to 
length-force measurements exclusively or to prolonged passive sinusoidal length 
changes of EDL III. It is concluded that any muscle damage found for experimental 
muscles should be attributed to the imposed exercise of EDL III.  
 
Table 1. Muscle wet weight and the number of damaged muscle fibers (i.e. dystrophin, desmin as well 
as titin negative) of EDL muscle and the TA+EHL complex of the experimental leg and the contra-
lateral leg. 

 Muscle wet weight (mg) Damaged muscle fibers (#) 

 EDL TA+EHL EDL TA+EHL 

Experimental 184.8 ± 8.5 * 746.3 ± 11.4 * 14.8 ± 6.4 4.8 ± 1.3 

Contra-lateral 169.5 ± 7.2 686.7 ± 13.6 0 0 

Values are means ± standard error of the mean (n = 8, except for muscle wet weight of TA+EHL n = 7). 
* P < 0.05 compared to the muscles of the contra-lateral leg. 
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Muscle damage. Three hours after the cessation of exercise some swollen muscle 
fibers (Fig. 4A) were observed within the cross-sections of EDL as well as TA+EHL. 
These fibers are characterized by a more rounded appearance and larger surface area 
compared to surrounding fibers. Such features are considered as early indices of 
muscle fiber damage. In addition, discontinuous (i.e. fragmented) dystrophin staining 
was found at the sarcolemma for a number of swollen fibers (Fig. 4B). Both types of 
swollen fibers stained normally for desmin and titin.  

Some heavily damaged fibers of EDL, TA and EHL muscles were found to be 
dystrophin, desmin as well as titin negative (Fig. 5). It should be noted that the 
number of damaged fibers per muscle cross-section is rather limited (Table 1), which 
is not surprising considering the relatively short post exercise period (i.e. 3 hours) in 
relation to the time constants of damage development. 
 
 

A

 

B

 
Fig. 4. Examples of swollen fibers. (A) Swollen fiber with continuous dystrophin staining (arrow) and 
dystrophin negative fiber (open arrowhead). Bar = 50 µm. (B) Swollen fibers with discontinuous 
dystrophin staining (arrows) and dystrophin negative fiber (open arrow head). Bar = 50 µm. 
 
 

Muscle wet weight. For EDL as well as TA+EHL, the mean wet muscle mass 
was significantly higher (9.1 ± 2.3 % and 8.8 ± 1.3 %, respectively) for the muscles 
of the experimental leg (i.e. left) compared to the muscles of the contra-lateral leg 
(Table 1). This indicates that exercise of EDL III increased muscle volume due to 
swelling of muscle fibers and the extracellular matrix, which is also an indication of 
muscle damage.  
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A

 

B

 

C

 

D

 
Fig. 5. An example of immunohistochemical observations 3 hours post EDL III exercise. Hematoxylin 
and eosin stained sections (A), and serial sections stained for dystrophin (B), desmin (C), and titin (D) 
are shown. Some fibers of EDL, TA and EHL muscles were found to be dystrophin, desmin as well as 
titin negative. The number of damaged fibers per muscle cross-section is rather limited (Table 1), which 
is not surprising considering the relatively short post exercise period (i.e. 3 hours). Bar = 100 µm.  
 

Specific location of damage. The damaged muscle fibers were not uniformly 
distributed throughout the muscle cross-sections (Fig. 6A). Substantial individual 
variation between experiments was found regarding exact location of the lesions. 
Damaged muscle fibers within TA muscle were located predominantly laterally near 
the interface with EDL muscle. Within EHL, muscle fibers were damaged medially 
near the location of the extramuscular neurovascular tract at a more distal muscle 
level.  

Damaged fibers within EDL muscle were located predominantly near the medial 
and ventral aspect of the EDL interface with TA muscle. Note that this is near the 
intramuscular and extramuscular neurovascular tract. A comparison of cross-sections 
with the outline of EDL muscle heads at a similar muscle level (Fig. 6B) indicates 
that the damaged fibers are found in all four EDL muscle heads.  
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It is concluded that 3 hours of intermittent concentric contractions of EDL III 
caused very early damage (i.e. already 3 hours post exercise) within EDL muscle as 
well as within TA and EHL muscles. Such local effects on muscle fibers within 
heads of EDL muscle other than head III (i.e. II, IV and V) are explained by effects 
of intramuscular myofascial force transmission. The damage occurring within TA 
and EHL muscles indicates intermuscular interactions, mediated by inter- and/or 
extramuscular myofascial force transmission. 
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Fig. 6. Location of damaged muscle fibers. (A) A schematic outline in proximal view of the muscles at 
approximately the middle aspect of the rat anterior crural compartment and the anterior intermuscular 
septum. The extramuscular and intramuscular neurovascular tracts of several levels within the 
compartment are projected on this schematic cross-section. In the middle aspect of the compartment, the 
extramuscular neurovascular tract is located between EHL, TA and EDL muscles. At a more distal level 
of the compartment, the extramuscular neurovascular tract is located at the medial surface of EHL 
muscle. Each symbol represents one damaged muscle fiber (i.e. dystrophin, desmin as well as titin 
negative) with different symbols for each experiment. Damaged fibers were not distributed uniformly 
throughout the muscle cross-section. Damaged fibers within EDL muscle were located predominantly 
near the medial and ventral aspect of the interface with TA muscle and the medial interface with the 
neurovascular tract. Damaged muscle fibers within TA muscle were also located predominantly laterally 
near the interface with EDL muscle. Anatomical orientation is indicated (cross of arrows). (B) Schematic 
outline of the different muscle heads within a cross-section of EDL muscle at a similar level. The heads 
have been separated in this outline. Within an intact EDL muscle, the layer between muscle heads is 
rather thin. The location of the neurovascular tract and the anterior intermuscular septum is indicated. A 
comparison of this outline of EDL muscle heads and the location of damaged muscle fibers indicates that 
the damaged fibers are found in all four EDL muscle heads. 
 
II. Muscle Mechanics 
A. Acute effects of changes of EDL III muscle-tendon complex length 
For data obtained prior to the prolonged intermittent concentric exercise of EDL III, 
ANOVA showed significant effects of EDL III muscle-tendon complex length on 
isometric forces exerted at the distal EDL III tendon, the proximal EDL tendon force 
and the distal TA+EHL tendons.  
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Distal EDL III force (Fig. 7A). Passive force was zero at low EDL III lengths 
and increased exponentially after lengthening EDL III distally (Fmp, peak = 0.10 ± 
0.03 N). Optimum length deviated approximately 9 mm from  active  slack  length  
(∆ lm+t EDL III = 0 mm) and force exerted at that length was 0.84 ± 0.06 N.  

EDL proximal force (Fig. 7B). Proximal passive EDL force increased 
exponentially as a function of EDL III length (From 0.02 ± 0.00 N to 0.10 ± 0.03 N). 
Proximal active EDL force increased also as a function of EDL III length: from 2.36 
± 0.07 N (at ∆ lm+t = 0 mm) to a maximum of 2.53 ± 0.09 N (at ∆ lm+t = 6.4 mm). A 
further increase of EDL III length caused a decrease in proximal EDL force (to 2.43 
± 0.13 N).  
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Fig. 7. Effects of prolonged intermittent concentric exercise of EDL III on isometric length-distal force 
characteristics of EDL III and on proximal EDL force. (A) Length-distal force characteristics EDL III. 
(B) Active (Fma) and passive (Fmp) forces exerted at the proximal EDL tendon plotted as a function of 
muscle-tendon complex length (∆ lm+t) of EDL III. Note that different y-axes with different scaling 
factors are shown for active (left axis) and passive force (right axis). Values are shown as mean ± SE (n 
= 6). 
 

These results show that distal lengthening of EDL III caused high changes in 
force exerted at the distal tendon of EDL III. In contrast, only minor changes were 
found in force exerted at the proximal EDL tendon. This is explained in terms of 
force transmission via intra-, inter- and/or extramuscular myofascial pathways 
between EDL III and adjacent tissues.  

TA+EHL complex force (Fig. 8). Passive force exerted by the TA+EHL complex 
remained negligible. Force exerted at the distal tendons of TA+EHL decreased 
significantly as a function of lengthening of EDL III distally (i.e. from 5.21 ± 0.34 N 
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to 5.07 ± 0.34 N) (Fig. 8A). These results indicate mechanical interactions between 
EDL III and the TA+EHL complex, typical for intermuscular myofascial force 
transmission. 
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Fig. 8. Effects of prolonged intermittent concentric exercise of EDL III on distally measured active force 
of the TA+EHL complex, kept at constant muscle-tendon complex length. (A) Absolute values of active 
forces (Fma) and (B) forces expressed as the deviation (∆ Fma) from the initial value (i.e. measured at 
active slack length of EDL III, ∆ lm+t = 0 mm): Fma, pre = 5.21 ± 0.34 N, Fma, post = 4.55 ± 0.36 N. In both 
graphs force is plotted as a function of EDL III muscle-tendon complex length (∆ lm+t). Values are shown 
as mean ± SE (n = 6). The high standard errors in A are caused by differences in the initial level of 
TA+EHL force. Note that the standard errors of the change of TA+EHL force (∆ Fma), as shown in B, 
are decreased substantially. 
 
B. Effects of prolonged intermittent concentric exercise of EDL III on isometric 
forces 
Distal EDL III force. For passive length-force curves, ANOVA indicated no 
significant differences between the pre and post exercise conditions. In contrast, EDL 
III length-active force characteristics (Fig. 7A) were altered significantly after the 
exercise of EDL III: at high EDL III lengths (∆ lm+t = 5 to 8 mm), active forces 
decreased significantly. The slope of the post exercise length-force curve suggests an 
optimum length higher than ∆ lm+t EDL III = 9 mm. As active slack length was not 
changed, these results indicate that the exercise of EDL III increased the length range 
between active slack length and optimum length. Such an increased length range can 
be explained by (a) an increase of the distribution of lengths of sarcomeres within 
EDL III, and (b) effects of an increase of EDL III series elastic compliance.  

Proximal EDL force. Significant effects were found (ANOVA) for exercise of 
EDL III as well as for EDL III muscle-tendon complex length on proximal EDL 
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active and passive forces. For all EDL III lengths tested, passive as well as active 
force of proximal EDL decreased significantly (Fig. 7B). No significant interaction 
between these factors was found, indicating that the pre and post exercise length-
force curves could statistically not be distinguished from being parallel. However, if 
the effects on maximal EDL force were tested exclusively (paired samples t-test), a 
significant shift to a higher length of EDL III (i.e. from ∆ lm+t EDL III = 6.4 mm to 
7.6 mm) was found.  

It should be noted that also post exercise, changes in proximal EDL force as a 
function of EDL III muscle-tendon complex length do not equal changes of distal 
EDL III force. Therefore, myofascial force transmission between EDL III and 
adjacent tissues is still present.  

TA+EHL complex force (Fig. 8). For active forces of the TA+EHL complex, 
ANOVA indicated main significant effects: of EDL III length as well as of EDL III 
exercise, and significant interaction between these factors (Fig. 8A). For each EDL 
III length tested, active TA+EHL force was decreased significantly. In Fig 8B, active 
force of the TA+EHL complex is expressed as the deviation from the initial value 
(Fma, pre = 5.21 ± 0.34 N, Fma, post = 4.55 ± 0.36 N) measured at active slack length 
of EDL III. As indicated by a significant interaction, the slope of the EDL III length–
TA+EHL force curve decreased subsequent to exercise of EDL III. As a 
consequence, the significant decrease of TA+EHL force after lengthening EDL III by 
9 mm was smaller (i.e. 0.03 ± 0.03 N) than the force decrease prior to EDL III 
exercise (i.e. 0.15 ± 0.03 N).  

These results indicate a decrease of the degree of intermuscular interaction 
between EDL III and TA+EHL. As myofascial force transmission is the proposed 
mechanism of the interaction, these results may be explained by a decreased stiffness 
of the myofascial pathways between the muscle belly of EDL III and the muscle 
bellies of TA and EHL muscles. A decreased stiffness can be the result of (a) an 
increase of the compliance of the structures representing the myofascial pathways 
and/or (b) a decrease of the number of such structures in parallel. The dystrophin 
negative fibers near the interface between EDL and TA muscles (Fig. 5 and 6) 
indicate that the myofascial route of force transmission out of those fibers is severed. 
However, effects on the extracellular matrix and connective tissues were not studied 
in the present experiment.  
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DISCUSSION 
The major novel results of the present study are (a) the presence of damaged muscle 
fibers at particular locations within EDL, TA and EHL muscles and (b) changes of 
length-distal force characteristics of EDL III as well as of TA+EHL force after 
prolonged intermittent concentric activity of EDL III. Therefore, the hypothesis of 
this paper that frequent loading of myofascial pathways may lead to local 
disturbances or altered mechanical properties of the structures representing those 
myofascial pathways and, consequently, damaged muscle fibers, is confirmed. The 
mechanical as well as immunohistochemical changes of TA and EHL muscles 
indicate that myofascial force transmission is not limited to EDL muscle, but force is 
also transmitted from EDL III via inter- and extramuscular myofascial pathways. 
Furthermore, the acute effects of lengthening of EDL III on isometric forces exerted 
at the proximal EDL tendon, at the distal EDL III tendon and at the distal TA+EHL 
tendons found in the present study verify the effects of myofascial force transmission 
of previous work (Maas and Huijing, 2003a).  
 
Muscle damage after prolonged intermittent concentric exercise of EDL III 
Concentric exercise of EDL III caused early damage to some muscle fibers as well as 
an increase of muscle wet mass of EDL and TA+EHL. No muscle fiber damage was 
found after prolonged stretch-shortening cycles of passive EDL III over an identical 
length range. Therefore, it is concluded that the fiber damage is a result of active 
stresses and strains. Active force exerted at the distal tendon of EDL III is much 
higher than passive force (Fig. 7). This indicates also higher stresses and strains for 
the structures bearing active force.  

Muscle wet weight. The higher muscle wet weight of EDL as well as TA+EHL in 
the experimental legs (Table 1) can be explained by changes of muscle volume due 
to swelling of muscle fibers and the extracellular matrix. An increase of wet weight 
(by 16%) of rat soleus muscle has been reported 3 hours after uphill treadmill 
running (Peeze Binkhorst et al., 1990), which was associated with a similar increase 
of muscle volume. It has been shown that such muscle swelling is related to the 
extent of muscle damage 2 hours after eccentric exercise (Komulainen et al., 1994).  

Damaged muscle fibers. In the present study, some muscle fibers were affected 
already 3 hours after the cessation of concentric exercise of EDL III. 
Immunohistochemical staining of cross-sections of EDL and TA+EHL yielded three 
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types of affected fibers: (a) swollen fibers, (b) swollen fibers with discontinuous (i.e. 
fragmented) dystrophin staining, (c) fibers that were fully dystrophin, desmin as well 
as titin negative. Such fibers indicate changes in the cytoskeleton throughout the 
cross-section (titin and desmin) as well as the subsarcolemmal structures (dystrophin) 
of muscle fibers. Such muscle damage is associated with a substantial decrease of 
muscle force (Lieber et al., 1991), which is sustained for several days (McCully and 
Faulkner, 1985). Isometric force exerted at the distal tendon of EDL III (Fig. 7A), at 
the proximal tendon of EDL (Fig. 7B) as well as at the distal tendons of TA+EHL 
(Fig. 8A), measured at least 20 minutes post exercise, was also decreased. This 
indicates that the EDL III exercise has reduced the force generating capacity of the 
exercised muscle head as well as of adjacent muscle bellies.  

It should be noted that such early muscle damage has been reported only after 
eccentric exercise (Heikkilä et al., 2003; Komulainen et al., 2000; Komulainen et al., 
1994; Komulainen et al., 1998; Lieber et al., 1996). The early muscle damage as 
found in the present study is comparable to damage at similar instants (0 to 6 hours) 
post eccentric exercise (Heikkilä et al., 2003; Komulainen et al., 2000; Komulainen 
et al., 1998). Those studies reported that two days after the eccentric exercise, the 
number of dystrophin and desmin negative fibers had increased substantially. If it is 
assumed that muscle damage in EDL and TA+EHL of the present work develops in a 
similar fashion, major muscle damage would have been found if the muscles would 
have been excised and frozen much longer after EDL III exercise. In addition to 
intracellular muscle fiber damage, eccentric contractions have been shown to result 
in disruption of the extracellular matrix (Fritz and Stauber, 1988; Stauber et al., 
1990) as well as in breakdown of collagens (Brown et al., 1997; Han et al., 1999; 
Koskinen et al., 2002). As those structures are essential for myofascial force 
transmission, effects of EDL III exercise on extracellular matrix components and 
connective tissue collagens are expected also. However, this was not examined in the 
present study.  

In contrast to the studies reporting on eccentric exercise, in the present study, 
EDL III muscle-tendon complex was lengthened while passive followed by active 
shortening. To prevent EDL III as a whole to be exposed to eccentric contractions, 
nerve stimulation was turned off 0.15 s before initiation of lengthening (Fig. 3). In 
addition, the muscle-tendon complex length of the other heads of EDL muscle (i.e. 
II, IV and V) and the TA+EHL complex was kept constant. Previous studies reported 
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no immunohistochemical or histological signs of muscle damage at 0 hours through 
15 days after concentric or isometric exercise of TA and/or whole EDL muscle 
(Hesselink et al., 1996; Hesselink et al., 1998; Komulainen et al., 2000; Lieber et al., 
1991; McCully and Faulkner, 1985). Note that several conditions of those studies are 
different from the present experimental conditions: (1) the number of contractions 
was lower (between 240 and 1800 compared to 10800 in the present study), (2) the 
lengths of several muscles were altered simultaneously, as length changes of the 
muscles were obtained by joint movements (Hesselink et al., 1996; Hesselink et al., 
1998; Komulainen et al., 2000), (3) the fully recruited muscle was activated 
submaximally (Lieber et al., 1991), (4) the time between the start of stimulation and 
the start of shortening, the shortening velocity, and the magnitude of shortening were 
different, and (5) species-related differences, as mouse EDL muscle (McCully and 
Faulkner, 1985) and rabbit TA muscle (Lieber et al., 1991) were studied.  

Muscle damage as found in the present experiment may be explained on the basis 
of localized eccentric contractions of sarcomeres at particular locations within EDL, 
TA and EHL. This means that concentric contractions of EDL III as a whole cause 
eccentric contractions within adjacent muscle fibers. Previous experiments have 
shown that changes of muscle-tendon complex length of one muscle affect isometric 
forces exerted at the proximal and distal tendons (or other insertions to bone) of 
adjacent muscles, despite the fact that their muscle-tendon complex length is kept 
constant (Huijing and Baan, 2003; Huijing et al., 2003; Maas et al., 2001). 
Shortening of EDL or TA+EHL at the distal tendons causes an increase of force 
exerted at the distal tendon, but a decrease of force exerted at the proximal tendon of 
the adjacent muscle. Finite element modeling of such experiments indicated that this 
is accompanied by an increase of length of sarcomeres located within muscle fibers 
near the distal aponeurosis as well as a decrease of length of sarcomeres located 
within muscle fibers near the proximal aponeurosis (Yucesoy, 2003; Yucesoy et al., 
2003a; Yucesoy et al., 2001). Note that such differences of lengths of sarcomeres 
within muscle fibers are only possible due to the presence of myofascial force 
transmission. If the length of a muscle is altered dynamically, as in the present 
experiment for EDL III, these finite element modeling results indicate that dynamic 
distal shortening of EDL III may have been accompanied by active lengthening (i.e. 
eccentric contractions) of sarcomeres near the distal aponeuroses of the other heads 
of EDL muscle as well as of TA and EHL muscles. It is concluded that concentric 
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contractions of a muscle-tendon complex may involve eccentric contractions at the 
level of the sarcomere within adjacent muscle fibers. 

During EDL III exercise, the structures representing the myofascial route of 
force transmission are loaded. Locally high shear strains and stresses between the 
muscle fiber and its surrounding endomysium may disrupt linking proteins, such as 
dystrophin. Dystrophin is supposed to protect the sarcolemma from high stresses 
during muscle contraction (Petrof et al., 1993) and, thereby, prevent muscle fiber 
damage (Straub et al., 1997). After eccentric exercise, the loss of dystrophin occurred 
before the disruption of the contractile apparatus (Komulainen et al., 1998). 
Therefore, muscle fiber damage may be a direct result of disrupted dystrophin.  

Previous experiments have shown that force is transmitted between EDL III and 
adjacent tissues via intramuscular as well as via inter- and extramuscular myofascial 
pathways (Maas and Huijing, 2003b; Maas et al., 2003b). Damaged muscle fibers in 
muscle heads other than head III indicate effects of intramuscular myofascial force 
transmission. Damaged muscle fibers near the interface between EDL and TA 
muscles indicate effects of intermuscular myofascial force transmission. It should be 
noted that the damage within the medial-ventral part of EDL muscle, within EHL 
muscle and within the medial-ventral part of TA muscle is located near intra- and 
extramuscular neurovascular tracts (Fig. 6A). These tracts are thick sheets of 
connective tissue, embedding major nerves and blood vessels. The neurovascular 
tracts are continuous with the endomysial-perimysial stroma (Huijing and Baan, 
2001b; Huijing et al., 2003; Maas et al., 2001). It has been shown the extramuscular 
tract can transmit force out of muscle (Huijing et al., 2003; Maas et al., 2003d). The 
main purpose of the connective tissue of the tract is to protect the nerves and blood 
vessels from excessive strain. Therefore, this connective tissue is rather stiff. Of 
parallel pathways, the pathway with the stiffest properties will transmit the greatest 
fraction of force. Thus, neurovascular tracts are prominent candidates for force 
transmission. Damaged muscle fibers near extra- and intramuscular neurovascular 
tracts suggest that high forces were borne by these tracts during the exercise of EDL 
III. Therefore, a more in depth anatomical survey is needed to describe the 3D 
position of these tracts within the anterior crural compartment and its muscles.  
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Effects of prolonged intermittent exercise of EDL III on length-force characteristics 
After the EDL III exercise, the length range between active slack length and 
optimum length was increased due to a shift of optimum length of EDL III to higher 
lengths (Fig. 7A). In addition, maximal EDL active force exerted at the proximal 
tendon shifted also to a higher length of EDL III. Factors that have been shown to 
affect this length range are:  

(a) Muscular fatigue (Blix, 1894; Gauthier et al., 1993; Huijing, 1998; Ralston et 
al., 1947). However, in the present study, the muscles were allowed to recover until 
isometric muscle force remained constant and the shape of the time-force trace 
resembled that of an isometric tetanic contraction of a muscle in the unfatigued state 
(Fig. 2). The finding that post exercise isometric force did not increase to the pre 
exercise level is explained by alterations of the length-force curve as a result of other 
factors.  

(b) The distribution of lengths of sarcomeres arranged in series within muscle 
fibers (Granzier and Pollack, 1990; Huxley and Peachey, 1961; Pollack et al., 1993), 
and (c) the distribution of fiber mean sarcomere length (Ettema and Huijing, 1994; 
Willems and Huijing, 1994). Finite element modeling has shown that such 
distributions are affected as a result of more compliant connections between muscle 
fiber and extracellular matrix (Yucesoy et al., 2002c). As dystrophin is one of the 
links in the myofascial chain, this compliance will be increased for the fibers with 
discontinuous dystrophin staining or dystrophin negative fibers (Fig. 4 and 5).  

In addition, inter- and extramuscular connective tissues have been shown to 
affect the distribution of lengths of sarcomeres in series as well as the distribution of 
fiber mean sarcomere length (Maas et al., 2003d; Yucesoy et al., 2002b). The 
decreased intermuscular interaction between EDL III and TA+EHL post exercise 
(Fig. 8) indicates altered mechanical properties of the connections between these 
muscles.  

(d) The elastic compliance in series with the sarcomeres (Huijing, 1992; 
Kawakami and Lieber, 2000; Lieber et al., 1992; Zajac and Gordon, 1989). The 
series elastic component of EDL III is a generic term for its aponeuroses and 
tendons, elastic structures within its muscle belly (e.g. endomysium, epimysium, 
trans-sarcolemmal linkages, titin) as well as elastic structures that link the muscle 
belly of EDL III to adjacent tissues (i.e. intra-, inter-, and extramuscular connective 
tissues). Any alteration of mechanical properties or damage to one of these elements 
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arranged in series will affect the series elastic compliance. The following results of 
the present work indicate an increase of the series elastic compliance of EDL III: (1) 
dystrophin, desmin and titin negative muscle fibers, (2) the decreased intermuscular 
interaction between EDL III and TA+EHL. 
 
Concluding remarks 
In conclusion, prolonged intermittent exercise of a single muscle head of multi-
tendoned muscle causes damage to muscle fibers within that head as well as to 
muscle fibers within the other heads and adjacent muscles. Furthermore, such 
exercise alters force transmission from the exercised muscle head, as well as its 
mechanical interaction with surrounding tissues. These effects of concentric exercise 
are mediated by myofascial force transmission.  

In vivo, length changes of a single muscle head of multi-tendoned muscle occur 
during movement of a finger relative to the other fingers. Tasks that require 
prolonged repetitive movements of fingers relative to each other, such as typing on a 
keyboard, have been associated with muscle pain in the forearm (Punnett and 
Bergqvist, 1997), commonly named repetitive strain injury. The present results 
indicate that such finger movements cause, in the short-term, muscle damage, which 
may induce muscle pain. It is concluded that myofascial force transmission should be 
considered a mechanism that plays a role in the etiology of repetitive strain injury.  
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ABSTRACT 
Force is transmitted from muscle fiber to bone via several pathways: (1) via the 
tendons (i.e. myotendinous force transmission), (2) via intermuscular connective 
tissue to adjacent muscles (i.e. intermuscular myofascial force transmission), (3) via 
structures other than muscles (i.e. extramuscular myofascial force transmission). In 
vivo, the position of a muscle relative to adjacent muscles changes due to differences 
in moment arm between synergists as well as due to the fact that some muscles span 
only one joint and other muscles more than one joint. The position of a muscle 
relative to non-muscular structures within a compartment is altered with each change 
of the length of the muscle. 

The aim of this article is to describe recent experimental results, as well as some 
new experimental data, that have elucidated the role of muscle relative position on 
force transmission from muscle. Furthermore, relevant literature is discussed, taking 
into consideration these new insights of muscle functioning. It is concluded that the 
position of a muscle relative to surrounding tissues is a major co-determinant of 
isometric muscle force. For muscles operating within their in vivo context of 
connective tissue, such position effects should be taken into account. 
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INTRODUCTION 
It is common to view morphologically defined muscles as independent functional 
units. Classical anatomy has defined each muscle-tendon complex, its blood supply 
and innervation, as well as its function. Accordingly, it has been generally accepted 
that all muscle force, generated within its muscle fibers, is transmitted via the 
tendons to bone (i.e. myotendinous force transmission) (e.g. Tidball, 1991). 
Therefore, it has been customary (1) to assess muscle properties, such as isometric 
length-force characteristics and fatigue, using dissected muscles and measuring force 
exclusively at one tendon (e.g. Huijing et al., 1994; Rack and Westbury, 1969; 
Turcotte et al., 1991); (2) to consider muscles as independent components within 
biomechanical models of human movements (e.g. Bobbert et al., 1986; Pandy et al., 
1990); (3) to ascribe in vivo tendon forces, measured using buckle force transducers, 
to individual muscles that are connected directly to those tendons (e.g. Gregor and 
Abelew, 1994). 

If muscle force is transmitted exclusively via its tendons to bone, as a result of 
force equilibrium, force exerted at the proximal tendon should be equal to force 
exerted at the distal tendon of that muscle. However, experiments in our laboratory 
revealed differences in force exerted at the proximal and the distal tendons of rat 
extensor digitorum longus muscle (EDL), if measured within an intact connective 
tissue environment (Huijing and Baan, 2001a). Furthermore, isometric forces of EDL 
muscle, kept at a constant length, were affected by length changes of tibialis anterior 
(TA) and extensor hallucis longus muscles (EHL) (Maas et al., 2001). These results 
proved that force is transmitted from muscle via its tendons, but also via alternative 
pathways: (1) via intermuscular connective tissue to adjacent muscles (i.e. 
intermuscular myofascial force transmission), (2) via extramuscular connective 
tissues to bone (i.e. extramuscular myofascial force transmission). We have 
concluded that with regard to force transmission from muscle to bone, a muscle 
compartment should be viewed as a functional unit consisting of muscle fibers 
embedded in one continuous connective tissue network. For a detailed review of 
myofascial force transmission see recent articles of Huijing (1999a; 2002). 

Effects of myofascial force transmission have been explained by changes of the 
configuration of the inter- and/or extramuscular connective tissue (Maas et al., 2001). 
This was illustrated using representations of a physical spring model (Maas et al., 
2001, Fig. 8). Connective tissue was represented as straight lines between muscles or 
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between muscle and other extramuscular structures (e.g. bone). A change of the angle 
as well as the length of these lines is referred to as a change of the configuration of 
inter- and extramuscular connective tissue. As the stiffness of connective tissues is 
length dependent (e.g. Ettema and Huijing, 1989; Scott and Loeb, 1995; Woo et al., 
1980), length changes of those straight lines are indicative of changes of the stiffness 
of inter- and extramuscular myofascial pathways. It should be noted that stiffer 
pathways transmit relatively more force than less stiff pathways, because it is the 
most efficient route of force transmission (i.e. minimum of work performed). For 
such angle and length changes of connective tissue, the position of whole muscle or 
part of a muscle relative to adjacent muscles or relative to other surrounding tissues 
must be altered. 

Below, recent experimental results will be described, as well as some new 
experimental data that have elucidated the role of muscle relative position on force 
transmission from muscle. Furthermore, relevant literature is discussed, taking into 
consideration these new insights of muscle functioning. 
 

METHODS 
Effects of the position of rat EDL muscle relative to surrounding tissues of the 
anterior crural compartment on forces exerted at the proximal and distal tendons of 
EDL muscle have been studied in several experiments. The anterior crural 
compartment of rat envelops EDL, TA and EHL muscles. EDL forces have been 
measured with intact connective tissue at the muscle bellies of the anterior crural 
compartment, as well as after removal of its surrounding muscles. The latter involved 
full longitudinal fasciotomy of the compartment, cutting intermuscular connective 
tissues as well as nerves and blood vessels. The remaining extramuscular connective 
tissue, e.g. the part that supports the nerves and blood vessels to EDL, was left intact. 
Surgery and experimental set-up have been described in detail elsewhere (Huijing 
and Baan, 2001a). In all experiments performed, the intact muscles were activated 
maximally by supramaximal stimulation of the common peroneal nerve.  

Isometric force of EDL muscle was measured simultaneously at its proximal 
tendon as well as its tied distal tendons. The difference between force exerted at the 
proximal tendons and force exerted at the distal tendons is a direct measure of the 
magnitude of net inter- and extramuscular myofascial force transmission from a 
muscle. EDL muscle is equipped with both proximal and distal tendons and these 
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tendons extend beyond the anterior crural compartment. Because the tendons can be 
attached to force transducers after minimal surgical disruptions with the connective 
tissues of the compartment, EDL muscle is very useful for the assessment of 
myofascial force transmission. Simultaneous measurements of force at both tendons 
yield unequivocal results regarding force transmission from that muscle. 

The length of EDL muscle as well as its position relative to surrounding tissues 
was changed by repositioning the proximal as well the distal tendons. In such a way 
several experimental conditions were imposed:  

(1) Post fasciotomy effects of EDL muscle relative position on length-force 
characteristics were explored in a single experiment. The reference position (lref) of 
the proximal tendon corresponds to its position with the knee joint at 90°. Isometric 
length-distal force characteristics of EDL muscle were assessed with the proximal 
tendon at several positions (i.e. lref – 2 mm, lref – 1 mm, lref + 1 mm, and lref + 2 mm). 
The proximal direction was defined as positive. EDL muscle was lengthened distally 
with 1 mm increments starting at muscle active slack length (i.e. the length at which 
active force is zero) until approximately 2 mm over optimum length. 

(2) With the connective tissue at the muscle bellies of EDL, TA and EHL 
muscles left intact, effects of the location of length changes of EDL muscle (i.e. 
distal or proximal) on isometric length-force characteristics were investigated 
(Huijing, 2002; Huijing and Baan, 2002).  

(3) Independent effects of muscle relative position have also been investigated 
(Maas et al., 2002a). While EDL, TA and EHL muscles were kept at constant length, 
the position of EDL muscle was altered by moving both proximal and distal tendons 
in the same direction. 
 

RESULTS 
The position of a muscle is defined relative to adjacent muscles as well as relative to 
other surrounding extramuscular tissues. In this section, some new findings, as well 
as recently published results are described, regarding effects of muscle relative 
position. Preliminary results were presented at the 12th International Conference on 
Mechanics in Medicine and Biology (Huijing and Baan, 2002; Maas et al., 2002a, 
2002b; Yucesoy et al., 2002a).  
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New indications regarding effects of muscle relative position 
Fig. 1 shows results regarding distal length-active force characteristics of rat EDL 
muscle, measured for several positions of the proximal tendon of EDL. Note that 
muscle-tendon complex length (loi) of EDL muscle was manipulated by repositioning 
the force transducer connected to the proximal tendon as well as the force transducer 
connected to the distal tendon. 

Distal force. Changing the position of the proximal tendon yielded substantial 
differences between length-distal force curves of EDL muscle (Fig. 1A). If isometric 
muscle force would be determined exclusively by muscle-tendon complex length, 
those length-force curves should have been superimposed. However, at almost all 
lengths tested, differences between forces exerted at the distal tendons of EDL were 
found. For the lower EDL lengths (i.e. loi EDL < 46 mm), the highest distal forces 
were found if the proximal tendon was placed at the most distal position (i.e. lref prox 

– 2 mm). For high EDL lengths (i.e. loi EDL > 46 mm), the highest distal forces were 
found if the proximal tendon was placed in the most proximal position (i.e. lref prox + 
2 mm).  
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Fig. 1. Typical example of length-active force (Fma) characteristics of dissected EDL muscle, as obtained 
by lengthening EDL muscle distally, at four positions of the proximal tendon. (A) Distal active force as a 
function of EDL muscle-tendon complex length (loi). (B) Proximal active force as a function of EDL 
muscle-tendon complex length. Note that loi of EDL muscle was manipulated by repositioning the force 
transducer connected to the proximal tendon as well as the force transducer connected to the distal 
tendon. lref prox – 2 mm indicates the most distal relative position of EDL muscle studied, and lref prox + 2 
mm indicates the most proximal relative position of EDL muscle studied. 
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Proximal force. In addition, different curves of proximal EDL force as a function 
of distally obtained EDL length were found (Fig. 1B). For the higher EDL lengths 
(i.e. loi EDL > 43 mm) as well as for the lowest lengths (i.e. loi EDL < 40 mm), 
repositioning the proximal tendon in proximal direction increased force exerted at the 
proximal tendon. However, for intermediate EDL lengths (i.e. 40 < loi EDL < 43) the 
force curves were almost superimposed.  

Different EDL forces at equal muscle-tendon complex length suggest that, in 
addition to muscle length, its position relative to surrounding non-muscular tissues 
co-determines isometric muscle force. Changes of muscle relative position affect the 
length as well as the angle of extramuscular connective tissues. As a consequence, 
the magnitude as well as the direction of force that is transmitted via extramuscular 
myofascial pathways is altered. Repositioning the proximal tendon in proximal 
direction increased active slack length (i.e. from 37 to 40 mm) as well as optimum 
length (i.e. from 45 to 48 mm) of length-distal force curves of EDL (Fig. 1A). The 
length range between active slack length and optimum length remained equal. This 
indicates that maximal isometric muscle force is a function of muscle-tendon 
complex length as well as muscle relative position. The superimposed force curves of 
proximal EDL measured at intermediate lengths (Fig. 1B) indicate no effects of 
muscle relative position. This may be explained by compliant proximal 
extramuscular connective tissue for those conditions. 
 
Reinterpretation of in vivo length-moment data of human gastrocnemius muscle 
Length-voluntary moment characteristics have been assessed in humans for the bi-
articular gastrocnemius (GAS) muscle that is surrounded by synergists, which cross 
only one joint (Huijing et al., 1986). Length changes of GAS without muscle-tendon 
complex length changes of its synergists are obtained by varying the angle of the 
joint that is not crossed by the mono-articular synergists (i.e. the knee joint). For 
several ankle angles, knee angle−maximal plantar flexion moment characteristics of 
GAS were assessed. Changes of muscle-tendon complex length of GAS were 
calculated using the equations of Grieve et al. (1978). This yields estimates of GAS 
length-plantar flexion moment curves at different ankle angles (Fig. 2).  

With constant activation of all agonists as well as the antagonists but without 
myofascial force transmission, the contribution of the mono-articular plantar flexors 
to plantar flexion moment at each ankle angle should be the same. Therefore, a 



 

 152

change of ankle angle was expected to shift the GAS length-plantar flexion moment 
curves in parallel fashion. However, for low and high GAS lengths, this was not 
found. The authors concluded that excitation of different muscles varied with muscle 
length. However, effects of knee angle on EMG of GAS as well as tibialis anterior 
muscles (i.e. antagonist) were found for low and high GAS lengths as well as for the 
GAS length range that revealed parallel curves (i.e. muscle-tendon complex length ≈ 
39 to 41 cm). Thus, a satisfactory explanation could not be reported.  

Recent evidence of inter- and extramuscular myofascial force transmission 
(Huijing and Baan, 2001a; Maas et al., 2001), allow explanations other than muscle 
activation, also for this experiment. In the previous section, it was shown that 
muscle-tendon complex length is not the only determinant of isometric muscle force. 
It is concluded that the results of Huijing et al. (1986) do show effects of muscle 
relative position. 
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Fig. 2. Maximal voluntary net plantar flexion 
moment as a function of gastrocnemius muscle-
tendon complex length. Muscle-tendon complex 
length was manipulated by changing knee angle as 
well as ankle angle (i.e. proximal and distal length 
change). This yields overlapping segments of 
length-moment curves with identical 
gastrocnemius lengths, but different ankle joint 
angles. The different ankle angles are indicated by 
numbers in the figure. This figure is redrawn from 
data Huijing et al. (1986). 
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Other evidence for an important role of muscle relative position 
Since rat EDL muscle has both proximal and distal tendons, it is possible to change 
the length of EDL muscle at two locations. Recently, in a systematic study, effects of 
this location of length changes of EDL muscle on isometric length-force 
characteristics were investigated (Huijing, 2002; Huijing and Baan, 2002). In 
contrast to the above-described rat experiment, TA and EHL muscles were not 
excised and all connective tissues at the muscle bellies was left intact, allowing for 
inter- as well as extramuscular myofascial force transmission. Isometric force exerted 
at the proximal as well as the distal tendons of maximally activated EDL muscle was 
measured at several lengths of EDL muscle, attained either by proximal or distal 
lengthening.  

Differences between proximal and distal length-active force characteristics of 
EDL muscle were found. For almost all conditions, forces exerted at proximal and 
distal tendons were not identical. If EDL muscle was lengthened distally, distal EDL 
force was higher than proximal EDL force, at most lengths tested. For proximally 
lengthened EDL muscle the opposite was found. This indicates that the location at 
which length changes are obtained, affects the routes of myofascial force 
transmission. Comparisons at equal EDL muscle-tendon complex lengths between 
proximal EDL force after distal lengthening and proximal EDL force after proximal 
lengthening, revealed substantial differences. Such differences of distal EDL force at 
equal muscle lengths were reported also. These force differences were ascribed to a 
change of the position of EDL muscle relative to TA and EHL muscles as well as 
relative to other non-muscular tissues within the anterior crural compartment 
(Huijing, 2002; Huijing and Baan, 2002). These results indicate that the relative 
position of a muscle co-determines isometric muscle force. 

Independent effects of muscle relative position have also been investigated 
(Maas et al., 2002a). The position of EDL muscle was altered, without changing its 
length, and forces exerted at the proximal and distal tendons of EDL were measured. 
An example of proximal and distal EDL force-time traces at three different muscle 
relative positions is shown in Fig. 3A. For the most distal muscle relative position 
(1), proximal EDL force was lower than distal EDL force. Changing the relative 
position of EDL muscle from distal to more proximal locations (2 & 3) decreased 
distal EDL force but increased proximal EDL force. Repositioning EDL 2 mm in 
proximal direction yielded similar proximal and distal EDL forces (2). At the most 
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proximal EDL muscle relative position (3), the sign of the proximo-distal difference 
was reversed. 
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Fig. 3. Effects of the position of EDL muscle relative to surrounding tissues. (A) An example of 
proximal (left panel) and distal (right panel) force-time traces of EDL muscle at three different muscle 
relative positions. (B) Schematic drawings to illustrate configuration changes of inter- and extramuscular 
connective tissue, yielding forces comparable to those shown in A. EDL muscle and the TA+EHL 
complex are represented as springs and rectangles. Inter- and extramuscular connective tissues are 
represented as straight lines. The bold horizontal lines represent non-muscular extramuscular structures. 
The position numbers correspond to the force-time tracing numbers in A. 
 

These results show unequivocally that the position of a muscle relative to 
surrounding tissues co-determines isometric muscle force. Such position effects are 
explained by changes of the configuration of inter- and/or extramuscular connective 
tissue. Such configuration changes, yielding results comparable to Fig. 3A, are 
illustrated schematically in Fig. 3B. It shows that a change of the relative position of 
a muscle affects the lengths as well as the angle of inter- and extramuscular 
connective tissue (i.e. represented as straight lines). This configuration determines if 
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net force is transmitted via inter- and extramuscular myofascial pathways to the distal 
tendon (1: F EDLdist > F EDLprox) or to the proximal tendon (3: F EDLprox > F 
EDLdist).  
 
Effects of muscle relative position on the length of sarcomeres within a muscle 
It has been hypothesized that a proximo-distal EDL force difference is caused by 
differential lengths of sarcomeres located proximally and distally within muscle 
fibers (Huijing and Baan, 2001a; Maas et al., 2002a, 2002b). If proximal EDL force 
is higher than distal EDL force, the proximal sarcomeres should attain higher lengths 
than distal sarcomeres within muscle fibers, as long as they are operating on the 
ascending limb of the length-force curve. Because the proximo-distal force 
difference was found to change as a function of EDL muscle relative position (Fig. 
3), changes of the distribution of lengths of sarcomeres are expected. 
 

Fiber direction strain

Proximal

Distal

Fiber direction

 
Fig. 4. Distribution of local fiber direction strain within an EDL finite element model incorporating 
extramuscular myofascial connections exclusively. It illustrates differential lengths of sarcomeres 
located proximally and distally within muscle fibers: lower lengths as found for proximal sarcomeres 
compared to distal sarcomeres. 
 

Therefore, a finite element model of EDL muscle with extramuscular 
connections was used to assess the effects of muscle relative position on the 
distribution of lengths of sarcomeres. Preliminary results of this study were presented 
(Yucesoy et al., 2002a). At the most distal muscle position, distal force was higher 
than proximal force of EDL muscle kept at high length, and sarcomeres located 
distally within muscle fibers attained higher length than sarcomeres located 
proximally within the same fibers. Fig. 4 gives an example of such a strain 
distribution within a modeled muscle. Although some sarcomeres near the distal 
aponeurosis attained over optimum lengths (i.e. positive strains), this distribution 
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corresponds to a higher distal force compared to proximal force. Changing the 
muscle model from a distal to a more proximal position reversed the sign of the 
proximo-distal force difference. Accordingly, the proximal sarcomeres of muscle 
fibers attained higher length than the distal ones. These results confirm our 
hypothesis that changes of muscle relative position may alter the distribution of 
lengths of sarcomeres within the muscle. A more detailed finite element model study 
of the effects of muscle relative position on intra- and extramuscular muscle tissues 
will be published also in this journal (Yucesoy et al., 2003b). 
 
In conclusion, evidence accumulates that the position of a muscle relative to adjacent 
muscles as well as other surrounding tissues is a major co-determinant of isometric 
muscle force. For muscles operating within their in vivo context of connective tissue, 
such position effects should be taken into account. Position effects are explained by 
changes of the length and angle of inter- and extramuscular connective tissues. The 
length determines the magnitude and the angle determines the direction of myofascial 
forces that are imposed on the muscle. Finite element modeling has indicated that 
these forces cause distributions of lengths of sarcomeres arranged in series within 
muscle fibers. To confirm these model results, further experimental studies are 
indicated. 
 

DISCUSSION 
Implications of myofascial force transmission on the assessment of length-force 
characteristics: animal studies 
In situ. Isometric length-force characteristics have been measured at several levels of 
organization: single fibers, muscle fascicles, and dissected muscles. Such 
experiments have shown important effects of several factors: stimulation frequency 
(Rack and Westbury, 1969; Roszek et al., 1994), fatigue (Turcotte et al., 1991), 
previous history of lengthening or shortening (Edman et al., 1993; Ettema et al., 
1990; Meijer et al., 1997), muscle architecture (Heslinga and Huijing, 1993), 
distribution of fiber mean sarcomere length (Ettema and Huijing, 1994; Willems and 
Huijing, 1994). In order to assess functional properties of muscle the following steps 
have been performed (Ettema, 1997; Hawkins and Bey, 1997; Huijing and Woittiez, 
1985; Woittiez et al., 1985): (1) muscle length-force characteristics of dissected rat 
muscles have been measured in situ, and (2) the in vivo length range of this muscle 
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has been determined.  
However, our recent studies have shown that the position of (parts of) a muscle 

relative to surrounding tissues is a co-determinant of isometric muscle force (Huijing 
and Baan, 2002; Maas et al., 2002a). Such position effects should be considered if 
muscle functioning in vivo is investigated. Dissecting a muscle involves cutting 
pathways for intermuscular as well as extramuscular myofascial force transmission. 
It has been shown that severing inter- and extramuscular connective tissue causes 
major changes of muscle length-force characteristics (Huijing and Baan, 2001a, 
2001b). Therefore, we conclude that in situ length-force characteristics of dissected 
muscle cannot be extrapolated to in vivo conditions. 

In vivo. Buckle force transducers placed on a tendon have been used to measure 
directly the joint angle-muscle force characteristics in cats (Gregor et al., 1988; 
Herzog et al., 1992). In such experiments muscle forces are measured exclusively at 
one tendon with connective tissue left intact at the muscle bellies. The following 
assumptions are made implicitly: (1) force measured at a particular tendon is also 
generated within the muscle belly corresponding to that tendon, and (2) force exerted 
at the distal tendon of a muscle is equal to force exerted at the proximal tendon of a 
muscle. If inter- and extramuscular myofascial pathways are considered, these 
assumptions are no longer tenable. Due to intermuscular myofascial force 
transmission (Maas et al., 2001), part of the force measured at the tendon may 
originate from sarcomeres within adjacent muscles. Via extramuscular myofascial 
pathways (Huijing and Baan, 2001a), force may be transmitted from the muscle 
fibers directly onto bone without passing the tendons. Furthermore, for non-dissected 
in situ muscle differences between proximal tendon force and distal tendon force 
have been reported (Huijing and Baan, 2001a; Maas et al., 2001). Therefore, it is 
concluded that the use of buckle force transducers is an appropriate method to 
measure forces exerted at the different tendons in vivo. However, these forces are the 
net result of a complex interplay between muscle fibers within different muscles and 
the surrounding connective tissue network. 
 
The occurrence of relative position changes of human muscles in vivo 
In vivo, position changes of muscle relative to adjacent muscles are caused by (1) 
differences in moment arm between muscles, and (2) the fact that some muscles span 
one joint (mono-articular muscles) and other muscles more than one joint (bi- or 
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poly-articular muscles). The position of (parts of) a muscle relative to non-muscular 
fixed structures within a compartment (e.g. bone, fascia) will alter with each change 
of joint angle.  

In humans, changes of the relative position of muscle bellies have been measured 
in vivo using cine phase-contrast magnetic resonance imaging (Asakawa et al., 2002). 
For a constant hip angle, length changes of bi-articular rectus femoris (RF) and 
mono-articular vastus intermedius (VI) muscles were compared during active knee 
extension. In healthy subjects, it was found that position changes of a square region 
of interest of the muscle belly were on average 31% greater in RF than in VI. The 
higher length changes of RF compared to VI are explained by the fact that RF has a 
higher moment arm than VI (Buford et al., 1997; Visser et al., 1990). These results 
show that in vivo the relative position of adjacent muscle bellies is changed by joint 
movements in humans. Based on the above-described experiments on animal 
muscles, it is expected that such changes of muscle relative position will affect force 
transmission within the compartment. The aim of further experiments should be (1) 
to describe and quantify such relative movements also for other muscles; and (2) to 
demonstrate that in vivo the inter- and extramuscular connective tissues of humans 
transmit force. 

Length changes of RF and VI during active knee extension were also 
investigated after tendon transfer of RF muscle (Asakawa et al., 2002). In such a 
transfer surgery, the distal tendon of RF is detached from the patella and reattached 
to a tendon of one of the knee flexor muscles. In a previous study, it was found that 
after tendon transfer RF still generates a knee extension moment, at a fixed knee 
angle of 90°, as stimulated using intramuscular electrodes (Riewald and Delp, 1997). 
It has been suggested that this could be a result of myofascial force transmission 
(Huijing, 1999b). Similar to healthy control subjects and in agreement with their 
earlier work, for patients recovered from a tendon transfer operation, the muscle 
belly length of both RF and VI decreased during knee extension (Asakawa et al., 
2002). 

Asakawa et al. (2002) suggest two possible explanations for the fact that the RF 
after transfer does not act as a knee flexor. (1) Scar tissue development after surgery 
would constrain motion of the distal tendon and, consequently, force transmission to 
the distal tendon. Our recent results (Huijing and Baan, 2001a; Maas et al., 2001) 
indicate that if force is not transmitted via its distal tendon, it must be transmitted via 
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extramuscular myofascial pathways. (2) Force transmission via connective tissue 
between adjacent muscles (i.e. intermuscular myofascial force transmission). 
Extrapolating the results of animal experiments (Huijing and Baan, 2001a, 2001b; 
Maas et al., 2001) to human muscles, we suggest that the muscle bellies of RF and VI 
muscles are mechanically linked. Connective tissue between RF and VI may serve as 
a pathway for force transmission from RF to the patella. As a consequence, 
stimulating this muscle will still yield an extension moment at the knee, as reported 
previously (Riewald and Delp, 1997). The results of these RF tendon transfer studies 
indicate that human inter- and/or extramuscular connective tissues are capable of 
transmitting force. 

For tendon transfer of flexor carpi ulnaris muscle (FCU), the distal tendon of 
FCU is severed. It was observed recently that, after such tenotomy, passive extension 
of the wrist caused an increase of FCU length (Kreulen et al., 2003). As all 
myotendinous pathways were excised, this observation proves unequivocally that 
human inter- and/or extramuscular connective tissues transmit force. 

It is concluded that during limb movements in vivo, changes of muscle position 
relative to its surroundings occur. Such changes of muscle relative position are 
expected to co-determine the fraction of force transmitted via the following 
pathways: (1) via its tendons (i.e. myotendinous force transmission), (2) via adjacent 
muscles (i.e. intermuscular myofascial force transmission, (3) via structures other 
than muscles (i.e. extramuscular myofascial force transmission).  
 
Difficulties in estimating in vivo muscle force and length from net joint moment and 
joint angle 
Joint angle-net joint moment characteristics have been frequently investigated in vivo 
(for a review see Kulig et al., 1984). To study the contribution of several muscles to 
the net joint moment, length-force characteristics of individual human muscles have 
been estimated indirectly, using in vivo measurements of net joint moment at several 
joint angles. However, there are several difficulties that should be considered if these 
variables are translated into muscle force and length values: 

(1) If muscles are activated voluntary, the degree of activation of the target 
muscle cannot be controlled fully. Muscles are almost never activated maximally 
during maximal voluntary contractions (e.g. Allen et al., 1995; Folland et al., 2000), 
as can be assessed using a percutaneous twitch superimposition technique (Belanger 
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and McComas, 1981; Rutherford et al., 1986). Constant muscle activation can be 
attained by applying percutaneous stimulation or stimulation of the nerve (Mela et 
al., 2001). 

(2) Both during voluntary activation and electrical stimulation, co-activation of 
agonists as well as antagonists will undesirably influence the experimental results. 
Effects of such co-activation on the experimental results should be estimated. EMG 
has been used to indicate activity (Maganaris et al., 2001; Magnusson et al., 2001), 
and ultrasonography or MRI techniques to measure if any activity has caused length 
changes of muscle fibers of the non-stimulated muscles (Maganaris, 2001). 

(3) In order to estimate forces of a muscle-tendon complex, the measured net 
joint moments must be divided by the moment arm. Moment arms as a function of 
joint angle have been estimated for different muscles from joint angle-muscle length 
or tendon excursion data using human cadaver specimens (An et al., 1983; Buford et 
al., 1997; Spoor et al., 1990; Visser et al., 1990). Note that connective tissues around 
the joint must be cut, to allow joint movements in cadaver specimens. As moment 
arms vary considerably between individuals, these data cannot be applied to any 
individual. Therefore, non-invasive techniques have been developed for in vivo 
moment arm estimations. Ultrasonography has been applied to measure tendon 
excursion as a function of joint angle in vivo, from which moment arm is calculated 
(Ito et al., 2000; Maganaris, 2000). For such calculations a simplified representation 
of the joint is used: it is assumed to consist of a circular articular surface (i.e. a fixed 
axis) and to act in one plane.  

Using MRI in the sagittal plane only, moment arm has been estimated from the 
perpendicular distance between the joint center of rotation and the muscle tendon line 
of action (Maganaris, 2000; Maganaris et al., 2000; Magnusson et al., 2001; Rugg et 
al., 1990). The location of joint center of rotation is measured using the graphical 
method of Reuleaux. However, the accuracy of this location is affected by several 
factors, which introduce errors to this measurement (Rugg et al., 1990). In addition, 
it has been reported that the moment arm of relaxed muscle differs from the moment 
arm of maximally activated muscle (Maganaris et al., 1998b, 1999). Substantial 
differences in estimated moment arm using MRI and Reuleaux or measuring tendon 
excursion have been reported (Spoor and Leeuwen, 1992). A comparison between 
moment arms estimated with an MRI based biomechanical model of the upper leg 
and experimentally determined moment arms (using the tendon excursion method) 
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revealed differences up to 10% (Arnold et al., 2000). It is clear that such moment 
arms would cause substantial under- or overestimations of tendon forces, if 
calculated from joint moments. In addition, the outcome of optimization-based 
mathematical models that are used to estimate individual muscle forces during 
human movements would be affected significantly, as revealed from a recent 
sensitivity analysis (Raikova and Prilutsky, 2001). 

If these limitations for an accurate determination of each variable are considered, 
it must be concluded that in vivo moment arms and, thus, tendon forces cannot be 
estimated accurately. An accurate method to measure tendon forces directly is to 
implant force transducers onto the tendon, as applied in animal studies (e.g. Gregor et 
al., 1988; Herzog et al., 1992; Walmsley et al., 1978), or in the tendon, as applied in 
human studies (Finni et al., 1998). 

(4) In some studies, after estimation of muscle force from joint moment and 
moment arm, fiber length-fiber direction force characteristics are estimated using 
pennation angle and fascicle length, as measured with ultrasonography (Ichinose et 
al., 1997; Maganaris, 2001). However, several factors will be a source of error: (a) 
Curving and bulging of fibers during contraction (Maganaris, 2000; Van der Linden, 
1998) cause inaccurate measurements of pennation angle. (b) Fascicle length and 
pennation angle are measured at only one location of the muscle belly. Changes of 
relative position of muscle parts near the location at which lengthening occurs will be 
higher than muscle parts at the other end of the muscle (Huijing, 2002; Maas et al., 
2002a). Therefore, it is expected that length changes of fibers located proximally 
within the muscle belly differ from length changes of distal fibers. This hypothesis 
needs to be confirmed in further experiments. For different muscles measured at a 
fixed length, different muscle fiber lengths along the length of the muscle have been 
reported (Friden et al., 2001; Huijing, 1985; Powell et al., 1984). In a recent study, 
no difference in fascicle length within medial gastrocnemius muscle was found, 
while pennation angle differed significantly among different position throughout the 
muscle belly (Kawakami et al., 2000). (c) Effects of inhomogenities of fiber mean 
sarcomere length (Huijing, 1995, 1996), which indicate different forces between 
fibers at equal muscle length, are neglected.  

(5) Effects of muscle relative position and, thus, effects of inter- and 
extramuscular myofascial force transmission cannot be excluded in vivo. This has 
several consequences: (a) tendon force cannot be interpreted as force generated by 
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muscle fibers of one muscle belly; (b) as muscle force is exerted at the tendon as well 
as at other connective tissues, the moment arm of a muscle is not solely the distance 
between the tendon line of action and the joint center of rotation, but also between 
other points of force application and the joint center of rotation; (c) muscle fiber 
length may change due to forces exerted on the fiber by adjacent muscles as well as 
other surrounding tissues. 
 
Human muscles studied in vivo 
Despite the above-described difficulties, it has often been attempted to estimate 
length-force or length-moment characteristics of individual human muscles in vivo. 
These studies will be discussed below, pointing to their main limitations particularly 
with regard to myofascial effects of muscle relative position. 

Bi-articular muscles. Length-voluntary moment characteristics have been 
assessed in humans for bi-articular muscles that are surrounded by synergists, which 
cross only one joint. Muscles used for such measurements are gastrocnemius (GAS) 
muscle (Herzog et al., 1991; Huijing et al., 1986) and rectus femoris muscle (Herzog 
and ter Keurs, 1988b; Herzog and ter Keurs, 1988a). In this method, described above 
(results section), it was assumed that muscle-tendon complex length is the only 
determinant of maximal isometric force. However, recent work on force transmission 
indicated that isometric muscle force is co-determined by the position of the muscle 
relative to surrounding tissues (Huijing, 2002; Maas et al., 2002a, 2002b). This can 
explain the results of Huijing et al. (1986) (Fig. 2). Maximal lengthening the bi-
articular GAS muscle (at the knee joint) will change the position of parts of that 
muscle relative to adjacent muscles (i.e. soleus and plantaris muscles) as well as 
relative to other surrounding tissues (e.g. tibia, neurovascular tract). The contribution 
of the mono-articular muscles, kept at constant muscle-tendon complex length (i.e. 
constant ankle angle), to plantar flexion moment may change as a function of knee 
angle. Thus, changes of plantar flexion moment at constant ankle angle cannot be 
attributed fully to length changes of the bi-articular muscle. It is concluded that, for 
the measurement of in vivo muscle length-moment characteristics in humans, a 
substantial error is introduced by using the assumption that isometric muscle force is 
constant if muscle-tendon complex length is unchanged. 

Electrical stimulation. To eliminate the limitations of voluntary contractions, 
electrical stimulation has been used (e.g. Ismail and Ranatunga, 1978; Leedham and 
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Dowling, 1995; Marsh et al., 1981). As in such experiments the activity of 
surrounding muscles is negligible, active force must originate from muscle fibers of 
the target muscle. However, this does not exclude mechanical interactions and force 
transmission between muscles or between muscle and surrounding connective 
tissues. In other words, a fraction of muscle fiber force may be transmitted to bone 
via other pathways than the tendons of the stimulated muscle. It may certainly be 
argued that the stiffness of the inter- and extramuscular connective tissue is lower 
compared to the condition in which all synergists are active simultaneously. 
Nevertheless, adjacent passive muscles may be part of the series elastic component 
for the active muscle. This may result in less effective force transmission to the 
tendons and, consequently, in a smaller moment at the joint.  

To measure effects of muscle position relative to passive surrounding tissues, 
force exerted proximally and distally by the active muscle should be assessed. If 
inter- and/or extramuscular myofascial force transmission is negligible, proximal 
muscle force should be equal to distal muscle force. However, no studies have 
measured distal as well as proximal muscle properties in vivo. A promising technique 
to assess proximal as well as distal muscle force in vivo is magnetic resonance 
elastography (MRE) (Dresner et al., 2001; Jenkyn et al., 2001; Kruse et al., 2000). 
Propagation of shear waves in muscle is determined. As the wavelength changes with 
muscle stiffness, it is directly related to muscle force. After inter- and extramuscular 
myofascial force transmission was suggested (Huijing, 1999b), experiments in our 
laboratory involved in situ measurements of force exerted by undissected muscle at 
proximal as well as distal tendons of EDL muscle (Huijing and Baan, 2001a; Maas et 
al., 2001). In these experiments, EDL muscle as well as its surrounding synergists 
(TA and EHL) were maximally activated. Effects of the position relative to passive 
surrounding muscles needs further investigation. 

For intramuscular events, it was postulated that such myofascial interactions 
between active and passive motor units could result in changes of length-force 
characteristics of individual motor units (Monti et al., 2001). Length-force 
characteristics of a motor unit would be a function of the state of contractility of 
other surrounding motor units. Using similar arguments, at a higher level of 
organization, length-force characteristics of a whole muscle-tendon complex are to 
be considered a function of the activation level of surrounding muscles, due to inter- 
and extramuscular myofascial force transmission. It should be noted that in vivo, co-
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contraction of synergists is a general feature during normal limb movements (e.g. 
Nakazawa et al., 1993). Presently, it is unclear how these new insights regarding 
force transmission from muscle do affect the neural control of movement. Recently, 
it has been shown that a common drive, defined as collective recruitment of motor 
units, exists between motor units belonging to two synergistic muscles (De Luca and 
Erim, 2001). The authors interpreted this as implying that the central nervous system 
considers different muscles as a functional unit when they act as synergists. Our 
work does support a mechanical basis for such conclusion. 

Ultrasonography. A technique applied to assess several properties of in vivo 
human skeletal muscles is ultrasonography. Fiber length-muscle fiber direction active 
force characteristics have been estimated for several muscles (Ichinose et al., 1997; 
Maganaris, 2001). Based on the above-discussed limitations of this method, it is 
concluded that such studies do not provide valid measures of length-force 
characteristics of human muscles in vivo. Ultrasonography is a useful technique to 
measure changes of architectural parameters, such as length changes of tendons, 
aponeuroses, and fascicles (e.g. Chleboun et al., 2001; Fukunaga et al., 1997; 
Fukunaga et al., 1996; Kawakami et al., 1998; Maganaris and Paul, 2000). 

In conclusion, there are several difficulties that limit the estimation of length-
force characteristics of human muscles in vivo. Based on recent evidence of inter- 
and extramuscular myofascial force transmission, it is concluded that isolating 
mechanical effects of an individual muscle-tendon complex in vivo is not possible as 
yet. During limb movements, effects of muscle relative position will co-determine 
tendon force of the studied muscle. Therefore, future studies should be aimed at 
investigating the contribution of motor units, the smallest functional unit of the 
neuromotor system, located in different muscles to joint moments during human limb 
movements. From such experiments, it should be deduced how the central nervous 
system deals with the different pathways for force transmission to produce the 
required movement. 
 
Sarcomere length changes within muscle 
A difference between force exerted at the proximal tendon and the distal tendon of a 
muscle indicates that inter- and/or extramuscular connections impose an additional 
net load on the muscle. Using a finite element model of EDL muscle with 
extramuscular links, it was shown that these myofascial forces affect the distribution 
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of lengths of sarcomeres within the muscle (Yucesoy et al., 2002a; Yucesoy et al., 
2003b). If such a model is extended, it could be suitable to investigate the in vivo 
relationship between joint angle and the distribution of lengths of sarcomeres within 
a muscle. Other techniques have also been used to directly or indirectly assess 
sarcomere lengths that are attained during normal in vivo movements. The general 
aim of those experiments is to determine the range of sarcomere lengths that is used 
when a muscle operates in vivo.  

Laser diffraction. The most direct method to measure sarcomere lengths is laser 
diffraction (Lieber et al., 1984). To apply this technique, the target muscle must be 
exposed. Therefore, it has been used predominantly for experiments on animal 
muscles or muscle fibers (e.g. Jaspers et al., 2001; Kawakami and Lieber, 2000; 
Lieber and Boakes, 1988). Nevertheless, in vivo sarcomere lengths have also been 
measured peroperatively in humans (Lieber et al., 1997; Lieber et al., 1994). Their 
method has yielded unique results regarding sarcomere lengths within the joint range 
of motion. Sarcomere lengths of extensor carpi radialis brevis (ECRB) and longus 
(ECRL) muscles were measured in patients that were undergoing surgery. The 
compartmental fascia, epimysium as well as perimysium were disrupted and a small 
bundle (i.e. from the distal 2 cm of each muscle) was isolated using blunt dissection. 
The wrist angle was altered and passive sarcomere length was measured. Different 
operating sarcomere length ranges from maximal wrist flexion to maximal wrist 
extension were found for ECRB and ECRL. 

From a myofascial force transmission point of view, the main limitation of the 
above-described studies is the fact that sarcomere length is measured of a bundle of 
muscle fibers, which is dissected free from surrounding connective tissue. Different 
sarcomere lengths within a passive fiber due to partial dissection have been reported 
(Street, 1983). The middle part of a muscle fiber was dissected, leaving its ends 
embedded within surrounding muscle fibers of a fascicle. If this fascicle was 
lengthened passively, the length of sarcomeres within the isolated part of the muscle 
fiber differed from sarcomeres within a part of the same fiber that was surrounded by 
other muscle fibers. These results indicate myofascial force transmission (for a 
review see Huijing, 1999b, 2002). Therefore, the length of sarcomeres measured by 
laser diffraction must differ from the length of sarcomeres within the same fiber, but 
not dissected free from its surrounding connective tissue. It is concluded that 
noninvasive techniques should be applied to measure accurately the in vivo range of 
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sarcomere lengths. 
Ultrasonography. Up to now, a noninvasive technique to measure sarcomere 

length in vivo is not available. Ultrasonography is used to study changes of muscle 
fascicle length in vivo (Kawakami et al., 1998; Maganaris et al., 1998a). If a muscle 
contains spanning fibers (i.e. muscle fibers that span the full length of the fascicle 
(Huijing, 1999b, 1999a)) only, fascicle length is a valid estimation of muscle fiber 
length. However, this technique is not sensitive enough to measure sarcomere length. 
Sarcomere length has been estimated by dividing the fascicle length by the average 
number of sarcomeres in series (Kurokawa et al., 2001; Maganaris, 2001).  

MRI. Other available techniques that yield an indication of sarcomere lengths in 
vivo noninvasively are based on magnetic resonance imaging (MRI). MRI has been 
applied to assess in vivo strain of triceps surae during voluntary ankle joint 
movements (Kuper et al., 1999). Fig. 5 gives an example of a tagged MR image of 
the lower leg. MRI tagging provides intramuscular noninvasive markers that are used 
to measure muscle tissue deformation (i.e. strain). Spatial modulation of 
magnetization was used to apply a tagging grid to the tissue. Phase contrast MRI was 
applied to assess length changes within biceps brachii (Pappas et al., 2002). The fiber 
direction strain distributions are related to the distribution of lengths of sarcomere 
within a muscle.  

Magnetic resonance elastography is used to assess stiffness within muscles 
(Dresner et al., 2001; Jenkyn et al., 2001; Kruse et al., 2000). Acoustic shear waves 
are applied to the muscle and their propagation was recorded on MR images. The 
wavelength is a function of muscle stiffness. As stiffness is related to sarcomere 
length, this technique may also be used to estimate the distribution of lengths of 
sarcomeres within a muscle. 
 
Conclusion. Finite element model results indicate that the length distribution of 
sarcomeres is affected by the relative position of a muscle. It is concluded that the 
most valid way to determine joint angle-sarcomere length characteristics is 
measuring noninvasively sarcomere lengths in vivo. The existing MRI techniques are 
promising but need further development. If indirect methods are used, the interaction 
of muscle fibers with the intra-, inter- and extramuscular connective tissues should be 
acknowledged. 
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Fig. 5. Tagged MR image of the lower leg (Kuper 
et al., 1999). The mid-longitudinal plane of the 
medial head of gastrocnemius muscle (i.e. right 
muscle structure) is shown, as it coincided with 
the fiber direction. MR images were obtained in 
collaboration with dr. T. Marcus, Department of 
Medical Physics and Informatics, Medical Center 
Vrije Universiteit, Amsterdam, The Netherlands. 

 
CONCLUSIONS 
Recent experiments have shown that in rat the position of a muscle relative to 
adjacent muscles as well as relative to other surrounding tissues is an important co-
determinant of isometric muscle force. During normal human movements, changes of 
muscle relative position occur. Therefore, experiments that investigate muscle 
properties in vivo should consider effects of muscle relative position. The relative 
position of a muscle determines the configuration of its surrounding connective 
tissues and, therefore, the fraction of force that is transmitted via the following 
pathways: (1) via its tendons (i.e. myotendinous force transmission), (2) via adjacent 
muscles (i.e. intermuscular myofascial force transmission), (3) via structures other 
than muscles (i.e. extramuscular myofascial force transmission). Non-invasive 
techniques to assess muscle properties in vivo in combination with muscle models 
that allow for inter- and extramuscular myofascial force transmission should further 
elucidate the importance of muscle relative position for muscle functioning in vivo. 

Connective tissue that surrounds muscle fibers (i.e. intra-, inter- and 
extramuscular connective tissue) plays an important role for force transmission from 
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the contractile elements to bone. If muscle fibers, muscle fascicles or isolated whole 
muscles are used to investigate muscle properties, it should be realized that that the 
experimental conditions are not comparable to the in vivo context of connective 
tissue. Because it is not possible to fully isolate an individual muscle-tendon complex 
in vivo, it is not relevant to investigate the contribution of several muscles to the net 
joint moment. We conclude that at least a muscle compartment should be viewed as a 
functional unit with regard to force transmission as well as with regard to the neural 
control of movement. Therefore, the contribution of several motor units to net joint 
moment should be investigated, as well as via which pathways the motor unit force is 
transmitted to bone.  
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In this thesis, a study on myofascial force transmission has been presented as well as 
considerations about its relevance for muscle function. The experiments have yielded 
several new insights of which their implications have been discussed in the 
corresponding chapters. In chapter 8, implications of myofascial force transmission 
for studies investigating muscle properties, are reported. Nevertheless, some aspects, 
which still need to be addressed, are discussed in this chapter. 
 
The distinction between inter- and extramuscular myofascial force transmission 
Within an intact anterior crural compartment, muscle fiber force may be transmitted 
out of EDL muscle via (1) its proximal and distal tendons, (2) via connective tissue at 
the interface between TA and EHL muscles, and/or (3) via extramuscular connective 
tissue. A difference between force exerted at the proximal tendon and force exerted 
at the distal tendons of EDL muscle is direct evidence for inter- and/or extramuscular 
myofascial force transmission. However, the individual contribution of each pathway 
cannot be distinguished, unless one category is removed completely.  

In the experiment reported in chapter 4, TA and EHL muscles were excised, 
eliminating all intermuscular myofascial pathways for EDL muscle as well as a part 
of the extramuscular myofascial pathways (i.e. compartmental fascia, connective 
tissue supporting nerves and blood vessels of TA+EHL). Therefore, a proximo-distal 
EDL force difference indicates myofascial force transmission via extramuscular 
connective tissue, which supports the nerves and blood vessels of EDL (for images 
see Huijing and Baan, 2001b; Huijing et al., 2003). This study showed that the 
connections between the intramuscular and extramuscular connective tissue are 
sufficiently stiff to transmit force. However, the occurrence of extramuscular 
myofascial force transmission in the present experimental conditions does not 
guarantee equal effects of such force transmission within an intact anterior crural 
compartment.  

Blunt dissection of intermuscular connective tissue has been reported to decrease 
optimal force of rat flexor carpi ulnaris (FCU) muscle (Smeulders et al., 2002). 
Transmission of force from adjacent muscles via intermuscular connective tissue to 
the distal FCU tendon prior to dissection, may explain the effects of this intervention. 
These results also indicate that intermuscular myofascial force transmission is not 
limited to the anterior crural compartment, but is a general feature of the 
musculoskeletal apparatus. Furthermore, images of direct connective tissue linkages 
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between the muscle belly of EDL and the muscle belly of TA have been shown 
(Huijing and Baan, 2001b; Huijing et al., 2003). Cross-sections have indicated that 
the perimysium of EDL cannot be distinguished from the perimysium of TA (chapter 
2; Huijing et al., 2003). Therefore, the intramuscular connective tissue of EDL is 
regard as continuous with the intramuscular connective tissue of TA. However, direct 
intermuscular connective tissue of rat can be easily broken (Huijing and Baan, 
2001b). Also in humans, a muscle belly is freed from surrounding tissues by blunt 
dissection, for example during tendon transposition surgery (Smeulders and Kreulen, 
personal communication). However, the stiffness of intermuscular connective tissue 
may be higher if these structures are stressed under more physiological conditions. 
Note that myofascial pathways are expected to transmit force by shear. Shear stress is 
different from the stress applied on the connective tissue by blunt dissection. 

Mechanical interactions between EDL and TA+EHL (e.g. chapter 2 and 3) have 
been ascribed to intermuscular myofascial force transmission. Recently, it was found 
that length changes of TA+EHL altered force exerted at the distal tendons of the 
peroneal muscles (PER), which were kept at a constant muscle-tendon complex 
length (Huijing, 2002). This indicates myofascial force transmission between 
antagonists. It should be noted that TA+EHL and PER are not connected to each 
other by direct intermuscular connective tissue. Therefore, any intermuscular 
mechanical effects between these muscles should be ascribed to extramuscular 
myofascial force transmission. These results suggest that the mechanical interactions 
between EDL and TA+EHL may also be mediated by extramuscular myofascial 
pathways.  

EDL and TA+EHL are also connected to each other by the connective tissue 
supporting the nerves and blood vessels of the anterior crural compartment (chapter 
2; Huijing et al., 2003). Nerves and blood vessels from this extramuscular 
neurovascular tract enter the muscles supported by thick connective tissue. For a 
schematic drawing of the location of these intramuscular neurovascular tracts for 
EDL and TA muscles see Fig. 6A of chapter 7.  

These mechanical and anatomical findings indicate that the connective tissues of 
a compartment should be considered as a unit. Force can be transmitted from muscle 
fibers via intra-, inter- and extramuscular myofascial pathways. The morphological 
and mechanical continuity of the compartmental connective tissues suggests that 
intermuscular interactions are mediated by inter- as well as extramuscular myofascial 
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force transmission, the actual ratio of stiffnesses determining the fraction of force 
transmitted via each path.  
 
Clinical implications 
In the present thesis, the clinical implications of myofascial force transmission were 
discussed to a limited extend. Several surgical interventions include manipulation of 
muscle or its surrounding connective tissue. Investigating the effects of such 
interventions are important for surgical practice, but may also yield fundamental 
conclusions about the role of the disrupted tissues for muscle function.  

A compartment syndrome is characterized by a condition in which an increased 
pressure within the compartment limits capillary flow (e.g. Abramowitz and 
Schepsis, 1994; Davey et al., 1984). The anterior compartment of the lower leg in 
humans, which corresponds to the anterior crural compartment of rat, is a common 
location for such a syndrome (e.g. Touliopolous and Hershman, 1999). To reduce the 
intracompartmental pressure, subcutaneous fasciotomy is often applied (e.g. Almdahl 
and Samdal, 1989; Heemskerk and Kitslaar, 2003). In the present thesis, the 
compartmental fascia is considered as a part of the connective tissue network via 
which force can be transmitted to and out of muscle. For dog hind limbs, it has been 
shown that partial fasciotomy decreased force (by 10%) exerted at the distal tendon 
of the tibialis cranialis muscle (Garfin et al., 1981). Recently, the effects of such an 
intervention on force transmission from muscle were examined in rats (Huijing et al., 
2003). Full fasciotomy at the lateral aspect of the anterior crural compartment caused 
(1) major changes in proximally measured length-force characteristic of EDL muscle, 
(2) a decrease of force exerted at the proximal tendon of EDL (by up to 14%), (3) a 
decrease of the proximo-distal force difference (from 14% to 5% of proximal force), 
and (4) an increase of force exerted at the distal tendons of TA+EHL. It is concluded 
that the compartmental fascia is an important structure for force transmission from 
muscle fibers of EDL as well as TA+EHL. 

Tendon transfer surgeries are used to improve movement in, among others, 
patients with cerebral palsy. The distal tendon is detached from the insertion site (i.e. 
tenotomy) and reattached to the tendon or insertion of an antagonistic muscle. 
Despite the fact that tenotomy eliminates force transmission via the myotendinous 
pathway, it was found that passive extension of the wrist lengthened the tenotomized 
human FCU, which did no longer cross the wrist joint (Kreulen et al., 2003). 
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Furthermore, tetanic stimulation caused only limited shortening of FCU, which was 
significantly increased after surgical dissection. These results must be mediated by 
force transmission via inter- and extramuscular connections to muscular or other 
tissues that still cross the wrist joint. For the reattachment of the tendon, the muscle 
belly is partially dissected in order to increase the excursion of muscle in the passive 
state (Friden et al., 2001; Kozin and Bednar, 2001). Previous (Freehafer et al., 1979) 
as well as recent experiments (Smeulders et al., 2003) showed that surgical dissection 
prior to tendon transfer alters the length-active force characteristics of the transferred 
muscle-tendon complex substantially. In contrast, dissection of human (Smeulders et 
al., 2003) as well as rat FCU (Smeulders et al., 2002) did not alter its length-passive 
force characteristics. It is concluded that the effects of inter- and extramuscular 
myofascial transmission of active force should be considered for an effective tendon 
transposition surgery.  
 
The functional relevance of myofascial force transmission 
The results of this thesis clearly show that myofascial pathways are capable of 
transmitting considerable amounts of force in our experimental conditions (up to 
37% of optimal force, chapter 2). Therefore, morphologically defined muscles may 
not be considered as fully independent units of force generation. Furthermore, 
muscles of which the tendons span only one joint (characterized as mono-articular 
muscles) may exert a moment at more than one joint and, thus, have a bi-articular 
function. However, the functional relevance of myofascial force transmission is 
dependent of its occurrence in vivo. For the present work, a rat model was used to 
allow increased control over the experimental conditions of the muscles and their 
surroundings. The conditions imposed on the muscles in the experiments differed 
from the muscle conditions during in vivo movements. For example (1) the muscles 
of the anterior crural compartment were excited maximally and simultaneously (all 
experiments), (2) agonist muscles were lengthened without length changes of the 
synergistic muscles (e.g. chapter 2 and 3). The aim of further experiments should be 
to demonstrate the role of myofascial force transmission under in vivo conditions.  

It has been shown that the position of a muscle relative to adjacent muscles as 
well as other surrounding structures determines the effects of myofascial force 
transmission (chapter 3 and 4). On theoretical ground, changes of muscle relative 
position structures should occur in vivo (chapter 3 and 8). Recent results confirm 
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such changes of muscle relative position during human movements (Asakawa et al., 
2002). It has also been shown that myofascial force transmission can explain (1) the 
inability of humans to move a single finger without movements of adjacent fingers 
(chapter 5), (2) the effects of surgical interventions (chapter 8) as well as (3) the 
etiology of muscle disorders in the forearm related to repeated movements of fingers 
relative to each other (chapter 6). Although myofascial force transmission during 
human movements needs quantification, on the basis of the present scientific 
knowledge it is expected that in vivo myofascial force transmission is too important 
to ignore.  
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MYOFASCIAL FORCE TRANSMISSION: INTRA-, INTER- AND 

EXTRAMUSCULAR PATHWAYS 
Within a muscle, force can be transmitted from muscle fibers to the tendon via (1) 
sarcomeres in series and the myotendinous junction (i.e. myotendinous force 
transmission) and (2) via connections between sarcomeres, the subsarcolemmal 
cytoskeleton, trans-sarcolemmal molecules, the basal lamina and endomysium (i.e. 
myofascial force transmission). Within a compartment, force may also be transmitted 
out of muscle via pathways other than the tendons: (1) via connective tissue at the 
interface between the muscle bellies of adjacent muscles and (2) via extramuscular 
connective tissues. In this thesis, force transmission out of muscle via inter- and 
extramuscular myofascial pathways is studied as well as the relevance of such force 
transmission.  

The experiment of chapter 2 investigates force transmission between adjacent 
synergists within an intact anterior crural compartment of rat. Effects of length 
changes of the complex of tibialis anterior and extensor hallucis longus muscles 
(referred to as TA+EHL) on isometric forces exerted at the distal as well as the 
proximal tendons of extensor digitorum longus muscle (EDL) were assessed. For 
several conditions, proximally measured EDL force was unequal to distally measured 
EDL force, indicating that force is transmitted out of or onto EDL muscle via inter- 
and/or extramuscular myofascial pathways. It was found that, even if EDL was kept 
at a constant muscle-tendon complex length, distal lengthening of the TA+EHL 
complex increased force exerted at the proximal EDL tendon but decreased force 
exerted at the distal tendons of EDL muscle. It is concluded that force is transmitted 
between adjacent synergistic muscles. The most likely pathway for this transmission 
is via inter- and/or extramuscular connective tissue. Connective tissue structures that 
could mediate inter- and extramuscular myofascial force transmission were 
identified. A cross-section of EDL and TA muscles indicates that the anterior crural 
compartment should be considered as one connective tissue network that embeds 
muscle fibers as well as nerves and blood vessels.  

The intermuscular interactions reported in chapter 2 were explained on the basis 
of changes of the configuration (i.e. length and angle) of inter- and extramuscular 
connective tissue. For such configuration changes, the position of (parts of) a muscle 
relative to adjacent synergists as well as relative to non-muscular surrounding 
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structures (e.g. intermuscular septum, bone) must be altered. In the experiment of 
chapter 2, this relative muscle position was changed in combination with a change of 
muscle-tendon complex length. Therefore, the aim of chapter 3 was to assess effects 
of changes of exclusively the relative position of EDL muscle. Muscle-tendon 
complex length of EDL, TA and EHL muscles was kept constant. Proximal and distal 
EDL forces as well as distal TA+EHL force changed significantly on repositioning 
EDL muscle. The results showed that changes of muscle force with length changes of 
a muscle is the result of the length changes per se, as well as of changes of relative 
position of parts of the muscle. It was concluded that in addition to length, the 
position of a muscle relative to its surroundings determines isometric muscle force. 
Such position effects must be mediated by inter- and/or extramuscular myofascial 
force transmission.  

Within the experimental conditions of the above-described experiments, the 
individual contribution of each myofascial pathway could not be distinguished. 
Therefore, in chapter 4, effects of muscle relative position were studied with only 
intact extramuscular connective tissue that supports the nerves and blood vessels of 
EDL. Significant effects of EDL muscle relative position on proximal and distal EDL 
forces were found. As the surrounding synergists of EDL were removed, these 
length-independent effects should be mediated by extramuscular myofascial force 
transmission. This indicates that the extramuscular connective tissue has sufficiently 
stiff connections to the intramuscular connective tissue network. As this network is 
connected to the cytoskeleton of muscle fibers, it was hypothesized that changes of 
muscle relative position affect the distribution of lengths of sarcomeres within EDL 
muscle. For this purpose, a 3D finite element model of EDL muscle equipped with 
extramuscular links was used. It was found that the distribution of lengths of 
sarcomeres arranged in series within muscle fibers as well as the distribution of fiber 
mean sarcomere length among muscle fibers was altered as a function of muscle 
relative position.  

In vivo, position changes of a muscle relative to adjacent synergists are caused by 
(1) differences in moment arm between those muscles and (2) the fact that some 
muscles span only one joint and adjacent muscles span more than one joint. The 
position of a muscle relative to non-muscular surrounding structures is altered with 
any change of joint angle. Considerable changes of muscle relative position are 
expected during any task that requires movement of the fingers relative to each other 
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(e.g. typing on a keyboard, playing a musical instrument). The actuators of such 
movements are multi-tendoned muscles in the forearm. Due to the special 
morphology of multi-tendoned muscles (i.e. multiple muscle heads of which the 
fibers share a common tendon proximally, but have individual tendons distally), 
changes of relative position of muscle heads may occur also intramuscularly.  

The following three chapters address experiments on length changes of a single 
head (III) of multi-tendoned EDL muscle (referred to as EDL III), as obtained by 
displacements of its distal tendon. First, myofascial force transmission between EDL 
III and adjacent tissues was investigated for isometric muscle conditions (chapter 5). 
Optimal force exerted at the distal tendon of EDL III was more than twice the force 
expected on the basis of the physiological cross-sectional area of EDL III muscle 
fibers. Therefore, a substantial fraction of this force muscle must originate from 
sources other than muscle fibers of EDL III. Lengthening EDL III caused high 
changes of force exerted at the distal tendon of EDL III, but only minor changes of 
force exerted at the proximal tendon of EDL muscle. If force transmission between 
EDL III and adjacent tissues was absent, changes of proximal EDL force should 
equal the changes of EDL III force. Furthermore, TA+EHL force decreased 
significantly as a function of lengthening EDL III. It is concluded that intramuscular 
as well as inter- and extramuscular myofascial pathways play an important role for 
force transmission from multi-tendoned muscles. This study shows that such force 
transmission should be considered as one of the mechanisms, which contributes to 
the inability of humans to move a single finger without movements of adjacent 
fingers.  

All previous experiments on myofascial force transmission involved isometric 
muscle contractions. Therefore, in chapter 6, effects of dynamic shortening of EDL 
III on myofascial force transmission were studied. It was found that concentric 
contractions of EDL III caused substantial changes of EDL III force, but relatively 
low changes in force at the proximal tendon of EDL muscle. In contrast to the results 
of chapter 5, no effects of dynamic shortening of EDL III on TA+EHL force were 
observed. Therefore, these results are explained in terms of myofascial force 
transmission between EDL III and the other EDL heads (intramuscular) as well as 
non-muscular surrounding structures (extramuscular). Thus also in dynamic muscle 
conditions, muscle fiber force is transmitted via myofascial pathways.  

Myofascial force transmission indicates that force is borne by a chain of 
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molecules between sarcomeres, the subsarcolemmal cytoskeleton and extracellular 
matrix as well as by the connective tissue stroma. In chapter 7, it was hypothesized 
that frequent loading of myofascial pathways may cause damage to those structures 
or alter their mechanical properties. As a consequence, force transmission from 
muscle fibers may change. Effects of prolonged (3 hours) intermittent concentric 
exercise of EDL III on (a) indices of early muscle damage and on (b) force 
transmission between EDL III and adjacent tissues of the intact anterior crural 
compartment, were studied. Three hours after the cessation of EDL III exercise, a 
limited number of damaged muscle fibers (i.e. dystrophin, desmin and titin negative) 
were found in EDL as well as TA+EHL. The damaged muscle fibers were not 
uniformly distributed throughout the muscle cross-sections, but were located 
predominantly near the interface of TA and EDL muscles as well as near intra- and 
extramuscular neurovascular tracts. Post EDL III exercise, length-distal force 
characteristics of EDL III as well as the EDL III length-proximal EDL force curve 
were altered significantly. The slope of the EDL III length–TA+EHL force curve 
decreased, which indicates a decrease of the degree of intermuscular interaction 
between EDL III and TA+EHL. It is concluded that frequent loading of myofascial 
pathways causes damage to structures representing those pathways and, 
consequently, alters force transmission from the exercised muscle head, as well as its 
mechanical interaction with adjacent tissues. 

In chapter 8, some previous experimental results are reviewed that show effects 
of inter- and extramuscular myofascial force transmission. It is shown that the 
position of a muscle relative to adjacent muscles as well as other surrounding tissues 
is a major co-determinant of muscle force. Experimental evidence of such changes of 
muscle relative position during human limb movements was encountered in the 
literature. Furthermore, implications of myofascial force transmission for studies 
investigating muscle properties are discussed. It is concluded that (1) in situ length-
force characteristics of dissected muscle cannot be extrapolated to in vivo conditions, 
(2) forces exerted at the tendons in vivo are not necessarily generated by muscle 
fibers within the muscle belly corresponding to that tendon, and (3) it is not possible 
to determine the length-force characteristics of individual muscles in vivo, as inter- 
and extramuscular myofascial force transmission cannot be excluded. 

The epilogue of this thesis (chapter 9) includes some remarks on issues not 
described in other chapters as well as a more extensive discussion of some previous 
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issues. It is concluded that myofascial force transmission via intra-, inter-, and 
extramuscular connective tissue is an important determinant of muscle function in 
vivo. These new insights should be considered in research and other activities that are 
aimed at understanding or manipulating healthy and disordered human movements. 
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MYOFASCIALE KRACHTOVERDRACHT: INTRA-, INTER- EN 

EXTRAMUSCULAIRE PADEN 
Voor geïsoleerde spieren geldt dat de kracht, die in sarcomeren binnen spiervezels is 
opgewekt, kan worden overgedragen op de pees (1) via sarcomeren die in serie met 
elkaar verbonden zijn en de myotendineuze junctie (zgn. myotendineuze 
krachtoverdracht) en (2) via eiwitverbindingen tussen sarcomeren, het cytoskelet en 
het endomysium van de spiervezel (zgn. myofasciale krachtoverdracht). In vivo zou, 
op de laatste manier, kracht vanuit de spierbuik kunnen worden overgedragen aan het 
skelet zonder de peesuiteinden te passeren: (1) via bindweefsel tussen de spierbuiken 
van aangrenzende synergisten of (2) via extramusculair bindweefsel. In dit 
proefschrift wordt krachtoverdracht via inter- en extramusculaire myofascial paden 
nader bestudeerd.  

In de studie van hoofdstuk 2 wordt krachtoverdracht tussen spieren van het 
anterior crurale compartiment van de rat onderzocht. Voor dit experiment en alle 
andere experimenten in dit proefschrift zijn de distale pezen van m. tibialis anterior 
(TA) en m. extensor digitorum longus (EHL) samengebonden (dit complex wordt 
verder TA+EHL genoemd). De effecten van lengte veranderingen van TA+EHL op 
de isometrische kracht uitgeoefend op de distale pezen en op de proximale pees van 
de m. extensor digitorum longus (EDL) werden gemeten. De proximaal en distaal 
gemeten krachten van de EDL waren niet gelijk aan elkaar voor verschillende 
experimentele condities. Als kracht alleen via de pezen overgedragen zou kunnen 
worden aan het skelet dan zou de kracht uitgeoefend op deze pezen altijd gelijk zijn. 
Een proximo-distaal krachtsverschil betekent dat er kracht wordt overgedragen via 
inter- en/of extramusculaire myofascial paden. Ondanks het gegeven dat de spier-
pees complex lengte van de EDL constant werd gehouden, werden veranderingen van 
de proximaal en distaal gemeten EDL krachten gevonden als gevolg van lengte 
veranderingen van TA+EHL. Deze bevindingen hebben geleid tot de conclusie dat 
kracht kan worden overgedragen tussen synergisten. Inter- en extramusculair 
bindweefsel dat hierbij mogelijk een rol speelt werd bestudeerd. Een dwarsdoorsnede 
van de TA en EDL liet zien dat het anterior crurale compartiment beschouwd moet 
worden als één bindweefsel netwerk met daarin spiervezels, bloedvaten en zenuwen.  

De intermusculaire interacties zoals gevonden in hoofdstuk 2 worden verklaard 
door veranderingen in de configuratie (d.w.z. lengte en hoek) van inter- en 
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extramusculair bindweefsel. Dergelijke veranderingen van configuratie worden 
veroorzaakt door veranderingen in de positie van (een deel van) een spier ten 
opzichte van omliggende synergisten en ten opzichte van andere structuren in het 
compartiment. In het in hoofdstuk 2 beschreven experiment, werd de relatieve 
spierpositie veranderd in combinatie met een verandering van de spier-pees complex 
lengte. In hoofdstuk 3 worden, om die reden, de effecten van veranderingen van 
uitsluitend de relatieve spierpositie bepaald. De spier-pees complex lengte van zowel 
de EDL als TA+EHL werd constant gehouden. Krachten uitgeoefend op de 
proximale en de distale peesuiteinden van de EDL alsmede de distale pezen van 
TA+EHL werden significant beïnvloed door de relatieve positie van de EDL. De 
conclusie luidt dat naast lengte, de positie van een spier ten opzicht van zijn 
omliggende weefsels de isometrische kracht bepaald. Veranderingen van spierkracht 
als gevolg van lengte veranderingen worden veroorzaakt door die lengte 
veranderingen en veranderingen van de relatieve spierpositie. Deze positie effecten 
worden toegeschreven aan effecten van inter- en/of extramusculaire myofasciale 
krachtoverdracht.  

Als het anterior crurale compartiment intact wordt gehouden, zoals in de 
hierboven beschreven experimenten, dan kan er geen onderscheid gemaakt worden in 
de individuele bijdragen van de verschillende myofasciale paden. Om die reden 
worden in hoofdstuk 4 de effecten van de relatieve spierpositie voor de EDL 
bepaald, met uitsluitend intact extramusculair bindweefsel. De relatieve positie van 
de EDL had een significant effect op de krachten uitgeoefend op de proximale pees 
en op de distale pezen van de EDL. Omdat de synergisten verwijderd zijn, moeten 
deze effecten worden toegeschreven aan extramusculaire myofasciale 
krachtoverdracht. Dit betekent dat de verbindingen tussen het intacte extramusculaire 
bindweefsel en het intramusculaire bindweefsel van de EDL stijf genoeg zijn om 
kracht te dragen. Omdat het intramusculaire bindweefsel verbonden is met de 
sarcomeren in de spiervezels, zouden veranderingen in relatieve spierpositie de 
distributie van lengtes van sarcomeren in de EDL kunnen beïnvloeden. Om deze 
hypothese te toetsen is er gebruik gemaakt van een 3D eindige-elementen model van 
de EDL inclusief extramusculaire myofasciale verbindingen. Deze modelstudie heeft 
aangetoond dat verandering van relatieve spierpositie een groot effect heeft (1) op de 
distributie van lengtes van sarcomeren die in serie met elkaar verbonden zijn in een 
spiervezel en (2) op de distributie van de gemiddelde sarcomeerlengte tussen vezels.  
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Veranderingen van relatieve positie tussen naast elkaar liggende synergisten 
worden in vivo veroorzaakt (1) door verschillen in momentsarm tussen deze spieren 
en (2) doordat sommige spieren een moment kunnen uitoefenen over meerdere 
gewrichten en omliggende spieren maar over één gewricht. Veranderingen van de 
positie van een spier ten opzichte van andere structuren in de omgeving vinden plaats 
met iedere verandering van de gewrichtshoek. Bijvoorbeeld tijdens het bewegen van 
de vingers ten opzichte van elkaar, worden grote veranderingen van relatieve 
spierpositie verwacht. Deze bewegingen worden met name veroorzaakt door lengte 
veranderingen van meerkoppige spieren in de onderarm. Meerkoppige spieren 
hebben een bijzondere bouw, namelijk een aantal koppen waarvan de spiervezels 
proximaal met één pees zijn verbonden. Echter distaal hechten de vezels van iedere 
kop aan een eigen aponeurose en pees. Hierdoor kunnen veranderingen van relatieve 
spierpositie ook plaats vinden in de spier.  

De volgende drie hoofdstukken beschrijven experimenten waarin de lengte van 
één kop (III) van de meerkoppige EDL (EDL III) wordt gemanipuleerd, door de 
positie van de distale pees te veranderen. In hoofdstuk 5, wordt myofasciale 
krachtoverdracht tussen EDL III en omliggende weefsels voor isometrische condities 
onderzocht. Er werd gevonden dat de optimale kracht uitgeoefend op de distale pees 
van EDL III, meer dan twee keer zo hoog was als de waarde geschat op basis van de 
fysiologische dwarsdoorsnede van de spiervezels van EDL III. Dit betekent dat een 
groot deel van deze kracht van andere spiervezels dan die van EDL III moet zijn 
overgedragen. Lengteveranderingen van EDL III hadden grote krachtsveranderingen 
van EDL III tot gevolg, maar op de proximale pees van de EDL werden veel kleinere 
krachtsveranderingen gemeten. Als er geen krachtoverdracht tussen EDL III en 
omliggende weefsels plaats vindt, dan zouden de krachtsveranderingen van EDL 
proximaal even groot moeten zijn als van EDL III. Krachten uitgeoefend op de 
distale pezen van TA+EHL namen significant af door een lengte toename van EDL 
III. Er werd geconcludeerd dat zowel intramusculaire als inter- en extramusculaire 
myofasciale krachtoverdracht een belangrijke rol spelen voor meerkoppige spieren. 
Het is bekend dat mensen niet één vinger kunnen bewegen zonder bewegingen van 
ten minste één van de andere vingers. De resultaten van deze studie laten zien dat 
myofasciale krachtoverdracht beschouwd moet worden als één van de mechanismen 
die hierbij een rol speelt.  

In alle hierboven beschreven experimenten werden de krachten van spieren in 
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isometrische condities gemeten. In hoofdstuk 6 zijn de effecten van dynamische 
verkortingen van EDL III op myofasciale krachtoverdracht bestudeerd. 
Concentrische contracties van EDL III hadden grote krachtsveranderingen van EDL 
III tot gevolg, maar veel kleinere krachtsveranderingen werden gemeten op de 
proximale pees van de EDL. In tegenstelling tot de resultaten van hoofdstuk 5, 
werden er geen effecten van concentrische contracties van EDL III op TA+EHL 
krachten gevonden. Daarom werden de resultaten van dit experiment verklaard op 
basis van myofasciale krachtoverdracht tussen EDL III en (1) de andere koppen van 
EDL, en/of (2) extramusculaire bindweefsel structuren. Er werd geconcludeerd dat 
ook in dynamische spier condities kracht wordt overgedragen via myofasciale paden.  

Myofasciale krachtoverdracht betekent dat er kracht wordt gedragen door 
verschillende structuureiwitten tussen de sarcomeren en het endomysium, en ook 
door het bindweefsel. Hoofdstuk 7 is gebaseerd op de hypothese dat het 
herhaaldelijk belasten van de myofascial paden deze structuren zou kunnen 
beschadigen of de mechanische eigenschappen ervan zou kunnen veranderen. Als 
gevolg hiervan zou de krachtoverdracht vanuit spiervezels beïnvloed kunnen worden. 
De effecten van een langdurige (3 uur) intermitterende concentrische inspanning van 
EDL III (1) op beschadiging van spiervezels op de korte termijn en (2) op 
krachtoverdracht tussen EDL III en omliggende weefsels van het anterior crurale 
compartiment, werden onderzocht. Een beperkt aantal beschadigde vezels (d.w.z. 
afwezigheid van dystrofine, desmine en titine) werden gelokaliseerd in 
dwarsdoorsneden van de EDL, de TA en de EHL drie uur na het einde van de 
inspanning. Beschadigde vezels werden voornamelijk gevonden op de grens tussen 
EDL and TA en bij extramusculaire en intramusculaire vaatstraten. Na de inspanning 
werden significante veranderingen van lengte-kracht eigenschappen van EDL III en 
de kracht op de proximale pees als functie van de lengte van EDL III gevonden. Ook 
de verandering van TA+EHL kracht als functie van EDL III lengte nam af, wat duidt 
op afname van de interactie tussen EDL III en TA+EHL. Concluderend, het 
herhaaldelijk belasten van myofasciale paden leidt tot (1) schade van spiervezels, (2) 
een verandering van krachtoverdracht vanuit de betreffende kop en (3) een 
verandering van de mechanische interactie met omliggende structuren.  

Hoofdstuk 8 betreft een overzicht van experimenten waarin de effecten van 
inter- en extramusculaire myofasciale krachtoverdracht zijn bestudeerd. De resultaten 
maken duidelijk dat de kracht uitgeoefend op de pezen voor een belangrijk deel 
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bepaald wordt door de positie van (een deel van) een spier ten opzichte van 
omliggende synergisten en ten opzichte van andere structuren in het compartiment. 
Verder wordt in hoofdstuk 8 de betekenis van myofasciale krachtoverdracht voor het 
bestuderen van spiereigenschappen bediscussieerd. De conclusies luiden (1) dat 
lengte-kracht eigenschappen van geïsoleerde spieren niet gelijk zijn aan de lengte-
kracht eigenschappen van deze spieren in vivo, (2) dat krachten die uitgeoefend 
worden op pezen niet noodzakelijkerwijs gegenereerd zijn door spiervezels van de 
spierbuiken behorend bij die pezen, en (3) omdat inter- en extramusculaire 
myofasciale krachtoverdracht niet kan worden uitgesloten, is het niet mogelijk in 
vivo de lengte-kracht eigenschappen van individuele spieren te bepalen.  

In de epiloog van dit proefschrift, hoofdstuk 9, worden een aantal aspecten 
belicht, die nog niet of niet voldoende aan de orde zijn geweest. De conclusie van dit 
proefschrift is dat in vivo intra-, inter- en extramusculaire myofasciale 
krachtoverdracht een belangrijke rol kunnen spelen voor het functioneren van 
spieren.  
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DANKWOORD 
 
De een biedt zijn knuffel aan  
De ander geeft zijn hand 
En niemand die zich afvraagt 
Is er een logisch verband 
 
Sommigen danken in een speech  
Anderen na het eten 
Het is een goed gebruik, ook in het 
proefschrift het dankwoord niet te vergeten 
 
Bedanken voor de begeleiding 
En de creativiteit 
Bedanken voor het werk  
En de gezelligheid 
 
Bedanken van begeleider en collega’s 
In zowel binnen- als buitenland 
Bedanken van vrienden en familie 
De steun en toeverlaat 
 
Bedankt! 


