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Abstract

Effects of lengthening of the whole group of anterior crural muscles (tibialis anterior and extensor hallucis longus muscles
(TA + EHL) and extensor digitorum longus (EDL)) on myofascial interaction between synergistic EDL and TA + EHL muscles, and
on myofascial force transmission between anterior crural and antagonistic peroneal muscles, were investigated. All muscles were either
passive or maximally active. Peroneal muscles were kept at a constant muscle tendon complex length. Either EDL or all anterior crural
muscles were lengthened so that effects of lengthening of TA + EHL could be analyzed. For both lengthening conditions, a significant
difference in proximally and distally measured EDL passive and active forces, indicative of epimuscular myofascial force transmission,
was present. However, added lengthening of TA + EHL significantly affected the magnitude of the active and passive load exerted on
EDL. For the active condition, the direction of the epimuscular load on EDL was affected; at all muscle lengths a proximally directed
load was exerted on EDL, which decreased at higher muscle lengths. Lengthening of anterior crural muscles caused a 26% decrease in
peroneal active force.

Extramuscular myofascial connections are thought to be the major contributor to the EDL proximo-distal active force difference. For
antagonistic peroneal complex, the added distal lengthening of a synergistic muscle increases the effects of extramuscular myofascial force
transmission.
© 2007 Elsevier Ltd. All rights reserved.

Keywords: Myofascial force transmission; Extensor digitorum longus muscle; Tibialis anterior muscle; Peroneal muscles; Connective tissue; Antagonistic
muscles

1. Introduction

In the last decade, studies have shown that morphologi-
cally defined muscles are not independent actuators, but
are capable of mechanical interaction via their connective
tissue structures (Huijing and Baan, 2001a; Huijing et al.,
1998; Maas et al., 2001; Smeulders et al., 2002; Yucesoy
et al., 2003c). The concept of myofascial force transmission
is based on the ability to transmit forces between muscles
fibres and fascial connective tissues. Chains of molecules,
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including, trans-sarcolemmal molecules enable forces, gener-
ated by sarcomeres within a muscle fibre, to be transmitted
via the basal lamina onto the surrounding endomysium and
from there onto other intramuscular connective tissue struc-
tures (Street, 1983; Tidball, 1991; Trotter and Purslow,
1992). The intramuscular stromata of adjacent muscles are
continuous. Via those connections, muscle force can be
transmitted from a muscle, without passing, and thus paral-
lel to, the muscle tendon. Consequently, sarcomeres are not
only loaded by forces via the myotendinous pathways and
sarcomeres in series, but also by forces transmitted by myo-
fascial connections. Note that if the force is transmitted
from muscle via its epimysium, force transmission is referred
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to as epimuscular myofascial force transmission (Huijing
and Baan, 2001a; Huijing et al., 1998). For a muscle within
its natural context of connective tissue, it has been shown
that force measured at the origin of a muscle is not necessar-
ily equal to the force exerted at its insertion. With the trans-
mission of forces via epimuscular myofascial connections,
additional loads act on the muscle. A difference in forces
measured at the muscles’ origin and insertion is an unequiv-
ocal indication for net epimuscular myofascial force trans-
mission (Huijing and Baan, 2001b). As epimuscular
myofascial force transmission is mediated by connective tis-
sues, the fraction of force transmitted myofascially has been
found to depend on muscle length as well as the muscle’s
position relative to its surrounding structures (Huijing and
Baan, 2003; Maas et al., 2003a; Maas et al., 2003b).

So far, experimental studies in which only the muscle-ten-
don complex length of one muscle was changed have demon-
strated the importance of myofascial force transmission
between synergistic muscles (Maas et al., 2001; Maas et al.,
2005) as well as antagonistic muscles (Huijing, 2002; Huijing
and Jaspers, 2005). Although this unequivocally shows the
mechanical interaction between muscles via myofascial path-
ways, such experimental conditions differ from the in vivo
conditions. Besides for pathological conditions such as
cramp or cerebral palsy, see other articles within this issue
(Huijing, 2007; Malaiya et al., 2007; Smeulders and Kreulen,
2007; Yucesoy and Huijing, 2007) in vivo movement involves
simultaneous lengthening of a group of synergistic muscles.
Such movement will yield big changes in relative position
between antagonistic muscles. Since relative position of mus-
cles is an important determinant of myofascial force trans-
mission (Maas et al., 2004), effects on transmission between
antagonistic muscles may be expected. The aim of this paper
is twofold: (1) to investigate the effect of lengthening of the
whole anterior crural muscle group and test whether the
added lengthening of tibialis anterior and extensor hallucis
longus muscles (TA + EHL) alters myofascial interaction
between synergistic extensor digitorum longus (EDL) and
TA + EHL muscles, compared to myofascial force transmis-
sion for exclusive lengthening of EDL, and (2) to asses the
effects of added lengthening of TA + EHL on the myofascial
force transmission between anterior crural and antagonistic
peroneal muscles.

2. Methods

Surgical and experimental procedures were in 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. Immediately after all experiments, animals were
killed using an overdose of urethane solution, and double-sided
pneumothorax was performed.

2.1. Surgical procedures

Male Wistar rats (for lengthening of EDL n =7, for added
lengthening of TA + EHL, n =6, with mean body masses of

303.4 (S.D. 11.80) and 302.6 gr. (S.D. 16.2)) were anaesthetized
using intraperitoneally injected urethane solution (1.5gkg !
body mass, 12.5% urethane solution). Extra doses were given if
necessary (maximally 1.5 ml). During surgery and data collection,
the animals were placed on a heated water pad of approximately
37 °C to prevent hypothermia. The skin and the biceps femoris
muscle of the left hind limb were removed, exposing the anterior
crural compartment which confines extensor digitorum longus
(EDL), extensor hallucis longus (EHL) and tibialis anterior (TA)
muscles (Fig. 1). Connective tissue near the muscle bellies within
the anterior crural compartment was left intact. Only limited
distal fasciotomy was performed to severe the retinaculae (i.e. the
transverse crural ligament and the crural cruciate ligament), and
subsequently dissect the distal tendons of EDL, EHL and TA.
For the added lengthening of TA + EHL, the original position of
TA + EHL relative to the EDL in the reference position (i.e.
corresponding to a knee angle of 110° and ankle angle of 180°
plantar flexion) was preserved by aligning the markers on the
distal TA, EHL and EDL tendons. In both experiments, the four
distal tendons of EDL were tied together at the reference position
using polyester yarn. After uniting, these tendons were severed
distally to the knot. The distal tendons of TA and EHL muscles as
well as the distal tendons of peroneal muscles were tied together
and subsequently severed, and will be referred to as TA + EHL
and peroneal complex, respectively. The position of the proximal
EDL tendon in the reference position (knee angle of 110°) was
marked with a small pin on the epicondylus lateralis of the femur,
before cutting a small piece of the bone with the proximal
attachment of the EDL muscle. All tendons were connected to
metal rods using 100% polyester yarn. The sciatic nerve was dis-
sected free from the upper limb muscles and severed as proximally
as possible. The foot was firmly fixed to a plastic plate.

2.2. Experimental set-up

The rat was placed on a heated platform (37 °C) to prevent
hypothermia, with the femur clamped to ensure a knee angle of
110°. The foot, attached to the plate, was firmly fixed into a rigid
frame with the ankle in extreme plantar flexion (180°), with the
metal rods passing over and under the foot (Fig. 2). All tendons
were connected to force transducers (BLH Electronics Inc.,
Canton MA, compliance 16.2 pm N}, mounted on single-axis
micropositioners) by the metal rods, which were aligned with the
muscles’ line of pull. The sciatic nerve was placed on a pair of
silver electrodes and prevented from dehydration by covering it
with paper tissue saturated with isotonic saline and which was
covered by a thin piece of latex.

2.3. Experimental conditions

Ambient temperature (22°C+0.5) and air humidity
(70 £ 2%) were kept constant by a computer-controlled air-con-
ditioning system (Holland Heating, Waalwijk, the Netherlands).
Muscle and tendon tissue was further prevented from dehydration
by regularly irrigation with isotonic saline. The peroneal complex,
deep flexors and triceps surae were kept at a constant muscle
tendon complex length. The peroneal complex was set at such a
length as to exert an initial force of 5 N. For lengthening of only
EDL, TA + EHL was kept at a constant length, set to exert a
force of 3 N. The proximal EDL position was set to correspond to
the marker on the femur, and was subsequently placed at a length
which was 2 mm shorter than the original marker position. In the
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Fig. 1. Schematic representation of a cross-section of the anterior crural and peroneal compartment in the rat lower limb, at approximately the middle of
the EDL muscle belly. The anterior crural muscle group consists of tibialis anterior muscle (TA) enveloping extensor digitorum longus (EDL) and extensor
hallucis longus (EHL) muscles. The anterior crural compartment is bordered medially by the interosseal membrane (IM) spanning the distance between
the tibia (T) and (f) fibula. The peroneal muscle group, separated from the anterior crural compartment by the anterior intermuscular septum (AIS),
consists of the peroneus longus (L), peroneus brevis (B), peroneus quarti (IV) and peroneus quinti (V) muscles.
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Fig. 2. Schematic representation of the experimental setup and lengthening conditions. (a) Lateral view of the rat lower limb after removal of the skin and
biceps femoris muscle. The origin of extensor digitorum longus muscle (EDL) at the lateral condyle of the femur (fe) and the insertions of tibialis anterior
(TA), extensor hallucis longus (EHL), EDL and peroneal muscles (Per) on the foot are severed and connected to force transducers (represented by arrows).
Both femur and foot were fixed within a rigid frame in the reference position which corresponds to a knee angle of 110° and the ankle at 180° plantar
flexion. (b) The two imposed lengthening conditions. Arrows indicate force transducers. For lengthening of EDL exclusively (upper panel), extensor
digitorum longus muscle was lengthened distally by 1 mm increments, while the peroneal complex and tibialis anterior and extensor hallucis longus
muscles were kept at a constant length. For synergist lengthening (lower panel), EDL and TA + EHL muscles were lengthened distally by 1 mm
increments, while the peroneal complex is left at a constant muscle tendon complex length. The peroneal complex is separated from the anterior crural
muscles by the anterior intermuscular septum (AIS).
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experiments in which TA + EHL was lengthened as well, the
marker at the distal EDL tendon was aligned with the marker on
the distal TA + EHL tendon. This relative position was main-
tained during the experiment by moving both distal force trans-
ducers equal distances.

Prior to excitation, all muscles were brought to their desired
length and position passively by moving the force transducers.
Before acquiring data, EDL, and in the added lengthening of
TA + EHL experiment also TA + EHL, were preconditioned by
isometric contractions at alternating high and low lengths, until
forces at low length were reproducible (i.e. effects of previous
activity at high length (Huijing and Baan, 2001b) are removed).
For the length—force curve, isometric contractions were per-
formed at different EDL and TA + EHL lengths. Both
TA + EHL and EDL muscles were lengthened distally with 1 mm
increments. Two twitches were evoked, followed by a tetanic
contraction at 100 Hz. All muscles studied were activated by
stimulation of the sciatic nerve (with sureal and tibial branches
denervated for the EDL lengthening experiment) with a constant
current (3 mA) and a stimulation frequency of 100 Hz (pulse
width 0.1 ms). Timing of stimulation of the nerve and A/D con-
version (12-bit A/D converter, sampling frequency 1000 Hz) were
controlled by a special purpose microcomputer. After each con-
traction, the muscles were allowed to recover near active slack
length for 2 min. Passive isometric force was measured prior to
the tetanic contraction and total force was measured during the
tetanic plateau of the muscle force.

3. Data treatment

Passive muscle force was fitted using an exponential
curve

_ e(wc-%—b)7

y

where y represents passive muscle force, x represents mus-
cle-tendon complex length and ‘@’ and ‘b’ are fitting con-
stants. Active EDL muscle force (F,,) was estimated by
subtracting the calculated passive force (Fi,p) using the fit-
ted function, from total force (F;,) for the appropriate mus-
cle length. Active EDL length—force data were then fitted
with a stepwise polynomial regression procedure (see statis-
tics). The polynomial

y=bo+ bix+ box® + ... .bx",

where y represents active muscle force, x represents active
muscle force length and b, through b, are fitting constants.
Using the selected polynomials, mean and standard errors
of active muscle force were calculated for given EDL
lengths. Optimum muscle length was defined for each indi-
vidual curve as the active muscle length at which the fitted
active force curve showed maximum force (Fp,,,). In order
to estimate more accurately the distal active slack length,
data of muscle length and active muscle force
(Fma < 0.3 X F,0) Were selected. The data points were then
extrapolated with a fitted curve;

y= b() + blx + b;xp(x)'

Active slack length was determined by solving this
equation.

4. Statistics

In the active muscle force fitting procedure, the curve fit-
ting starts with a first order polynomial and the power was
increased up to maximally a sixth order, 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)(Neter et al., 1990). Two-way ANO-
VA’s for repeated measurements were used to test for the
effects of EDL muscle-tendon complex length and location
of force measurement on EDL forces, to test for effects of
EDL muscle-tendon complex length and lengthening con-
dition (lengthening of EDL or synergistic lengthening of
TA + EHL and EDL) on distal and proximal EDL forces,
the proximo-distal force differences (for the interval —7 <
Al,+, < 3) and peroneal active forces. One-way ANOVA’s
were used to test for the effect of EDL muscle-tendon com-
plex length on TA + EHL as well as peroneal forces, and to
test for differences between distally and proximally assessed
optimum muscle lengths. Independent samples 7-tests were
performed to test for differences in active slack length and
distal and proximal optimum muscle lengths between EDL
lengthening and the added lengthening of TA + EHL. If
significant effects were found, post hoc tests were per-
formed using the Bonferroni procedure for multiple pair
wise comparisons to locate differences. Main and interac-
tion effects as well as differences were considered significant
at P <0.05. Values are plotted mean + SE, and muscle
length is expressed as a deviation of distal EDL optimum
muscle length.

5. Results

5.1. Effects of EDL lengthening and lengthening of synergists
on length—force characteristics of EDL forces

5.1.1. Distal EDL forces

For distal EDL active forces (Fig. 3a), ANOVA showed
significant effects of EDL length and lengthening condi-
tion, as well as interaction. At the ascending limb of the
length—force curve, EDL distal active force during EDL
lengthening is higher than for the added lengthening of
TA + EHL. Optimal forces for both conditions are equal
(2.4 N), and are similar for lengths over optimum muscle
length. The length range of distal EDL active force exertion
for the added lengthening of TA + EHL is smaller than for
lengthening of EDL exclusively, as active slack length dif-
fered significantly (—8.3 mm and —10.7 mm for EDL + -
TA + EHL and EDL, respectively).

For distal EDL passive forces, ANOVA also showed
significant effects of muscle-tendon complex length and
lengthening condition, as well as interaction. Below opti-
mum muscle length, lengthening of synergistic muscles
resulted in a lower distal passive force than lengthening
of EDL. Passive forces increased exponentially with mus-
cle-tendon complex length. Note that for both conditions,
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Fig. 3. Proximal and distal active and passive EDL forces. (a) Length—
force characteristics of distally measured EDL forces as a function of
distal EDL muscle tendon complex length or muscle tendon complex
length of EDL + TA + EHL. (b) Length—force characteristics of proxi-
mally measured forces of EDL as a function of distal EDL muscle tendon
complex length or muscle tendon complex length of EDL + TA + EHL.
(All values are shown as means + SE, n = 7 for lengthening of EDL, n =6
for the added lengthening of TA + EHL).

distal passive force starts to increase from well below distal
optimum muscle length.

It is concluded that the added lengthening of synergistic
TA + EHL causes distal EDL length—force characteristics
to be different from those during distal lengthening of
EDL exclusively.

5.1.2. Proximal EDL forces

ANOVA showed significant effects of muscle-tendon
complex length of EDL and lengthening condition on
EDL proximal active forces (Fig. 3b), as well as an interac-
tion between these factors. ANOVA also showed a signifi-
cant difference in proximal optimum muscle lengths for

these conditions. At low muscle lengths (Al,+, < —4),
proximal active forces do not differ for EDL and synergis-
tic muscles. At higher muscle lengths (-3 < Al,,+,), proxi-
mal active force for lengthening of synergistic muscles is
higher than proximal active force measured during length-
ening of EDL exclusively. Proximal passive forces
increased significantly and exponentially as a function of
EDL muscle length, but passive forces did not differ signif-
icantly for the two conditions.

In conclusion, also for proximal active forces, the added
lengthening of TA + EHL alters the EDL active length—
force characteristics compared to lengthening of EDL only.

5.1.3. Effects of the added lengthening of TA + EHL on
proximo-distal EDL force differences

Differences between proximally and distally exerted
EDL forces were found for both lengthening of EDL exclu-
sively and lengthening of synergistic muscles (Fig. 4). Such
differences indicate that EDL is loaded also by myofascial
loads. Note that a negative value for this difference indi-
cates that EDL is loaded myofascially in distal direction.
The additional load is resisted by EDL active force and
in this case the load is integrated into the force exerted at
the proximal tendon. Conversely, a positive proximo-distal
active force difference represents myofascial loading of
EDL in proximal direction and integration of that load
in distal EDL active force.

ANOVA showed effects of muscle-tendon complex
length and location of lengthening for active and passive
EDL force differences, but no interaction was found for
active force. The effects of added lengthening of
TA + EHL shift down the whole curve describing prox-
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Fig. 4. EDL proximo-distal force differences in the two lengthening
conditions. Active (AFy,,) and passive (AFy,,) force differences (Faise—Fprox)
are shown as means + SE (n =7 for lengthening of EDL, n =6 for the
added lengthening of TA + EHL). Icons indicate direction of the net
epimuscular load for positive and negative force differences. Note that an
effect of added lengthening of TA + EHL is to remove the change in
direction of the epimuscular load.
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imo-distal active force difference as a function of length
(Fig. 4). As a consequence, the reversal of the direction
of loading seen for lengthening of EDL exclusively, is
removed as an effect of added TA + EHL lengthening. In
this case EDL is loaded myofascially in distal direction at
all lengths. At higher lengths, a smaller myofascial load is
imposed than at lower lengths (Fig. 4).

In the passive condition, EDL is always loaded myofas-
cially in proximal direction. The added lengthening of
TA + EHL does not shift the whole curve, but lowers the
magnitude of the load at higher lengths (Fig. 4).

It is concluded that proximo-distal differences in EDL
force exists also when a group of synergistic muscles are
lengthened. However, the synergistic distal lengthening of
TA + EHL and EDL alters the magnitude and direction
of myofascial force transmission, especially at high muscle
lengths.

5.1.4. TA + EHL forces for the two lengthening conditions

Fig. 5 shows the TA + EHL active and passive length
force curve for as a function of the length the anterior cru-
ral muscles.

Distal lengthening of EDL exclusively caused a signifi-
cant decrease in TA + EHL active force (Fig. 5, filled cir-
cles), despite the fact that TA +EHL was kept at a
constant muscle-tendon complex length. TA + EHL active
force decreased by 0.32N (i.e. by 13%). Part of this
decrease in TA + EHL active force should be ascribed to
history effects, as control contractions after determining
the EDL length—force curve indicate a force decrease of
5.7%. At the set length of TA + EHL, a relatively low mus-
cle length, passive force is negligible, regardless of EDL
length.

Fm TA+EHL (N)
10
—e— Fma, Al EDL
—4— Fma, Al EDL + TA+EHL
Fp, Al _,, EDL + TA+EHL

m+t

Alm+t anterior crural muscle(s) (mm)

Fig. 5. TA + EHL active and passive forces as a function of EDL + -
TA + EHL lengthening. Lengthening was obtained by moving the distal
force transducers. As a reference, the decreasing active TA + EHL force
with this complex at constant length is shown also. All values are shown as
means + SE, n=7 for lengthening of EDL, n=06 for the added
lengthening of TA + EHL.

5.1.5. Effects of lengthening of synergistic anterior crural
muscles on peroneal force

During distal lengthening of EDL exclusively, peroneal
active force (Fig. 6a, filled circles) decreased significantly
(P <0.05) despite the fact that peroneal muscles were kept
at a constant length. Active force decreased by a relative
small amount (maximally 0.25 N or 6%, Fig. 6b, filled
circles).

Also after the added lengthening of TA + EHL, Bonfer-
roni post-hoc tests showed a significant effect of EDL + -
TA + EHL muscle-tendon complex length on peroneal
active force (Fig. 6a, open triangles); peroneal active force
decreased significantly, despite the fact that peroneal mus-
cles were kept at constant length. Peroneal active force
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Fig. 6. Effects of anterior crural lengthening condition on antagonistic
peroneal forces. (a) Peroneal active force as a function of muscle-tendon
complex length of either EDL exclusively or EDL + TA + EHL. (b)
Normalized peroneal active force, expressed as percentage of the initial
force as a function of muscle-tendon complex length of either EDL
exclusively or EDL + TA + EHL. All values are shown as means + SE,
n=7 for lengthening of EDL, n=6 for the added lengthening of
TA + EHL.
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decreased from 3.36 N at A/,,.,= —9 with 0.87 N to
2.48 N at A [, = 3. Expressed as a percentage of the ini-
tial active force level (Fig. 6b, open triangles), peroneal
active force decreases with 26% as EDL + TA + EHL are
lengthened by 12 mm.

The above results show that the added distal lengthening
of a synergistic muscle has significant effects on active
forces exerted by the antagonistic peroneal complex: force
decrease in antagonistic peroneal muscles is much
enhanced as a consequence of the added lengthening of
TA + EHL.

6. Discussion
6.1. Epimuscular myofascial force transmission

6.1.1. Effects of added lengthening of TA + EHL on the
EDL proximo-distal force difference

Distal lengthening of the extensor digitorum longus
muscle, as well as distal lengthening of synergistic EDL + -
TA + EHL within an intact anterior crural compartment
results in length-dependent differences in active and passive
forces exerted at the proximal and distal EDL tendons
(Fig. 3). Such proximo-distal force differences are indica-
tive of epimuscular myofascial force transmission (Huijing
and Baan, 2001a; Huijing et al., 1998). The present results
are in agreement with previous studies on maximally acti-
vated rat extensor digitorum longus muscle within an intact
anterior crural compartment (Huijing and Baan, 2003;
Maas et al., 2001; Maas et al., 2003a). However, the pres-
ent study is a novel demonstration of the effects of length of
a whole muscle group of synergistic muscles on epimuscu-
lar myofascial force transmission between synergistic mus-
cles, as well as antagonistic muscles and the comparison of
effects of length of a single muscle. For other new studies
involving muscle group lengthening and antagonistic myo-
fascial force transmission see elsewhere within this issue
(Huijing, 2007; Rijkelijkhuizen et al., 2007).

Both the magnitude as well as the direction of the net
epimuscular force on EDL is affected after the added
lengthening of TA + EHL (Fig. 4). Whereas for lengthen-
ing of EDL exclusively the proximo-distal active force dif-
ference reverses from a negative value at low muscle
lengths to a positive value at high muscle lengths. The
added lengthening of TA + EHL shifts the whole curve
downwards, resulting in a negative active force difference
that decreases with increasing lengths. According to our
sign definitions, for the added lengthening of TA + EHL
a net epimuscular load in distal direction is now exerted
on active EDL at all muscle lengths. After lengthening of
EDL exclusively, this distally directed load is only found
at lower lengths: the sign of the proximo-distal active force
difference reverses at higher muscle lengths. This is ascribed
to changes in relative position between TA + EHL and
EDL occurring during EDL lengthening and concomitant
length and stiffness changes in their intermuscular connec-
tions. It should be noted that, after the added lengthening

of TA + EHL, such changes in relative position between
TA + EHL and EDL are absent and as a result, a reversal
in the direction of the epimuscular force is prevented.

Note that, in contrast to the EDL active force differ-
ences after added lengthening of TA + EHL, a positive
passive proximo-distal force difference for EDL is found
at high muscle lengths. This indicates that for the passive
state of the muscles, the net epimuscular load on EDL is
exerted in proximal direction, but that it changes into a
net distally directed epimuscular force upon activation of
the muscles.

The dominance of proximal active EDL force at low
muscle tendon complex lengths for both lengthening condi-
tions shows that even at low EDL forces, epimuscular con-
nections are sufficiently stiff to allow myofascial loading of
the proximal EDL segment. Such ‘prestrained’ epimuscular
connections ((Yucesoy et al., 2005), see also (Yucesoy and
Huijing, 2007)) were found for EDL at a reference length
(i.e. a length corresponding to a knee angle of 100° and
an ankle angle of 90°), as well as for proximal lengthening
of EDL. It is concluded that myofascial force transmission
between EDL and TA + EHL is present for lengthening of
EDL as well as for the added lengthening of TA + EHL.
However, magnitude and direction of the net epimuscular
force have changed as a result of the added lengthening
of TA + EHL.

6.1.2. Effects anterior crural muscle group length on peroneal
active force

After distal lengthening of EDL exclusively, as well as
after the added lengthening of TA + EHL, peroneal active
force is always decreased significantly, despite the fact that
this muscle group is kept at a constant muscle-tendon com-
plex length. For lengthening of EDL exclusively, a decrease
in peroneal active force was also reported by Huijing and
Huijing & Jaspers in preliminary reports (2002, 2005). In
the present work, after the added lengthening of
TA + EHL, the decrease in peroneal active force is almost
25%. Note that EDL and TA + EHL are located within the
anterior crural compartment and separated from the pero-
neal compartment by the anterior intermuscular septum
(Fig. 1). The only connections between these muscle groups
are myofascial ones, and therefore, the effect of lengthening
anterior crural muscles on the peroneal active force is med-
iated by extramuscular myofascial force transmission, i.e.
force transmission via non-muscular structures. For length-
ening of EDL, the decrease in peroneal force is accompa-
nied by an increase in distal EDL active force, which
suggests that part of the EDL active force exerted at the
distal tendon originates from the peroneal muscles. For
the added lengthening of TA + EHL, it is hypothesized
that the force exerted at the epimuscular connections
between peroneal and TA + EHL muscles is increased,
and therefore, more force will be transmitted from peroneal
muscles onto TA + EHL muscles via this path. As a conse-
quence, the force transmitted by epimuscular connections
between peroneal muscles and the EDL is smaller, as this
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pathway is then comparatively less stiff. At higher muscle
lengths, the added lengthening of TA + EHL reduces the
epimuscular force transmission onto EDL (Fig. 4).

For the conditions of our present study, the added
lengthening of TA + EHL significantly increases myofas-
cially transmitted forces between antagonists. Therefore,
for interaction between antagonists, muscle size (e.g. cross
sectional area) is one determinant of the magnitude of epi-
muscular myofascial force transmission (Yucesoy et al.,
2005).

6.2. Pathways of myofascial force transmission

Epimuscular myofascial force transmission is mediated
by connective tissue structures surrounding the muscles,
and is therefore susceptible to changes in muscle relative
position as well as muscle length (Huijing and Baan,
2003). Potential epimuscular connections are (1) direct con-
nections between the intramuscular stromata of two adja-
cent muscles. Force transmitted via such pathways is
referred to as intermuscular myofascial force transmission
(Huijing and Baan, 2001a). Within the anterior crural com-
partment, intermuscular myofascial force transmission is
known to occur at the EDL + TA + EHL muscle-belly
interface (Maas et al., 2001; Maas et al., 2004). A recent
study by Maas et al. (2005) reported that after compart-
mental fasciotomy and subsequent blunt dissection, distal
lengthening of TA + EHL resulted in a significant EDL
proximo-distal active force difference, despite the fact that
EDL was kept at a constant length. These results suggest
that conditions exist in which the contribution of intermus-
cular myofascial connections to the proximo-distal force
difference is small. In our current study, changes in relative
position of intermuscular myofascial connections between
EDL and TA + EHL are absent, and the added lengthen-
ing of TA + EHL creates different conditions for these
intermuscular connections, compared to exclusive length-
ening of EDL. Therefore, it is hypothesized that the contri-
bution of the intermuscular connections to the proximo-
distal EDL active force difference during added lengthen-
ing of TA + EHL is small.

When force is transmitted between the muscle and (2)
connections between the intramuscular stromata and extra-
muscular connective tissue structures, such as connective
tissues reinforcing nerves and blood vessels, intermuscular
septa, the interosseal membrane, compartmental fascia and
epitendinous tissues (Rijkelijkhuizen et al., 2005), we refer
to it as extramuscular myofascial force transmission (Huij-
ing and Baan, 2001b). Previous studies (Huijing and Baan,
2001b; Maas et al., 2003a; Rijkelijkhuizen et al., 2005;
Yucesoy et al., 2003a) have shown that the most likely can-
didate for extramuscular myofascial force transmission in
the rat lower limb is the neurovascular tract, a collagen
reinforced complex supporting the nerves as well as blood
and lymph vessels, see also discussion and images elsewhere
in the present journal issue (Huijing, 2007). The neurovas-
cular tract passes between the peroneal compartment and

the anterior crural compartment via a fenestration in the
anterior intermuscular septum (Huijing and Baan, 2001a)
and branches within the anterior crural compartment
(Maas et al., 2001). Note that the rather stiff connective fas-
ciae are anchored to epimysia and compartmental walls
and allow forces to be transmitted (Yucesoy et al.,
2003b). In addition to the neurovascular tract, an indirect
extramuscular linkage of anterior crural muscles with pero-
neal muscles exists because of the connections of both the
anterior crural muscles’ and peroneal muscles’ intramuscu-
lar stromata to the anterior intermuscular septum (Huijing,
2002).

For distal lengthening of EDL exclusively, it is hypothe-
sized that the EDL branch of the neurovascular tract
lengthens and consequently increases in stiffness, thereby
exerting a proximally directed load on to EDL particularly
at low lengths. This load is integrated in the force exerted at
the distal EDL tendon and results in a higher distal than
proximal EDL active force. The added lengthening of
TA + EHL is expected to increase the total loading of the
neurovascular tract, thereby increasing the stiffness of the
extramuscular pathway between TA + EHL and peroneal
muscles. More force (maximally 26%, Fig. 6b) is then trans-
mitted from the peroneal muscles via the neurovascular
tract onto the anterior crural compartment. However, such
an increased proximal load exerted on EDL fails to explain
a (albeit decreasing) negative EDL active force difference
for the added lengthening of TA + EHL. Note that the
proximo-distal force differences represent the net epimuscu-
lar load exerted on EDL. This means that a net negative
EDL proximo-distal active force difference can exist in the
simultaneous presence of a high proximally directed as well
as a slightly higher distally directed load. One likely myofas-
cial structure to impose such a distally directed load is the
fasciae covering the distal segment of the TA muscle belly
and tendons (Fig. 7). These fasciae, consisting of general
fascia and the epimysia of biceps femoris muscle, are
attached medially onto the tibial crest and run laterally over
the TA muscle belly and its epimysium, and continue
towards and are connected to the antagonistic compart-
ment walls. At low TA lengths, these distal fasciae are
lengthened and exert a distally directed load on TA. As
EDL is connected to TA + EHL via epimuscular myofas-
cial connections, a fraction of this distally directed load is
also exerted onto EDL, resulting in a negative active force
difference. Lengthening of TA + EHL shortens the distal
fasciae and decreases the distal load exerted on EDL. For
passive muscles at any given length, this distal load is smal-
ler than during the active state, as the displacement of the
active muscle belly lengthens the distal fasciae and increases
their stiffness. Therefore, it is possible for a net proximally
directed myofascial load to be exerted onto passive EDL,
while a net distally directed load is exerted upon activation.

It is concluded that different pathways of extramuscular
myofascial force transmission are major determinants of
the EDL proximo-distal active force difference. Both the
neurovascular tract and the distal fasciae are hypothesized
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Tendon of ED

Tendon of TA+EHL

Distal fasciae

Fig. 7. Lateral view of the rat lower leg after removal of the skin and
biceps femoris muscle showing the distal fasciae. The distal EDL and
TA + EHL tendons as well as the proximal origin of the EDL are cut from
their attachment and connected to Kevlar threats. Note that the distal
fasciae run from the tibial crest over the TA muscle belly towards the
peroneal and triceps surae compartments. Via these fasciae, it is thought
that a distally directed force is exerted onto the anterior crural muscles.
TA indicates the tibialis anterior muscle, GL indicates the lateral
gastrocnemius muscle, PER indicates the peroneal muscles, and AIS
indicates the anterior intermuscular septum. Scale bar indicates mm.

to be of major importance for extramuscular force trans-
mission between the anterior crural compartment and
antagonistic peroneal muscles.

6.3. Effects of myofascial force transmission on sarcomere
length distributions

It has been argued that for a muscle with epimuscular
myofascial connections, distributions of sarcomere lengths
within the muscle fibres are altered (Maas et al., 2003a;
Yucesoy et al., 2003a). Myofascially transmitted forces
are not exerted equally on all muscle fibres within the mus-
cle and as a consequence, sarcomeres at different locations
within the muscle are allowed to shorten to a different
degree. This leads to distributions in mean fibre sarcomere
lengths, i.e. parallel distribution in sarcomere lengths
(Huijing, 1996). Finite element modelling of a muscle with
intact myofascial connections supports such concept
(Yucesoy et al., 2003a; Yucesoy et al., 2002). A decreased
distribution of mean fibre sarcomere lengths is hypothe-
sized to explain the differences in the active length ranges

between lengthening of EDL and the added lengthening
of TA + EHL (Fig. 3). The fact that a major difference in
EDL active length range is found only for distal force
may be explained by the fact that distal lengthening of
EDL in the higher length range has location specific effects:
(1) Tt enhances the change in relative position of the distal
half of the EDL muscle more than of its proximal half, (2)
It enhances the change in relative position of the distal seg-
ments of EDL more than of the proximal segments of the
same EDL fibres. These factors combined have conse-
quences for the magnitude of the parallel distribution of
EDL sarcomere lengths (i.e. distribution of mean fibre sar-
comere lengths) of the distal fibre segments. On the added
lengthening of TA + EHL, the epimuscular load on EDL is
distributed more evenly particularly in the distal muscle
fibre segments, because the effects of intermuscular relative
position are decreased or removed. Simultaneously, also
the extramuscular load on TA + EHL is increased which
tends to unload EDL.

Note that the added lengthening of TA + EHL causes
distal EDL passive force to be higher than proximal passive
force, indicating that the passive distal sarcomeres are at
higher length than their proximal counter parts. However,
this is reversed upon activation of the muscle, as proximal
EDL active force is higher than distal active force. A rever-
sal of sarcomere length distribution can only occur when,
upon activation, the more proximal sarcomeres within
muscle fibres are exposed to higher loading than distal
ones. Such enhanced distal loading of TA does occur via
the distal fasciae (Fig. 7). As the muscle is activated the
muscle belly will shorten from its passive condition,
because of elastic effects on the distal tendon, and the distal
compartmental fasciae are stretched. It is hypothesized that
this distal load is, at least in part, myofascially transmitted
onto EDL.

It is concluded that simultaneous lengthening of a group
of synergistic muscles increases extramuscular myofascial
force transmission between antagonistic muscles. Intermus-
cular myofascial force transmission between synergists is
altered by different muscle relative positions within the com-
partment. Such major effects should be taken into account
when studying muscles within an in vivo context.
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