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Connective tissue formation following muscle injury and
remedial surgery may involve changes in the stiffness and
configuration of the connective tissues linking adjacent
muscles. We investigated changes in mechanical
interaction of muscles by implanting either a tissue-
integrating mesh (n = 8) or an adhesion barrier (n = 8) to
respectively increase or decrease the intermuscular
connectivity between soleus muscle (SO) and the lateral
gastrocnemius and plantaris complex (LG+PL) of the rat.
As a measure of mechanical interaction, changes in SO
tendon forces and proximal–distal LG+PL force
differences in response to lengthening LG+PL proximally
were assessed 1 and 2 weeks post-surgery. The extent

of mechanical interaction was doubled 1 week post-
implantation of the tissue-integrating mesh compared to an
unaffected compartment (n = 8), and was more than four
times higher 2 weeks post-surgery. This was found only for
maximally activated muscles, but not when passive.
Implanting the adhesion barrier did not result in a reduction
of the mechanical interaction between these muscles. Our
findings indicate that the ratio of force transmitted via
myofascial, rather than myotendinous pathways, can
increase substantially when the connectivity between
muscles is enhanced. This improves our understanding of the
consequences of connective tissue formation at the muscle
boundary on skeletal muscle function.

A number of in situ experiments in animals (for a
review, see Huijing, 2009) and imaging studies in
humans (Bojsen-Moller et al., 2010; Huijing et al.,
2011; Tian et al., 2012; Yaman et al., 2013) have
shown that intermuscular and extramuscular
myofascial connective tissues can serve as a pathway
for force transmission. Effects of epimuscular
myofascial pathways may be enhanced in pathologi-
cal conditions of the musculo-skeletal system in
which the properties of connective tissues linkages
have been altered (Maas & Sandercock, 2010). If
such connections are either stiffer or more compliant
than normal, resultant changes in the magnitude of
intermuscularly transmitted forces may have signifi-
cant effects on muscle mechanics (Smeulders &
Kreulen, 2007; Yucesoy & Huijing, 2007; Huijing
et al., 2010).
Scar tissue formation in response to muscle and

tendon injuries may increase the stiffness of intermus-
cular connections. Animal studies have suggested
that scar tissue formation observed post-surgery
may explain the frequent recurrence of injury to
strained muscles (Nikolaou et al., 1986; Garrett
et al., 1988). Also, a reduction of the overall muscle

belly displacement and a localized increase of tissue
strain has been associated with the presence of scar
tissue following hamstring injury in humans (Silder
et al., 2008, 2010). Given the continuity between the
intramuscular and extramuscular connective tissues,
such within muscle effects could translate into an
increase of mechanical interactions between muscles.
Enhanced interactions between synergists may result
also from muscle–tendon–bone interventions and
remedial surgeries (e.g., tendon transfers). In fact,
inter- and extramuscular connective tissues are com-
monly dissected in those interventions, assuming that
a muscle output is independent of adjacent struc-
tures. In contrast, in situ experiments in rats (Maas
& Huijing, 2012a,b; Maas et al., 2013), finite element
modeling (Yucesoy & Huijing, 2007), and studies on
cerebral palsy patients (Kreulen et al., 2003; Smeul-
ders et al., 2005) have shown that clinical outcomes
of surgical procedures such as aponeurotomy, teno-
tomy, and tendon transfers depend on the degree of
connectivity between the target muscle and neighbor-
ing synergists. Instead of increased stiffness, other
pathological conditions involve more compliant con-
nective tissues. Using a tenascin-X-deficient mouse, a
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model of Ehlers-Danlos syndrome, it was shown that
such increased compliance significantly reduces the
extent of mechanical interaction between adjacent
muscles (Huijing et al., 2010).
The animal studies described above applied muscle

lengths and relative positions beyond those found
during normal movements of the corresponding
joints. Moreover, direct assessment of mechanical
interactions between muscles in humans requires
invasive approaches (Smeulders et al., 2004), which
are not suitable for healthy controls and do not pro-
vide evidence regarding the consequences on muscle
mechanical function after recovery from the surgical
intervention. Due to these limitations, the effects of
changes in muscle connectivity as a result of injury,
intervention, or disease on force transmission
between adjacent muscles are still unclear.
The aim of the present work was to investigate the

effects of changes in intermuscular connectivity on
the mechanical interactions between rat ankle plan-
tar flexors for physiological muscle lengths and rela-
tive positions. A local increase or decrease in the
amount of intermuscular connective tissue was
induced by implanting either a tissue-integrating
mesh or an adhesion barrier mesh at the interface
between soleus (SO) muscle and the complex of lat-
eral gastrocnemius and plantaris muscles (LG+PL).
We hypothesized that these mesh implantations will
result in an increase or a decrease, respectively, of
mechanical interactions between the ankle plantar
flexion muscles.

Methods
Animals

Adult male Wistar rats (n = 24; mean � SD body mass:
311.6 � 13.3 g, Table 1) were randomly assigned to one of
the three groups. Eight rats in the intact group (control) and
eight rats in each of the two connectivity-manipulated groups
(tissue-integrating mesh group, TI; adhesion barrier group,
AB). The latter groups were each tested 1 (n = 4) and 2 weeks
(n = 4) after the connectivity manipulation surgery. Surgical
and experimental procedures were approved by the Commit-
tee on the Ethics of Animal Experimentation at the VU
University Amsterdam and in strict agreement with the guide-
lines and regulations concerning animal welfare and experi-
mentation set forth by Dutch law.

Surgical procedures for intermuscular connectivity
manipulation

A one-time pre-operative subcutaneous injection of a pain-
killer (0.02 mg/kg, Temgesic®, Schering-Plough, Maarssen,
The Netherlands) was administered to prevent discomfort of
the animal following the survival surgery. Additional doses
were given 1–2 days after the surgery if signs of pain were
noticed. Following preparation for aseptic surgery and inhala-
tion anesthesia (2–3% isoflurane), a skin incision was made
on the dorsal side of the left lower leg to expose the lateral side
of the posterior crural compartment. In the rat, the posterior
and accessory heads of the biceps femoris insert with a com-
mon tendinous sheath into the distal end of the femur and the
proximal two-thirds of the tibia (Greene 1935). A partial
resection of this sheath was performed to access the compart-
ment of SO and LG+PL muscles. The incision was performed
parallel to the tibia and attention was paid to minimize dam-
age to the biceps femoris myofibers. The lateral side of the
posterior crural compartment was accessed by a partial fas-
ciotomy of the surrounding crural fascia, limiting the exposure
of the posterior crural muscles to the proximal two-thirds of
the SO and LG muscle–tendon units (MTU). The distal por-
tion of the biceps (accessory head) and posterior crural fascia,
covering the distal myotendinous junctions of SO, LG, medial
gastrocnemius, and PL as well as the Achilles tendon, were left
intact. Myofascial linkages between the dorsal side of the SO
and the ventral side of LG+PL were removed by blunt dissec-
tion and either an anti-adhesion barrier (n = 8; PhysiomeshTM;
Ethicon, Norderstedt, Germany) or a tissue-integrating mesh
(n = 8; Premilene� mesh; B. Braun Melsungen AG, Germany)
was implanted at the interface of SO and LG+PL muscles.
Attention was paid to prevent damage of the SO neurovascu-
lar tract, which runs centrally between SO and LG muscle bel-
lies. A small opening in the central region of the mesh was
made to avoid contact with this tract (Fig. 1B). The anti-adhe-
sion barrier is composed by a double layer of absorbable
poliglecaprone-25 suture polymer, which is the actual tissue
separating layer that prevents adhesions during healing, and
an inner flexible, macroporous mesh made of polypropylene
which provides structural support. The tissue-integrating
mesh consists of monofilament polypropylene knitted in a
monolayer flexible mesh. These surgical meshes were origi-
nally designed for various interventions of hernia or chest
repair to support the abdominal wall (Novitsky et al., 2007;
Rodr�ıguez et al., 2011).

Surgical procedures for in situ experiments

The surgical procedures and the experimental setup for the
in situ measurements have been described elsewhere (Bernabei
et al., 2015). Briefly, following an intraperitoneal injection of
urethane solution (1.2 mL/100 g body mass, 12.5% urethane
solution), the posterior crural compartment was exposed by
removing the left hindlimb skin, biceps femoris, and medial
gastrocnemius muscles. The SO, LG, and PL muscle group
was dissected free from surrounding structures, preserving the
bone insertions, as well as the myofascial connections at the
interface between the SO and LG+PL muscle bellies. The dis-
tal tendon of SO was carefully dissected free from the rest of
the Achilles tendon. Kevlar wires were used to connect the
proximal and distal tendons of LG+PL as well as the distal
tendon of SO to force transducers (Fig. 1A), which were posi-
tioned in such a way that forces could be measured in the mus-
cle’s line of pull, and that the relative position of muscles and
tendons mimicked those present during normal movements.
A tight knot was placed on the tendons prior to severing them

Table 1. Animal and muscle sizes in the operated and non-operated

groups (mean � SD)

Groups Animal
size (g)

SO muscle
mass (g)

SO+LG+PL muscle
mass (g)

Control 311.1 � 4.5 0.20 � 0.02 1.60 � 0.16
TI (1 week) 312.3 � 12.4 0.18 � 0.02 1.67 � 0.21
TI (2 weeks) 301.0 � 18.8 0.19 � 0.03 1.67 � 0.13
AB (1 week) 304.8 � 6.3 0.20 � 0.03 1.60 � 0.12
AB (2 weeks) 330.0 � 10.2* 0.24 � 0.05 1.79 � 0.19

*P = 0.002, Bonferroni adjustment for multiple comparisons.
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from the skeleton to limit any relative sliding within the ten-
don. The rat was mounted in the experimental setup by clamp-
ing the femur and the foot such that knee and ankle joints
were kept at 90°, which was defined as the reference position
(PREF). Markers were placed near the SO distal and LG+PL
proximal and distal myotendinous junctions (Fig. 1), to iden-
tify the position of the distal tendons corresponding to PREF

for the ankle angle at 90° (PA
REF), the position of the LG+PL

proximal tendon corresponding to PREF for the knee angle at
90° (PK

REF) and to apply MTU length changes relative to the
reference positions (DP). At the end of the measurements, the
animals were euthanized with a pentobarbital (Euthasol 20%)
overdose injected intracardially, followed by double-sided
pneumothorax.

Nerve stimulation

SO and LG+PL were excited simultaneously via supramaxi-
mal stimulation of the tibial nerve (0.4 � 0.1 mA, 500 ms,
100 Hz). Three twitches were evoked 1.5 s and 1 s before each
tetanic stimulation, and 0.5 s after cessation of tetanic stimu-
lation. Muscles were allowed to recover for 2 min between
subsequent stimulations.

Experimental protocol

Prior to data collection, multiple contractions at high and
low lengths were performed in order to prevent history effects.
Isometric forces exerted at all three tendons were measured

simultaneously for different lengths and relative positions of
LG+PL and SO muscles. The proximal LG+PL tendon was
repositioned in steps of 1 mm from PK

REF�3 mm, correspond-
ing to ~45° knee angle, to PK

REF+3 mm, corresponding to
~130° knee angle (Johnson et al., 2008). The distal tendons of
SO and LG+PL were kept at PREF, so that MTU length of SO
was constant. The range of imposed MTU lengths and relative
positions were selected based on ankle and knee joint angles
observed during normal movements, such as walking, swim-
ming, ladder walking, and trotting (Gillis & Biewener, 2001;
Canu & Garnier, 2009; Magnuson et al., 2009; Bauman &
Chang, 2010).

Assessment of myofascial connections

Dissection was performed at the end of the in situ measure-
ment to evaluate the location and characteristics of the newly
grown myofascial connections at the synergists’ interface. The
actual location, integration (TI group), or absorption (AB
group) of the surgical mesh was evaluated for those animals
with manipulation of connectivity. Finally, individual muscles
were harvested and weighted to identify changes in muscle
mass between the intact and manipulated groups (Table 1).

Data analysis

Isometric forces were assessed from the force–time series: pas-
sive force (FP) was assessed by calculating the mean over a
50 ms time window before the tetanic contraction and total

(a) (b)

Fig. 1. Schematic of the experimental setup. (a) Lateral view of the rat left hindlimb in the experimental setup. Proximal and
distal tendons of LG+PL as well as the distal tendon of SO were connected to separate force transducers. The femur was fixed
with a metal clamp, the foot with a plastic plate. A bipolar cuff electrode was placed on the sciatic nerve. The five reference
markers (black dots) applied on the tendons and on the anterior tibial compartment identified the reference position (PREF),
i.e., the MTU length corresponding to a 90°–90° knee–ankle joint configuration. DP describes the applied positional changes
for proximal LG+PL tendon (�3 to +3 mm corresponding to 45° to 130° knee extension) with the distal SO and LG+PL ten-
dons kept at (corresponding to 90° ankle angle). (b) Schematic representation of the surgical mesh shape and position. The
anti-adhesion barrier or the tissue-integrating mesh was implanted at the interface of the synergistic SO and LG+PL muscles
after blunt dissection of the myofascial connective tissues. A small opening in the central region of the mesh was made to avoid
contact with SO neurovascular tract. Thick black arrows in (a) and (b) indicate the implantation area.
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force was assessed by calculating the mean over the 50 ms
before the end of the tetanic stimulation. LG+PL MTU
lengths were expressed as the deviation (DPLG+PL) from the
length at PREF. Two estimates of intermuscular mechanical
interaction were assessed in this study: with repositioning of
only the proximal LG+PL tendon over the full range, we mea-
sured (a) changes in force exerted at the distal tendon of SO
(DFSO), with SO kept at a constant length and (b) changes in
the force difference between the proximal and distal tendons
of LG+PL. The LG+PL force difference (DFLG+PL) was cal-
culated by subtracting the force exerted distally from the force
exerted proximally (i.e., FPROXIMAL � FDISTAL), so that a
positive difference indicates a higher proximal force. This
force difference is a direct measure of the magnitude of net
epimuscular myofascial force transmission (Huijing, 2009;
Maas & Sandercock, 2010), which can be assessed at each
imposed muscle length and relative position.

Assuming that myofascial pathways will carry forces
between SO and LG+PL, a portion of the force produced
by LG+PL myofibers is transmitted to the distal SO tendon
and vice versa. To obtain force equilibrium, both DFSO and
DFPROX-DIST would have to covary, as a function of the
synergists’ relative position DP. It should be noted that the
neurovascular tracts of SO and LG+PL were intact. Via
these tracts force can be transmitted to other structures than
the synergistic group (Maas et al. 2003). Therefore, an exact
complementary change of DFSO and DFPROX-DIST was not
expected. Because the investigated muscles were almost fully
isolated from their surroundings and the surgical manipula-
tion affects only the myofascial connections at the SO and
LG+PL interface, variations of DFSO and DFPROX-DIST were
regarded as estimates of mechanical interaction between SO
and LG+PL. In addition, LG+PL neutral position, defined
as the LG+PL proximal tendon position yielding a zero
LG+PL proximal–distal passive force difference, was calcu-
lated.

A preliminary comparison of the muscle masses showed no
decrease of SO (P = 0.100) or SO+LG+PL (P = 0.257) muscle
mass (Table 1). A difference in animals’ body mass was found
only between the control and AB group measured 2 weeks
post-surgery (6.1% difference, P = 0.02). Total forces in the
manipulated groups were substantially lower than in the con-
trols, suggesting a change in force producing capacity of these
muscles as a result of the mesh implantation surgery. To pro-
vide a fair comparison between groups, DFSO and DFPROX-

DIST were normalized to the sum of the SO+LG+PL total
force exerted distally (FREF

SOþLGþPL) at PREF (Table 2), and not
to the forces exerted by the corresponding muscles. FREF

SOþLGþPL

was selected as a normalization factor because we expected
force transmission between the muscles and, thus, individual
tendon forces do not originate exclusively from myofibers of
the corresponding muscle belly. As muscle forces are redis-
tributed among the distal tendons, the sum was considered as
a valid measure of the overall force capacity of the synergistic
group. Because no significant differences were found in SO
and LG+PL passive forces, these data were not subjected to
normalization.

As DFSO and DFPROX-DIST increased in a rather linear fash-
ion with proximal lengthening of LG+PL for all tested groups,
the force increase within the full range of applied LG+PL
proximal positions was used as an overall estimate of mechan-
ical interaction. Thus, the amount of mechanical interaction,
described by the slope (SLOPE) of the DFSO and DFPROX-DIST

curves, was assessed as follows:

SLOPEm ¼ DFmðDPrangeÞ
FREF
SOþLGþPL � DPrange

(1)

where m represents the muscle considered, DPrange is the full
range of LG+PL proximal tendon positions (6 mm) applied
and DFm is either the amount of SO distal force increase
(DFSO) or the amount of the increase of LG+PL proximal–
distal force difference (DFPROX-DIST) over DPrange. As the
slope expresses the change in normalized force relative to the
overall synergists’ force producing capacity, it will not be
affected by differential changes in muscle force capacity.

Statistics

ANOVA for repeated measures (within-subjects factor:
LG+PL proximal tendon position, between-subjects factor:
group) was used to test for changes in non-normalized passive
and total forces of SO and LG+PL as well as for interaction
effects (SPSS Statistics 20; IBM Corporation, Armonk, New
York, USA). When a significant main effect was found
(P < 0.05), Games–Howell post-hoc pairwise comparisons
(specifically suitable when sample sizes are unequal and popu-
lation variances differ) were used to test for individual group
differences. Univariate ANOVAs (factor: group) were per-
formed to test for changes in LG+PL neutral position, passive
LG+PL force difference at PREF, muscle and animal masses.
In addition, regression analysis was used to evaluate covaria-
tion of DFPROX-DIST and FSO from PREF �3 to PREF +3 mm.

If ANOVA indicated a significant interaction effect, regres-
sion analysis for repeated measures using generalized estimat-
ing equations (GEE) was used to test for significant differences
in mechanical interaction between groups (control, TI, AB).
Normalized values of DFSO (SLOPESO) and DFPROX-DIST

(SLOPELG+PL) were described as a function of the within-
subject factor LG+PL proximal tendon position. A linear
model was used, including interactions with the factor group to
test whether the SLOPESO and SLOPELG+PL changed differ-
ently between groups. A first model considering the factor ma-
nipulation was used to compare TI (n = 8) and AB (n = 8)
groups with the control (n = 8). Control animals were consid-
ered as the reference. A second model considering the factor
post-surgical recovery allowed to test for differences between
the TI and AB groups after 1 and 2 weeks after surgery [TI
(1 week), TI (2 weeks), AB (1 week), AB (2 weeks): n = 4)]. In
the latter, TI (1 week) and AB (1 week) groups were consid-
ered as the reference. For each non-redundant parameter, chi-
square statistics were used to test for significance of estimates

Table 2. Muscle forces at REF length and values used for normalization in group comparisons (mean � SD)

Groups SO distal total force (N) LG+PL proximal total force (N) LG+PL distal total force (N) Normalization factors (N)

Control 1.36 � 0.08 11.45 � 1.74 11.54 � 1.78 12.90
TI (1 week) 1.01 � 0.21 10.61 � 1.67 10.46 � 1.85 11.47
TI (2 weeks) 0.98 � 0.26 7.31 � 3.08 7.19 � 2.95 8.17
AB (1 week) 0.59 � 0.09 9.16 � 1.67 9.16 � 1.56 9.76
AB (2 weeks) 0.74 � 0.24 7.83 � 1.98 7.86 � 2.03 8.60
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between groups (P < 0.05). GEE was preferred to ANOVA
for testing the effects of LG+PL position on total DFSO and
DFPROX-DIST as the former allowed to consider LG+PL
changes in length as a continuous, rather than a categorical
variable. Therefore, the GEE is more appropriate to test for
differences in mechanical interaction between groups.

Results
Intermuscular tissue remodeling

Exposure of the LG+PL and SO interface revealed
substantial remodeling of the connective tissues. In
the group with the tissue-integrating mesh, new
intermuscular linkages were observed both proxi-
mally and distally with respect to the neurovascular
tract of SO. In contrast to that of controls, the neu-
rovascular tract itself was characterized by a com-
pact bundle of connective tissue in which blood
vessels and nerves were deeply embedded and no
longer visible. In addition, the posterior crural fascia
surrounding the ankle plantar flexors was denser
than normal. Finally, separation of LG+PL and SO
muscle bellies at the end of the in situ experiment
revealed a partial or full integration of the implanted
mesh by newly formed connective tissues.
Following implantation of the adhesion barrier,

remodeling of the connective tissues linking SO and
LG+PL was minimal. Exclusively areolar connective
tissue was found 1 week post-surgery, mainly in the
distal region of SO and LG+PL interface. Two weeks
post-surgery, the adhesion barrier was partially
degraded and newly formed connective tissue bun-
dles were running between the muscle bellies.

Effects of LG+PL proximal tendon position on distal SO
forces

ANOVA indicated a main effect of LG+PL proximal
tendon position on SO distal total force (FSO,
P < 0.001) and an interaction effect between LG+PL
proximal position and group (P < 0.001, Fig. 2A). In
the controls, DFSO with repositioning the proximal
LG+PL tendon from PA

REF�3 mm to PA
REF+3 mm

was 0.15 � 0.14 N. This increased drastically to
0.47 � 0.38 N and 0.80 � 0.29 N for the 1 week
and 2 weeks TI groups, respectively. In contrast,
DFSO was lower, but still significant for the AB
groups (i.e., 0.07 � 0.14 N and 0.09 � 0.35 N for 1
and 2 weeks post-surgery, respectively). These results
indicate that for each length increment of LG+PL
proximally, more force was redirected from the distal
tendons of LG+PL to the distal tendon of SO in the
TI group compared to the other two groups. In con-
trast, the lower DFSO in the AB group indicates a
decrease of force transmitted between SO and
LG+PL compared to control. Despite equal muscle
masses (Table 1), FSO at PREF was substantially
higher for the non-operated animals compared to the
operated ones (up to 0.53 � 0.20 N higher, or 38.8%
of SO distal force at PREF in controls), indicating a
non-specific change in force-producing capacity of
these muscles as a result of the mesh implantation
surgery.
GEE analysis on SLOPESO showed a significant

interaction between the LG+PL proximal tendon
position and TI group with respect to controls

(a) (b)

Fig. 2. Effects of lengthening LG+PL proximally on forces exerted at the distal tendon of soleus. (a) SO distal total force plot-
ted as a function of the LG+PL proximal tendon position (DPLG+PL) from �3 to +3 mm. DPLG+PL is expressed as the devia-
tion from the position corresponding to a 90° knee angle. Force values are not normalized (mean + SD, operated groups:
n = 16, control: n = 8). Different lines correspond to control (solid-thick line), tissue-integrating mesh (TI, solid-thin line),
and adhesion barrier (AB, dashed line) groups, 1 week (▲) or 2 weeks (■), after surgery. Single absolute SO distal force (FSO)
and range of force variation (DFSO) with the full range of proximal LG+PL tendon displacement were reported on the control
line for clarification. SO total force was on average considerably higher in the control group than in the operated animals
(P < 0.05). (b) Range of mechanical interaction (SLOPESO, mean + SD) expressed as the maximal absolute change for nor-
malized SO distal force within the imposed LG+PL proximal tendon positions range, DP = (�3; +3) mm from REF. Mechani-
cal interaction significantly differed between the control and the increased-connectivity groups (P < 0.05) and a significant
interaction effect was found between the manipulation type and the SO post-surgery recovery time (P = 0.002). No significant
differences were observed between the non-operated group and the adhesion barrier groups (P = 0.66).
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(P < 0.001, Fig. 2B). In contrast, no interaction was
found with the AB group vs control after normaliza-
tion (P = 0.66). SLOPESO was more than five times
higher in the TI group (0.013 � 0.008 mm�1) with
respect to control (0.002 � 0.001 mm�1). In addi-
tion, SLOPESO was significantly different between
TI-1 and TI-2 animals (P = 0.002), with the highest
normalized force increase measured 2 weeks post-
surgery (0.018 � 0.006 mm�1). Results from the
normalized SO force show that the tissue-integrating
mesh enhanced the mechanical interaction between
LG+PL and SO compared to control, with the high-
est coupling occurring 2 weeks post-surgery.

Effects of LG+PL proximal tendon position on LG+PL
proximal–distal force differences

Similar to SO distal force data, we found a main
effect of proximal LG+PL tendon position on
DFPROX-DIST for all groups (P < 0.001), as well as an
interaction effect between LG+PL tendon position
and TI-AB manipulation (Fig. 3A, P < 0.001). In
the control group, the DFPROX-DIST ranged from
�0.32 � 0.11 N at PA

REF�3 mm to 0.06 � 0.16 N at
PA
REF+3 mm. Also for all other groups negative val-

ues were found at the most distal position
(PA

REF�3 mm) and positive values at the most proxi-
mal one (PA

REF+3 mm), but with different magnitudes
in the TI and AB groups. Note that any proximal–
distal force difference indicates epimuscular myofas-
cial force transmission. In particular, the negative
DFPROX-DIST measured at PA

REF�3 mm indicates net
force transmission via epimuscular pathways to the

distal LG+PL tendon; vice versa, the positive
DFPROX-DIST measured at PA

REF+3 mm indicates net
force transmission to the proximal tendon of
LG+PL.
GEE on SLOPELG+PL showed an interaction

effect between LG+PL proximal tendon position and
TI group with respect to controls (P < 0.001,
Fig. 3B), while no interaction was seen for the AB
group vs control (P = 0.83). Compared to the con-
trol group (SLOPELG+PL = 0.005 � 0.001 mm�1),
SLOPELG+PL was significantly higher in the TI-1
group (0.011 � 0.006 mm�1) and in the TI-2 group
(P = 0.004; 0.023 � 0.007 mm�1), the latter being
four times higher than in controls. The steeper
increase in the normalized DFSO (see previous para-
graph) and DFPROX-DIST indicates that after implan-
tation of the tissue-integrating mesh, a higher
percentage of force was attracted to the distal tendon
of SO rather than to the distal tendon of LG+PL
when LG+PL was lengthened proximally. The extent
of such mechanical interaction increased between 1
and 2 weeks post-surgery.

Covariation of synergists’ tendon force

A linear relationship between LG+PL proximal–dis-
tal force difference and SO distal force was found
(Fig. 4). Regression analysis revealed a positive slope
(model fit: P < 0.001) with a high degree of correla-
tion for total forces in the TI-2 weeks group
(R = 0.98) and lower, but still significant in the con-
trol, TI-1 week, and AB groups (Fig. 4, R > 0.80).
Note that forces from LG+PL and SO were

(a) (b)

Fig. 3. Effects of lengthening LG+PL proximally on LG+PL proximal–distal tendon force difference. (a) Measured LG+PL
proximal–distal total force difference (DFPROX-DIST) as a function of the position of the LG+PL proximal tendon (DPLG+PL)
from �3 to +3 mm (mean + SD, operated groups: n = 16, non-operated group: n = 8). DPLG+PL is expressed as the deviation
from the position corresponding to a 90° knee angle. Different lines correspond to control (solid-thick line), tissue-integrating
mesh (TI, solid-thin line), and adhesion barrier (AB, dashed line) groups, 1 week (▲) or 2 weeks (■) after surgery. Average
DFPROX-DIST values differed significantly between operated and non-operated rats (P < 0.05). B) Range of mechanical interac-
tion (SLOPEPROX-DIST) expressed as the normalized maximal absolute change for DFPROX-DIST within the imposed LG+PL
proximal tendon positions, DP = (�3; +3) mm from REF. Mechanical interaction significantly differed between the control
and the increased-connectivity groups (P < 0.05) as well as between 7 and 14 days post-surgery (P = 0.004). No significant
differences were observed between the non-operated group and the adhesion barrier groups (P = 0.83).
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expressed relative to the values of DFPROX-DIST and
FSO measured at PREF, respectively; therefore, the
latter values were not included in the regression anal-
ysis. These data show that LG+PL and SO forces
covaried with repositioning LG+PL proximal ten-
don, thus providing additional evidence of myofas-
cial force transmission between these muscles.

Effects of mesh implantation on passive muscle force

ANOVA indicated a main effect of LG+PL proximal
position on SO distal passive forces (P < 0.001,
Fig. 5A) and LG+PL proximal–distal passive force
difference (P < 0.001, Fig. 5B). However, no interac-
tion effect was found between LG+PL proximal posi-
tion and the applied manipulation on SO passive
force (P = 0.560), nor on the LG+PL proximal–distal
passive force difference (P = 0.212). As the structure
that is stiffest transmits most force, this indicates that
the overall stiffness of the intermuscular pathways
relative to that of the intramuscular pathways was
unaltered in passive muscle conditions. Yet, ANOVA
showed that the LG+PL proximal–distal passive
force difference was changed in all the manipulated
groups compared to control (P < 0.001). The
LG+PL force difference curve was shifted up in a
similar fashion (P = 0.432) and regardless of the type
of manipulation for all operated animals compared
to controls: passive forces at PREF were on average
0.015 � 0.004 N across the manipulation groups
and �0.007 � 0.012 N in controls (Fig. 5B), indicat-
ing a consistently higher proximal rather than distal
passive force at LG+PL tendons. These results indi-
cate differences in the mechanical effects of intermus-
cular linkages between active and passive state of the
involved muscles. In addition, LG+PL neutral posi-
tion (i.e., DFPROX-DIST = 0 N, see Fig. 5B) in con-
trols (0.46 � 1.52 mm) differed substantially from
the value across all the manipulated groups, which
ranged between PA

REF�2.2 mm and PA
REF+0.5 mm,

while such neutral position was not affected by the
manipulation type itself (P = 0.694). This substantial

Fig. 4. Covariation of synergists’ tendon force LG+PL.
Proximal–distal tendon force (DFLG+PL) was plotted as a
function of SO distal tendon force (FSO) for each step of
SO/LG+PL relative displacement from PREF � 3 to
PREF + 3 mm. Total forces (mean) are compared between
the control group (CO, n = 8), the tissue-integrating mesh
group (TI, n = 8), and the adhesion barrier group (AB,
n = 8). Note that DFLG+PL and FSO are expressed relative
to their values measured at PREF (DPLG+PL = 0).

(a) (b)

Fig. 5. Effects of intermuscular connectivity manipulation on passive forces of the synergistic group. Passive force measured
at the distal tendon of SO (a) and LG+PL proximal–distal passive force difference (b) with increasing position of the LG+PL
proximal tendon (DPLG+PL) from �3 to +3 mm. DPLG+PL is expressed as the deviation from the position corresponding to a
90° knee angle. Data points are averaged among animals that received the same connectivity manipulation procedure (solid
line: tissue-integration mesh TI, dashed line: adhesion barrier mesh AB) and measured at the same time point (1 week: ▲ or
2 weeks ■, after surgery). No significant differences in passive SO force were found between groups (P = 0.56). LG+PL passive
force difference resulted substantially higher in the altered connectivity condition, especially after 1 week after surgery
(P = 0.018). LG+PL neutral position (mean � SD, ) was significantly different between intact and operated rats (P < 0.001).
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difference in neutral positions indicates a change of
configuration (i.e., length and angle) of the intermus-
cular connections after resection in acute.

Discussion

In this study, we showed that the mechanical interac-
tion between rat ankle plantar flexors can be substan-
tially altered by manipulating the connective tissue
layers between them. In the control group, we found
an increase of SO force with lengthening of the
LG+PL proximal tendon (11.5% increase of SO force
at PREF). Because SOMTU length was kept constant,
this force variation indicates mechanical interaction
between SO and LG+PL muscles. Accordingly, the
LG+PL proximal–distal tendon force difference also
changed and these changes were highly correlated.
These results provide evidence of the mechanical
interaction between SO and LG+PL in the case of
intact intermuscular connective tissues. Implantation
of a tissue-integrating mesh resulted in a substantial
increase in the extent of such interaction. These
mechanical effects were evident already 1 week post-
surgery and approximately doubled after 2 weeks,
indicating a fast adaptation of myofascial connective
tissues. In addition, no effects were observed after the
application of an adhesion barrier aimed at reducing
the extent of intermuscular interaction.
As no sham-operated group was used, possible

non-specific effects of the connectivity manipulation
surgery, such as pain-induced disuse, cannot be
excluded. A sham surgery would involve, besides cut-
ting the skin and compartmental fascia, also severing
connective tissue linkages between SO and LG+PL.
Because this will most likely lead to connective tissue
remodeling at the interface between these muscles
and, hence, altered intermuscular connectivity, such
an approach was not deemed to be representative of
the intact case. The results from the adhesion barrier
group do provide some insight about possible sham
effects. In this group, no differences in mechanical
interaction between SO and LG+PL compared to
controls were observed. This suggests that the
enhanced interaction following implantation of
the tissue-integrating mesh can be attributed to the
experimental manipulation. However, we did find a
shift upwards of the LG+PL passive force difference
curve (Fig. 5B) as well as a decrease in muscle forces
at reference length (Table 2) in all groups. These
results suggest some specific effects of mesh implan-
tation independent of mesh type. Therefore, our data
must be interpreted considering possible confounders
introduced by effects of surgery not related to the
manipulation of intermuscular connectivity.
The active force reduction seen in both mesh-oper-

ated groups was independent of manipulation type,
which suggests that such force drop was not directly

related to intermuscular connectivity changes. Alter-
natively, the decrease of muscle force could be a con-
sequence of shear-stress on the SO nerve induced by
the mesh, although an opening was made in the mesh
to accommodate the neurovascular tract of SO.
Post-surgical unloading of the limb and muscle atro-
phy seems unlikely after comparing SO and LG+PL
muscle masses of affected and unaffected limbs.
However, growth of additional connective tissues on
the surface of the muscle belly could mask muscle
atrophy. These factors may explain the reduced force
capacity of the synergistic muscle group in the oper-
ated rats compared to controls. To take this into
account and allow for a fair comparison of mechani-
cal interaction between groups, all forces were nor-
malized to the sum of SO+LG+PL total force
exerted distally (see methods).

Effects of increased intermuscular connectivity

Our data showed that an enhanced intermuscular
connectivity between SO and LG+PL muscles caused
a higher fraction of force to be redirected toward ten-
dons of neighboring muscles. Epimuscular myofas-
cial pathways are capable of transmitting substantial
force between muscles (Huijing, 2009; Maas & San-
dercock, 2010). Within a physiological range of mus-
cle lengths and relative positions, however, only a
limited fraction of muscle force is exchanged via
epimuscular connective tissues (Bernabei et al.,
2015). This fraction is determined by the stiffness
ratio between the myofascial pathway and the
myotendinous pathway. It has been hypothesized
that epimuscular pathways become of greater impor-
tance after muscle or tendon trauma (Sandercock &
Maas, 2009), when an increased stiffness of connec-
tive tissue linkages between muscles may occur.
Although scar tissue formation has been reported at
the muscle–tendon boundaries following muscle
strain injury, tenotomy, and tendon transfer (Buller
& Lewis, 1965; Nelson, 1969; Gold et al., 2004;
Silder et al., 2008; Khanna et al., 2009; Maas & Hui-
jing, 2012a,b), only few studies have investigated the
mechanical effects of scar tissue. Riewald and Delp
(1997) reported evidence of a residual knee extension
moment of rectus femoris muscle after tendon trans-
fer to the knee flexion side. It is conceivable that scar
tissue formation and post-operative fascia remodel-
ing provided a stiff pathway of force transmission to
the neighboring knee extensors. Similar findings have
been reported following flexor carpi ulnaris (FCU)
tendon transfer in rat (Maas & Huijing, 2012a,b). By
assessing force transmission from the transferred
muscle, these experiments have shown that not all
force generated within transferred FCU was trans-
mitted to its distal tendon, but part of the force was
redirected via scar tissue to other structures. Our and
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previous studies indicate that the formation of addi-
tional connective tissue at the muscle–tendon bound-
ary can have profound effects on muscular force
transmission, thereby affecting the mechanical out-
put of a muscle at the joint.

Mechanical interaction following adhesion barrier implant

Mechanical interaction between SO and LG+PL did
not differ significantly in the AB group compared to
controls. We hypothesized a reduction of mechanical
interaction in this condition, as several previous
studies have reported changes of intermuscular inter-
action following resection of connective tissues that
served as pathways of force transmission (Smeulders
et al., 2002; Maas et al., 2013). In this study, qualita-
tive observations showed that the adhesion barrier
did reduce the amount of connective tissue at the SO
and LG+PL interface. However, connective tissue
bundles, of which the specific location and firmness
varied between animals, were frequently observed at
the edges of the barrier, i.e., (a) branching out medi-
ally from the SO to the plantaris muscle belly, (b) lat-
erally to the anterior crural compartmental fascia;
(c) distally attaching to the Achilles tendon and the
biceps femoris fascia. Qualitative observations of the
progression of tissue-adhesion recurrence were in
agreement with previous studies using adhesion bar-
riers similar to the ones used in this study (Novitsky
et al., 2007; Rodr�ıguez et al., 2011). In the present
experiment, such a variety of anchoring sites for the
AB implant during recovery may be explained by the
fact that the mesh was not sutured to the muscle
belly surface. Such a procedure was applied to pre-
vent the formation of unwanted linkages. Besides
newly formed connective tissue linkages, the neu-
rovascular tract, a connective tissue structure embed-
ding the blood vessels and nerves for SO muscle, was
still intact. Substantial mechanical interaction
between the anterior crural muscles of the rat with
only the neurovascular tract intact has been reported
(Maas et al., 2005; Yucesoy et al., 2006). We con-
clude that the inability to reduce the mechanical cou-
pling between SO and LG+PL with the adhesion
barrier can be explained by force transmission via
newly formed connective tissue linkages and the neu-
rovascular tract of SO.

Different effects of altered intermuscular connectivity
between active and passive muscle

Unlike during active muscle contraction, the trans-
mission of passive force per unit of relative displace-
ment between passive SO and LG+PL muscles was
not significantly affected by implantation of the tis-
sue-integrating mesh. This finding shows that changes
in the connective tissue layer between synergists are

not expressed equally in passive and active muscle.
Such a discrepancy has previously been observed in
animal studies investigating effects of disrupting dif-
ferent connective tissues. Compartmental fasciotomy
(Smeulders et al., 2002) and progressive muscle belly
dissection (Maas & Huijing, 2012a,b) resulted in sub-
stantial changes of the length-active force characteris-
tics, while length-passive force characteristics were
not affected. A main difference between passive and
active conditions is the stiffness of the muscle belly. In
fact, when the relative position is changed between
passive muscles, compliant intramuscular structures
could fully absorb the resulting shear strain and,
hence, the myofascial connections may not experience
any strain. Conversely, activating the muscle fibers
will increase the stiffness of the muscle belly. As a con-
sequence, less deformation of intramuscular struc-
tures and, thus, greater lengthening of myofascial
connections with the same muscle relative displace-
ment are expected. We conclude that consequences of
scar tissue formation for intermuscular transmission
of force are dependent on whether a muscle and its
neighboring synergist are in an active or a passive
state. As previously noted (Smeulders et al., 2002),
this has implications for surgeon’s intraoperative esti-
mation of muscle function, which is routinely carried
out only by assessing forces of passive muscles.

Perspectives

Muscle injuries are among the most common sport-
related injuries, with more than 90% being caused
either by contusion or excessive strain of the muscle
(Garrett, 1996; Ekstrand et al., 2011). Shearing type
of muscle injuries are associated with rupture of
myofibers and surrounding connective tissue frame-
work with subsequent formation of scar tissue
(K€a€ari€ainen et al., 2000). The results of the present
study show that an increased intermuscular connec-
tivity alters force transmission within a muscle
group. In case of muscle injury, abnormal connective
tissues pathways may redirect part of the force to
intact tissues bypassing the damaged area (Maas &
Sandercock, 2010). Such spatial dissipation of con-
tractile force may prevent high local stresses (Bojsen-
Moller et al., 2010) and facilitate recovery of the
damaged area as well as restore function before the
healing is complete. On the other hand, scar tissue
has also been associated with a reduction of the over-
all muscle belly displacement and a localized increase
of tissue strain (Silder et al., 2008), which may
potentially extend the damage to neighboring mus-
cles. Besides muscle–tendon injuries, similar mechan-
ical effects of scar tissue may be expected following
orthopedic surgical interventions involving disrup-
tion of muscle or connective tissues (e.g., fasciotomy,
aponeurotomy, and tenotomy).
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