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SYMPOSIUM

Myofascial Loads Can Occur without Fascicle Length Changes
Chris Tijs,* Michel Bernabei,† Jaap H. van Die€en‡ and Huub Maas1,‡

*Department of Organismic and Evolutionary Biology, Concord Field Station—Harvard University, Bedford, MA 01730,

USA; †Department of Biomedical Engineering, Northwestern University, Evanston, IL 60208, USA; ‡Department of

Human Movement Sciences, Faculty of Behavioural and Movement Sciences, Vrije Universiteit Amsterdam, 1081 BT,

Amsterdam, The Netherlands

From the symposium “Spatial Scale and Structural Heterogeneity in Skeletal Muscle Performance” presented at the

annual meeting of the Society for Integrative and Comparative Biology, January 3–7, 2018 at San Francisco, California.

1E-mail: h.maas@vu.nl

Synopsis Many studies have shown that connective tissue linkages can transmit force between synergistic muscles and

that such force transmission depends on the position of these muscles relative to each other and on properties of their

intermuscular connective tissues. Moving neighboring muscles has been reported to cause longitudinal deformations

within passive muscles held at a constant muscle–tendon unit (MTU) length (e.g., soleus [SO]), but muscle forces were

not directly measured. Deformations do not provide a direct measure of the force transmitted between muscles. We

combined two different muscle preparations to assess whether myofascial loads exerted by neighboring muscles result in

length changes of SO fascicles. We investigated the effects of proximal MTU length changes of two-joint gastrocnemius

(GA) and plantaris (PL) muscles on the fascicle length of the one-joint SO muscle within (1) an intact muscle com-

partment and (2) a disrupted compartment that allowed measurements of fascicle length and distal tendon force of SO

simultaneously. SO muscle bellies of Wistar rats (n¼ 5) were implanted with sonomicrometry crystals. In three animals,

connectivity between SO and GAþPL was enhanced. Measurements were performed before and during maximal exci-

tation of all plantar flexor muscles. In both setups, MTU length of GAþPL did not affect the length of SO fascicles,

neither during passive nor active conditions. However, lengthening the MTU of GAþPL increased distal tendon force of

SO by 43.3–97.8% (P< 0.001) and 27.5–182.6% (P< 0.001), respectively. This indicates that substantial myofascial force

transmission between SO and synergistic muscle can occur via a connective tissue network running parallel to the series

of SO sarcomeres without substantial length changes of SO fascicles.

Introduction

To control body movements, forces exerted by skel-

etal muscles must be transmitted to the skeleton. For

isolated muscles, forces can be exerted only via ten-

dinous structures at the muscle origin and insertion.

However, within an intact muscle compartment,

forces can be exerted directly onto the muscle belly

surface (the epimysium) of neighboring muscles me-

diated by connective tissues linking them (Huijing

2009; Maas and Sandercock 2010). Such so called

epimuscular myofascial loads have been shown in

rats to cause unequal forces measured at the muscles’

origin and insertion (Huijing and Baan 2001; Maas

et al. 2001) and were found to be dependent on the

length (Maas et al. 2001; Maas and Huijing 2009)

and position (Maas et al. 2004) of a single muscle

relative to adjacent muscles. More recently, scar tis-

sue formation after a tendon transfer surgery (Maas

and Huijing 2011, 2012a, 2012b) and enhanced stiff-

ness of the intermuscular connective tissues

(Bernabei et al. 2016, 2017a) has been shown to af-

fect the magnitude of epimuscular myofascial loads.

These results indicate the potential importance of

force transmission via myofascial pathways for path-

ological conditions.

It is well-known that skeletal muscles can deform

along its long axis as well as radially in response to

muscle activation and joint movements. Recent stud-

ies in humans (Bojsen-Møller et al. 2010; Tian et al.

2012; Finni et al. 2017) and rats (Tijs et al. 2015a)

have shown that longitudinal muscle deformations

can also be caused by myofascial loads. Passive
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knee flexion was found to increase the length of pas-

sive soleus (SO) fascicles in humans (Tian et al.

2012) and change the length of in-series sarcomeres

locally within passive fibers of the tibialis anterior

muscle in rats (Tijs et al. 2015a). The muscles in

these studies do not span the knee joint. Therefore,

results cannot be ascribed to changes in their

muscle–tendon unit (MTU) length, but are more

likely the result of myofascial loads.

The mechanical consequences of these longitudi-

nal length changes are unknown as no study has yet

measured muscle forces and deformations due to

myofascial loads simultaneously. Theoretically, an al-

tered distribution of fiber mean sarcomere length

would change the shape of the muscle length–force

relationship, i.e., the range of active force exertion

and optimal force (Huijing 1995). Thus, longitudinal

length changes due to myofascial loads may cause

changes in the force generating capacity of muscles.

Despite the absence of experimental evidence, finite

element models of linked muscles have predicted

myofascial loads to cause local variation in strains

as well as stresses within the muscle belly (Yucesoy

and Huijing 2012). Thus, the question is whether

myofascial loads originate purely from force trans-

mission from neighboring muscles or that they affect

the force generating capacity of a muscle.

The aim of the present study was to experimen-

tally assess whether myofascial loads exerted by

neighboring muscles result in length changes of SO

fascicles. Specifically, we investigated the effects of

relative muscle displacement of two-joint gastrocne-

mius (GA) and plantaris (PL) muscles on fascicle

length changes of one-joint SO muscle within an

intact muscle compartment of the rat and within a

disrupted compartment that allowed additional

measurements of accompanying forces exerted at

the distal tendon of SO. Because the magnitude of

myofascial loads is affected by the stiffness of inter-

muscular connective tissues (Bernabei et al. 2017a),

we ensured a wide range in intermuscular connec-

tivity by enhancing connectivity through implanta-

tion of a tissue-integrating mesh for a subset of the

animals. Because muscle fascicle stiffness is depen-

dent on the level of muscle activation, myofascial

effects were assessed for fully passive and maximally

activated plantar flexion muscles.

Materials and methods

Animal care

The experiments described here were part of a larger

study assessing effects of changes in intermuscular

connectivity on the mechanical interaction between

plantar–flexor muscles (Bernabei et al. 2017a,

2017b). The original study consisted of survival sur-

geries for sensor implantation and for manipulation

of intermuscular connectivity as well as the terminal

experiment reported here. Five male Wistar rats

(Rattus norvegicus; Berkenhout 1769), body mass at

the time of terminal experiment (378 6 12 g) were

tested in this study. Survival surgeries were

performed in aseptic conditions, using inhalation an-

esthesia (2–3% isoflurane) and a one-time pre-oper-

ative subcutaneous injection of a painkiller (0.02 mg/

kg; Temgesic; Schering-Plough, Maarssen, The

Netherlands). Additional doses were given 1–2 days

after the surgery if signs of pain were noticed. For

the terminal experiments, animals were anesthetized

by an intraperitoneal injection of urethane solution

(1.2 mL/100 g body mass, 12.5% urethane solution).

On completion of measurements, animals were eu-

thanized with a pentobarbital overdose (Euthasol

20%) injected intracardially, followed by a double-

sided pneumothorax. All surgical and experimental

procedures were approved by the Committee on the

Ethics of Animal Experimentation at the Vrije

Universiteit Amsterdam and in strict agreement

with the guidelines and regulations concerning ani-

mal welfare and experimentation set forth by Dutch

law.

Muscle anatomy

The anatomy of the plantar flexor muscles in rats has

been well characterized (Greene 1935). In brief, GA

muscle consists of a medial and lateral (LG) head

that originate from the medial and lateral epicondyle

of the femur, respectively. In contrast, SO arises

from the head of the fibula. Both muscles insert

on the calcaneus bone via the shared Achilles ten-

don. Although the Achilles tendon is typically con-

sidered as one entity, relative displacement and

differential strains can occur between its subtendons

(Finni et al. 2018). PL also originates from the lateral

epicondyle, but its distal tendon wraps around the

calcaneus and inserts on the phalanx of the digits via

the flexor digitorum brevis muscle. Changes in knee

joint angle will result in changes in MTU length of

GAþPL as well as changes in the position of these

muscles relative to SO. Although SO and GA can be

seen as distinct muscles, connective tissue linkages

between SO and LG are present along the entire

SO muscle belly length. These linkages can be di-

vided into a proximal and a distal part with respect

to a neurovascular tract, which runs centrally be-

tween SO and LG muscle bellies (for schematic

drawings see Bernabei et al. 2016).
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Survival surgeries

The right hindlimb of all animals was surgically

instrumented with sonomicrometry crystals (1 mm;

Sonometrics, London, Ontario, Canada) using pro-

cedures previously reported in (Maas et al. 2009;

Bernabei et al. 2017c). In short, a partial resection

of the insertion sheath of the biceps femoris muscle

was performed to access the compartment of SO and

LGþPL muscles. A partial crural fasciotomy from

the lateral side exposed the proximal two-thirds of

SO and LG muscles. Distally, the biceps femoris

sheath was lifted, exposing the distal portions of

SO and LG muscle bellies converging in the

Achilles tendon. Pockets for sonomicrometry crystals

were made as close as possible to the proximal and

distal myotendinous junctions (MTJs), limiting dam-

age to intermuscular connective tissues. Crystal po-

sitioning sites allowed us to measure the muscle belly

lengths of LG (LLG) and SO (LSO). Because of the

small pennation angle and parallel fibered architec-

ture of SO (Close 1964; Eng et al. 2008), these meas-

urements were assumed to be representative of SO

fascicle lengths. After the skin had been sutured, the

animals were allowed to recover for 2 weeks prior to

connectivity manipulation surgery.

In three animals (TI-1, TI-2, and TI-3), the inter-

muscular connectivity between the muscle bellies of

SO and the lateral GA and PL complex (LGþPL) was

enhanced by implanting a surgical mesh for tissue-

integration with procedures previously reported in de-

tail (Bernabei et al. 2017a). Connective tissues between

the dorsal side of SO and the ventral side of LGþPL

were bluntly dissected and a tissue-integrating mesh

(Premilene mesh; B. Braun Melsungen) was sutured

to the SO muscle over two-thirds of its muscle belly,

at the interface between SO, LG, and PL muscles. In two

control animals (CO-4, CO-5) intermuscular connec-

tive tissues were left intact for comparison with physi-

ological conditions. Terminal experiments were

performed 4 weeks after the surgical procedures for

mesh implantation.

Terminal experiments

Each animal was tested in two experimental setups:

one in which all muscles were left attached to the

skeleton and length changes were obtained by

changes in ankle and knee joint angle (Tijs et al.

2014, 2015b), and one in which the tendons were

connected to force transducers and length changes

were obtained by repositioning the force transducers

mimicking changes in ankle and knee joint angle (for

details see Bernabei et al. 2015).

Joint angle set-up

Surgery

The skin and biceps femoris muscle of the right

hindlimb were removed and the femur was exposed

for attachment of a metal clamp. Tissues between the

malleoli and Achilles tendon were removed to secure

the calcaneus to the set-up. The sciatic nerve was

partly dissected free for placement of a cuff electrode

and crushed proximal to the cuff electrode to pre-

vent muscle excitation via spinal reflexes. All

branches of the sciatic nerve were left intact, there-

fore simultaneous stimulation of GA, PL, and SO

muscles was performed.

Fixation to the experimental set-up

The right hindlimb was secured to the experimental

set-up by clamping the femur and the foot. Ankle

and knee joints were aligned with the set-up’s rota-

tional axes. The set-up allowed for manipulation of

knee and ankle joint angles in the sagittal plane,

while the angles around the two other axes were

kept at 0� (Fig. 1A).

Experimental protocol

GA, PL, and SO muscles were excited maximally by

supramaximal stimulation of the sciatic nerve (am-

plitude: 0.4–1.0 mA, frequency: 100 Hz, pulse width:

100 ls, duration: 500 ms) via the bipolar cuff elec-

trode connected to a constant current source

(Digitimer DS3, Digitimer Ltd., Hertfordshire, UK).

Two experimental protocols were applied. First, the

ankle angle was set to 90� while a wide range of knee

angles was imposed (between 70� and 130�). As a

result, SO was kept at a constant MTU length (be-

cause it spans only the ankle joint) while the MTU

length of GA and PL muscles was estimated to

change by �3–4 mm (Johnson et al. 2008). Because

the MTU length of SO was kept constant, any

change in LSO was considered as indications of myo-

fascial loads. Secondly, the knee angle was set to 90�

and the ankle angle was varied between 70� and

130�, which was estimated to result in MTU length

changes of �4 mm of all plantar–flexor muscles

(Johnson et al. 2008). During the isometric contrac-

tion at each combination of ankle and knee joint

angles, LSO and LLG were recorded using the

implanted sonomicrometry crystals.

Tendon force set-up

Surgery

Following the joint angle manipulation protocols,

medial gastrocnemius (MG) was removed by

Myofascial loads without longitudinal deformations 253
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carefully cutting the fibers that insert onto the me-

dial side of the distal aponeurosis, which is shared

with LG, in order to prevent damage to LG muscle

fibers. This was done to prevent unphysiological

strain between MG and LG as the MTU length of

only LGþPL was changed proximally (see the

“Experimental protocol” section). The SO, LG, and

PL muscle group was dissected free from surround-

ing structures to exclude force transmission outside

the muscle compartment, while preserving myofas-

cial connections at the interface between the muscle

bellies of SO and LGþPL. The distal 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 LGþPL as well as

the distal tendon of SO to force transducers, which

were positioned in such a way that forces could be

measured in the muscle’s line of pull, and that the

relative position of muscles and tendons mimicked

those present during normal joint movements.

Fixation to the experimental set-up

The rat was mounted in the experimental setup

(Fig. 1B) by clamping the femur and the foot such

that knee and ankle joints were kept at 90�, which

was defined as the reference position (LREF). Markers

were placed near the distal MTJ of SO and near the

proximal and distal MTJ of LGþPL. This enabled us

to identify the position of the distal tendons of SO

and LGþPL corresponding to LREF for an ankle an-

gle at 90�, and the position of the proximal tendons

of LGþPL corresponding to LREF for a knee angle at

90�. Applied MTU length changes were expressed

relative to LREF (DL in Fig. 1B). On completion of

measurements, pictures of the implant were taken on

the euthanized animal to verify consistent position-

ing of sonomicrometry crystals and for measuring

inter-crystal distances as well as proximal and distal

crystal-to-MTJ distances.

Experimental protocol

Isometric forces exerted at all three tendons were

measured simultaneously for different lengths and

relative positions of LGþPL and SO muscles. Two

different protocols were applied: one to simulate

MTU length changes during knee extension and

one to simulate MTU length changes during ankle

dorsiflexion. In the former, the proximal tendons of

LGþPL were repositioned in steps of 1 mm from

LREF �3 mm, corresponding to �45� knee angle, to

LREF þ3 mm, corresponding to �130� knee angle,

while the distal tendons of SO and LGþPL were

kept at LREF, so that MTU length of SO was con-

stant. Therefore, any change in LSO was considered

LREF

PROXIMALDISTAL

SO

LG

PL
Distal
LG+PLF

Distal
SOF

Proximal
LG+PLF

∆L

bipolar cuff 
electrode

knee 
extension

70o

130o

90o

sonomicrometry
crystals

BA

130o

70o

ankle 
dorsiflexion

Fig. 1 Overview of the two experimental setups. The femur was fixed with a metal clamp and the foot was attached to a metal plate

with custom-made clamps. A bipolar cuff electrode was placed on the sciatic nerve. The sites of sonomicrometry crystal implants in

soleus (SO) and lateral gastrocnemius (LG) are shown (green dots). (A) Lateral view of the right hindlimb of the rat in the joint angle

set-up, which allowed ankle and knee joints to be manipulated seperately. (B) Lateral view of the right hindlimb of the rat in the

tendon-force setup. Proximal and distal tendons of lateral gastrocnemius and PL (LGþPL) as well as the distal tendon of SO were

connected to separate force transducers. Proximal displacement of LGþPL and distal displacement of LGþPLþSO (DL) were

expressed relative to the muscle–tendon unit lengths corresponding to 90�–90� knee–ankle joint angles (LREF), identified with five

reference markers (white circles) applied on the tendons and on the anterior tibial compartment. Forces were measured simulta-

neously at the proximal and distal tendons of LGþPL as well as at the distal tendon of SO.
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as indications of myofascial loads. In the latter, the

proximal tendons of LGþPL were kept at LREF, while

the distal tendons of LGþPL and SO were reposi-

tioned together in steps of 1 mm from LREF �3 mm

increasing up to 1 mm over SO optimum length,

which occurred at LREF þ2 mm in all animals (data

shown in Bernabei et al. 2015).

Data analysis

Analysis and results of SO fascicle length and SO

tendon force will be described here. Results regard-

ing LG muscle belly length as well as proximal and

distal tendon forces of LGþPL do not directly ad-

dress the aims of this study and are, therefore, pre-

sented in Supplementary Materials.

SO fascicle length

SO fascicle lengths (LSO) were recorded assuming a

speed of sound within vertebrate skeletal muscles of

1590 m/s (Marsh 2016) and were low-pass filtered

(second-order Butterworth, 50 Hz cut-off).

Recorded time-series were adjusted, because different

values at LREF were observed between set-ups. This

was likely caused by slight changes in the orientation

of the sonomicrometry crystals. To allow compari-

sons between set-ups, the inter-crystal distance mea-

sured in the passive muscle, excised after completion

of the terminal experiment, was assumed to corre-

spond to the shortest passive LSO found among all

four protocols (either ankle joint manipulation, knee

joint manipulation, proximal LGþPL repositioning,

or distal LGþPLþSO repositioning). Any length dif-

ference was added to all time-series of that specific

protocol only. Then, the adjusted passive LSO at LREF

within that specific protocol was used to adjust the

time-series of the remaining protocols such that pas-

sive LSO at LREF in all four protocols were matched.

Passive and active LSO were calculated as the mean

over a 50 ms time window during passive muscle

conditions and during maximal excitation of all

plantar–flexor muscles, respectively. Passive and ac-

tive LSO was calculated relative to its length at LREF.

No reliable LSO could be obtained from rat CO-4.

Isometric SO tendon force

Passive and total isometric tendon forces were calcu-

lated over the same 50 ms time windows used to

calculate passive and active LSO. We assessed changes

in force exerted at the distal tendon of SO (FSO) with

SO kept at a constant length as estimates of inter-

muscular mechanical interaction (Bernabei et al.

2015). Total FSO values were normalized to the total

force measured at LREF (0.85 N, 0.26 N, 0.86 N,

1.05 N, and 0.91 N for TI-1, TI-2, TI-3, CO-4, and

CO-5, respectively).

Statistics

Two-way repeated measures ANOVAs (SPSS

Statistics 24, IBM Corporation, Armonk, NY, USA)

were used to test for effects of the combination of

muscle activation and MTU length changes obtained

with either (1) knee angle changes, (2) ankle angle

changes, (3) proximal LGþPL displacement, and (4)

distal LGþPLþSO displacement on LSO. One way

repeated measures ANOVAs were used to test for

effects of the same MTU length changes (1–4) on

passive FSO and on normalized total FSO. Because

of the small number of animals, no group compar-

ison could be made between the tissue-integrated

and control rats.

Results

Effects of joint angle on SO fascicle length

No main effect of knee angle (causing MTU length

changes of the GA and PL complex, but not of SO)

on SO fascicle length (LSO) was found (P¼ 0.964,

Fig. 2A). A main effect of activation on LSO was

found (mean across knee angles [normalized to the

total force measured at reference length (LREF)]:

1.00 6 0.01 LREF and 0.95 6 0.01 LREF for passive

and active muscle condition, respectively;

P¼ 0.005), but without an interaction effect with

knee angle (P¼ 0.567). For comparison, decreasing

ankle angle (i.e., ankle dorsiflexion), corresponding

to distal lengthening of all plantar–flexor muscles,

resulted in significant main effects of ankle angle

(P< 0.001) and muscle activation (P¼ 0.007) as

well as a significant interaction effect (P¼ 0.032).

Ankle dorsiflexion caused an average increase in

LSO from 0.89 6 0.07 LREF at 130� to 1.11 6 0.2

LREF at 70� ankle angle for passive muscle conditions

and from 0.78 6 0.04 LREF at 130� to 1.07 6 0.03

LREF at 70� ankle angle for active muscle conditions

(Fig. 2B). These results indicate that length changes

of SO fascicles as a function of knee angle were <1%

of the length changes of SO fascicles that occurred in

response to changes in ankle angle (i.e., changes in

MTU length of SO).

Effects of MTU length changes on SO fascicle length

Varying the proximal position of the tendons of the

lateral GA and PL (LGþPL) did not affect LSO

(P¼ 0.559, Fig. 3A). In contrast, a main effect of

activation on LSO was found (mean across LGþPL

MTU lengths: 1.00 6 0.01 LREF and 0.91 6 0.01 LREF

for passive and active muscle condition, respectively;

Myofascial loads without longitudinal deformations 255
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P< 0.001). Although a significant interaction effect

was found (P¼ 0.014), post hoc analysis showed no

effect of MTU length changes of LGþPL on LSO,

neither for passive (from 0.99 6 0.01 LREF at

þ3 mm to 1.00 6 0.01 LREF at �2 mm; P¼ 0.083)

nor for active (from 0.90 6 0.02 LREF at �2 mm to

0.91 6 0.01 LREF at þ2 mm; P¼ 0.110) muscle con-

ditions. Similar to the effect of ankle angle on LSO,

substantially larger length changes were found with

displacement of the distal tendons of LGþPLþSO

rather than displacement of the proximal tendons

of LGþPL (Fig. 3B). ANOVA showed significant

main effects for position of distal LGþPLþSO ten-

dons (P< 0.001) and muscle activation (P¼ 0.001)

as well as a significant interaction effect (P¼ 0.001).

LSO changed from 0.90 6 0.06 LREF at �3 mm to

1.13 6 0.07 LREF at þ3 mm for passive conditions,

and from 0.78 6 0.08 LREF at �3 mm to 1.07 6 0.05

LREF at þ3 mm for active conditions. Overall, these

results show limited length changes of SO fascicles as

a function of relative displacement of synergistic

muscles.

Effects of MTU length changes on SO tendon force

Displacement of the proximal tendons of LGþPL

significantly increased passive tendon force of SO

(FSO, P< 0.001) from 4.6 6 1.7 mN at �3 mm to

8.4 6 1.5 mN at þ3 mm and increased normalized

total FSO from 0.7 6 0.1 at �3 mm to 1.7 6 0.6 at
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þ3 mm (P< 0.001, Fig. 4A). Mimicking ankle dorsi-

flexion (Fig. 4B), displacement of the distal tendons

of LGþPLþSO increased passive FSO from

3.4 6 2.4 mN at �3 mm to 54.8 6 35.7 mN at

þ3 mm (P< 0.001) and increased normalized total

FSO from 0.5 6 0.3 at �3 mm to 1.9 6 0.5 at

þ3 mm (P< 0.001). The increase in normalized total

FSO was higher for rat TI-1 and rat TI-3, which were

both implanted with a tissue-integrating mesh.

Although rat TI-2 was also implanted with a mesh,

the effects of proximal LGþPL position on FSO were

very similar to the control animals (CO-4 and

CO-5), showing a somewhat lower, but still signifi-

cant (n¼ 3, P< 0.001) increase, i.e., from 0.8 6 0.1

at �3 mm to 1.3 6 0.2 at þ3 mm. Changes in FSO as

a function of displacement of proximal LGþPL ten-

dons were 9% (for passive) and 71% (for active

muscle conditions) of the changes in FSO that oc-

curred during actual MTU length changes of SO.

These results indicate substantial mechanical interac-

tion between plantar–flexion muscles, especially dur-

ing active muscle conditions.

Discussion

This is the first experimental study to simultaneously

measure muscle forces and changes in fascicle length

due to myofascial loads. We report evidence of me-

chanical interaction between SO and its synergists,

but with only minimal length changes of SO fas-

cicles, even when the extent of myofascial loads

was enhanced by artificially increasing the stiffness

of intermuscular connective tissues. These results

suggest that effects of epimuscular myofascial loads

on the mechanical function of muscles, when pre-

sent, can occur without fascicle length changes.

Fascicle length changes caused by myofascial loads

Epimuscular myofascial loads are defined as forces

exerted on the muscle belly surface (epimysium) of

a muscle via connective tissues linked to neighboring

muscles and non-muscular surrounding structures,

such as blood vessels and nerves (Huijing 2009;

Maas and Sandercock 2010). Previous invasive

experiments performed on several muscle groups of

animals have shown substantial changes of muscle

forces exerted at the tendons due to myofascial loads

elicited by repositioning a single muscle relative to

adjacent ones (Huijing 2009). Although part of those

results could be ascribed to the supra-physiological

MTU length changes that were imposed, significant

mechanical interaction was also found in studies that

kept MTU length changes within physiological

ranges (Bernabei et al. 2015). However, when repli-

cating the paradigm used for animal studies in

humans, conflicting results have been reported. By

changing the length of two-joint muscles and mea-

suring the longitudinal deformations on the adjacent

one-joint muscle using ultrasound imaging, knee ex-

tension was found to decrease SO fascicle length

(Tian et al. 2012), to decrease or increase (inconsis-

tent between subjects) SO fascicle lengths (Diong

and Herbert 2015), or have no effect on SO fascicle

lengths (Kawakami et al. 1998; Tokuno et al. 2012).

Because force measurements were not available in

these human studies, the underlying assumption is

that fascicle deformations, when present, were caused
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by myofascial loads. However, this has never been

tested.

In this study, we addressed the question whether

myofascial loads exerted by neighboring muscles

resulted in length changes of SO fascicles. Despite

the low number of control animals, our results on

tendon forces of SO during passive and active mus-

cle conditions (Fig. 4A) confirm previous observa-

tions on a larger number of animals that received

intermuscular connectivity enhancement (Bernabei

et al. 2017a), thus supporting our conclusion that

force transmission via myofascial pathways was in-

creased in the group with enhanced connectivity

measured here. The fact that we observed negligible

length changes of SO fascicles across all animals

makes our conclusion more robust with respect to

pathological conditions when myofascial loads may

have a larger impact on muscle function, for exam-

ple in presence of scar tissues between muscles after

surgery or injury (Bernabei et al. 2016, 2017a). Scar

tissue after injury has been found to reduce local

two-dimensional deformation of muscle tissue

(Silder et al. 2010), resulting in high tissue strain

in other regions that may increase the risk for re-

injury. The present study did not measure deforma-

tions outside the longitudinal direction and local

strains were not captured.

In contrast with our results, myofascial loads have

been detected by muscle spindles within rat SO

(Smilde et al. 2016), suggesting changes in fiber

length. Although we measured the length of the

whole SO muscle belly, the small pennation angle

and simple architecture of SO in rats (Close 1964;

Eng et al. 2008) indicate that the absence of muscle

belly length changes also indicates an absence of fiber

length changes. Importantly, the displacement of the

distal tendon of the lateral GA and PL (LGþPL)

relative to SO imposed in that study does not reflect

the intact situation in which the distal tendons span

the ankle joint and are repositioned together.

Compared to our study, this could have resulted in

higher loads via myofascial pathways, thus higher

length changes, also because connective tissues be-

tween SO and LGþPL appear to be stiffer distally

(see Fig. 8 in Bernabei et al. 2016). However, we

cannot exclude the possibility of length changes of

sarcomeres locally without changes in total fiber

length (Maas and Huijing 2009; Tijs et al. 2015a),

especially because proximal MTU length changes of

LGþPL may result in loads exerted predominantly

on the proximal part of the intermuscular pathway.

The present study shows substantial changes in

muscle force without changes in fascicle length,

which is a discrepancy if we consider a simple

muscle model, composed of a contractile and a series

elastic component only. For passive conditions, any

change in force would imply a deformation of the

elastic component. Additionally, the active force pro-

duced by the contractile element would be scaled

from the force produced by a sarcomere, given its

length. In such model, any myofascial loads will nec-

essarily imply deformation of fascicles and length

changes of sarcomeres locally, thus resulting in a

change in net muscle force produced by the contrac-

tile element. Our results show that substantial myo-

fascial loads exerted on SO were not accompanied by

length changes of SO fascicles, therefore offering

some evidence for ruling out this paradigm. An al-

ternative view should consider the complex architec-

ture of connective tissue linkages between muscles.

In this view, connective tissues linking epimysia of

neighboring muscles, running parallel to the series of

sarcomeres and linking tendons of adjacent muscles

directly, could serve as an additional pathway for

force transmission. Such pathway could be deformed

by shear between muscles, given by relative displace-

ment or bulging, thus implying a displacement of

adjacent aponeuroses of neighboring muscles, with-

out any length changes in sarcomeres locally. As a

result, force produced by the contractile elements

would be unaffected. Using finite element models

of linked models that account for elastic deformation

of the extracellular matrix, large effects of myofascial

loads on the distribution of sarcomere length were

predicted when the muscle of interest was kept at

high muscle length, but only small effects were pre-

dicted for low muscle lengths (Yucesoy et al. 2006).

Thus, providing some evidence that supports this

alternative explanation for the effects of epimuscular

myofascial loads.

Implications for human studies

Our present results cannot provide a definitive an-

swer to the question whether myofascial loads caused

the muscle deformations found in vivo in humans.

However, they may help explaining seemingly oppo-

site results found when investigating myofascial loads

with non-invasive imaging techniques. We have

shown that myofascial loads can occur without

changes in fascicle length. However, we did not

have information regarding shear and displacement

between aponeuroses of adjacent muscles or muscle

deformations locally. In addition, local measures of

muscle stiffness in vivo in humans assessed using

non-invasive techniques such as ultrasound shear

wave elastography (Bouillard et al. 2011; Gennisson

et al. 2013) could be used to provide more
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information on the relationship between local defor-

mations and myofascial loads.

It can be readily understood that the presence of a

common tendon between two adjacent muscles may

compensate or mask effects of myofascial loads (Tijs

et al. 2014; Bojsen-Møller and Magnusson 2015;

Finni et al. 2018). For example, when imaged with

ultrasound, SO fascicles have been reported to elon-

gate, rather than shorten, with shortening GA during

passive knee flexion (Tian et al. 2012). A possible

explanation is that the length of SO fascicles could

change in response to changes in LG length, not

caused by myofascial loads, but by mechanical inter-

action via the common Achilles tendon. When myo-

fascial loads have been assessed in the intact triceps

surae of rats (Tijs et al. 2015b) and cats (Maas and

Sandercock 2008) by measuring joint torques, lim-

ited or no effects at the joint have been observed,

potentially because myofascial effects could be

masked by mechanical interaction via the common

Achilles tendon. In the current study, we found that

length changes of synergistic muscles did not affect

the length of SO fascicles, neither in a nearly intact

hindlimb with an intact Achilles tendon nor in a

disrupted compartment with its subtendons isolated,

thus disproving the possibility of the common ten-

don compensating the effects of myofascial loads. As

such a comparison is not possible in human experi-

ments, it is hard to assess whether mechanical inter-

actions via a common tendon mask those related to

myofascial loads between muscle bellies.

Conclusions

Our study showed no length changes in SO fascicles

despite significant mechanical interaction between SO

and its synergistic muscles. Therefore, we conclude that

myofascial loads can occur without fascicle length

changes, suggesting that the observed changes in forces

exerted at the tendons were the result of forces trans-

mitted from surrounding muscles rather than due to

changes in the force generating capacity of a muscle.
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