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ABSTRACT

ASSESSMENT OF EFFECTS OF BOTULINUM TOXIN ON
MUSCLE MECHANICS

E�ects of widely used Botulinum toxin (BTX) treatment on muscular mechan-

ics are highly important, but their mechanism and time course are not well understood.

Present thesis is focused on mechanical mechanism of BTX treatment using �nite ele-

ment method and animal experiments. In an isolated muscle model partial paralyza-

tion is shown to cause (i) the sarcomeres to attain higher lengths throughout the entire

muscle (e.g., at short muscle length, the inactivated fascicles of middle half paralyzed

muscle and the same parts within BTX-free muscle shortened by 29-27% and 32-29%,

respectively), (ii) enhanced potential of active force production of the non-paralyzed

muscle parts (up to 14.5% for BTX cases), and (iii) decreased muscle length range

of force exertion. It is shown that intramuscular myofascial force transmission is cen-

tral to these e�ects. Additionally, experimental results showed diminished epimuscular

MFT and intramuscular collagen increase. Due to information on the loss of interac-

tions between muscles and increased ECM sti�ness due to increased collagen, temporal

changes within the muscle during treatment is examined. Modeling of time course of

the BTX treatment showed that sarcomeres attain even higher lengths with increased

ECM sti�ness and is reversed at longer muscle lengths. Consequently, force production

capacity of activated sarcomeres gets further enhanced in the long-term and a narrower

length range of force exertion (20.3%, 27.1% and 3.4%, acute, long-term and post BTX

treatment, respectively) is a consistent �nding. If such sti�ness increase were shown

to remain post-treatment, enhanced capacity would become permanent for the entire

muscle. It is concluded that mechanical e�ects and morphological changes shown can

a�ect muscular mechanics adversely if not managed accordingly.

Keywords: Botulinum toxin, Myofascial force transmission, Finite element modeling,

length-force characteristics, longer sarcomere e�ect, time course of BTX.
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ÖZET

BOTUL�NUM TOKS�N'�N KAS MEKAN���NE
ETK�LER�N�N DE�ERLEND�R�LMES�

Yayg�n olarak kullan�lan Botulinum Toksin tedavisinin kas mekani§i üzerindeki

etkileri oldukça önemlidir fakat bu etkilerin mekanizmas� ve süreci bilinmemektedir. Bu

tez, sonlu elemanlar analizi ve hayvan deneyleri kullanarak BTX tedavisinin mekanik

etkileri üzerine odaklanm�³t�r. Izole kas modelinde k�smi paralizasyonun (i) tüm kas

boyunca daha uzun boy de§erleri almas�na (ör. k�sa boyda orta k�sm� paralize edilmi³

kas�n inaktif k�sm� ile BTX olmayan kas modelinin ayn� k�s�mlar� s�ras�yla 29-27% ve

32-29% oran�nda k�salm�³lard�r.), (ii) aktif kuvvet üretimi potansiyelinde art�³a (BTX

durumlar�nda 14.5%'a kadar), (iii) kas etkime boyunda k�salamaya neden oldu§u göster-

ilmi³tir. Bu etkilerin temelinde miyoba§dokusal kuvvet iletimi oldu§u gösterilmi³tir.

Ek olarak, deneysel sonuçlarda epimüsküler MFT'de azalma ve intramüsküler kola-

jen miktar�nda art�³ gözlenmi³tir. Kaslar aras�ndaki bu etkile³im kayb� ve kolajen

miktar�ndaki art�³ sonucu ECM sertle³mesi nedeni ile tedavi s�ras�nda kasta olu³acak

de§i³imler ele al�nm�³t�r. BTX tedavisinin zaman içerisindeki etkilerinin modellen-

mesi sarkomerlerin ECM sertli§indeki art�³ ile daha uzun boy de§erleri ald�§�n� ve

uzun boyda bu etkinin tersine döndü§ünü göstermi³tir. Dolay�s�yla aktif sarkomerlerin

kuvvet üretim potansiyeli art�³� ve kas etkime aral�§�ndaki daralma bulgular� istikrarl�

olarak bulunmu³tur (akut, uzun dönem ve BTX sonras� durumlar�nda s�ras�yla 20.3%,

27.1% ve 3.4%). Sertlik art�³�n�n tedavi sonras�nda kal�c� olmas� durumunda kuvvet

üretme potansiyelindeki art�³ da kal�c� olacakt�r. Mekanik ve morfolojik etkilerin do§ru

yönetilmemesinin tedaviyi olumsuz yönde etkileyece§i sonucuna ula³�lm�³t�r.

Anahtar Sözcükler: Miyoba§dokusal kuvvet iletimi, Botulinum toksin, Sonlu ele-

manlar modellemesi, boy-kuvvet ili³kisi, Uzun sarkomer etkisi.
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1. INTRODUCTION

1.1 Botulinum Toxin Treatment

In disorders causing abnormal muscle activity, di�erent therapies are applied de-

pending on the clinical condition of the patient. In patients su�ering from for example

cerebral palsy, early intramuscular injection of Botulinum toxin type A (referred here

as BTX) is e�ective in preventing contractures development [1] and musculoskeletal de-

formities [2]. In short, BTX is used to reduce the muscle activity and induce weakness

(i.e., decreasing the ability for force exertion) of spastic muscle [3] by preventing the

release of the primary neurotransmitter acetylcholine in the synapses [4]. The toxins

ability to easily pass through muscle fascia [5] and speci�city to motor neuron terminals

[6] makes it ideal for muscle weakness formation. This muscle weakening property is

at the center of clinical applications of BTX. As BTX has been utilized in many other

clinical applications, its mechanical and non-mechanical secondary properties became

increasingly important.

Many parameters are investigated to increase the e�ectiveness of BTX. However,

as a direct measure of paralyzation, paralyzed muscle volume has been the primary

focus. Studies showed that BTX does not paralyze the entire muscle [7], on the contrary

creates a pattern of active and paralyzed �bers [8] [9]. Additionally in their work on

injection location, Shaari and Sanders [9] reported that injections near the motor-end

plate region maximized the paralyzed muscle volume and a deviation of only 0.5 cm

from this region decreased the paralyzed muscle volume by 50 %. Also, increases in

dose increased paralysis as expected however, the authors concluded that delivering

toxin in small volumes near the motor end plate band of a muscle is most e�ective.

This physiology-based study indicates that paralysis due to BTX generates paralyzed

and non-paralyzed regions within the target muscle. Shaari et al. [5] investigated the

di�usion of the toxin through the connective tissues of the muscle and revealed that the

toxin blockage is limited. Yaraskavitch et al. [10] measured the length-force relationship
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of the plantaris muscle of the cat after BTX injection to the neighboring soleus muscle

and reported a signi�cant force reduction up to 14 % although the muscle was not

injected with the toxin. Our group had similar �ndings; length-force measurements on

the muscles of intact rat anterior crural compartment showed that injection of BTX to

the tibialis anterior muscle caused signi�cant force decrease in all of the muscles of the

compartment [11].

In addition to BTX-induced weakness studies described above, several studies

revealed indirect or structural e�ects of BTX: E.g. BTX has been used as a tool to

establish a controlled and reversible muscle weakness model for studying the e�ects of

weakness on joint degeneration leading to osteoarthritis [12] [13]. Longino et al. [12]

aimed to determine if BTX induced quadriceps weakness causes muscle dysfunction

beyond that caused by anterior cruciate ligament transection in the knee by measuring

isometric knee extensor torque, quadriceps muscle mass, and ground reaction forces.

Similarly, Youssef et al. [13] studied the e�ects of BTX induced quadriceps weakness on

microstructural changes in knee cartilage and reported that quadriceps muscle weak-

ness caused increased degeneration in the retropatellar cartilage of rabbits, providing

evidence that muscle weakness might be a risk factor for the onset and progression of

osteoarthritis. Both studies used BTX to induce force decreases to show the e�ects of

muscle weakness on pathologies. Another interesting study performed by Fortuna et

al. [14] investigated structural changes such as muscle mass and contractile material

in rabbits and reported less pronounced but similar results for non-targeted muscles,

suggesting that repeated BTX injections cause muscle atrophy and loss of contractile

tissue in target muscles and also in nontargeted muscles that are far removed from the

injection site. However, these works on BTX application do not speci�cally addressed

how the toxin a�ects the muscle mechanically.

Several studies addressed the mechanical e�ects of BTX using more direct ap-

proaches: In his experiment on rabbit knee extensors, Longino et al [15] showed that

the paralyzing e�ects of BTX are not uniform. The muscle weakness is found to be

greater at short compared to long muscle lengths and at low compared to high stimu-

lation frequencies four weeks following intervention. Similarly, Yaraskavitch et al. [10]
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studied forcelength properties of cat soleus muscle within and exceeding the functional

range of motion at di�erent frequencies of stimulation. BTX associated force loss was

signi�cantly di�erent at all frequencies of stimulation and all lengths for the soleus.

Note that measurements of muscle tension and the corresponding EMG evoked by

stimulation of extra ocular muscle by Dimitrova et al. [16] showed similar frequency

dependent decreases but no signi�cant changes in muscle-speed-related characteristics.

This result suggests an indiscriminant functional e�ect of BTX on all muscle �ber

types. However, these results could be explained through a variety of mechanisms and

therefore remain unclear or incomplete. Yaraskavitch et al. [10] proposed that the

observed nontargeted muscle weakness across the long muscle lengths is the result of

toxin leakage to surrounding muscles, while Fortuna et al. [14] discussed on possible

e�ect of atrophy caused by muscle disuse as an alternative to direct relation to BTX.

Yet, none of these studies have speci�c mechanical data and therefore remain limited

to physiological reasoning.

1.2 Myofascial Force Transmission

In classical point of view of force transmission, muscle force generated by the

�bers is transmitted to the tendon and from there onto the bones to cause movement. In

biomechanics, particularly in modeling approaches, generally this Myotendinous Force

Transmission path is assumed to be the exclusive channel. The connections between

adjacent �bers, transsarcolammel connections of myo�bers to the extracellular matrix

[17] are not assumed to have mechanical signi�cance and ability to transmit force (e.g.,

[18]). As a result serial and parallel sarcomere length heterogeneity were considered

non-existent and in treatment of muscle-based pathologies, length of a single sarcomere

was representative of the whole �ber or even muscle (e.g., [19]).
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1.2.1 Isolated Muscle Level

As opposed to classical point of view, the connective tissue was shown to trans-

mit force in single �ber [20], �ber bundles [21, 22], with experiments on isolated in-situ

muscle [23, 24, 25, 26], and �nite element models [27]. Such Force Transmission is

called Intramuscular Myofascial Force transmission. Accordingly, mechanical interac-

tions are not limited to sarcomeres in a �ber but also happen between the sarcomeres

of neighboring �bers. As a result of this intramuscular Myofascial force transmission,

sarcomere lengths may vary locally and throughout the muscle. The shift of muscle

optimum length to higher length [28, 29] and consequently an increase in the joint

range of motion are the important functional outcomes of inhomogeneous sarcomere

length distributions [30]. Additionally, both parallel and in series sarcomere length

distribution is the determinant of force produced at di�erent muscle lengths.

1.2.2 In vivo Muscle Level

In vivo, a muscle is not isolated: (1) neighboring muscles have direct connec-

tions and recent animal experiment [31, 32, 33, 34] and in vivo human MRI studies

[35] showed myofascial force transmission also occurs with neighboring the muscles:

intermuscular myofascial force transmission. (2) Additionally, physiologically func-

tional structures such as veins and neurons that innervate the muscle are covered

with collagen-based structure. This structure is continued through structures such as

septum, membranes and bones that are shown to transmit force [31, 36, 34]: extramus-

cular myofascial force transmission. The integrated structure composed of inter- and

extramuscular connections is de�ned as epimuscular connections [33].

The e�ects of these epimuscular connections shown in previous studies are

proximo-distal force di�erences [31, 29], more heterogeneous sarcomere length distri-

bution [37, 38], increased length range of active force exertion [34].
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1.3 Motivation of the Thesis

Literature studies so far do not o�er speci�c methods or ask speci�c questions

for determining mechanical mechanism of BTX. In this thesis, an understanding to

the mechanical mechanisms of BTX treatment is provided both experimentally and

computationally. A time line to these mechanical e�ects are established.

Sarcomere length change distribution is the main determinant of muscle force.

However, sarcomere length distribution cannot be obtained experimentally. There-

fore, if the mechanical mechanisms pertaining muscle force changes are of concern as

in BTX application, methods with appropriate approaches should be adopted. At

this point, previously developed [27] and experimentally validated (e.g., [29, 34]) �nite

element model that has contributed to understanding basic muscle mechanics (e.g.,

[33, 11, 29, 39]) has been modi�ed for a �ner mesh and therefore higher resolution.

Hereby, it provided a reliable method to identify the mechanical mechanism in BTX

application. Mechanical parameters such as sarcomere length distribution, proximo-

distal force di�erences and normalized stress distributions were used. Note that the

recently acknowledged Myofascial Force Transmission concept explained above plays

an important role in determining the epimuscular mechanical mechanism of BTX ap-

plication. Speci�c hypotheses and aims in this thesis are:

(i) to show the intramuscular mechanism of partial paralyzation created by BTX

using �nite element modeling. It is hypothesized that intramuscular interactions, i.e.

intramuscular myofascial force transmission, will be central to length dependent force

reduction e�ect of BTX shown experimentally.

(ii) to determine how epimuscular myofascial force transmission is a�ected from

BTX application in vivo using animal experiment. It is hypothesized that epimuscular

interactions diminish due to BTX application and intramuscular adaptations in the

form of collagen material change occur.

(iii) to shown functional and mechanical time course of BTX computationally.
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It is hypothesized that adaptations found experimentally would further enhance e�ects

found on isolated muscle model and if such adaptations were to remain post-treatment,

mechanical mechanism of the muscle would be altered permanently.

With the progression of aims from acute intramuscular e�ects to the e�ects of

the treatment at full time course, a complete narration of the treatments mechanical

e�ects are aimed to achieve. While computational modeling gives valuable information

on mechanical mechanisms, animal experiments showed cumulative in-vivo e�ects that

steered the research to focusing intramuscular e�ects, providing an essential informa-

tion: BTX treatment diminishes epimuscular myofascial force transmission. Summaries

of the chapters based on these hypotheses and consisting of published/submitted papers

are as follows:

Chapter 2 Turkoglu, A.N., Huijing, P.A., Yucesoy, C.A., 2014. Mechanical

principles of e�ects of botulinum toxin on muscle length-force characteristics: An as-

sessment by �nite element modeling. Journal of Biomechanics 47, 1565-1571. Modeling

of partially paralyzed isolated muscle showed that force reduction originating exclu-

sively from the paralyzed muscle �ber populations, is compromised by the changes of

active sarcomeres leading to a smaller net force reduction. Moreover, such compro-

mise to force reduction varies as a function of muscle length and is a key determinant

of muscle length dependence of force reduction caused by BTX. Due to longer sar-

comere e�ect, muscle optimum length tends to shift to a lower muscle length. Muscle

�ber-extracellular matrix interactions occurring via their mutual connections along full

peripheral �ber lengths (i.e., myofascial force transmission) are central to these e�ects.

Chapter 3 Yucesoy, C.A., Turkoglu, A.N., Umur, S., Ates, F., 2015. Intact mus-

cle compartment exposed to botulinum toxin type a shows compromised intermuscular

mechanical interaction. Muscle Nerve 51, 106-116. The forces of the anterior cru-

ral compartment muscles (The tibialis anterior (TA), extensor hallucis longus (EHL)

and extensor digitorum longus (EDL)) were measured in Wistar rats. Two groups of

Wistar rats were tested: Control (no BTX-A injected) and BTX (0.1 units of BTX-A

injected into the mid-belly of TA). TA and extensor EHL muscles were kept at con-
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stant length, whereas the position of the extensor digitorum longus (EDL) muscle was

changed exclusively. The results showed that Epimuscular Myofascial Force Transmis-

sion is diminished. Another important �nding was the decrease in the percentage of

intra- and epimuscular connective tissue content values for the BTX group.

Chapter 4 Turkoglu Ahu N. and Yucesoy Can A. 2015 Simulation of e�ects

of botulinum toxin on muscular mechanics in due treatment course based on adverse

extracellular matrix adaptations causing increased sti�ness Submitted to Journal of

Biomechanics Modeling study in chapter 2 showed that partial muscle paralyzation

per se causes restricted sarcomere shortening which enhanced potential of active force

production and decreased muscle length range of force exertion. Moreover, experi-

mental results in chapter 3 indicated also increased Extracellular Matrix sti�ness of

BTX treated muscle. Hence, altered muscle �ber-ECM interactions and BTX e�ects

are plausible in due treatment course. In this chapter, the change in the mechan-

ical mechanism of BTX treatment is studied using �nite element modeling. Model

results showed that with increasing ECM sti�ness sarcomere shortening e�ect gets

more pronounced in the long-term and is persistent or reversed (longer muscle lengths)

post-BTX treatment. Consequently, force production capacity of activated sarcomeres

gets further enhanced in the long-term. Post-treatment, remarkably, such enhanced

capacity becomes permanent for the entire muscle. Shift of muscle optimum length

to a shorter length is more pronounced in the long-term and some of which remains

permanent post-treatment.



8

2. MECHANICAL PRINCIPLES OF EFFECTS OF

BOTULINUM TOXIN ON MUSCLE LENGTH-FORCE

CHARACTERISTICS: AN ASSESSMENT BY FINITE

ELEMENT MODELING

Muscle spasticity is characterized by an imbalance in the excitatory and in-

hibitory modulation of neuromuscular re�ex loops, leading to a velocity-dependent

increase in stretch-re�ex activity (e.g., [40], hypertonia [41, 42] and an increase in mus-

cle resistance to passive stretch [43]. Early intramuscular injection of botulinum toxin

(BTX) aims at temporary reduction in spasticity by chemodenervation and by causing

decreased a�erent discharges [44, 45, 46].

BTX has been reported also to be e�ective in preventing development of con-

tractures [1] and musculoskeletal deformities [2]. Clinically relevant practical aspects of

BTX treatment (e.g., intramuscular injection site and dose) have been addressed [6, 9],

and e�ects regarding reduction of spasticity [47, 48], and improved joint movement

[49, 50] have been reported.

However, reduction of spasticity is not the exclusive e�ect, as BTX treatment

causes a partial muscle paralysis [7, 9]. Therefore, one aspect of its e�ects is decreased

ability for force exertion of BTX-treated muscle. In animal experiments (e.g., [51,

12, 11] such e�ects were shown to occur. Yet, views on clinical consequences of force

reduction (Freduction) are still controversial. An imbalance of agonistic and antagonistic

muscle forces acting at a joint is considered to cause a decreased joint range of motion

hence an impeded function, and reducing the force of the spastic muscle is considered to

counteract such imbalance (e.g., [52]). However, spastic muscle is also considered as not

strong enough and further Freduction is not regarded as an indicated therapeutic e�ect

(e.g., [53]). Nevertheless, skeletal muscle is still the actuator of movement. Therefore,

a comprehensive understanding of e�ects of BTX on muscular mechanics is crucial.
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Despite many studies on global e�ects of BTX, such understanding has not

been attained. Possible explanations for that are: (1) most reports regarding twitch

and tetanic force have been limited to selected muscle lengths (lm) or joint positions

[54, 16], with an implicit assumption that Freduction is not variable with lm. However,

muscle length-force curves (l-F curves, being a collection of muscle force data measured

at several isometric muscle lengths) show that such Freduction becomes gradually less

pronounced with increasing lm [10, 11]. Moreover, recent experiments involving such

measurements of muscle forces at various lengths show that the length range of active

force exertion (i.e., the length range between muscle active slack length and muscle

optimum length) of a BTX-treated muscle is reduced [55]. These �ndings suggest that

mechanical e�ects of BTX are more complex than a simple Freduction. (2) Mechanisms

of how secondary e�ects of BTX may change intramuscular mechanics are not well un-

derstood. lm dependent e�ects indicate that BTX may change physiological conditions

of sarcomeres (particularly their lengths).

Intra- and extra-cellular domains of muscle �bers interact mechanically due to

myofascial force transmission (MFT) [25, 56]. MFT has been de�ned as transmission

of force between muscle �bers and their collagen �ber reinforced extra-cellular matrix

(ECM) via macromolecular connections along the full length of the muscle �bers [17,

57, 58]. Evidence for muscle �ber-ECM interactions was shown experimentally for

single muscle �bers [20], for isolated bundles of muscle �bers [21] and whole dissected

muscle [23]. Therefore, the length of a sarcomere is not determined exclusively by its

interaction with sarcomeres arranged in series within the same �ber, but also by forces

exerted on it by the ECM and sarcomeres of neighboring muscle �bers.

Finite element modeling showed that changes of muscle �ber-ECM interactions

imposed by manipulating the sti�ness of connections between them [27] or by creating

a discontinuity within the ECM [30] alter the force balance determining sarcomere

length and hence a�ect mechanical contributions of sarcomeres to muscle l-F curves.

BTXinduced partial-paralysis changes intramuscular MFT. We hypothesize that such

changes a�ect conditions of sarcomeres within active parts of the muscle and that this

plays a role in determining lm dependent e�ects of BTX. Using �nite element modeling,
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our goal was to test this hypothesis and to study principles of how such partial-paralysis

per se a�ects muscle mechanics.

2.1 Methods

2.1.1 Description of the model

Using a two-domain approach, a 3D-�nite element muscle model (linked �ber-

matrix mesh model: LFMM model) was developed [27]. This model consists of two

meshes, occupying the same space, that are linked elastically. These meshes represent

the ECM domain (matrix mesh) and intracellular domain (�ber mesh). Such modeling

allows assessment of e�ects of muscle �ber-ECM interactions.

The two meshes are built using the self-programmed myo�ber and ECM el-

ements that were introduced as user de�ned elements into a �nite-element analysis

software (ANSYS Academic Teaching Advanced v.12.0 ANSYS. Inc. Canonsburg, PA,

USA). The elements have eight nodes and linear interpolation functions. The tissues

are considered as a continuum and a large deformation analysis is employed. A 3D local

coordinate system representing the �ber, cross-�ber, and thickness directions is used.

For the myo�ber element, the total stress acting only in the �ber direction equals the

sum of the active stress of the contractile elements (representing active force exertion

based on overlap of actin and myosin myo�laments) and the stress due to intracellular

passive tension (originating from the intra-sarcomeric cytoskeleton, with a dominant

role played by titin). It is assumed that the sarcomeres arranged in-series within mus-

cle �bers have identical material properties. The ECM element incorporates a strain

energy density function that accounts for the non-linear and anisotropic material prop-

erties and the constancy of muscle volume. For full details including description of

constitutive relationships, model parameters and activation procedure, see a review by

Yucesoy and Huijing [11].

One muscle element (a linked system of ECM and myo�ber elements) is de�ned
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to represent a segment of a bundle of muscle �bers, its connective tissues and the links

between them.

In the LFMM model, both matrix and �ber meshes are rigidly connected to sin-

gle layers of standard hyperelastic elements (ANSYS element library: HYPER58 ele-

ments) forming the muscles proximal and distal aponeuroses. Standard spring elements

(ANSYS element library: COMBIN39 elements) are used to represent the transmem-

branous attachments i.e., the elastic links between the two meshes. This is a 2-node

spring element, set to be uni-axial and having linear high sti�ness representing non-

pathological connections between the muscle �bers and the ECM (for an analysis of

the e�ects of sti� or compliant links, see [27]). Initially, these links have zero length.

Figure 2.1 Finite element modeling of EDL muscle. (a) The model consists of three muscle ele-
ments in series and sixteen in parallel. Each combination of three muscle elements arranged in series
constructs a whole fascicle. The muscle elements located proximally and distally are connected to
elements representing the muscles aponeuroses. A 3D local coordinate system representing the �ber,
cross-�ber (normal to the �ber direction), and thickness directions is used for the analysis and presen-
tation of the model results. (b) A combination of nodes along one side of a fascicle is referred to as a
fascicle interface. For example, the most proximal fascicle interface is a combination of the four nodes
indicated by a Roman numeral from I to IV. Each fascicle interface is indicated from by a number
from 1 to17.
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2.1.2 Models for the BTX-free muscle and several BTX-cases

To represent all cases studied, the extensor digitorum longus (EDL) muscle of

the rat was modeled. This muscle is unipennate with a minimal variation of its muscle

�ber directions. The geometry of the model (Figure 2.1a) is de�ned as the contour of

a mid-longitudinal slice of the EDL muscle belly. A whole fascicle is constructed by

putting three muscle elements in series. Sixteen of those are arranged in parallel, �lling

the slice space. A combination of nodes along one side of a fascicle is referred to as a

fascicle interface (Figure 2.1b).

BTX-free muscle was modeled by activating maximally all myo�ber elements.

BTX-treated muscle was modeled by activating only selected fascicles within the mus-

cle, leaving the remainder inactive. This allows studying principles of mechanisms of

isolated e�ects of BTX on muscular mechanics. A BTX-case refers to the whole muscle

volume including inactivated muscle parts, as well as activated muscle parts. Three

BTX-cases were considered (Figure 2.2a) each of which having an identical number of

inactivated muscle fascicles (i.e., a similar muscle volume paralyzed): (I) proximal half

(fascicles 1-8) paralyzed (PHP), (II) middle half (fascicles 5-12) paralyzed (MHP) and

(III) distal half (fascicles 9-16) paralyzed (DHP).

2.1.3 Solution procedure

At the initial lm (28.7 mm), and in the passive state, the serial sarcomeres

within muscle �bers were assumed to be in the undeformed state (i.e., strain equals

zero, and sarcomere length approximates 2.5). Local �ber strain, as a measure of

change of length, re�ects lengthening (positive strain) or shortening (negative strain)

of sarcomeres.

Static analysis was performed, using a force-based convergence criterion (tol-

erance=0.5%). Muscle origin was �xed whereas, after activation, the position of the

insertion was changed to new isometric lengths.
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Figure 2.2 Schematic representation of modeled BTX-cases. Typical deformed shape after distal
lengthening of BTX-cases modeled by not activating muscle elements located in (a) the proximal half
(PHP), (b) the middle half (MHP) and (c) the distal half (DHP) of the muscle: white areas within
the muscle belly indicate paralyzed muscle parts whereas, the darker areas indicate the parts that are
activated maximally.

2.1.4 Processing of data

l-F curves were studied to quantify Freduction. All forces are normalized for the

maximal total force of BTX-free muscle.

The mean nodal �ber direction strain per fascicle interface is considered to

represent sarcomere length changes in BTX-cases vs. BTX-free muscle.

Within the physiological context, muscle optimum length (lmo) corresponds to

the length at which, on average, active sarcomeres attain their optimum length. For

each BTX-case, lmo is determined considering only the activated muscle parts: using

a least squares approach, lm at which mean nodal �ber direction strains of active

fascicle interfaces is closest to zero is determined to represent lmo. lmo of BTX-cases

are compared to that of BTX-free muscle.

The summed nodal �ber direction stresses for fascicle interfaces of the activated

muscle parts (Σσactive) represent an index for the potential of active force exertion for

BTX-cases. Σσactive values of BTX-cases are compared to the matching value of the
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BTX-free muscle: i.e., the particular nodes of the BTX-free muscle corresponding to

those within the activated muscle parts of a particular BTX-case were used exclusively

to calculate Σσactive. ∆Σσactive is calculated as the di�erence between Σσactive calcu-

lated for a BTX-case and that for the BTX-free muscle. For a BTX-case, a greater

∆Σσactive indicates enhanced active force exertion with respect to the same selection

of sarcomeres within the BTX-free muscle.

lm range studied includes lengths between a short (lm = 25.2 mm) and a long

length (lm = 30.7 mm). Mean �ber direction strains are assessed at those lengths and

at an intermediate one (lm = 29.0 mm).

2.2 Results

2.2.1 Longer sarcomere e�ect

Except for a few fascicle interfaces (at lm = 25.2 mm), mean �ber direction

strain curves for BTX-free muscle are localized below those of the BTX-cases (Figure

2.3). This means that sarcomeres throughout the BTX-muscle attain higher lengths:

(1) the inactivated fascicles in BTX-cases, do not shorten as much as their activated

counterparts within the BTX-free muscle (e.g., at lm = 25.2 mm, the inactivated

fascicles of case MHP and the same parts within BTX-free muscle shortened by 29-27%

and 32-29%, respectively (Figure 2.3b)). (2) Despite maximal activation, most active

sarcomeres (i.e. also those located in the activated parts of the BTX-cases) were longer

than their counterparts within BTX-free muscle (e.g., at lm = 30.7 mm, the activated

fascicles of case MHP and the same parts of the BTX-free muscle are lengthened by

9-13% and 3-12%, respectively (Figure 2.3c)). Therefore, for all lm, a vast majority of

sarcomeres are at higher lengths than sarcomeres of the BTX-free muscle. We will refer

to this e�ect as longer sarcomere e�ect (LSE), which implies: BTX-case sarcomeres

active at the ascending limb of their l-F curve should exert more force compared to their

counterparts in BTX-free muscle and opposite e�ect for sarcomeres at the descending

limb.
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As a consequence of LSE, lmo for BTX-free muscle (30.1mm) shifts to a lower

length in BTX-cases (29.7, 29.5 and 29.3 mm respectively for cases PHP, DHP and

MHP).

2.2.2 Enhanced active force exertion

Σσactive for BTX-cases is enhanced (up to 14.5%) compared to corresponding

parts of BTX-free muscle (Figure 2.4a). Therefore, remarkably the activated parts of

the BTX-cases produce more active force, which compromises Freduction (Freduction−comp).

2.2.3 lm dependence of Freduction

Both Σσactive (as an estimate of Freduction−comp, Figure 2.4a) and Freduction (Fig-

ure 2.4b) are a function of lm. For example case DHP (see critical muscle lengths

marked as x, y and z in Figure 2.1a b). Initially, Freduction−comp attains a low value

and Freduction peaks (x). With increasing lm, Freduction−comp increases until reaching a

maximum (y). With further increased lengths, Freduction−comp continuously decreases

(below z). Freduction decreases with increasing lengths however, between x and y, this

decrease is steep and beyond y more gradual. Case PHP shows a similar e�ect. There-

fore, a key determinant is how much Freduction is compromised by LSE as this e�ect

causes the lm dependence of actual Freduction.

This is consistent also for case MHP: Below lm = 29.6 mm, the greatest Freduction−comp

and hence the lowest Freduction, over that length, the lowest Freduction−comp and hence

the biggest Freduction are found.

Modeled l-F curves are shown in Figure 2.4c.
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Figure 2.3 E�ects of BTX related partial activation on distribution of muscle �ber direction mean
strain. In the strain plots activated (dark lines and dark bullets) and paralyzed (lighter lines with
lighter bullet �lling) muscle parts are distinguished. Muscle lengths considered are (a) lm = 25.2 mm
, (b) lm = 29.0 mm, and (c) lm = 30.7 mm. Mean strain distributions are shown for BTX-free muscle,
as well as BTX-cases, proximal half paralyzed muscle (PHP), middle half paralyzed muscle (MHP)
and distal half paralyzed muscle (DHP). Activated muscle parts: fascicles 9-17 for case PHP, fascicles
1-5 13-17 for case MHP and fascicles 1-9 for case DHP. Paralyzed muscle parts: fascicles 1-9 for case
PHP, fascicles 5-13 for case MHP and fascicles 9-17 for case DHP.
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Figure 2.4 E�ects of BTX related partial muscle activation on muscle length force characteristics.
(a) As an estimate of compromised force reduction (Freduction−comp), Σσactive (i.e., the di�erence
between the summed nodal �ber direction stresses calculated for the activated muscle parts of the
BTX-cases and the corresponding parts of the BTX-free muscle) is shown as a percentage of Σσactive of
the particular BTX-case. The values ranging from 1.8% to 14.5% for di�erent muscle lengths indicate
that the activated muscle parts of the BTX-cases can produce more force than the corresponding parts
within the BTX-free muscle. (b) Length dependence of Freduction. Percent decreases in muscle active
force for BTX-cases are shown as a function of muscle length. In (a) and (b) critical muscle lengths for
Case DHP are indicated to exemplify how Freduction−comp is related to Freduction with changing lm.
x marks lm = 25.2 mm, indicating the peak Freduction (78.6%) at the lowest muscle length. y marks
lm = 27.2 mm, indicating the peak Freduction−comp (6.2%). z marks lm = 30.7 mm, indicating the
minimum Freduction (41.4%) at the highest length. Between x and y where Freduction−comp increases,
there is a much faster Freduction than between y and z where Freduction−comp decreases (compare slopes
indicated in (b)).(c) The isometric muscle length force curves for the muscles modeled. Isometric total
and passive force curves of BTX-free muscle as well as BTX-cases PHP, MHP and DHP are shown
as a function of muscle length. All sets of data are normalized for studied maximal total force of
BTX-free muscle.
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3. INTACT MUSCLE COMPARTMENT EXPOSED TO

BOTULINUM TOXIN TYPE A SHOWS COMPROMISED

INTERMUSCULAR MECHANICAL INTERACTION

For muscles operating within an intact compartment, changes in their position

relative to each other have been shown to be a co-determinant of muscle force in

addition to muscle length [59, 36, 56]. Muscle epimuscular connections, include direct

collagenous connections between neighboring muscles and neurovascular tracts and

compartmental boundaries (for pictures, see [60, 30]). Relative muscle position changes

cause muscle epimuscular connections to stretch, and myofascial loads acting on the

muscle to build up. These loads may manipulate muscle force generation potential [29]

and cause unequal forces to be exerted proximally and distally [31], as characteristic

e�ects of epimuscular myofascial force transmission (EMFT) [61, 33].

E�ects of EMFT have been shown in vivo [62, 63, 64, 65] and have been con-

sidered to play an important role in the mechanics of muscle in health [56]. Moreover,

its potential important role in muscle spasticity has been addressed [66, 30]. EMFT

imposes an abnormal mechanical interaction between simultaneously activated muscles

leading to parallelism between mechanics of spastic muscle and joint movement dis-

order. A recent study supports this view point; it showed that spastic muscle tested

intra-operatively has no abnormal muscle force-joint angle relationship, if it is activated

alone [67]. EMFT also has e�ects in several types of remedial surgery employed for

treatment of muscle spasticity [30]. For example, the mechanical mechanism of muscle

lengthening surgery [38] is a�ected by EMFT in a major way [68, 69] such that, such

force transmission causes asymmetrical e�ects at the proximal and distal tendons of

the altered muscle and changes the forces of even non-treated synergistic muscles [70].

Botulinum toxin type A (BTX-A) is used widely for treatment of spasticity. It

inhibits acetylcholine release into the presynaptic cleft in the neuromuscular junction

and causes muscle weakness or paralysis [4, 71], decreased muscle tone [49, 50] and al-
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tered sensory input [44, 46]. Consequently, both motor and sensory actions of BTX-A

contribute to reduction of spasticity in, for example, cerebral palsy (CP) patients. How-

ever, the e�ects of BTX-A on muscular mechanics are much more involved than just

muscle weakness. (1) BTX-A decreases the force of the muscles in the same compart-

ment [11] due to spread of toxin [72, 73, 5]. (2) In studies in which muscle length-force

relationships of control and BTX-A animal groups are compared, the reduction in mus-

cle force due to BTX-A becomes less pronounced at higher muscle lengths, indicating

that this e�ect is muscle length-dependent instead of constant [67, 10, 11]. (3) BTX-A

exposure may change the range from muscle active slack length (the shortest length at

which the muscle can still exert nonzero force) to muscle optimum length (the length

at which the muscle force is maximum) [67].

However, length changes of muscles exposed to BTX-A were observed to a�ect

the force of other muscles to only a limited extent [67, 11]. This is in contrast to the

substantial e�ects of EMFT shown previously on the mechanics of untreated and sur-

gically treated muscle ((for a review of several studies see [61, 30]). Therefore, another

as-yet unidenti�ed component to the e�ects of BTX-A on muscular mechanics could

be compromised intermuscular mechanical interactions. Considering the potential im-

portance of such interaction in spasticity, we tested the following hypothesis: BTX-A

causes EMFT within a muscle compartment to become diminished. Experimentally

changing the relative position of a muscle exclusively eliminates the e�ects of muscle

length changes and allows the assessment of the e�ects of EMFT in isolation. We used

this to test our hypothesis.

3.1 Methods

3.1.1 Animal models

Surgical and experimental procedures were approved by the Committee on the

Ethics of Animal Experimentation at Bo§aziçi University, Istanbul, Turkey. Male Wis-

tar rats were divided into 2 groups: (1) Control (n=7, mean±SD body mass=302.2±4.2g).
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(2) BTX-A (n=7, mean±SD body mass=313.0±4.4g).

After imposing mild sedation with a 1 mg/kg intraperitonal dose of ketamine, a

circular region of approximately 15mm radius from the center of the patella was shaved

in the left hind limb. The tibialis anterior (TA) muscle was located by palpation when

the ankle was in maximal plantar �exion and the knee angle approximated 90◦. After

marking the center of the patella, a second marker was placed at a point 10mm distally

along the tibia. The injection location was 5mm lateral (along the direction normal to

the line segment drawn between the 2 markers) to the second marker and over the TA

muscle. All injections were made exclusively into this muscle, to a depth of 3mm.

For the BTX-A group, each 100 unit vial of vacuum dried, Botulinum type A,

neurotoxin complex (BOTOX, Allergan Pharmaceuticals, Westport, Ireland) was re-

constituted with 0.9% sodium chloride. The animals received a one-time intramuscular

BTX-A injection at a total dose of 0.1 units. The injected volume equaled 20 . The

control group was injected with the same volume of 0.9% saline solution. All injections

were performed 5 days prior to testing. The animals were kept separately until the day

of the experiment in standard cages in a thermally regulated animal care room with a

12h dark-light cycle.

3.1.2 Surgical procedures

The animals were anesthetized using intraperitoneally injected urethane (1.2ml

of 12.5% urethane solution/100g body mass). Additional doses were given if necessary

(maximum, 0.5ml). Immediately following the experiments, the animals were eutha-

nized by administration of an overdose of urethane solution.

During the surgery and data collection, the animals were kept on a heated pad

(Homoeothermic Blanket Control Unit; Harvard Apparatus, Holliston, Massachusetts)

to prevent hypothermia. A feedback system utilizing an integrated rectal thermometer

allowed control of body temperature at 37◦C by adjusting the temperature of the heated
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pad.

The skin and the biceps femoris muscle of the left hind limb were removed, and

the anterior crural (AC) compartment, including the extensor digitorum longus (EDL),

the TA, and the extensor hallucis longus (EHL) muscles, was exposed. However, the

compartment was left intact; only a limited distal fasciotomy was performed to remove

the retinaculae (i.e., the transverse crural ligament and the crural cruciate ligament),

and the connective tissues at the muscle bellies within the anterior crural compartment

were not altered.

The speci�c combination of knee joint and ankle angles (120◦ and 100◦, respec-

tively) was selected as the reference position. In the reference position, the 4 distal

tendons of the EDL muscle were tied together using silk thread. Matching markers

were placed on the distal tendons of the EDL, the TA, and the EHL, as well as on a

�xed location on the lower leg. Subsequently, the distal EDL tendon complex and the

TA and the EHL tendons were cut as distally as possible. The proximal EDL tendon

was cut from the femur, with a small piece of the lateral femoral condyle still attached.

In order to provide connection to force transducers, Kevlar threads were sutured to:

(1) the proximal tendon of the EDL muscle, (2) the tied distal tendons of the EDL

muscle, (3) the distal tendon of the TA muscle, and (4) the distal tendon of the EHL

muscle.

Within the femoral compartment, the sciatic nerve was dissected free of other

tissues, during which process all nerve branches to the muscles of that compartment

were cut. Subsequently, the sciatic nerve was cut as far proximal as possible.

3.1.3 Experimental Setup

The animal was mounted in the experimental set-up (Figure 3.1). The femur

and foot were �xed with metal clamps with the ankle in maximum plantar �exion

(180◦) to allow for free passage of the Kevlar threads to the distal force transducers.
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The knee angle was set at 120◦. Each Kevlar thread was connected to a separate force

transducer (FT) (BLH Electronics Inc., Canton, Massachusetts). Care was taken to

ensure that the alignment of the Kevlar threads was in the muscle line of pull. The

distal end of the sciatic nerve was placed on a bipolar silver electrode.

3.1.4 Experimental conditions and procedure

Room temperature was kept at 26◦C. For the duration of the experiment, muscle

and tendon tissues were irrigated regularly with isotonic saline to prevent dehydration.

The distal FTs of the TA and EHL were kept at the reference position at all times (i.e.,

their muscletendon complex length was constant).

All muscles studied were activated maximally by supramaximal stimulation of

the sciatic nerve (STMISOC; BIOPAC Systems, Goleta, California), using a constant

current of 2mA (square pulse width 0.1ms). After setting the EDL muscle to a target

length, 2 twitches were evoked, and 300ms after the second twitch, the muscles were

tetanized (pulse train 400ms, frequency 100Hz). At 200ms after the tetanic contraction,

another twitch was evoked. After each application of this stimulation protocol, the

muscles were allowed to recover for 2 minutes.

Prior to muscle position testing EDL force-length characteristics were deter-

mined with the proximal FT kept in reference position. Starting from active slack

length (i.e., the shortest length at which non-zero active force is exerted), EDL length

was increased by moving its distal FT (in 1mm increments), until it was 2mm over the

length at which the highest EDL active force was measured (lmopt). Based on the data,

2 EDL lengths were distinguished: (1) lmopt, referred to as high length and (2) 6mm

below lmopt, referred to as low length.

Muscle position testing In separate tests performed at high and low lengths, the

e�ects of EDL position changes were studied. Target EDL length was set as described

above by changing distal FT position distally, when the proximal FT was at reference
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Figure 3.1 Illustrations of the experimental setup and conditions. (A) The proximal (EDLprox)
and tied distal tendons of the EDL (EDLdist), and the distal tendons of the tibialis anterior (TA)
and extensor hallucis longus (EHL) muscles were each connected to a separate force transducer (FT)
for simultaneous force measurements. Throughout the experiment, the TA and the EHL were kept at
constant muscle-tendon complex lengths. Experimental condition: knee angle=120◦ with the ankle
at maximum plantar �exion. The femur and the foot were �xed with metal clamps. The distal
end of the sciatic nerve was placed on an electrode. Kevlar threads sutured to tendons provided
connection to FTs (for more explicit illustrations see [67, 11]). (B) Relative sizes and locations of
anterior crural muscles. (C) Schematics of studied muscle positions. With its proximal tendon at
reference position, the EDL was brought to 6 mm below lm opt (low length) or to lm opt (high
length). Its position was changed �rst by moving both of its FTs by 5mm proximally. From this
proximal starting position (∆positEDL =0 mm) on, EDL position was manipulated by moving both
of its FTs (increments=1mm), 8mm distally until the end distal position (∆positEDL =8mm) was
attained.

position. EDL muscle position was changed �rst by moving its proximal and distal FTs

by 5 mm proximally. From this proximal starting position (∆positEDL =0mm) on, EDL

position was manipulated by moving both of its FTs in 1mm increments for a total of 8

mm in the distal direction until the end distal position (∆positEDL = 8mm). At each

di�erent EDL position, EDL, TA and EHL forces were measured simultaneously.
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3.1.5 Histological analysis of e�ects of BTX-A on intra- and epimuscular

connective tissue content in combination

In our previous study(Ates and Yucesoy, 2013), histological analyses were per-

formed after employing the BTX-A injection protocol described above. One �nding

was that BTX-A administration causes partial paralysis of all muscles of the anterior

crural compartment following TA injection. We believe this is relevant for the present

experiments also. Therefore, it is important to note that intactness of the compartment

describes a lack of interference with the EMFT pathways within the compartment, but

it does not refer to a lack of BTX-A exposure of the non-injected muscles.

Another �nding was that the intramuscular connective tissue content for muscles

of the BTX-A group was signi�cantly higher than that for muscles of the control

group. Presently, intra- and epimuscular connective tissue content was analyzed in

combination such that the region of interest includes the extracellular matrix (ECM)

in part and structures interconnecting neighboring muscles such as direct collageneous

connections between their epimysia and neurovascular tracts. Changes determined in

such intra- and epimuscular connective tissue content due to BTX-A administration

were interpreted with reference to the previous �ndings [67].

We used Gomori Trichrome stain (30-30110; Bio-Optica Milan, Italy) in an ad-

ditional set of male Wistar rats and divided them into 2 groups: Control (n=4, body

mass=355±20g mean± SD), and BTX-A injected (n=4, body mass=343±8g mean±

SD). 5 days post-injection (protocol described above), the AC compartment was re-

moved surgically as a whole. This allowed epimuscular connective tissues of the TA,

EDL, and EHL to be left intact. Subsequently, the tissues were �xed and processed

immediately using an automated tissue processor (TP1020; Leica Microsystems, Wet-

zlar, Germany) and embedded in para�n (EG1150H; Leica). 6thick sections were cut

using a microtome (RM2255; Leica) for every 20and stained with Gomori Trichrome.

The EHL muscle �bers originate from the anterior intermuscular septum and insert

on a distal aponeurosis [33] such that the central parts of the EHL belly correspond

approximately to the mid section of the AC compartment. Taking this into account,
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stained sections from the mid-section of the AC compartment, where all the muscles

of the compartment and their epimuscular connections are present were selected and

photographed (DM2500; Leica).

3.1.6 Data Processing and Statistics

Muscle mechanics analyses Passive isometric forces (Fp) were determined 100ms

after the second twitch, and total isometric forces (Ft) were determined during the

tetanic plateau (the mean force for a 200ms interval, 150ms after evoking tetanic stim-

ulation). Data for Ft in relation to muscle position were �tted with a polynomial

function using a least squares criterion:

y = b0 + b1x+ b2x
2 + ...+ bnx

n (3.1)

where y represents Ft and x represents ∆positEDL. b0, b1 ... bn are coe�cients deter-

mined in the �tting process. Data for Fp in relation to muscle position were also �tted

in the same way. Active forces were estimated by subtracting passive force from the

total force for each ∆positEDL.

Polynomials that best described the experimental data were selected by using

one-way analysis of variance (ANOVA) [74]. The lowest order of the polynomials that

still added a signi�cant improvement to the description of changes of muscle position

and muscle force data were selected. For each muscle studied, muscle forces at di�erent

EDL positions were obtained by using these functions. For each ∆positEDL, forces were

averaged, and standard deviations (SD) were calculated to determine muscle force

(mean±SD).

Two-way ANOVA for repeated measures (factors: ∆positEDL and animal group)

was performed separately for the forces of each muscle. Di�erences were considered

signi�cant at P<0.05. If signi�cant main e�ects were found, Bonferroni post-hoc tests

were performed to further locate signi�cant force di�erences within the factors [74].
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Spearman rank correlation coe�cients were calculated to test if reductions in

EDL total forces due to BTX-A injection are correlated with EDL relative muscle

position. Reduction in force is calculated as the di�erence in mean force between the

control and BTX-A animal groups at each EDL relative position. Correlations were

considered signi�cant at P<0.05.

Histological analyses Intra- and epimuscular connective tissues were analyzed

quantitatively to assess whether changes occurred in the collagen content in the AC

compartment as a result of BTX-A injection. One-Step Gomori trichrome stain is used

to distinguish muscle �bers (stained red-purple) and connective tissue collagen (stained

light green). The ratio of collagen content to the cross section of the compartment was

determined with a custom-programmed code (MATLAB, R2012a). For both control

and BTX groups, the percentage of intra- and epimuscular connective tissue content

in the cross-sections was quanti�ed from the images.

For the analyses, 2 separate regions were distinguished on the stained sections

in order to establish maximum possible coverage of the connective tissues between

the muscles of the compartment with an optimum imaging resolution: the area in

which the connective tissue linkages between the EDL, EHL, and TA, including the

neurovascular tracts, are present (region I) and the area adjacent to region I, in which

the connective tissue linkages between the EDL and TA are present (region II). These

regions were determined by taking the neurovascular tracts located at the intersection

of the EHL, TA, and EDL as a reference. Initially, photographs with 4X magni�cation

were used to distinguish general structural di�erences. This was used as a guide for

taking photographs with 10X magni�cation of the described regions. One-way ANOVA

was performed to test the e�ects of BTX administration on regions II and I separately.

Di�erences were considered signi�cant at P<0.05.
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3.2 Results

3.2.1 E�ects on TA and EHL

Signi�cant main e�ects of only BTX-A injection on active forces of TA and EHL

muscles were found. Respectively, for high and low length conditions, TA active forces

decreased by 65.6% and 67.4% (Figure 3.2a, c), and EHL active forces decreased by

41.6% and 50.1% (Figure 3.2b, d).

Signi�cant main e�ects of BTX-A injection as well as ∆positEDL were found only

for the EHL passive forces (control group mean values equal 0.01N for both conditions)

causing an increase (up to 7-fold).

Figure 3.2 Forces of the TA and EHL muscles as a function of changing EDL relative muscle position.
Active and passive isometric muscle forces are shown as mean value ± SD for the control and BTX
groups. TA (A) and EHL (B) forces obtained in the low length condition. TA (C) and EHL (D)
forces obtained in the high length condition. EDL muscle-tendon complex relative position changes
(∆positEDL) are expressed as a deviation from the proximal starting position (∆positEDL =0mm) to
the distal end position (∆positEDL =8mm).
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3.2.1.1 Proximal forces. (I) Low length ANOVA (factors: ∆positEDL and an-

imal group) showed signi�cant main e�ects on EDL active proximal forces (Figure

3.3a) and a signi�cant interaction. Post hoc testing located signi�cant major e�ects

of BTX-A injection for all ∆positEDL. A signi�cant perfect negative correlation was

found between force reductions as ∆positEDL changes from proximal to distal location.

The Spearman rank correlation coe�cient was -1.0 (P=0.0001).

Figure 3.3 Forces of the EDL muscle as a function of changing EDL relative muscle position. Active
as well as passive isometric muscle forces are shown as mean value ± SD for the control and BTX
groups. EDL proximal (A) and EDL distal (B) forces obtained in the low length condition. EDL
proximal (C) and EDL distal (D) forces obtained in the high length condition. EDL muscle-tendon
complex relative position changes (∆positEDL) are expressed as a deviation from the proximal starting
position (∆positEDL =0mm) to the distal end position (∆positEDL =8mm).

For the control group, EDL force measured at 0mm (1.4±0.6N) decreased sig-

ni�cantly with altered ∆positEDL (to 0.5±0.2N at 8mm). In contrast, for the BTX

group, EDL force measured at 0mm (0.2±0.1N) did not change signi�cantly with al-

tered ∆positEDL.

ANOVA also showed signi�cant main e�ects on EDL passive proximal forces,

and a signi�cant interaction. Post hoc testing showed signi�cant e�ects of BTX-A
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injection at ∆positEDL =0 and 1 mm: Passive force increased about 7-fold due to

BTX-A injection.

(II) High length ANOVA (factors: ∆positEDL and animal group) showed sig-

ni�cant main e�ects on EDL active proximal forces (Figure 3.3c), and a signi�cant

interaction. The post hoc test located signi�cant major e�ects of BTX-A injection for

all ∆positEDL. A signi�cant high negative correlation was found between reductions in

EDL active force as ∆positEDL changes from proximal to distal location. The Spear-

man rank correlation coe�cient was -0.98 (P=0.0001). For the control group, the EDL

force measured at 0mm (2.5±0.3N) decreased signi�cantly with altered ∆positEDL (to

0.9±0.2N at 8mm). In contrast, in the BTX group, the EDL force measured at 0mm

(0.3±0.3N) did not change signi�cantly with altered ∆positEDL.

ANOVA also showed signi�cant main e�ects on EDL passive proximal forces

and a signi�cant interaction. The post hoc test showed signi�cant e�ects of BTX-A

injection at 0≤ ∆positEDL ≤6mm; passive force increased about 6-fold due to BTX-A

injection.

3.2.1.2 Distal forces. (I) Low length ANOVA (factors: ∆positEDL and animal

group) showed signi�cant main e�ects on EDL active distal forces (Figure 3.3b) and

a signi�cant interaction. The post hoc test located signi�cant major e�ects of BTX-A

injection for all ∆positEDL, except ∆positEDL =0 mm. A signi�cant perfect positive

correlation was found between reductions in EDL active force as ∆positEDL changes

from proximal to distal location. The Spearman rank correlation coe�cient was 1.0

(P=0.0001).

For the control group, EDL force increased signi�cantly for 5mm>∆positEDL>

0mm (from 0.3±0.2N to 0.8±0.2N). In contrast, for the BTX group, EDL force at 0mm

(0.1±0.2N) did not change signi�cantly with altered ∆positEDL.

ANOVA also showed signi�cant main e�ects on EDL passive forces but no signif-
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icant interaction. The passive force increase after BTX-A injection was about 1.5-fold

on average.

(II) high length In contrast to the e�ects shown for proximal forces, ANOVA

(factors: ∆positEDL and animal group) showed only a signi�cant e�ect of BTX-A

injection on EDL active forces (Figure 3.3d), but no signi�cant e�ects of ∆positEDL or

a signi�cant interaction. The mean force decrease BTX-A caused for ∆positEDL was

85.3±3.4%.

ANOVA also showed signi�cant main e�ects on EDL passive forces, but no

signi�cant interaction. Passive force increase after BTX-A injection was about 2-fold

on average.

3.2.2 Proximo-distal active force di�erences

(I) Low length ANOVA (factors: ∆positEDL and animal group) showed signi�-

cant main e�ects on the EDL proximo-distal (Fdistal-Fproximal) active force di�erences

(Figure 3.4a) and a signi�cant interaction. The post hoc test located signi�cant major

e�ects of BTX-A injection for ∆positEDL, including 0-2 and 8mm. For the control

group, the force di�erence values were as high as -1.1±0.6 N at ∆positEDL =0mm and

0.5±0.2N at the ∆positEDL =8mm. After BTX-A injection, these values decreased sub-

stantially (to -0.1±0.2N at ∆positEDL =0mm and to 0.1±0.3N at ∆positEDL =8mm).

(II) High length ANOVA (factors: ∆positEDL and animal group) showed signif-

icant main e�ects on the EDL proximo-distal active force di�erences (Figure 3.4b) and

a signi�cant interaction. The post hoc test located signi�cant major e�ects of BTX-A

injection for most ∆positEDL including 0, 1, 7, and 8mm. For the control group, the

force di�erence values were as high as -0.5±0.4N at ∆positEDL =0mm and 0.7±0.7N

at ∆positEDL =8mm. After BTX-A injection, these values decreased considerably also

for the high length condition (to -0.1±0.4N at ∆positEDL =0mm and to 0.2±0.3N at

∆positEDL =8mm).
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3.2.3 E�ects on intra- and epimuscular connective tissue content

Figure 3.5 shows sample histological sections of compartmental connective tissue

staining. The percentage of intra- and epimuscular connective tissue content values for

the BTX group (mean±SD=4.6±2.0% and 8.9 ± 3.6% for regions I and II, respectively)

were signi�cantly lower than those for the control group (mean ± SD=6.5 ± 2.0% and

13.0 ± 5.3% for regions I and II, respectively) (P<0.01).
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Figure 3.4 EDL proximo-distal active force di�erences as a function of changing EDL relative
muscle position. The force di�erences calculated as Fdistal-Fproximal for the control group and the
BTX injected group of animals are shown as mean value±SD (A) in the low length condition and (B)
in the high length condition. EDL muscle-tendon complex relative position changes (∆positEDL) are
expressed as a deviation from the proximal starting position (∆positEDL =0mm) to the distal end
position (∆positEDL =8mm). Note that a positive force di�erence indicates that a net epimuscular
myofascial load is exerted on the EDL in the proximal direction, and a negative force di�erence
indicates a distally directed net epimuscular myofascial load.
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Figure 3.5 Sample histological sections of AC compartment stained using Gomori trichrome for
collagen. The sections show that tissues of the compartment in the TA (left), EHL (top right), and
EDL (right) intersect (region I), and at the TA (left) and EDL (right) intersect (region II). Region I
involves the neurovascular tracts as well (indicated by dashed arrow). Gomori trichrome stain gives a
light (green to blue) color to the connective tissues. The white sections between the muscles involve
adipose tissues or are tissue discontinuities due to tissue processing. For a quantitative analysis
indicating decreased epimuscular connective tissue content after exposure to BTX-A, see text. CTR:
Control Group, BTX: Botox injected.
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4. SIMULATION OF EFFECTS OF BOTULINUM TOXIN

ON MUSCULAR MECHANICS IN DUE TREATMENT

COURSE BASED ON ADVERSE EXTRACELLULAR

MATRIX ADAPTATIONS CAUSING INCREASED

STIFFNESS

Local injections of Botulinum toxin type-A (BTX) are commonly used to reduce

spasticity by causing partial muscle paralysis and blocking the hyper-excitable stretch

re�exes [44, 45, 7]. However, BTX also a�ects muscle force substantially [51, 12,

11]. As muscle is the motor for movement, BTX e�ects on muscular mechanics are

functionally extremely important, but the mechanism of these e�ects and how they

change in due treatment course is not well understood. Moreover, no projection is

made about the functioning of muscle exposed to BTX, post treatment. Finite element

modeling is a powerful tool to assess such mechanisms. Recent modeling of e�ects of

BTX on muscular mechanics indicates that a vast majority of sarcomeres attain higher

lengths than identical sarcomeres of the muscle, pre-BTX treatment [75]. Such "longer

sarcomere e�ect" (LSE), is characteristic to partial muscle paralyzation per se, ascribed

to muscle �ber-extracellular matrix (ECM) interactions [56]. Remarkably, modeling

indicates that LSE can lead to an enhanced potential of active force production of the

non-paralyzed muscle parts and a decreased length range of force exertion (lrange) of

muscle exposed. Therefore, BTX e�ects on muscular mechanics may not be limited to

only a force reduction. Recent animal experiments con�rm that and show additional

to a decreased lrange, also other so far unknown BTX e�ects including increased passive

muscle force [55, 11, 76]. This is ascribed to an enhanced collagen content of the ECM,

several days post-injection [55]. These �ndings indicate for the longer-term presence of

muscle tissue adaptations due to BTX, leading to altered mechanical properties of the

ECM. Moreover, although no direct information is available on the ECM properties

and structure post-BTX treatment, persistence [77] and even an increase of contracture

[78] has been reported in BTX treated patients. This suggests that adaptation of the
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ECM remains e�ective also post-BTX treatment.

Taking these issues into account and using �nite element modeling we aimed

at simulating the time course of e�ects of BTX on muscular mechanics based on LSE

and ECM adaptations. Speci�cally, we tested the following hypotheses: (1) enhanced

potential of active force production and decreased lrange e�ects elevate with increased

ECM sti�ness, long-term BTX treatment, and (2) if such adapted ECM properties are

persistent, these e�ects not allied with the treatment aims are also persistent, post-

BTX treatment.

4.1 Methods

4.1.1 Modeled BTX cases

To assess the mechanism of e�ects of BTX treatment in due treatment course,

four cases were modeled: (1) Pre-BTX treatment represents BTX-free muscle. There-

fore, the entire muscle is fully activated. (2) Acute-BTX treatment represents e�ects

of BTX immediately after paralyzation settles down. Partial muscle paralysis was

modeled by leaving the middle half of the model inactive (paralyzed parts) and fully

activating the remaining half (activated parts) (Figure 4.2b). (3) Long-term-BTX

treatment models an added representation of ECM adaptations due to BTX. There-

fore, constitutive equations of elements modeling the ECM are manipulated for sti�er

mechanical properties (see the subsequent section). (4) Post-BTX treatment simulates

mechanics of BTX treated muscle after partial muscle paralysis ceases. This is opera-

tionalized by maintaining adapted ECM properties, but by fully activating the entire

muscle.

4.1.2 Description of the model

Using a two-domain approach, a 3D-�nite element muscle model (linked �ber-

matrix mesh model: LFMM model) was developed [27]. This model consists of two
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Figure 4.1 Nonlinear and anisotropic material properties of the extracellular matrix element in the
local coordinates. The stress-strain characteristics of the element are shown for the �ber and cross-�ber
directions. Material properties of reference ECM represents those of BTX free muscle [79]. Material
properties of adapted ECM represents those of BTX-treated muscle. Note that the latter models the
principles of muscle tissue adaptations shown to occur experimentally for the rat EDL muscle [55].
An assumption was made that the adapted ECM material properties remain representative of the
long-term-BTX and post-BTX treatment cases in an identical way. The stresses are normalized and
dimensionless. The reader is referred to a review on LFMM model for full details [11].

meshes, occupying the same space, that are linked elastically. These meshes represent

the ECM domain (matrix mesh) and intracellular domain (�ber mesh). Such modeling

allows assessment of e�ects of muscle �ber-ECM interactions.

The two meshes are built using the self-programmed myo�ber and ECM el-

ements that were introduced as user de�ned elements into a �nite-element analysis

software (ANSYS Academic Teaching Advanced v.12.0 ANSYS. Inc. Canonsburg, PA,

USA). The elements have eight nodes and linear interpolation functions. The tissues

are considered as a continuum and a large deformation analysis is employed. A 3D local

coordinate system representing the �ber, cross-�ber, and thickness directions is used.

For the myo�ber element, the total stress acting only in the �ber direction equals the

sum of the active stress of the contractile elements (representing active force exertion

based on overlap of actin and myosin myo�laments) and the stress due to intracellular
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Figure 4.2 Finite element modeling of EDL muscle and partial paralysis. (a) The model consists
of three muscle elements in series and sixteen in parallel. Each combination of three muscle elements
arranged in series constructs a whole fascicle. The muscle elements located proximally and distally
are connected to elements representing the muscles aponeuroses. A 3D local coordinate system rep-
resenting the �ber, cross-�ber (normal to the �ber direction), and thickness directions is used for the
analysis and presentation of the model results. (b) Typical deformed shape after distal lengthening of
the BTX cases for which partial paralyzation was modeled by not activating muscle elements located
in the middle half of the muscle: white areas within the muscle belly indicate paralyzed muscle parts
whereas, the darker areas indicate the parts that are activated maximally. The choice of middle half
paralyzed model is based on Turkoglu et al. [75], which showed distinct e�ects of the longer sarcomere
e�ect.

passive tension (originating from the intra-sarcomeric cytoskeleton, with a dominant

role played by titin). It is assumed that the sarcomeres arranged in-series within muscle

�bers have identical material properties.

The ECM element incorporates a two-component strain energy density function

one of which accounts for the non-linear and anisotropic material properties and the

other considers constancy of muscle volume.

The former component is described as follows:

W1 = Wij(|εij|), (4.1)
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where

Wεij = k.(eaij .zij − aij.εij) for εij > 0 or, (4.2)

Wεij = −Wij(|εij|) for εij < 0 and i 6= j (4.3)

εij are the Green-Lagrange strains in the local coordinates. The indices i =

1, ..., 3 and j = 1, ..., 3 represent the local cross-muscle �ber, muscle �ber and thickness

directions, respectively. k is initial passive sti�ness constant and aij and are sti�ness

coe�cients.

Recent experimental testing of rat EDL muscle indicates increased amplitudes of

muscle passive force (up to several folds) with shift of non-zero passive force exertion to

shorter muscle lengths [55]. For the Long-term-BTX and Post-BTX treatment models,

constants are manipulated to impose a representative change in the ECM mechanical

properties: compared to the reference ECM mechanical properties (e.g., [27], for the

adapted ECM, k is tripled, whereas are left unchanged if i=j or reduced (by 40%) if i.

The former allows enhanced normal sti�ness also at negative strain and the latter avoids

a change in shear sti�ness since no information is available for such ECM adaptation.

The resulting stressstrain curves are shown in Figure 4.1. For full details including

description of remainder constitutive relationships, remainder model parameters and

activation procedure; see a review by Yucesoy and Huijing [80].

One muscle element (a linked system of ECM and myo�ber elements) is de�ned

to represent a segment of a bundle of muscle �bers, its connective tissues and the links

between them. Both matrix and �ber meshes are rigidly connected to single layers of

standard hyperelastic elements (HYPER58) elements forming the muscles proximal and

distal aponeuroses. Standard spring elements (COMBIN39) are used to represent the

transmembranous attachments i.e., the elastic links between the two meshes. This is a

2-node spring element, set to be uni-axial and having linear high sti�ness representing

non-pathological connections between the muscle �bers and the ECM (for an analysis
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of the e�ects of sti� or compliant links, see [27]. Initially, these links have zero length.

The extensor digitorum longus (EDL) muscle of the rat was modeled. This

muscle is unipennate with a minimal variation of its muscle �ber directions. The

geometry of the model (Figure 4.2a) is de�ned as the contour of a mid-longitudinal

slice of the isolated EDL muscle belly. A whole fascicle is constructed by putting three

muscle elements in series. Sixteen of those are arranged in parallel, �lling the slice

space. A combination of nodes along one side of a fascicle is referred to as a fascicle

interface.

4.1.3 Solution procedure

At the initial lm (28.7 mm), and in the passive state, the serial sarcomeres

within muscle �bers were assumed to be in the undeformed state (i.e., strain equals

zero, and sarcomere length approximates 2.5 ). Local �ber strain, as a measure of

change of length, re�ects lengthening (positive strain) or shortening (negative strain)

of sarcomeres.

Static analysis was performed, using a force-based convergence criterion (tol-

erance=0.5%). Muscle origin was �xed whereas, after activation, the position of the

insertion was changed to new isometric lengths.

4.1.4 Processing of data

l-F curves were studied to quantify passive and active force changes. All forces

are normalized for the maximal total force within the data set.

The mean nodal �ber direction strain per fascicle interface is considered to

represent sarcomere length changes and hence a metric for LSE. lm, range studied

includes lengths between a short (lm = 25.2 mm) and a long length (lm = 30.7 mm).
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Mean nodal �ber direction strains are assessed at those lengths.

Muscle optimum length, lmo is determined as the di�erence of passive and total

muscle force. Shifts in lmo of Acute-BTX, Long-term BTX and Post-BTX treatment

cases are compared to that of Pre-BTX treatment case within the range of muscle

lengths studied. Additionally, muscle active slack lengths of each case are determined

and their lrange is calculated as the di�erence of that and lmo.

4.2 Results

4.2.1 Longer/shorter sarcomere e�ect

E�ect of partial muscle paralyzation per se A characteristic e�ect is LSE: For all

muscle lengths, Acute-BTX treatment mean �ber direction strain curves are localized

above those of Pre-BTX treatment (Figure 4.3).

However, modeled BTX induced ECM adaptation causes remarkable changes to

LSE:

(I) Long-term vs. Acute-BTX treatment The LSE gets more pronounced at

shorter (Figure 4.3a) and less pronounced at longer (Figure 4.3b) muscle lengths e.g.,

mean �ber direction strain values are up to 19.9% higher, Long-term-BTX treatment.

(II) Post vs. Pre-BTX treatment At shorter muscle lengths (Figure 4.3a) the

LSE remains permanent. Contrastingly, a shorter sarcomere e�ect (SSE) occurs at

longer (Figure 4.3b) muscle lengths: on average, mean �ber direction strain values are

28.7% smaller, Post-BTX treatment.

These �ndings mean that sarcomeres of BTX treated muscle for both long-term

and post-treatment can attain lengths closer to their optimum length of their l-F curves,

which favors active force production.



41

Figure 4.3 Simulated e�ects of di�erent phases of BTX treatment on distribution of muscle �ber
direction mean strain. In the strain plots activated (dark lines and dark bullets) and paralyzed (lighter
lines with lighter bullet �lling) muscle parts are distinguished. Muscle lengths considered are (a) Low
length (lm = 25.2 mm) and (b) High length (lm = 30.7 mm). Mean strain distributions are shown
for Pre-BTX treatment, Acute-BTX treatment, Long-term-BTX treatment and Post-BTX treatment
cases. For Acute-BTX treatment and Long-term-BTX treatment cases, fascicles 5-13 (middle half of
modeled muscle) are paralyzed while fascicles 1-5 13-17 are activated maximally. For the other two
cases, all fascicles are activated maximally. Lower panel: A combination of nodes along one side of
a fascicle is referred to as a fascicle interface. Each fascicle interface is indicated from by a number
from 1 to17. Muscle �ber direction mean strain value for each fascicle interface represents the average
value of the strains calculated the four nodes along the interface.

4.2.2 Enhanced active force production capacity

E�ect of partial paralyzation per se A characteristic e�ect is enhanced active

force production (of activated muscle parts): except for a few fascicle interfaces, Acute

BTX treatment mean �ber direction stress curves of the activated parts are localized

above those of Pre-BTX treatment (Figure 4.4). However, modeled BTX induced ECM

adaptation causes remarkable changes to force enhancement:

(I) Long-term vs. Acute-BTX treatment Force production capacity of activated

sarcomeres gets further enhanced (up to 7.2%) at both shorter (Figure 4.4a) and longer

(Figure 4.4b) muscle lengths, long-term BTX treatment.
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Figure 4.4 Simulated e�ects of di�erent phases of BTX treatment on distribution of muscle �ber
direction mean stress. Muscle lengths considered are (a) Low length (lm = 25.2 mm) and (b) High
length (lm = 30.7 mm). As an indicator of active muscle force production, muscle �ber direction mean
stress values for each fascicle interface are shown for Pre-BTX treatment, Acute-BTX treatment, Long-
term-BTX treatment and Post-BTX treatment cases. For Acute-BTX treatment and Long-term-BTX
treatment cases, fascicles 5-13 (middle half of modeled muscle) are paralyzed while fascicles 1-5 13-17
are activated maximally. For the other two cases, all fascicles are activated maximally. Muscle �ber
direction mean stress values are normalized for the maximum value, and shown for only activated
fascicles. Lower panel: A combination of nodes along one side of a fascicle is referred to as a fascicle
interface. Each fascicle interface is indicated from by a number from 1 to 17. Muscle �ber direction
mean stress value for each fascicle interface represents the average value of the stresses calculated the
four nodes along the interface.

(II) Post vs. Pre-BTX treatment Post-treatment, there is no paralyzed mus-

cle part and remarkably, a substantial enhanced force production capacity becomes

permanent for the entire muscle.

4.2.3 Narrower active lrange

l-F curves (Figure 4.5) show e�ects of modeled BTX induced ECM adaptation

as changes to muscle passive forces and lmo.

E�ect of partial paralyzation per se A characteristic e�ect is a shift of lmo to a
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shorter muscle length by 5.2% a�ecting active lrange adversely.

(I) Long-term vs. Acute-BTX treatment The e�ect gets more pronounced with

an added lmo shift (resulting lmo shift equals of 21.1%).

(II) Post vs. Pre-BTX treatment Some of the added lmo shift is persistent

(resulting lmo shift equals 18.4%).

Note that compared to Pre-BTX treatment, a narrower lrange (20.3%, 27.1%

and 3.4% acute, long-term and post BTX treatment) is a consistent �nding.

Figure 4.5 Simulated e�ects of di�erent phases of BTX treatment on muscle length-force character-
istics. The isometric muscle length-force curves for the muscles modeled. Isometric active and passive
force curves of Pre-BTX treatment, Acute-BTX treatment, Long-term-BTX treatment and Post-BTX
treatment cases are shown as a function of muscle length. All sets of data are normalized for maximal
active force of Pre-BTX treatment case.
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5. DISCUSSION

The results in this thesis reveals the mechanical mechanism of the Botulinum

toxin over the entire course of treatment from an individual muscle level to an epimus-

cular level. The inductive progression of the research is achieved by starting from

assessment of e�ects on individual muscle in chapter 2: length-dependent force reduc-

tion e�ect of BTX treatment is shown to be a result of interactions between activated

and paralyzed parts within the muscle. In continuation to reach an epimuscular level,

the mechanics of BTX treated muscle in-vivo is studied. In vivo muscle interacts with

its environment mechanically, i.e. epimuscular myofascial force transmission, and a

new mechanical mechanism would be established after any intervention. Counterin-

tuitively, understanding the e�ects of the treatment over its time course is shown to

lie in the change of the mechanical properties of the individual muscle rather than

its interaction with other muscular and non-muscular tissue. The animal experiments

in chapter 3 revealed that after BTX injection, mechanical interactions of the muscle

with its surrounding muscle ceases to exist and the material sti�ness within the muscle

increases. Consequently, assessing the time course of the treatment became a deter-

minant of individual muscle properties and mechanics. Therefore chapter 4 focuses

on the mechanical changes in the muscle with increased sti�ness due to BTX and its

consequences if the sti�ness change is permanent. In this chapter, speci�c results, their

implications and limitations of the methodologies are discussed in detail.

5.1 Mechanisms of modeled e�ects of BTX in isolated muscle

In Chapter 2, our results show that a mechanism is active that involves length

changes of sarcomeres a�ecting l-F curve, yielding a length-dependent Freduction. The

key parameter of this mechanism is LSE characterized by MFT via muscle �ber-ECM

interactions (e.g., [25]). In BTX-free muscle, MFT has been shown to limit shortening

of muscle �bers after tenotomy [25] and aponeurotomy [81, 30]. Such interventions

cause numerous muscle �bers to loose their myotendinous connection to the muscular
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origin or insertion. However, muscle �ber-ECM interactions prevent sarcomeres from

shortening to their active slack length, on activation. Within paralyzed muscle parts

of the BTX-cases, muscle �bers cannot shorten due to lack of excitation. Note that by

MFT, this e�ect is also exerted on activated muscle �bers causing LSE. For most lm

studied presently, sarcomeres are at the ascending limb of their individual l-F curve.

Due to LSE, active sarcomeres within a BTX-treated muscle can produce more force at

identical lm compared to their counterparts in the BTX-free muscle. This also suggests

that the net Freduction originates from paralyzed muscle �bers, but is compromised in

variable degrees by active ones. However, as a consequence of LSE, active sarcomeres

at the descending limb of their l-F curve exert less active force, whereas passive force

originating from intracellular titin increases. Yet, also at longer muscle lengths, even

within the same muscle �ber, di�erent sarcomeres will be active on both ascending and

descending limbs, [29, 34]. In BTX-free muscles in vivo, magnetic resonance imaging

analyses showed the feasibility of simultaneously occurring local lengthening and local

shortening [35, 65]. Therefore, for longer lengths, the situation is a complex one. As

a general e�ect, Freduction−comp is shown to be low at shorter lengths, increases to a

peak value at intermediate lengths, and decreases again with further increasing lm.

This pattern agrees with that of Freduction and therefore Freduction−comp is indicated as a

good parameter to explain BTX-induced length dependence of Freduction. However, it

is not reliable for comparing di�erent BTX-cases because it does not provide a direct

comparison between them. For example, although a greater Freduction−comp is shown for

case DHP (26.0<lm<28.4mm), Freduction is always greater for case PHP.

LSE and muscle mechanics. Model results show more pronounced LSE if the

paralyzed part of the muscle is bound by activated muscle parts. This suggests that a

more distributed pattern of paralysis may enhance complexity of e�ects on l-F curve.

Such distributed patterns of paralyzed-activated muscle parts are likely if multiple

injection sites are used [6, 82]. However, a smaller paralyzed volume may diminish

e�ects, regardless of locations. LSE a�ects l-F curve by manipulating Freduction, which

can be a favorable e�ect. Previous studies reported more pronounced Freduction at

shorter lm [10, 11] or at corresponding joint angles [15]. Yucesoy et al. [11] showed

that such di�erences can be substantial (Freduction equals 55.9% at short and 46.6% at
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long lm). In spasticity, muscle hypertonicity [83, 84, 85] is thought to cause the joint

to be forcefully kept typically in a �exed position with �exor muscles at short lengths.

If this were the case, the desired e�ect is to obtain a more pronounced Freduction for

such lengths. Additionally, spastic muscle weakness itself has been considered as an

important source of functional problems (e.g., [53]. In general higher force exertion of

activated muscle parts within a BTX-treated muscle can be considered as an asset for

controlling the level of Freduction , and hence the produced weakness. However, another

consequence of the LSE is that lmo tends to shift to shorter muscle lengths, underlying

a potential decrease of the muscle length range of active force exertion [55].

LSE and stretch-re�ex excitability. BTX has positive e�ects on spasticity via

reduced stretch re�ex activity [53], due to a decrease of the re�ex muscular tone [44].

However, these e�ects are ascribable to blockage of gamma-motoneuron terminals in

paralyzed muscle parts and not all such terminals are blocked throughout the muscle.

Within the activated muscle parts, LSE and potentially longer muscle �bers of intra-

fusal �bers may cause the stretch-re�ex threshold to decrease. Therefore, an increased

stretch-re�ex excitability of the activated muscle parts may compromise the muscles

overall increased stretch-re�ex threshold, in agreement with Hesse et al. [86]: most of

the chronic hemiparetic patients of that study bene�tted from BTX treatment, such

that extensor muscles of their lower limb showed a reduction in overall stretch-re�ex

excitability. However, the EMG patterns of a majority of these patients were classi�ed

as type I altered motor control indicating premature clonogenic activity of the soleus

muscle, still corresponding to an elevated stretch-re�ex excitability.

In conclusion, a key component of mechanisms of how BTX secondarily a�ects

the muscle mechanically is the longer sarcomere e�ect. Activated muscle parts show an

enhanced active force exertion that counteracts the force reduction. Therefore, the size

of net force reduction is determined by the proportion of paralyzed vs. activated muscle

parts not only due to the presence of the former but also because of the compromising

role of the latter. Simultaneously, variation of compromise to force reduction with

muscle length is a key determinant of muscle length dependence of force reduction. The

longer sarcomere e�ect leads to a tendency of optimum length to shift to lower muscle
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lengths. Myofascial force transmission plays a determining role in this characteristic

e�ect. It should be noted that, to fully understand the possible clinical meaning of

the �ndings, they should be con�rmed for humans, in new studies. Finally, presence of

parts of muscle being activated and others remaining passive is a common occurrence in

daily activities. Therefore, the mechanical mechanisms shown may help understanding

of also normal muscle function.

5.2 BTX-A causes diminished e�ects of EMFT and a position-

dependent force reduction

Animal experimentation described in chapter 3 show that, due to BTX-A,

EMFT within the compartment is diminished. This judgment is based on the fol-

lowing. Unlike the control group, in the BTX group: (i) EDL force measured at the

most proximal position did not change signi�cantly with altered ∆positEDL; (ii) EDL

proximo-distal force di�erences became minimized; and (iii) altered ∆positEDL did not

cause changes in the forces of TA and EHL muscles. These �ndings con�rm our hy-

pothesis. Ascribed to diminished EMFT, the results show that BTX-A has relative

muscle position-dependent force reduction e�ects.

Proximo-distal force di�erences represent the resultant of myofascial loads acting

on the muscle, which originate from stretching epimuscular connections. Mechanical

properties of these connections are complex. Based on previous studies, they have non-

linear force-deformation characteristics [87] and prestrain [33] that are inhomogeneously

distributed within a muscle compartment [34]. Therefore, epimuscular myofascial loads

are expected to be distributed heterogeneously over the muscle belly and may vary as

a function of relative muscle position.

MRI analyses in humans in vivo [35, 65] show that changing the relative position

of gastrocnemius with respect to the other lower leg muscles causes major local het-

erogeneous deformations within all muscles. This, similar to other studies [62, 63, 64],
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con�rms the e�ectiveness of epimuscular loads on muscle mechanics. Consequently,

even for lengths at which the proximo-distal force di�erence is close to zero, it is

plausible that the resultant force is zero, but not local myofascial loads. However, our

�ndings indicate that for muscle a�ected from BTX-A, the resultant of myofascial loads

becomes trivial. Therefore, in this case, rather than a balance of counteracting epimus-

cular myofascial loads, their absence appears to be responsible for this e�ect. This can

happen in 2 ways: (1) the epimuscular connections do not get stretched with muscle

position changes. In fact, as relative muscle position is manipulated exclusively, the

tested conditions should impose length changes of epimuscular connections. Therefore,

this possibility is weak. However, BTX-A causes partial muscle paralysis [7, 9], and

such parts within the muscles of the compartment are expected to be compliant due

to a lack of activation. Hence, it is plausible that displacements arising with muscle

position changes are taken up in part by the paralyzed muscle parts. This needs to be

explored, e.g., by using a �nite element model [75, 27]. (2) The epimuscular connections

become ine�ective. Ates et al. [67] reported an increased proportion of intramuscular

connective tissue content of muscles after BTX-A injection. Their data also indicate

muscle atrophy. As such atrophy involves decreased muscle �ber diameter and density

[88], they concluded that a net increase of the ECM is tenable. Our �ndings show that

cumulative connective tissue content of the compartment (i.e., intra- and epimuscular

connective tissues together) decreased due to BTX-A. Considering the increased intra-

muscular connective tissue content [67], this suggests that BTX-A causes epimuscular

connections that act as pathways for EMFT [61, 56, 38] to degrade in quantity. How-

ever, because ∆positEDL leads to only minor e�ects on muscle forces, compromised

sti�ness of these connections is also plausible. This requires further study.

Note that also in the control group, EMFT was not always e�ective: (1) distal

EDL forces in the high length condition were not a�ected by ∆positEDL. Compared to

earlier BTX-free tests [59, 36], a plausible e�ect that did not occur is that as ∆positEDL

changes from proximal to distal muscle positions, EDL distal force increases. Epimus-

cular myofascial loads can lead to complex sarcomere length distributions. Previous

modeling showed that at high muscle length, sarcomeres operating not only in the de-

scending limb, but also in the ascending limb of their length-force curves are present
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along the same fascicles [29, 34, 39]. In this study, it appears that such loads manipu-

lated sarcomere lengths that yield signi�cant changes in EDL proximal force, e.g., by

shortening them to lengths unfavorable for force exertion but not in the distal force.

Nevertheless, the control group data show EDL proximo-distal force di�erences and

a variation of that with ∆positEDL. Therefore, EMFT was also e�ective in the high

length condition, but a net e�ect on the distal forces was not shown. (2) ∆positEDL

had no signi�cant e�ects on the TA and EHL muscles in the control group. In a pre-

vious BTX-free experiment, ∆positEDL was shown to cause the force of the TA+EHL

complex to change if these muscles were kept at low length [59]. This indicates the

presence of EMFT e�ects. However, the authors also showed that if this complex is

brought from a low length to a high length, the e�ects of ∆positEDL on EDL forces

become less pronounced. The TA and EHL muscles were kept at the reference posi-

tion, which corresponds to an intermediate length. This seems to have limited EMFT

between the EDL and its synergists in the control group. Therefore, lack of ∆positEDL

e�ects on the TA and EHL muscles in the BTX group may be ascribable to the test

conditions as well.

5.3 Time course of BTX treatment

Cerebral palsy (CP) is one of the most severe disabilities in childhood and is the

most common cause of motor de�ciency in up to 3/1000 live births [89]. Hypertonia is

associated with exaggerated stretch re�exes resulting from disinhibition due to an upper

motor neuron (UMN) lesion [40] which in general, is commonly identi�ed using the term

spasticity. In the long-term, altered soft tissue morphology and loss of extensibility

lead to contracture formation to accompany spasticity causing impaired function [85]

ascribed to typical e�ects of decreased joint range of motion [90] and increased joint

sti�ness [91]. Therefore, spasticity management is highly important.

BTX injections represent the gold standard for this purpose. Its targeted para-

lytic e�ect dampens overactive skeletal muscle reducing muscle spasticity. Overall, the

key aims are three fold. First, increasing joint range of motion during active movement
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[92] second, achieving more balanced muscle function [93] and third, increasing passive

range of motion [94]. Therefore, overall the goal is to improve or restore joint func-

tion. One major issue is that this is implicitly considered as an outcome of spasticity

management alone. However, muscle is the motor for movement. Therefore, changes

in mechanics of BTX treated muscle should be central to the desired joint function.

Hence, mechanism of those changes requires major research attention.

lrange and active force production capacity of BTX treated muscle are highly

relevant parameters characterizing the �rst two treatment aims. Finite element mod-

eling was used to understand the mechanism of BTX e�ects on muscular mechanics

[75] through these parameters. Remarkably, partial paralyzation per se was shown to

cause a narrower lrange and enhanced active force production capacity. Central to these

e�ects is the mechanical interaction between muscle �ber and the ECM domains com-

prising the muscle. These two domains are linked to each other via macromolecular

connections along the full length of muscle �bers [17, 57, 58]. Evidence for muscle �ber-

ECM interaction was shown experimentally at various levels including single muscle

�ber [20], isolated �ber bundles [21] and whole dissected muscle [23]. Such interaction

is very important because this means that forces exerted on a sarcomere by the ECM

and sarcomeres of neighboring muscle �bers can manipulate its length, hence its con-

tribution to muscular mechanics. Earlier, muscle �ber-ECM interactions were shown

to limit shortening of muscle �bers that lose their connections to the muscular origin

or insertion after surgical interventions of tenotomy [25] and aponeurotomy [81, 69].

On activation, sarcomeres of such muscle �bers should shorten to their active slack

length, if they are not mechanically restrained. The ECM provides this via their mu-

tual linkages. Taking into account this mechanism is highly relevant for understanding

mechanics of BTX-treated muscle. Within paralyzed muscle parts, muscle �bers cannot

shorten due to lack of excitation. Through muscle �ber-ECM interactions, this e�ect

is also imposed on activated muscle �bers leading to restrained shortening [75]. Re-

sulting LSE causes lmo to shift to lower lengths and active sarcomeres to attain lengths

favorable for force production. Therefore, modeling indicates that e�ects of BTX on

muscular mechanics, immediately after paralyzation settles down are not allied with

the expected role of the treated muscle on joint function.
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On the other hand, muscle ECM sti�ness is a parameter certainly relevant for

the third treatment aim. Yet, its e�ect should not be limited to that. Owing to the

mechanism described above, ECM sti�ness also a�ects muscles active parameters. Re-

cent experiments showed consistently, increased passive force of BTX treated muscles

[55, 11, 76] indicating enhanced ECM sti�ness. The present simulations of long-term

BTX treatment show that such ECM adaptations are further antagonistic to the ex-

pected role of the treated muscle on joint function. This con�rms our �rst hypothesis.

In the clinics, the treatment algorithm typically involves several intramuscular BTX

injections at 3-6 months periods between injections. This is frequently followed by

orthopedic surgery [94]. Therefore, contracture formation cannot be avoided [77]. We

dont know if ECM adaptations shown in animal experiments remain e�ective at least

in part also after expiry of BTX induced targeted paralytic e�ect. If they do, this alone

should be considered as a threat to the aim of avoiding a contracture formation and

even an elevator of such e�ect of spasticity [78]. These issues do deserve speci�c further

testing. However, the present simulations of post-BTX treatment conditions suggest

based on a persistent ECM adapted condition assumption that BTX treatment may

leave behind a muscle with mechanically even worsened contribution to joint function.

This con�rms our second hypothesis.

5.4 Implications and speci�c limitations of Animal experimen-

tation

The quantity of BTX-A used in the lower limb muscles of children with CP

ranges between 3 to 6U/kg [95, 92], and the volume injected ranges between 2.5 to

8ml/kg [95, 96], whereas the quantity and the volumes we injected were approximately

0.32U/kg and 64/kg, respectively. This injection protocol was determined with regard

to Shaari Sanders [9]. These authors tested the TA muscle of the rat after a single

mid-belly injection of BTX-A using doses ranging from 0.02U to 20.0U. We chose an

intermediate dose of 0.1U and used an injection volume in the same order of magnitude

as theirs. The substantial muscle force reductions shown indicate that this dose was
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quite e�ective. However, it is much smaller than typical clinical doses. Additionally,

dose and dilution volume values per kg used in other species, e.g., 3.5U-0.23ml in the cat

[10] and 1 to 10U-0.04ml in the rabbit, [6] indicate considerable variability. Therefore, a

general limitation for animal studies is that an explicit relationship with clinical practice

in terms of BTX-A dose cannot be made. On the other hand, injection of BTX-A into

the TA muscle causes paralysis in other muscles of the anterior crural compartment

as well [67, 11]. BTX-A has been shown to spread through muscle fascia [5]. Its

e�ects beyond the injection site have been reported [72, 95, 73] and are considered to

be side e�ects, [97, 98, 99] because they may make controlling of the e�ects of the

treatment di�cult. Therefore, the assessment of such e�ects is important, and despite

their limitations, animal models allow for controlled testing.

Stretch sensitive forms of muscle overactivity, including spasticity, spastic dysto-

nia, and spastic cocontraction are associated with exaggerated stretch re�exes resulting

from disinhibition due to an upper motor neuron lesion [100] and can lead to abnormal-

ities such as a spastic gait. Muscle hypertonicity [83, 84, 85] commonly occurs in the

lower extremities. BTX-A inhibits presynaptic acetylcholine release and causes muscle

paralysis [4]. This e�ect is therapeutic for decreasing muscle overactivity arising from

CP and other etiologies such as stroke [101] and multiple sclerosis [102]. Recently, the

forces of the activated spastic gracilis muscle of CP patients were measured directly

as a function of knee angle [70]. However, neither a narrow operational joint range of

force exertion nor a supreme active resistance capacity to stretch at low length was

found. Therefore, the muscle force-joint angle data were not representative of the joint

movement disorder. The target spastic muscle was stimulated exclusively. This sug-

gests that the movement de�ciency is caused by the integrated abnormal functioning

of several muscles upon simultaneous stimulation. This has been ascribed to EMFT

[70, 66]. In the characteristic �exed joint positions of CP patients, the spastic muscle is

at low length and should have a low capacity for active force exertion. Ates et al. [67]

support this, because the spastic muscles in �exed knee position were capable of exert-

ing only a portion (maximally 79%, and minimally 22%) of their peak force. However,

the antagonistic muscles attain higher lengths favorable for force exertion. Kreulen et

al. [103] showed the presence of EMFT in spastic paresis. Huijing [66] proposed that



53

inter-antagonistic EMFT, which has been shown to occur within an entire healthy limb

[65, 56] is responsible for an enhanced resistance capacity of spastic muscle to stretch.

Ates et al. [70] argued that the heterogeneity of the lengths of sarcomeres, [29, 34, 39]

within muscle �bers may lead to major shape changes in muscle length-force charac-

teristics [33, 29]. In the case of simultaneous activation of muscles in spastic paresis,

much enhanced myofascial loads can conceivably cause such heterogeneity. This can

change joint angle-muscle force characteristics to become more representative of the

abnormal movement.

As shown in a previous work that used histology [9], our �ndings show via

reduced active forces that BTX-A causes muscle paralysis. Chemodenervation has

been shown to cause altered sensory input [44, 46]. Cardoso et al. [48] demonstrated

with a meta-analysis that treatment of spastic equinus foot with BTX-A in CP patients

produced statistically signi�cant gait improvement. Therefore, reduction of spasticity

is plausible via reduction of muscle force and sensory e�ects of BTX-A. However, our

results also show that BTX-A eliminates EMFT, at least temporarily. Therefore, a

therapeutic e�ect in addition to reduction of spasticity can be removal of abnormal

integrated functioning of several muscles. In order for this implication to be relevant,

it is necessary �rst to establish the role of EMFT in spasticity. New �ndings contribute

to that, as spastic gracilis stimulated simultaneously with vastus medialis tends to

represent the movement limitation better [104]. Second, because short-term e�ects were

tested here it is necessary to determine the long-term e�ects of BTX-A on adaptation

of epimuscular myofascial structures and on EMFT. Whether EMFT plays a role after

BTX-A e�ects cease needs to be assessed further.

Obviously, completely isometric testing is an idealization. Yet, for multi-articular

muscles, relative position changes may involve limited muscle length changes[71]. For

the gastrocnemius muscle Cleland measured the distance from the superior to the in-

ferior attachment when both knee and ankle were completely �exed and extended and

showed that the muscle length remains unchanged [71]. Gruner et al. [105] reported

that a substantial portion of the stride of rats includes knee extension together with

plantar-�exion or knee �exion together with dorsi�exion. Therefore, multi-articular
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lower leg muscles are exposed to simultaneously occurring lengthening and shortening

at opposite ends. For the part of human gait cycle, which involves knee extension

together with plantar �exion, gastrocnemius length is fairly constant [106]. These

�ndings indicate a reasonable representation of our testing for joint motion in vivo.

Position changes of a multi-articular muscle can coincide with decreased length of

mono-articular synergistic muscles which was shown to cause more pronounced active

force reduction e�ect of BTX-A [67, 15, 10, 11]. For example, in combined knee exten-

sion and plantar �exion, as the gastrocnemius attains a proximal position, the soleus

becomes shortened. This implies that, after exposure to BTX-A, the contribution of

a�ected plantar �exor muscles to ankle joint moment is compromised much more at

such joint positions. Muscle weakness is the primary source of impaired function in the

upper motor neuron syndrome in cerebral palsy [107] with spastic paresis [40]. Exces-

sive muscle weakening has been considered to be an adverse e�ect [101, 97, 96, 108].

Consequently, BTX-A induced muscle weakening is to be controlled [53]. We suggest

that for such control, the possibility for increased weakness at certain joint positions

should be taken into account.

5.5 Muscle model limitations

Our model is incapable of distinguishing intra- and extrafusal e�ects and dy-

namic conditions are not modeled. Such model conditions should be considered in

future studies for a more comprehensive understanding of the e�ects. Note that, the

clinical conditions may di�er from the modeled ones. Firstly, spastic muscle mechani-

cal properties (for detailed discussions of such properties see Yucesoy Huijing [30] and

Huijing [66]) were not modeled presently. Potential limitations of this were addressed

previously for modeling of surgery [30, 69]. Spastic muscle tissue was reported to be

sti�er than normal (e.g., [109, 110]. Its collagen content may correlate positively with

the severity of the disorder (e.g., [111] suggesting a sti�er ECM. An ECM sti�er than

modeled may increase resistance to sarcomere shortening due to enhanced MFT and

LSE caused by co-existence of activated-paralyzed muscle parts may even become more

pronounced. On the other hand, adaptation to a prolonged shortened state is consid-
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ered to yield shortened muscle �bers and a reduction in the number of sarcomeres [112].

However, unchanged fascicle lengths have also been reported [113]. In contrast to what

can be expected from a muscle with increased sarcomere lengths [114], Ates et al. [67]

showed that at shorter lengths, spastic muscle produces no particularly high force,

and at long lengths, muscle force is still comparable to the optimal force. Therefore,

possible e�ects of not modeling adapted fascicle lengths are not immediately apparent

because its actual occurrence and direction of adaptation is not clear.

Secondly, paralysis of half of the muscle volume is a model idealization. In ani-

mal studies, a certain paralyzed muscle volume was shown near the injection location

[9]. However, due to its di�usivity [5], BTX is known to produce a dose dependent gra-

dient of denervation determining the muscle volume paralyzed [6]. In clinical practice,

multiple injections are common [115]. Therefore, it is not well de�ned, which part(s)

of BTX-treated muscle are paralyzed and our models are not capable of characterizing

why and how such patterns of paralysis exist. On the other hand, a process involving

inactivation of synaptosomal-associated protein [116] determines to what extent BTX

induces paralysis of �bers. However, muscle �bers are paralyzed entirely by complete

inhibition of evoked neurotransmitter release [117, 118]. Therefore, our choice to model

fully functional in combination with fully paralyzed muscle �bers is tenable.

Thirdly, representativeness of the model geometry should be discussed (see ap-

pendix for full details). Rat EDL is a unipennate muscle with a pennation angle=

9.0±1.1o [119], measured as the angle between muscle �bers and the distal muscle ten-

don. In human, its pennation angle is comparable (10.8±2.8o), and �ber length/muscle

length ratio (lf/lm)=0.24±0.04 [120]. Several of lower extremity muscles subject to

BTX-treatment [47] have a smaller (e.g., pennation angle of vastus intermedius=

4.5±4.5o; lf/lm of extensor hallucis longus=0.31±0.06) or greater (e.g., pennation angle

of soleus= 28.2±10.1o; lf/lm of gracilis=0.79±0.08) pennation angle and lf/lm [120].

Therefore, geometric di�erences do exist among BTX-treated muscles and the present

model is not representative of many muscles directly. However, in principle LSE as

a result of muscle �ber-ECM interactions is expected to occur in all muscles. Yet,

muscle pennation angle may manipulate the e�ect. In muscles with a small pennation
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angle, because a higher fraction of lm change is imposed on its muscle �bers, global

muscle lengthening may cause more muscle �ber stretch. This can enhance the e�ect.

Within more pennate muscles, the opposite is likely. Among similarly pennate mus-

cles, activation may cause muscle �bers to shorten more for smaller lf/lm than bigger,

particularly at the mid-muscle belly location because active �ber forces are likely to

curve a longer aponeurosis more. However, BTX-induced partial-paralysis may limit

this and increase the LSE. Not all muscles are unipennate. Within multipennate ar-

rays, the reduced shortening of muscle �bers compensate for the loss of �ber force due

to angulation [121] suggesting that LSE will be more pronounced.

It should also be acknowledged that (i) Modeled muscle mechanical properties

represent those of healthy muscle, whereas spastic muscle tissue was reported to be

sti�er than normal (e.g., [109, 110]. However, we do address here e�ects of an en-

hanced ECM sti�ness on muscular mechanics representative of the period of spasticity

management. Therefore, principles of muscle tissue sti�ening are considered. Our ex-

perimental �ndings suggest that BTX may even contribute to that. On the other hand,

BTX induced enhanced ECM sti�ness is a newly shown e�ect and it is not known if col-

lagen content increase is more pronounced in certain directions. For healthy rat muscle

Jarvinen et al. [122] indicated long axis of the muscle �bers as the main collagen �ber

orientation of the endomysium. They reported collagen also running perpendicularly

to the long axis interconnecting adjacent muscle �bers, and collagen �bers attached to

the intramuscular nerves and arteries. The later two networks may provide also shear

resistance of the endomysium. Presently for the adapted ECM properties employed in

long-term and post-treatment models we imposed a uniform increase of sti�ness in the

muscle �ber, cross-muscle �ber and thickness directions to characterize experimentally

measured passive force enhancement. Because no report of altered shear sti�ness of the

ECM is available for BTX-treated muscle, we imposed no shear sti�ness change. Note

that on immobilization, Jarvinen et al. [122] showed increased collagen content and

indistinguishable patterns of the various networks of �bers implying an inhomogeneous

orientation of added collagen �bers. Despite being probably a quite di�erent situation

compared to BTX induced partial paralysis, this suggests that changes to shear sti�-

ness are not unlikely. These issues require further speci�c attention. (ii) Entire muscle
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�bers get paralyzed by inhibition of neurotransmitter release due to BTX injection

[117, 118]. Therefore, modeling completely paralyzed or activated parts within the

muscle is tenable. Yet, the paralyzation pattern considered is an idealization because

a more complex pattern is plausible owing to multiple injection protocols used in the

clinical practice [115]. However, modeling indicates that the more complex the pattern

gets, the more pronounced are muscle �ber-ECM interactions and their e�ects on mus-

cular mechanics [75]. Therefore, the present �ndings may be considered to represent

the general principles of e�ects of partial paralyzation occurring during the period of

spasticity management.

Based on these points discussed above and other potential issues not addressed

here, model �ndings are not to be considered as representative of the treated mus-

cle directly. However, they do raise important points worth elaborating on in future

studies. In summary, LSE and its re�ection on muscular mechanics are plausible auto-

matic e�ects of partial paralyzation. Therefore, some adverse e�ects of BTX on joint

function may be inevitable and these can compromise the therapeutic e�ect of reduced

spasticity. It is important to optimize those though. However, with ECM adaptations

shown in animal experiments incorporated, the present modeling indicates that this

wont be a constant e�ect in the longer term. Instead, adverse e�ects on joint func-

tion may become more pronounced. This may further compromise bene�ts of reduced

spasticity during the period of spasticity management. Moreover, present simulation of

post-treatment condition suggests that when spasticity management is terminated, the

treated muscle may become a less suitable motor for already compromised movement

of CP patients. A key issue for the long-term- and post-BTX treatment e�ects is ECM

adaptations. This may not only a�ect muscular mechanics as shown in the present

�ndings, but may even contribute to contracture formation. Therefore, we suggest

that this issue is one that future research should focus on.
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5.6 Future Directions

One of the main results of the experimental study in chapter 3 was the di-

minished epimuscular myofascial force transmission. The importance of this result is

twofold: (1) The intramuscular e�ects of BTX becomes sole de�ner of the e�ects of

BTX of that individual muscle if no interaction occurs between muscles. (2) Ates et

al. [67] showed that when activated alone spastic Human Gracilis muscle show no

abnormal muscular mechanics suggesting interactions between muscles are crucial in

abnormal function seen at the joints. The latter reason especially necessitates an ex-

planation to how and under which conditions such an e�ect arises and to study this

loss of interactions, modeling of the entire compartment would be necessary. In the

next section a compartment model is described to be used for such purposes.

5.7 Model Of Anterior Crural Compartment (ACC) Muscles

With Epimuscular Connections

Amodel of the ACC muscles at their intersection plane (Figure 5.1a) was created

to represent the principles of epimuscular myofascial force transmission within the

compartment. Geometric measurements of the muscles were used to form a longitudinal

slice (Figure 5.1b) of each of the rat ACC muscles: Extensor Digitorum Longus (EDL),

Tibialis Anterior (TA) and Extensor Hallucis Longus (EHL).

The muscles are modeled as unipennate in accordance to individual pennation

angles and minimal variation of the �ber direction within the muscle bellies. Note

that high �ber direction variation at the origin of TA can not be modeled. However

this area is limited to less than 1% of the TA muscle length and therefore can be

ignored. Muscle volumes were adjusted with experimental data. Three muscle elements

in series and sixteen for EDL, two for EHL and eight for TA in parallel �ll the model

volumes. Therefore any collection of three muscle elements arranged in series represents

a muscle fascicle. All aponeurosis elements have identical mechanical properties but
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Figure 5.1 Compartment model representation (a) Histological view of a transverse section of the
compartment muscles. The compartment is removed as a whole to keep the muscles, their relative
positions and their connections intact. The region modeled and the neurovascular tract are indicated
with a red rectangle and arrow. (b) The compartment model geometry.

using a variable thickness in the �ber-cross �ber plane, the increasing cross-sectional

area of the aponeurosis toward the tendon [123] is accounted for. Anterior intermuscular

septum separating the ACC and Peroneal compartment [31] is modeled as a uniform

slab composed of elements with identical mechanical properties for a proper origin of

EHL muscle that is also connected to the septum along its length. Direct intermuscular

connections at the muscle interfaces due to continuous nature of muscle epimysia are

also realized using COMBIN39 element connected at the nodes.

Table 5.1

Anterior Crural Compartment Muscles' Dimensions

EDL TA EHL

Muscle Length 28.7 mm 25.38 mm 14.7 mm

Proximal tendon length 17.0 mm - -

Distal tendon Length 19.7 mm 8.70 mm 6.8 mm

Muscle width - 3.88 mm (rounded up to 4) 1.5 mm

Muscle mass 0.161 g 0.588 g 0.016 g

Neurovascular tract is the most important link between synergistic muscles me-

chanically. It is a continuous collagen network, which reinforces the nerves innervating

muscle �bers and the blood vessels entering the muscle. The tract is modeled with a

main body of spring elements and branches out to represent the extramuscular connec-

tive tissue sheets to the muscles. Due to the collagen-reinforced structure, the proximal

portions of the these sheets were shown to be much sti�er than the remainder of the
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sheet [34]. This is taken into account by sti�er extramuscular links at the proximal

nodes. Medially, the tract is connected to the inter-muscular septum and interosseal

membrane. To account for such links the tract is also connected to the ground elas-

tically. The spring element COMBIN39 with linear sti�ness characteristics was used

with di�erent sti�ness for the main body, extramuscular links and the septum con-

nections. A suitable sti�ness determined previously between the experimental and

modeled muscle forces, was used [34].

5.7.1 TA Muscle Anatomy And Its Model

Tibialis Anterior (TA) muscle is located laterally in the anterior crural compart-

ment of the rat. It covers the other two compartment muscles i.e., the EDL and EHL

and it is 3.6 times and 37 times larger in size compared to EDL and EHL, respectively.

The muscle �bers of the TA originate from the proximal head of the tibia and the

interosseus membrane (Figure 5.2). In human, the TA is a symmetrically bipennate

muscle with a consistent architecture between its unipennate parts [124] except for

the most proximal side (app. 7% of muscle length). At the most proximal part, the

muscle �bers are attached to the bone at a high �ber direction variation. Distal to this

region, the muscle �bers are relatively parallel to the plane on insertion [125]. The TA

is a bipennate muscle and hence, the aponeurosis forms inside the muscle. The muscle

�bers insert at depths of the muscle in this intramuscular part of the distal TA tendon

[125]. Pinned down by the retinaculae at the ankle joint, the distal tendon is attached

to the metatarsal bones of the foot.

Several passive structure elements connect the TA to its surroundings. The

nerves and blood vessels embedded in sheets of connective tissue (neurovascular tracts)

reach the TA and the other muscles of the compartment. Coming from the peroneal

compartment and entering through a fenestration in the anterior intermuscular septum

into the anterior compartment, the neurovascular tract lies along the interface of the

compartment muscles and branches out to the muscles. These connective tissue sheets

are continuous with the intramuscular connective tissues and are much denser along
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Figure 5.2 Lateral view of ACC compartment. TA is pulled out to reveal EDL muscle under-
neath. Origin of TA is dissected from the tibia and septum. EDL is reverted to reveal the proximal
aponeurosis.

approximately the proximal 2/5 of the muscle length. Additionally, the frontal part

of the epimysium of the TA is thought to be connected with the epimysium of the

biceps femoris muscle [31] along with the crural fascia that covers the surface of the

TA [60]. Although considered as weak, direct collagenous connections between the TA

and other compartment muscles are also present [31].

In our model, the portion of the TA muscle located at the interface with the rest

of the compartments muscles is modeled. Figure 5.3 shows a 3D model of EDL, EHL

muscles and the septum and a cross-section of the compartment model and the locations

of the slices selected to model the three muscles. As such, the TA model represents one

of the two parts of the bipennate rat TA. Consequently, it is modeled as a unipennate

muscle. In the part of the TA modeled, the muscle �bers have the following origins:

Proximal connections to the ground and the septum are present from the muscle body

directly without aponeurosis. EDL muscle has its proximal tendon �xed to the ground

In order to represent the modeled muscle volume and to operationalize these model

choices, two longitudinal muscle slices are developed with proximally the muscle �bers

�xed to the mechanical ground (representative of tibial origins) and to the septum and

distally inserting to an aponeurosis.

A two-layered TA model is utilized for proper connections to the septum shared

with EHL muscle: a layer for the origin of the EHL muscle and a second layer according
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Figure 5.3 Model representation of EDL and EHL (A) 3D model of EDL, EHL muscles and the
septum and (B) a cross-section of the compartment model and the locations of the slices selected to
model the three muscles.

to TA volume are developed. Three muscle elements in series and eight in parallel

�ll each layer. Therefore any collection of three muscle elements arranged in series

represents a big muscle fascicle.

Epimuscular connections to the TA muscle consist of (i) the neurovascular tract

and (ii) direct collagenous connections to the other compartment muscles. In order

to model the muscles epimuscular connections, the matrix mesh was linked at the

most proximal 4/9 set of nodes to the neurovascular tract and at the remaining nodes

to the other muscles (Figure 5.4) the using spring elements, COMBIN39. The spring

elements were set to be uniaxial and have linear length-force characteristics. A sti�ness

determined previously between the experimental and modeled muscle forces, was used

[34].

5.8 Conclusion

In this thesis, the changes in the mechanical mechanism of the muscle due to

Botulinum toxin treatment have been studied using computational and experimental

methods. The computational method, namely �nite element model of the muscle,

provided valuable mechanical parameters while experimental study on the Wistar rats
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Figure 5.4 The components of the neurovascular tract and its location. (The TA is removed for
visualization). Sti�er connections containing neurovascular (shown with red) and remaining compliant
connection (shown with blue) connected to a base tract (shown with green) are shown. As these sheets
are continuous with the intramuscular connective tissue of the compartment muscles and non-muscular
tissues, the tract is �xed to the ground at both ends.

provided essential inputs that guided the study.

The isolated muscle model of the partial paralysis described in chapter 2 revealed

the mechanism causing an increased potential of force production and also explained

length dependency of the BTX induced force reduction. Such a system induces a

shift of active slack length and therefore decreases the length range of force exertion.

Managing the force reduction at di�erent muscle length has functional importance: (i)

The hypertonic spastic muscle is thought to limit the �exor muscles to short lengths by

keeping the joint at a �exed position [83, 84, 85]. For such a muscle, more pronounced

force reduction at short lengths is more desirable. (ii) It is also discussed that muscle

weakness itself is a problem in spasticity (e.g., [53]). The increased force production

potential would counteract the BTXinduced weakness as a function of length.

The interactions between the �ber and the extracellular matrix, i.e. intramus-

cular myofascial force transmission, are a key concept in understanding the source of

these e�ects. Moreover, it is also shown that such interactions is not limited to �ber

and ECM [56, 29, 69]. The mechanical system within the compartment can be expected

to get a�ected from such changes in the muscle. And the fact that force reduction is

seen within the entire compartment [11] due to toxin di�usion [5] increases the likeli-

hood of such an alterations in the intermuscular interactions. However, experimental

results in chapter 3 showed an entirely di�erent scenario. Accordingly, the epimuscular

myofascial force transmission diminished due to BTX. Additionally, the intramuscular
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collagen content and hence the ECM sti�ness is shown to increase. Such results proved

that in case of BTX application, the e�ects of the toxin on the individual muscles are

central to its mechanical e�ects.

With such knowledge, our modeling scenario in chapter 4 focused on the time

course of the toxin. By manipulating the ECM sti�ness of the muscle element of the

model, long-term and post-treatment e�ects of such a property change is studied. It

has been shown that in case of a permanent change in sti�ness, decreased length range

and higher force production due to longer sarcomeres at low lengths may persist: The

decreased joint range [90] and increased joint sti�ness [91] is ascribed to contracture

formation due to tissue property changes. Therefore long term changes in the morphol-

ogy and shown accompanying adverse mechanical e�ects are important in management

of spasticity.
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APPENDIX A. Description of the "Linked Fiber-Matrix Mesh

model"

Using the linked �ber-matrix mesh model (LFMM model [126]) created in ac-

cordance with experimental data on muscle properties, skeletal muscle is considered

explicitly as two separate domains: (1) the intracellular domain and (2) extracellu-

lar matrix domain. The transsarcolemmal attachments are considered as elastic links

between the two domains.

Two self-programmed elements were developed and were introduced as user-

de�ned elements into the �nite element program ANSYS 9.0: (1) extracellular matrix

element represents the collagen reinforced extracellular matrix, which includes the basal

lamina and connective tissue components such as endomysium, perimysium and epimy-

sium. (2) myo�ber element models the muscle �bers. Within the biological context,

each combined muscle element represents a segment of a bundle of muscle �bers with

identical material properties, its connective tissues and the links between them. This

is realized as a linked system of extracellular matrix and myo�ber elements (for a

schematic 2D-representation of an arrangement of these muscle elements see [126]). A

whole fascicle is constructed by putting three muscle elements in series.

In the LFMM model, the extracellular matrix domain is represented by a mesh

of extracellular matrix elements (matrix mesh). In the same space, a separate mesh of

myo�ber elements is built to represent the intracellular domain (�ber mesh). The two

meshes are rigidly connected to single layers of elements modeling proximal and distal

aponeuroses: a node representing myotendinous connection sites is the common node

of all three (extracellular matrix, myo�ber and aponeurosis) elements. In contrast, at

the intermediate nodes, �ber and matrix meshes are linked elastically to represent the

transmembranous attachments of the cytoskeleton and extracellular matrix. For these

links (the model includes a total of 28 of them: 14 in each of the upper and lower

model surfaces) the standard element, COMBIN39 is used from the element library of
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ANSYS 9.0. This is a 2-node spring element, which is set to be uni-axial and have

linear high sti�ness characteristics representing non-pathological connections between

the muscle �bers and the extracellular matrix (for an analysis of the e�ects of sti� or

compliant links see [126]). Note that at the initial muscle length (28.7 mm) and in

passive condition, these links have a length equaling zero.

Extracellular matrix and myo�ber elements have eight nodes, linear interpola-

tion functions and a large deformation analysis formulation are applied. A 3D local

coordinate system representing the �ber, cross-�ber (normal to the �ber direction), and

thickness directions is used. The stress formulation S based on Second Piola-Kircho�

de�nition constitutes the derivative of the strain energy density function, W ; with

respect to the Green-Lagrange strain tensor, LG.

S =
dW

dLG
(A.1)

A.0.1 Extracellular Matrix Element

The strain energy density function mechanically characterizing the extracellular

matrix includes two parts:

W = W1 +W2 (A.2)

The �rst part represents the non-linear and anisotropic material properties [79]:

W1 = k.(eaij .zij − aij.εij) for εij > 0 or, (A.3)

W1 = −Wij(|εij|) for εij < 0 and i 6= j (A.4)

where εij are the Green-Lagrange strains in the local coordinates. The indices i =

1, ..., 3 and j = 1, ..., 3 represent the local cross-�ber, �ber and thickness directions,

respectively. aij and k are constants (Table 2.1). The resulting stress-strain curves are

shown in Figure A.1.
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Figure A.1 Passive non-linear and anisotropic material properties of the extracellular matrix element
in the local coordinates

The second part includes a penalty function to account for the constancy of

muscle volume

W2 = Ss.(I3 − 1)2 + Sf .(I
3
avg − 1) (A.5)

where I3 is the third invariant (determinant) of the Right Cauchy-Green strain tensor

and is a measure for the local volume for each Gaussian point. To conserve the local

volumes (i.e. I3 equals unity), the element is considered as incompressible solid. In

contrast, if the weighted mean of all I3s per element (I3avg) is kept as unity, the element

is considered to be a �uid. Using the penalty parameters ls (for the solid volume) and lf

(for the �uid volume) (Table 1), the emphasis given for each part can be manipulated.

A.0.2 Myo�ber Element

Maximally activated muscle is studied and within the muscle �bers, sarcomeres

are assumed to have identical material properties. The force-velocity characteristics

are not considered due to the isometric nature of the present work. The total stress

for the intracellular domain (σ22f ) is a Cauchy stress acting only in the local �ber

direction and is the sum of the active stress of the contractile elements (σ22contr) and
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the stress due to intracellular passive tension (σ22icp). To de�ne the active length-force

characteristics, an exponential function (Figure A.2) was �t to the experimental data

of small rat GM �ber bundles [127]. This function is scaled such that at optimum

length, the �ber direction strain (ε22) is zero and the maximal stress value is unity,

σ22contr(ε22) = b3e
b2ε322 for εij > 0 or, (A.6)

σ22contr(ε22) = b3e
b1ε422 for εij < 0 (A.7)

where b1, b2 and b3 are constants

Figure A.2 Active stress strain properties of the myo�ber element representing the contractile
apparatus, which is only valid for the local �ber direction

The source of intracellular passive tension is the intrasarcomeric cytoskeleton

[128], which is composed of several proteins. In this work, titin is considered to play the

dominant role. Experimental tension-sarcomere length data [128] for a single rabbit

skeletal muscle �ber was �tted using a parabolic function (Figure A.3) and scaled to

make it compatible to the stress-strain characteristics of the contractile part.

σ22contr(ε22) = t1ε
2
22 + t2ε22 + t3 for ε22 > 0 and (A.8)
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σ22contr(ε22) = 0 for ε22 < 0 (A.9)

where t1, t2, and t3 are constants.

Figure A.3 Mechanical properties representing the titin �laments which is dominating the passive
resistance in the myo�ber element valid only in the local �ber direction.

A.0.3 Aponeurosis Element

In order to represent the aponeuroses, a standard 3D, 8-node element HYPER58,

from the element library of ANSYS 9.0 is used. This element has a hyperelastic me-

chanical formulation for which the strain energy density function is de�ned using the

two parameter Mooney-Rivlin material law:

W = a10(I1 − 3) + a01(I2 − 3) +
K

2
(I3 − 1)2 (A.10)

where, I i are reduced invariants of right-Cauchy strain tensor for i = 1, ..., 3, a10

and a01 are Mooney-Rivlin material constants, K = 2(a10 + a01)/(1 − 2ν) is the bulk

modulus and ν is the Poisson's ratio. The parameters used (Table 5.1) ensure su�cient

sti�ness for the aponeuroses for a representative role in force transmission and providing

muscular integrity as in real muscle.

It is assumed that, at the initial muscle length in the passive state, the sarcom-
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eres arranged in series within muscle �bers have identical lengths. Fiber direction strain

within the �ber mesh allows assessment of the non-uniformity of lengths of sarcomeres:

positive strain re�ects lengthening and negative strain re�ects shortening. Note that

zero strain represents the undeformed state of sarcomeres (i.e., sarcomere length: 2.5

) in the passive condition at initial muscle length. Model results obtained for muscle

length equaling 25.2 mm (referred to as low muscle length) as well as muscle optimum

length were studied in particular.

A.0.4 Model of Isolated Intact EDL Muscle

EDL muscle of the rat was modeled. This muscle has a relatively simple ge-

ometry: it is a unipennate muscle with rather small pennation angles and minimal

variation of the �ber direction within the muscle belly. The geometry of the model

is de�ned as the contour of a longitudinal slice at the middle of the isolated rat EDL

muscle belly. Three muscle elements in series and sixteen in parallel �ll this slice. All

aponeurosis elements have identical mechanical properties but using a variable thick-

ness in the �ber-cross �ber plane, the increasing cross-sectional area of the aponeurosis

toward the tendon is accounted for [123]. This model (referred to as non-paralyzed

muscle) was studied after the entire muscle elements were activated maximally (for a

description of the activation procedure see [27]). Three fundamental muscle data are

collected from the models: Length-force relationship, strain distribution and stress dis-

tribution. Length-force data usually can not be obtained for the entire active range of

motion, therefore is extrapolated at low lengths. For this purpose curve �tting toolbox

of Matlab was used. Note that the model generated and described by Yucesoy et al.

[27] has been validated with experimental data and a �ner mesh is created in accor-

dance with this model. The reliability of the new model is con�rmed by comparison

with previous mesh and presented in the results section.
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