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ABSTRACT

Assessment of Active State Titin's E�ects on Muscle
Mechanics Using Finite Element Modeling

Calcium dependent mechanical behaviors characterize titin's contribution to

force production in three-myo�lament paradigm: (1) Sti�ening of PEVK (Proline,

Glutamate, Valine, Lysine) segment, and (2) reduction of free-spring length via N2A-

titin binding. This thesis is focused on the introduction of an alternative perspective

to the analysis of titin with incorporating epimuscular myofascial loads. Isolated and

integrated rat muscle �nite element model variations were used with three titin models:

passive state titin, active state titin-I and active state titin-II. Results of isolated model

showed that active state titin-I and II limits sarcomere shortening (lm = 32.7mm: up

to 10% and 20%, respectively). Such shorter sarcomere e�ect characterizes active state

titin's mechanism of e�ects. Integrated models showed that the shorter sarcomere e�ect

becomes an inconsistent and variable mechanism: Shorter sarcomere e�ect is further

enhanced for proximal fascicle interfaces (by 30.2% and 31.0%, respectively) whereas it

is also diminished for remaining fascicles (by 10.3% and 14.0%, respectively), but even a

longer sarcomere e�ect is shown. Overall, titin's mechanism of e�ect and functionality

are manipulated by epimuscular myofascial force transmission. This implies a new

approach for the 3-miyo�lament model: For the analysis of the components of the

contractile machinery, contribution to force production and contribution to muscle

mechanics should be assessed with alternative perspectives. Titin's calcium dependent

mechanical behaviors belong to former as these increases its sti�ness, whereas shorter

sarcomere e�ect belongs to latter as this mechanism further translates its e�ect to other

components as well as to length-force characteristics. These together comprehensively

de�ne titin's contribution as a third myo�lament.

Keywords: Force Enhancement, Titin, Shorter Sarcomere E�ect, Epimuscular My-

ofascial Force Transmission, Epimuscular Myofascial Loads, Finite Element Modeling
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ÖZET

Aktif Ko³ul Titin'in Kas Mekanikleri Üzerindeki Etkisinin
Sonlu Elemanlar Modellemesi ile �ncelenmesi

Kalsiyum ba§lant�l� mekaniksel davran�³lar� titinin üç-miyo�laman paradig-

mas� dahilinde kuvvet üretimini karakterize etmektedir: (1) PEVK (Prolin, Glutamat,

Valin, Lizin) segmentinin sertle³mesi ve (2) N2A-titin etkile³imi ile serbest yay uzun-

lu§unun k�salmas�. Bu tez, titinin epimüsküler yüklerin dahil edildi§i alternatif bir

perspekti�e analizlerine odaklanmaktad�r. �zole ve entegre s�çan sonlu elemanlar kas

model varyasyonlar� üç farkl� titin modeli ile birlikte kullan�lm�³t�r: pasif ko³ul titin,

aktif ko³ul titin-I ve aktif ko³ul titin-II. �zole kas modeli sonuçlar� aktif ko³ul titin-I ve

titin-II'nin sarkomer uzamas�n� s�n�rlad�§�n� (lm = 32.7mm: s�ras�yla %10'a ve %20'ye

kadar) göstermi³tir. Bu k�sa sarkomer etkisi aktif ko³ul titinin etki mekanizmas�d�r.

Entegre kas modelleri sonuçlar� k�sa sarkomer etkisinin dengesiz ve ba§�ml� bir de§i³ken

haline geldi§in göstermektedir: k�sa sarkomer etkisi proksimal fasiküller için geli³mi³

(s�ras�yla %30.2 ve %31.0), kalan fasiküller için ise azalm�³t�r (s�ras�yla %10.3 ve %14.0)

ve uzun sarkomer etkisi görülmü³tür. Titinin etki mekanizmas� ve fonsiyonel etkileri

epimüsküler miyoba§doku kuvvet iletimi taraf�ndan manipüle edilmi³tir. Bu bulgu-

lar 3-miyo�laman modeli için yeni bir yakla³�m ifade eder: Kontraktil modeli kom-

ponentlerinin analizlerinde kuvvet art�³�na katk�s� ve kas mekaniklerine katk�s� farkl�

perspekti�er ile ele al�nmal�d�r. Titinin kalsiyum ba§lant�l� mekaniksel davran�³lar�

titinin sertli§ini artt�rd�§� için ilkine dahildir. Öte yandan, k�sa sarkomer etkisi ise

titinin etkisini di§er komponentlere ve kuvvet-uzunluk karakteristiklerine iletti§i için

ikincisine dahildir. Bu özellikler titinin üçüncü miyo�laman olarak katk�s�n� kapsaml�

olarak tan�mlamaktad�r.

Anahtar Sözcükler: Kuvvet Art�³�, Titin, K�sa Sarkomer Etkisi, Epimüsküler Miy-

oba§doku Kuvvet �letimi, Epimüsküler Yükler, Sonlu Elemenlar Modeli.
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1. INTRODUCTION

1.1 Two-Myo�lament Model

Two-myo�lament model (or "cross-bridge theory" & "sliding �lament theory")

is widely accepted in the literature as to represent muscle contraction[1],[2] where active

force production is based on the degree of overlap between actin and myosin[3][4]. In

this model, the force is produced by the thick �laments (myosin) interacting with thin

�laments (actin) through the myosin heads in cycles and pulling thin �laments. Overall,

this two-myo�lament model is regarded as a valid representation of the muscle con-

traction behavior, especially isometric and concentric contractions. On the other hand,

this model falls also short on several ends[5],[6] such as predicting sarcomere character-

istics in eccentric contraction[5] and cases where observed force simply di�ers from the

force predicted by the model i.e., static sti�ness[7], residual force enhancement[8],[9],

and force depression[10]. The inaccuracies and shortcomings of the two-myo�lament

model based the motivation to seek for a new contraction paradigm including titin[11],

a sarcomeric protein discovered later then the development of sliding �lament theory.

1.2 Titin Structure

Titin, is a large proteins[12] that spans the half-sarcomere. Titin's N terminus

begins at Z-line to C terminus ends at M-line[13],[14], and is considered the back-

bone of the sarcomere[15]. Titin isoforms di�erentiated by alternative splicing events

have structural di�erences[12]. nonetheless, general structure of titin in skeletal muscle

(Figure1.1)[14]: (A-band) this sti� section is mostly contains immunoglobulin (Ig) and

�bronectin repeats, and highly associated with myosin[16]. (I-band) The elastic sec-

tion is composed of proximal Ig tandem, N2A region, proline glutamate valine lysine

(PEVK) segment, and distal Ig tandem. Proximal Ig tandem elongates at low forces,

whereas extention of PEVK segment begins at high forces[17],[18]. Overall, intra cellu-
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lar passive tension of the sarcomere has been predominantly attributed to titin[19],[20].

Figure 1.1 Sarcomere structure including three main components: actin (thin �lament), myosin
(thick �lament), and titin. Titin is further demonstrated as its regions, proximal & distal Ig tandems
with PEVK and N2A regions

1.3 Titin's Role in Passive and Active Muscle Mechanics

Titin is ascribed with various roles within the sarcomere, among these roles

are signaling, sensing[21],[22], passive tension[23], sarcomere integrity[24], and preserv-

ing thick �lament's position within the sarcomere[25] that helps functioning of other

�laments.

However, titin's role is not restricted to those mentioned above. Titin's involve-

ment in active contraction was proposed recently: It was shown that titin sti�ness

reaches substantial levels and contributes to force before cross-bridge formation[7], re-

mains for a brief period after muscle �ber is deactivated[26], and can account for the

excess force observed in cases like static sti�ness[27] and RFE[28]. However, as the con-

nection between these phenomena and titin is established, mechanism of titin regarding

these force contributions remains elusive.

Thus, several potential mechanisms potentially explaining titin's involvement in
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active muscle mechanics are proposed[29]:

1.3.1 Elastic recoil and elastic energy storage

Titin's spring-like structure is a basis for titin to react to rapid length changes

(e.g., energy storage with stretching & release upon shortening). This elastic recoil

was shown in experiments[30], a potential behavior of titin to contribute to muscle

dynamics, considering that titin can reach adequate stretch levels within physiological

sarcomere ranges[31].

1.3.2 Ig domain unfolding/refolding

Titin's elasticity is mostly due to its highly elastic I-band. Heterogeneous struc-

ture of titin cause non-uniform elongation of the I-band: Upon initial stretch, highly

elastic Ig tandem segment is primarily elongated whereas PEVK elongation begins at

higher levels of stretch[18]. This unfolding/refolding behavior of Ig tandem was further

characterized[32], and it was shown that this behavior can occur under physiological

stretch levels[33] as titin's response to stretch[29].

1.3.3 Calcium dependent sti�ening

Another model developed to explain titin's involvement in active muscle me-

chanics is the modi�cation of its sti�ness in a calcium-dependent manner. It was

shown that titin has a calcium a�nity[34] and that E-rich motifs in the PEVK seg-

ment binds to calcium with high a�nity, increasing sti�ness of titin[35]. However, this

sti�ness elevation was not enough to account for excess force observed alone[36], and

titin-actin interaction is suggested[37] as an additional calcium-dependent mechanism

that further increases the sti�ness.
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Among these, calcium-dependent sti�ness increase is of interest: (1) Both elastic

recoil and Ig domain unfolding-refolding mechanisms describe a more complex struc-

ture of "passive" spring whereas calcium-dependent behaviors characterize a more "ac-

tive" behavior. (2) For both elastic recoil and Ig domain unfolding-refolding mecha-

nisms, physiological parameters (e.g., working sarcomere length) needs to be ensured

for these mechanisms to function, whereas for the calcium dependent mechanisms,

titin "actively" alters its structure to become relevant in the physiological range. (3)

Among the calcium-dependent mechanical behaviors, titin binding to actin will po-

tentially render proximal Ig tandem inextensible and a�ect elastic recoil behavior due

to shortened free-spring length, e�ectively manipulating the other two mechanisms.

Titin-actin interaction in skeletal muscle is only studied recently: Responsible Ig parts

of N2A segment and associated properties (e.g. calcium concentration dependency, its

strength and its stability) are discovered in vitro[38]. Furthermore, titin-based sti�-

ness increase with the role of this mechanism on muscle mechanics were recently shown

experimentally[39],[40][41]. These �ndings reinforced the idea[37] of reduction in titin's

free-spring length by titin-actin interaction through N2A region.

1.4 Scope of Titin Literature

Studies in general based on protein engineering, myo�bril or muscle �ber-based

experiments[35],[28],[42]. Such isolated experimental setups enabled analysis of titin

exclusively in terms of its structure and mechanism. Recent experiments of whole

muscles[39],[40] provided a more complete analysis of titin's role in muscle mechanics.

However, potential contribution of connective tissues are excluded in those experiments.

Specimens like constituted protein structures or myo�brils are even more isolated as

presence of the connective tissue, as well as its e�ects, is minimal to none[28],[43].

On the other hand, possible e�ects of connective tissue is minimized in experiments

with whole muscles[40]. Hence, the current experiments tend to exclude the connective

tissue and focus solely on titin, leading to an incomplete approach in this regard.
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1.5 Epimuscular Myofascial Force Transmission (EMFT): Con-

nective tissue and associated forces

Main sections of the muscle connective tissue: Tissue layer surrounding the mus-

cle (epimysium), tissue connecting fascicles along the muscle (perimysium), and tissue

connecting neighboring muscle �bers (endomysium)[44],[45]. Despite the constituent

and structural di�erences[44],[45], tissue continuity is provided with these tissues[46].

It was shown that these connective tissues are capable of transmitting force, termed as

myofascial force transmission (MFT), and the continuity of them is a key aspect of the

muscle mechanics: When the connective tissue within the muscle belly is separated,

muscle length-force characteristics changes substantially[47].

Muscle in-vivo is not isolated due to external connections such as neuromus-

cular tract, intraosseus membrane, compartmental fascia and collagenous connections

with adjacent muscles[48],[46]. This continuity enables forces to be transmitted to

the muscle from surroundings[49][50], presenting an additional pathway for muscles

to transmit force besides tendon[51]. Consecutively, this allows forces from surround-

ing structures, termed as epimuscular myofascial force transmission(EMFT), to a�ect

muscle mechanics: It was shown that these external connections cause proximal-distal

force di�erences[51],[48],[52], as well as changes in force levels and length-force exer-

tion range[53]. Additionally, e�ects of epimuscular loads on local muscle mechanics

are present: Sarcomere length heterogeneity is increased with extramuscular and inter-

muscular connections[53], both within the same fascicle (serial distribution) and among

neighboring fascicles (parallel distribution). This heterogeneity is the characteristic re-

sult of epimuscular myofascial loads, which is dependent on muscles in-vivo relative

position[54].
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1.6 Movitation of the thesis

Muscle Force production is associated with the sarcomere lengths that essen-

tially relates to myo�lament overlap. Working sarcomere length is also an important

criterion for the titin: Its calcium dependent activation behaviors are an e�ort of titin

to "actively" become a relevant component within sarcomere. By increasing its sti�-

ness, titin enhances its response to sarcomere length changes. Any manipulation of

sarcomere length will impose a stretch (or compress) on titin, with the resulting e�ects

will be magni�ed when titin is sti�er. Consecutively, e�ects that can manipulate sar-

comere strain potentially a�ect e�ectiveness of titin's calcium-dependent mechanical

behaviors. Considering that local strain heterogeneities can be imposed via epimuscu-

lar loads, these loads would also have a substantial e�ect over titin's involvement in

contraction mechanics as an active myo�lament.

Titin's structure, mechanism, and involvement in muscle mechanics are studied

extensively, and potential mechanisms introduced to explain its role. Nonetheless, con-

tribution of the epimuscular myofascial forces are excluded in these analyses, leading to

an incomplete approach. A complementary approach in this regard including non-force

producing components and epimuscular loads would achieve a whole-muscle context.

The linked �ber-matrix mesh model (LFMM) integrates myofascial force transmission

along with myotendinous force transmission, and is a suitable muscle model in this

regard. Consecutively, this thesis is focused on the introduction of an alternative per-

spective to the analysis of titin with incorporating epimuscular myofascial loads using

�nite element modeling. Speci�c aims in this thesis are:

1. Determine the e�ect of activation-dependent titin sti�ness on contracting skeletal

muscle

2. Determining how epimuscular myofascial loads can lead locally to strains op-

posing those elsewhere within the muscle that are determined by the globally

imposed conditions

3. Determining how epimuscular myofascial loads manipulate active state titin ef-
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fects

1.7 Overview of thesis

Chapter 2 Cankaya A.O.,Pamuk U.,Yucesoy C.A., 2021. "The e�ects of an

activation-dependent increase in titin sti�ness on whole muscle properties using �nite

element modeling" Journal of Biomechanics 116 110197. Aim was to study the mech-

anism of e�ects and particularly to determine the functionally more e�ective active

state titin model. Isolated EDL muscle of the rat was modeled and three cases were

studied (passive state titin (no change in titin constitutive equation in the active state),

active state titin-I (constitutive equation involves a higher sti�ness in the active state)

and active state titin-II (constitutive equation also involves a strain shift coe�cient

accounting for titin's reduced free spring length)): Compared to passive state titin, (i)

active state titin-I and II elevates muscle total (lm = 32.7mm: 14% and 29%, respec-

tively) and active (lm = 32.7mm: 37.5% and 77.4%, respectively) forces, (ii) active

state titin-II also shifts muscle's optimum length to a longer length (lm = 29.6mm),

(iii) active state titin-I and II limits sarcomere shortening (lm = 32.7mm: up to 10%

and 20%, respectively). Such shorter sarcomere e�ect characterizes active state titin's

mechanism of e�ects. These e�ects become more pronounced and functionally more

e�ective if not only calcium induced sti�ening but also a reduced free spring length of

titin is accounted for.

Chapter 3 Pamuk U.,Cankaya A.O., Yucesoy C.A., 2020. "Principles of the

Mechanism for Epimuscular Myofascial Loads Leading to Non-uniform Strain Distribu-

tions Along Muscle Fiber Direction: Finite Element Modeling" Frontiers in Physiology

11 789. The aim was to test the following hypothesis: epimuscular myofascial loads can

lead locally to strains opposing those elsewhere within the muscle that are determined

by the globally imposed conditions. Three model variations ((1) isolated muscle and

models aiming at representing the principles of a muscle in its in vivo context including

(2) extramuscularly connected muscle and (3) epimuscularly connected muscle) studied

with 3 cases (passive isometric muscle with imposed relative position change (Case I),
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passive lengthened muscle (Case II), and active isometric muscle with imposed relative

position change (Case III)): The �ndings indicated non-uniform strains for all models

except for zero strain in model (1) in Case I, but models (2) and (3) also showed strains

opposing the imposed e�ect, and e�ects get more pronounced with sti�er epimuscular

connections. Assessments of forces exerted on the muscle by the epimuscular connec-

tions showed that such strain heterogeneities are ascribed to epimuscular myofascial

loads determined by muscle relative position changes.

Chapter 4 Cankaya A.O., Yucesoy C.A., 2022. "Finite element modeling shows

that epimuscular myofascial loads manipulate the e�ects of active state titin on me-

chanics of muscle integrated with its surroundings" submitted to Biomechanics and

Modeling in Mechanobiology. Hypothesis was that compared to truly isolated muscle,

for integrated muscle active state titin's e�ects on muscular mechanics are manipulated

by EMFT. Isolated vs. integrated rat extensor digitorum longus muscles were modeled

at long muscle lengths (lm = 28.7mm− 32.7mm) and three cases were studied: passive

state titin (no change in titin constitutive equation in the active state), active state

titin-I (constitutive equation involves a higher sti�ness in the active state) and active

state titin-II (constitutive equation also involves a strain shift coe�cient accounting

for titin's reduced free spring length). For isolated muscle, shorter sarcomere e�ect

and force enhancement (maximally 77.4%) was consistent. However, for integrated

muscles, variable �ber direction strains showed even longer or shortened sarcomeres

locally and consequently, force enhancement was inconsistent being even diminished

(7.8%) or elevated (96.8%) at di�erent lengths. Shift of muscle's optimum length to

a longer length in isolated muscle (lm = 29.6mm) increased (lm = 29.9mm) or van-

ished (lm = 28.7mm) for extra- or epimuscularly connected muscles, respectively. In

conclusion, in the integrated muscle context, e�ects of active state titin on muscular

mechanics are manipulated by EMFT.
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2. The e�ects of an activation-dependent increase in titin

sti�ness on whole muscle properties using �nite element

modeling

2.1 Introduction

The two-myo�lament model of the sarcomere characterizing its active force pro-

duction based on the degree of overlap between actin and myosin[4],[3] has long been

used to explain various muscle physiology phenomena[1][2]. Titin is a large protein[12],

which from its N terminus at the Z-line to its C terminus at the M-line[14] spans the

half-sarcomere, and is associated with sarcomere integrity[24] and has been considered

as the source for intracellular passive tension[20][19]. In skeletal muscle, titin's elastic-

ity stems from its elastic I band, which is comprised of Ig tandems, N2A, and proline

glutamate valine lysine (PEVK) segment (see Nishikawa (2016) for illustrations of titin

structure). Yet, the two-myo�lament model plus passive elastic properties of titin could

not explain certain muscle contraction phenomena involving excessive muscle forces,

encountered in static sti�ness[7] and residual force enhancement[8],[9]. That has lead to

the consideration of a di�erent role for titin, as a part of the contractile machinery. Sev-

eral studies investigated titin's structural changes upon muscle activation[39],[38],[40]

and characterized its interactive role in muscle contraction[29],[6]. Primarily, titin was

shown to have calcium a�nity[34], which in the active state alters its con�guration and

properties imposing changes to its mechanical behavior[35],[18],[29].

Molecule-based studies identi�ed sensitivity characteristics of the proline-glutamate-

valine-lysine (PEVK) region of titin to calcium transients indicating titin changes struc-

ture as it interacts with calcium[35]. This region is a substantial contributor of titin's

elasticity[55], especially in longer lengths, and its calcium a�nity leads to an observed

sti�ness increase. Tests involving isolation of muscle �bers from actin-myosin inter-

action through chemical treatment allowed association of an excess force observed to

titin's sti�ness increase due to this calcium sensitivity[35].
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Studies revealed that titin also has an interactive role in the contraction[56],[29],[6].

Skeletal muscles express N2A isoform, which is known to be another calcium sensitive

region of titin[57]. Muscular dystrophy with myositis (mdm) mutation is known to be

disrupting the N2A region of titin[58]. Studies on mice with mdm mutation enabled

characterization of the N2A region[37]. It was shown for the mechanical behavior of

active state titin that the mechanism, which includes the N2A region is more com-

plex than only calcium induced sti�ening[43]. As this involves titin-actin binding as

well, a reduced free spring length of titin, hence a more complex mechanical behavior

characterized by a shift of titin's stress-strain characteristics was indicated[37],[43].

Despite those impressive advancements, active state titin's e�ects have been

studied predominantly in sarcomere, myo�bril or muscle �ber segment level by mea-

suring the force exerted[35],[37]. Therefore, assessment of functional e�ects in the

muscle level are rare and recent[39],[40], moreover, an understanding of the mechanism

of those in the context of a whole muscle is lacking. The linked �ber-matrix mesh

model (LFMM)[59],[60] on the other hand is suitable for studying principles of those

as it allows computationally establishing the mechanical equilibrium locally within the

muscle as an interplay of constitutive behaviors of various muscle components, and

provides metrics that characterize mechanisms of muscular force and movement pro-

duction. Therefore, although single molecule or myo�bril experiments do reveal the

characteristic behaviors of active state titin, the LFMM can facilitate studying how

those may alter within the whole muscle level and re�ect onto muscular function. By

representing active state titin's elevated sti�ness and shift of its stress-strain charac-

teristics in the LFMM, our aim was to study the mechanism of e�ects and particularly

to determine the functionally more e�ective active state titin model.

2.2 Methods

In the linked �ber-matrix mesh model (LFMM model), skeletal muscle is con-

sidered to consist of intracellular and extracellular matrix (ECM) domains. The trans-

sarcolemmal attachments (multimolecular structures including dystrophin, dystrogly-
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can complex and laminin) are considered as elastic links between the two domains[59][60].

Details about the model can be found in appendix A and in the corresponding article.

2.2.1 Isolated EDL Model

EDL muscle of the rat is a unipennate muscle with rather small pennation

angles and minimal variation of the �ber direction within the muscle belly. The model

geometry (Figure2.1) is de�ned as the contour of a longitudinal slice at mid-muscle

belly �lled by three muscle elements in series and sixteen in parallel. Any collection

of three muscle elements in series represents a muscle fascicle. Aponeurosis elements

have identical mechanical properties, but increasing cross sectional area toward the

tendon[61] is accounted for.

Figure 2.1 Finite element model of EDL muscle of the rat. (a) Two dimensional schematic repre-
sentation of an arrangement of muscle elements. The intracellular domain, which is comprised of the
contractile apparatus and titin is linked to the extracellular matrix domain elastically through trans
sarcolemmal attachments. (b) The model consists of three muscle elements in series and sixteen in
parallel. Three muscle elements arranged in series construct a fascicle. A combination of nodes along
one side of a fascicle is referred to as a fascicle interface. Each fascicle interface is indicated by a
number from 1 to 17. 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 presentation of
the model results[62]
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2.2.2 Passive and active state titin cases

For σ22titin in the passive state, experimental tension-sarcomere length data[20]

for a single rabbit skeletal muscle �ber was �tted using a parabolic function and scaled

to make it compatible to σ22contr.

σ22titin(ε22) = t1ε
2
22 + t2ε22 + t3 (2.1)

and

σ22titin(ε22) = 0 for ε22 = 0

where t1, t2 and t3 are constants (Table A.1). The reference model accounts for the

passive state titin properties for also the active state, whereas the extended models

distinguish and represent the principles of two possible components to titin's sti�ness

increase upon activation: a direct calcium-titin interaction[35] (active state titin-I), and

a titin-actin interaction that reduces the free spring length[37] (active state titin-II).

To incorporate the former, titin's stress-strain characteristics extracted from Labeit et

al. (2003) were �t with a cubic polynomial.

σ22 titin(ε22) = h1ε
3
22 + h2ε

2
22 + h3ε22 (2.2)

where h1, h2 and h3 are constants (Table A.1). To account for the latter, titin's stress-

strain characteristics were manipulated by adding a shift coe�cient εshift.

σ22 titin(ε22) = h1(ε22 − εshift)
3 + h2(ε22−εshift)

2 + h3(ε22 − εshift) (2.3)

Therefore, three cases utilizing Eqs. 2.1, 2.2, and 2.3, respectively were studied: (i)

passive state titin, (ii) active state titin-I and (iii) active state titin-II. Corresponding

stress-strain curves for these cases are shown in Figure2.2.
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Figure 2.2 The stress-strain characteristics of titin in the reference model (passive state titin) and
extended models (active state titin-I and active state titin-II). Passive and active state resistance due
to titin in the myo�ber element is valid only in the local �ber direction

2.2.3 Solution procedure

For all models, initially, in passive state, the activation coe�cient b3 = 0. Max-

imal activation was achieved by increasing b3 incrementally up to 1, using �xed incre-

ments, while the muscle was kept at initial length (lm = 28.7mm). Muscle length was

increased by changing the position of muscle distal end distally with 0.1 mm incre-

ments up to lm = 32.7mm, while keeping the proximal end �xed (i.e., a muscle stretch

approximating 14% was imposed). During the entire solution procedure, the models

studied were stable and no mesh re�nement was performed. A force-based convergence

criterion was used with a tolerance of 0.5%.

2.2.4 Processing of data

Muscle length-total and active force (di�erence of passive and total muscle force)

data were studied to quantify force enhancement. lmo was determined as the length
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at which muscle active force reaches its maximal value. All forces were normalized to

the corresponding optimum force of the reference model. lmo of active state titin cases

were compared to that of the reference muscle.

Per muscle length: the mean nodal �ber direction strain per fascicle interface is

considered to represent sarcomere length changes in active state titin cases vs. passive

state titin case. Across muscle lengths: noting that ε22 = 0 represents full myo�lament

overlap in sarcomeres, mean of absolute summed nodal strain value per muscle length

over a range of muscle lengths represents an index for deviation from full myo�lament

overlap.

The mean nodal �ber direction stress per fascicle interface is considered to rep-

resent muscle force production changes in active state titin vs. passive state titin cases.

Total stress, ε22contr and ε22titin were assessed separately. The area under mean nodal

�ber direction stress-fascicle interface curves represents an index for force production.

2.3 Results

Fig. 3 shows muscle length-force characteristics for the three cases studied.

Compared to passive state titin, active state titin-I elevates both muscle total and

active forces (e.g., at 32.7 mm, by 14% and 38%, respectively). Active state titin-II

causes an even more pronounced force enhancement both for total and active forces

(e.g., at 32.7 mm, by 29% and 77%, respectively). However, remarkably, this is not

the sole e�ect. Unlike the passive state titin case, which by de�nition, attains its

maximum active force at lm = 28.7mm and shows a force decrease with added muscle

lengthening, active state titin-II shows that muscle active force keeps increasing for a

certain muscle length range, causing the muscle's optimum length to shift to a longer

length (lm = 29.6mm). Moreover, the plateau region of the curve is expanded (e.g.,

the force remains within 2% of the optimal force until lm = 32.7mm).

Figs. 4 and 5 show muscle �ber direction strains and stresses at lm = 28.7mm
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Figure 2.3 The force-length characteristics of the modeled EDL muscles in the range of muscle lengths
studied from initial length i.e., lm = 28.7mm to lm = 32.7mm. (a) Total isometric muscle forces of
di�erent model cases are normalized to the optimum active force of the reference model. Passive
muscle force-length characteristics of the modeled EDL muscles is shown. (b) Active isometric muscle
forces of di�erent model cases are calculated as the di�erence between total and passive muscle forces.
Forces of the reference model (passive state titin) and extended models (active state titin-I and active
state titin-II) are shown.

(the longest muscle length studied) and lm = 28.7mm (the optimum muscle length for

active state titin-II).

lm = 32.7mm: For all fascicle interfaces, mean �ber direction strain curve of

active state titin-I (Figure2.4a) is clearly localized below that of the passive state titin.

Therefore, active state titin limits sarcomere lengthening (maximally by 10%, for fas-

cicle interface 5). We will refer to this characteristic e�ect as shorter sarcomere e�ect

(SSE). Compared to passive state titin, mean �ber direction total stress curve of ac-

tive state titin-I is above that of the passive state titin (Figure2.4b). Index for muscle

�ber force production is higher by 31%, which is in concert with the force enhance-

ment shown. This is ascribed to titin predominantly, but contractile index for force
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production is also higher by 7% (Figure2.4c and Figure2.4d). The former is due to

elevated titin sti�ness, which despite limited lengthening yields greater stresses. The

latter implies sarcomeres at the descending limb of their length-force curve exert more

force compared to their counterparts in passive state titin case. Note that, SSE and its

re�ection to force production are even more pronounced for active state titin-II. Com-

pared to passive state titin, sarcomere lengthening ing is limited further (maximally by

20%, for fascicle interface 5), index for muscle �ber force production is higher by 57%

due predominantly to titin, but contractile index for force production is also higher by

15%.

Figure 2.4 Mean nodal �ber direction strain and stresses at lm = 32.7mm per fascicle interface.
Active state titin-I and II cases are compared to passive state titin case. (a) Mean �ber direction
strain (ε22) across fascicle interfaces. (b) Mean nodal �ber direction contractile stress (σ22contr) across
fascicle interfaces. (c) Mean nodal �ber direction titin stress (σ22titin) across fascicle interfaces. (d)
Mean �ber direction total stress (σ22) across fascicle interfaces.

lm = 29.6mm: At the optimum muscle length for active state titin-II, SSE

(Figure2.5a), and its re�ection to force production (Figure2.5b - Figure2.5d) are lim-
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ited to this case almost exclusively. Compared to passive state titin, sarcomere short-

ening is more pronounced (e.g., by 6.9% for fascicle interface 8). Index for muscle

�ber force production is higher by 3% with contractile apparatus being the substantial

contributor.

A distinctive e�ect for muscle lengthening as studied presently is that active

state titin induced SSE allows keeping the sarcomeres closer to their full myo�lament

overlap, which is e�ective also beyond the shifted muscle optimum length of active

state titin-II. For muscle lengths between lm = 29.6mm and lm = 32.7mm, index for

deviation from full myo�lament overlap for active state titin-II is 10% smaller than

that of active state titin-I, which is 9% smaller than that of passive state titin.

Figure 2.5 Mean nodal �ber direction strain and stresses at lm = 29.6mm per fascicle interface.
Active state titin-I and II cases are compared to passive state titin case. (a) Mean �ber direction
strain (ε22) across fascicle interfaces. (b) Mean nodal �ber direction contractile stress (σ22contr) across
fascicle interfaces. (c) Mean nodal �ber direction titin stress (σ22titin) across fascicle interfaces. (d)
Mean �ber direction total stress (σ22) across fascicle interfaces.
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2.4 Discussion

Our aim was to determine the e�ect of activation-dependent titin sti�ness on

contracting skeletal muscle. The �ndings indicate the characteristic mechanism as the

SSE. This mechanism underlies the well-known muscle force enhancement e�ect and

not only because of the elevated contribution of the sti�er titin, but also because of the

greater force development of the contractile element. However, a unique novel �nding

is that SSE also a�ects the muscle's length range of force exertion, causing a shift

in optimum muscle length to a longer length. Notably, with more pronounced force

enhancement and unique shift of optimum length e�ects, active state titin-II (reduced

titin free spring length) is functionally more e�ective than active state titin-I (direct

calcium sti�ening of titin).

Previous studies assessing titin's role in the active state have been focused on

two calcium-sensitive mechanisms. First is the sti�ening of the PEVK region, which

has a complex nature. PEVK region was shown to have a variable extensibility, with

its N-terminal portion being most rigid and C-terminal being most �exible[63]. More-

over, presence of di�erent conformational states were shown that enables �ne tuning

of protein interactions and elasticity, depending on conditions such as: temperature,

polarity[64],[65], ionic strength[65], and calcium[35]. Obviously, calcium sensitivity of

PEVK region is particularly interesting due to an association with the active state. Re-

combinant PEVK segments studied indicates that calcium binds to E-rich motifs with

high a�nity, yielding a sti�ness increase in titin[35]. However, other studies have ar-

gued that the increase in PEVK sti�ness cannot fully account for the increase in active

muscle force with stretch[28],[43]. Second, is the titin-actin interaction: this is known

to occur in cardiac myo�brils[66], described as a calcium-dependent interaction between

PEVK-actin and is regulated by calcium-binding protein, S100A1[67]. This has been

proposed as a mechanism for stress relaxation[68],[69] based on a�ected myo�lament

sliding via a viscous e�ect that can account for the transient decay of myo�bril force in

diastole. Titin-actin interaction was proposed to occur via the myosin-binding sites of

actin[70],[71] and in the PEVK region of titin[72]. However, Dutta et al.[38] revealed

that Ig domains within the N2A region are possible titin-actin binding sites. Mdm
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mouse mutation tests characterized by 779-bp genomic deletion in the N2A region of

titin, were utilized to investigate the role of that region in the active state[37]. This

allowed prevention of extension of proximal Ig domain. Therefore, the PEVK region

was left as the free-to-move portion of titin, yielding an increased sti�ness response to

stretching. N2A region was found to be the actin binding site of titin, and a reduction

of titin's free-spring length was proposed as a consequence of such interaction with

actin[37].

Remarkably, this e�ect was proposed to get further pronounced by actin's rota-

tional movement upon myo�lament contraction and a consequent winding of titin on

actin. Therefore, in the sarcomere and myo�lament level, the mechanical behavior of

active state titin has been considered to involve several details. Moreover, there is con-

siderable debate regarding those mechanisms. Ig-PEVK region's contribution to force

in the physiologically relevant muscle length range in the passive state[29],[55] and its

sti�ness increase also in the active state is argued to be limited[35]. In contrast, the

in�uence of actin-titin interaction on titin's sti�ness increase was considered to substan-

tiate in a way that allows titin to play a meaningful role in muscle force production and

regulation[73],[6],[18]. Speci�c work is needed to better identify elements of those titin

models[29]. However, the LFMM model is based on a continuum mechanics approach,

which instead of accounting for the properties of individual components in such detail,

takes into account generalized properties of lumped tissue components organized into

�nite elements and accounts for the steady-state elastic response. Therefore, overall,

the modeled representation of active state titin phenomena is a major simpli�cation

of the molecular events. Note that, di�erences in mechanical properties between titin

isoforms and contractile properties across di�erent muscle types as well as species are

conceivable[74],[75]. The reader is directed to the supplementary document for an

addressing of e�ects of such variations.

Regarding representation of altered titin mechanical behavior in the active state,

the present active state titin models both involve a higher sti�ness than the passive

state titin, which characterizes the calcium sensitive elevated sti�ness of the PEVK

region described in studies in sarcomere and myo�bril level[35]. However, active state
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titin-II also characterizes a reduction of titin's free-spring length by modeling an added

shift of the stress-strain curve to smaller muscle �ber direction strain amplitudes. Yet,

it does not model actin-titin mechanical interaction as described by[37] in isolation:

in the LFMM model, actin and titin are considered in a parallel arrangement, hence

the resistance of the muscle �ber domain to stretch is determined by the summed

forces of the contractile apparatus and the titin. The higher sti�ness of active state

titin-II elevates titin's contribution to that force and this a�ects the length contractile

apparatus attains. Resulting SSE is a key novel �nding of the present study functional

e�ects of which are addressed below. However, it is plausible that titin's winding

on actin may not only lead to a reduction of titin's free-spring length, but also can

change actin-myosin interaction. The present modeling currently does not account

for such possible altered contractile apparatus mechanics. We consider that this is

conceivably a very important mechanism yet; there is no general understanding of that

available. The LFFM model can however, be used to assess the functional e�ects of

that mechanism once it can be translated into constitutive equations characterizing the

contractile apparatus.

A major contribution of the present continuum mechanics approach is the assess-

ment of active state titin e�ects in the whole muscle level. This allows di�erently than

previous fundamental studies conducted predominantly in much smaller levels, study-

ing the functional e�ects at the muscle tendon along with their mechanisms within

the muscle domain. A previously unconsidered functional e�ect of active state titin

is a shift in muscle optimum length to a longer length, with a recent exception[41].

E�ects of increased heterogeneity of sarcomere length distribution on widening of mus-

cle's length range of force exertion via such shift was studied experimentally[76] and

computationally[53][77]. However, presently this e�ect is not ascribed to altered het-

erogeneity of sarcomere lengths, but is in concert with the SSE. In previous studies,

altered heterogeneity of sarcomere length changes involved local strain amplitude and

direction changes[78],[79] due to altered amplitude and direction of myofascial loads

originating from the ECM and connective tissues linking the muscle's belly to other

muscles and non-muscular structures[54]. Such along muscle �ber length change het-

erogeneities were also studied in human muscle in vivo using magnetic resonance and
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di�usion tensor imaging analyses[80],[81]. Our present �ndings indicate that as the

characteristic e�ect of active state titin, SSE is encountered throughout the muscle

belly without necessarily a�ecting strain heterogeneity. Functionally, SSE allows keep-

ing the sarcomeres closer to their full myo�lament overlap and is more pronounced for

active state titin-II. For this muscle SSE is e�ective beyond a shift in muscle optimum

length. As Figure2.3 and the index for deviation from full myo�lament overlap indi-

cates, about 90% of muscle's optimal force production is observed for further muscle

length increase imposed. More importantly, also beyond that, muscle's active force

production is retained. Therefore, the SSE eliminates sarcomere overstretch and keeps

the lengthening muscle from exhausting contractile force production. Structural de-

terminants including a decrease in lattice spacing or a change in myosin structure for

increased contractile force at longer lengths was recently reviewed[29],[6]. SSE cannot

represent an adaptation, but indicates that the mechanical equilibrium is reached at

a shorter sarcomere length. Note that the presently shown SSE, shift in muscle opti-

mum length and retained heterogeneity of sarcomere lengths have notable relationships

with recent titin centered studies reporting reduced sarcomere length heterogeneity

with active stretch[56] and shifted muscle optimum length in wild type mice, unlike

in titin deleted mdm mice[41]. The former suggests that in isolated muscle, increas-

ing titin-based sti�ness could potentially account for more sarcomere stability, which

is in concert with the present model �ndings. Stable contractions and nearly homo-

geneous half-sarcomere lengths were shown to occur on the descending limb of the

static total force-length relation also with elegant multi-scale continuum-mechanical

modeling[82]. In the latter, mdm mice should also involve a disrupted completeness of

trans-sarcolemal attachments and hence a compromised muscle �ber-ECM mechanical

interaction. Findings of Hessel et al.[41] indicating a shifted muscle optimum length of

tetanized muscle therefore, is ascribable to active state titin. However, we consider that

for muscle operating in an intact muscle compartment in vivo, both muscle �ber-ECM,

and muscle-surrounding structures mechanical interactions can further manipulate sar-

comere length changes and hence, the functional e�ect of active state titin in the whole

muscle level. Present modeling involves only maximal activation. Yet, along muscle

fascicle strain heterogeneities were reported also for submaximal activation in vivo[81].

Such heterogeneity is conceivable to lead to e.g. a di�erential force enhancement e�ect
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for di�erent sarcomeres at di�erent parts of the muscle. Note that, also the ECM[44]

and aponeurosis properties[83] are likely to a�ect titin's in�uence on muscular force

and movement production. These issues need to be further studied.

Active state titin's role on muscle's length range of force exertion is important

for physiological muscle function, but is also highly relevant for pathological condi-

tions such as cerebral palsy. One characteristic aspect of spastic muscle is a shift

of its optimum muscle length to shorter lengths and sarcomere overstretch at longer

ones[84],[85]. Our �ndings pose an interesting question as to whether a lack of active

state titin mechanical in�uence may be responsible for the pathological spastic muscle

function. Conceivable mechanisms may involve disrupted calcium-sensitivity of titin

due to e.g., ine�cient muscle activation. Recent intraoperative studies show that maxi-

mally activated spastic gracilis[86], semitendinosus[87] and semimembranosus[77] don't

show low forces in extended knee positions, where the muscles are lengthened. However,

intermuscular interactions[54] can manipulate titin's mechanical in�uence. Myofascial

loads arising from stretching of connective tissue structures such as neurovascular tracts

interconnecting muscles may a�ect the mechanical equilibrium between the contractile

elements, titin and the ECM in determining muscle �ber direction length changes. Co-

activation intraoperatively of synergistic and antagonistic muscles did change spastic

gracilis[88],[89] and semitendinosus[90] forces leading in some cases to decreased force

at longer muscle lengths. New studies are indicated to study these issues in nonisolated

muscle to further explore active state titin's functional e�ects in a larger scale.

In conclusion, the present modeling indicated that shorter sarcomere e�ect is

central to the mechanism of e�ects of active state titin, which becomes more pronounced

and functionally more e�ective if not only calcium induced sti�ening but also a reduced

free spring length of titin is accounted for.
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3. Principles of the Mechanism for Epimuscular Myofascial

Loads Leading to Non-uniform Strain Distributions Along

Muscle Fiber Direction: Finite Element Modeling

3.1 Introduction

Muscle has a multi-scale composite structure[91]: its fundamental force produc-

ing units, sarcomeres, are connected to each other serially at z-discs[92], making up

myo�brils, while adjacent myo�brils are interconnected and are also connected sequen-

tially to laminin, the basal lamina, and endomysium via multimolecular and costameric

proteins[93],[94],[95], which forms a three-dimensional structure in which muscle �bers

operate[96]. Therefore, it is representative to consider skeletal muscle in a mechani-

cally linked bi-domain concept of activatable muscle �bers and the extracellular matrix

(ECM)[59]. Intramuscularly, this concept allows mechanical interaction of these do-

mains such that local length changes along the muscle �ber direction is determined by

the mechanical equilibrium a�ected by forces (myofascial loads) exerted by the ECM

and other muscle �bers. The role of the ECM in limiting shortening of sarcomeres

in an activated muscle �ber[97] and in limiting elongation of sarcomeres in passively

stretched muscle �bers[97] was shown.

Additionally, all along the muscle belly, the ECM is continuous with structures

outside the muscle: collagen reinforced connective tissue structures supporting the neu-

rovascular tracts (i.e., the tissues containing nerves and blood vessels), compartmental

boundaries, intermuscular septa, interosseal membrane, and the bone are in continuity

and there is connectivity between the epimysia of adjacent muscles. This connective

tissue integrity (for pictures, see, e.g.,[98],[99],[79],[100],[101], [102]) allows for transmis-

sion of forces to and from the muscle through non-tendinous pathways. Extramuscular

connections are de�ned to represent muscle's connections to non-muscular structures

exclusively. Epimuscular connections are de�ned to represent muscle's connections to

both surrounding non-muscular and muscular structures. Therefore, extramuscular
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and epimuscular myofascial loads can also a�ect the mechanical equilibrium determin-

ing local length changes along the muscle �ber direction. The mechanical interactions

of the muscle with its surrounding muscular and non-muscular structures together are

referred to as epimuscular myofascial force transmission (EMFT)[103],[54].

Previously, e�ects of such myofascial loads have been shown to cause, e.g.,

proximo-distal muscle force di�erences and mechanical condition dependent muscle

length-force characteristics in animal studies as well as length change inhomogeneities

along muscle fascicles in accompanying �nite element modeling studies[52],[53]. More-

over, in vivo human studies using elastography[104] and magnetic resonance imaging

(MRI) analyses[105] have shown that knee joint angle change imposed at restrained

ankle angle causes non-uniform changes in the local sti�ness and local length distribu-

tions of soleus muscle, respectively. Further studies combining di�usion tensor imaging

(DTI) tractography to determine directions of muscle fascicles combined with MRI de-

formation analyses underlined the possibility of non-uniform deformations along mus-

cle fascicles occurring in vivo under both passive and active conditions[80],[81]. Yet,

mechanical principles of the mechanism behind the �ndings reported require further

elaboration. Speci�cally, two questions arise from those �ndings regarding the mus-

cle's length change heterogeneities along the muscle �ber direction: (1) How can a

passively lengthened muscle show shortened regions? (2) How can an isometrically

contracting muscle show lengthened parts? By studying principles of the mechanism

of strain heterogeneity along the muscle �ber direction, the aim was to test the follow-

ing hypothesis: epimuscular myofascial loads can lead locally to strains opposing those

elsewhere within the muscle that are determined by the globally imposed conditions.

For this purpose, �nite element modeling was used and muscle �ber direction strains

within a truly isolated muscle vs. those of extra- and epimuscularly connected muscles

were studied in passive and active conditions.
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3.2 Materials and Methods

3.2.1 Description of the "Linked Fiber-Matrix Mesh Model"

In the linked �ber-matrix mesh (LFMM) model, skeletal muscle is considered

explicitly as two separate domains: (1) the intracellular domain and (2) ECM domain.

The trans-sarcolemmal attachments are considered as elastic links between the two

domains[59],[60]. Details about the model can be found in appendix A and in the

corresponding article. The model geometry is given in (Figure3.1).

Figure 3.1 Finite element model of EDL muscle of the rat. (a) Two dimensional schematic repre-
sentation of an arrangement of muscle elements. The intracellular domain, which is comprised of the
contractile apparatus and titin is linked to the extracellular matrix domain elastically through trans
sarcolemmal attachments. (b) The model consists of three muscle elements in series and sixteen in
parallel. Three muscle elements arranged in series construct a fascicle. A combination of nodes along
one side of a fascicle is referred to as a fascicle interface. Each fascicle interface is indicated by a
number from 1 to 17. 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 presentation of
the model results[47]
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3.2.2 LFMM Model Features and De�nitions

Muscle length is de�ned as the distance between the proximal and distal muscle

ends (Figure3.2). Initial muscle length equals 28.7 mm. Three muscle elements in-

series de�ne a large fascicle (bundle of muscle �bers) and 16 fascicles in-parallel make

up the muscle. An isometric condition describes an analysis in which the proximal

and distal muscle ends are �xed; hence, the muscle length is globally kept constant.

However, muscle fascicles run between the proximal and distal aponeuroses and can

locally deform depending on the mechanical conditions imposed. It is assumed that, at

the initial muscle length in the passive state, the sarcomeres arranged in series within

muscle �bers have identical lengths. Local strain, as a measure of change of length,

re�ects the lengthening (positive strain) or shortening (negative strain)of sarcomeres.

Note that zero strain in the model represents the undeformed state of sarcomeres (i.e.,

sarcomere length ≈ 2.5mm) in the passive condition at initial muscle length. Fiber

direction strain within the �ber mesh of the LFMM model was used to assess the non-

uniformity of lengths of sarcomeres arranged in-series within muscle �bers (referred to

as serial distribution).

3.2.3 Muscle Models Studied

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

is a unipennate muscle with a minimal variation of muscle �ber direction within the

muscle belly. The muscle's relatively simple geometry is suitable for the present mod-

eling focused on assessment of e�ects of epimuscular myofascial loads on local muscle

strains. The geometry of the model was de�ned by the contour of a longitudinal slice

at the mid-muscle belly. Three models were studied:

1. Isolated muscle: This muscle was kept fully isolated from its surroundings.

2. Extramuscularly connected muscle: In order to model the muscles' extramuscular

connections (Figure3.2A) and to account for their continuity with the muscu-
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lar ECM, a set of nodes of the matrix mesh were linked using spring elements

(COMBIN39, from the element library of ANSYS 12.0) to a set of �xed points

(Figure3.2B). In a previous experimental and anatomical study, the location of

the extramuscular connections of the EDL muscle were determined to be at one-

third of the fascicle length from the most proximal side of each muscle fascicle[52].

In the muscle mechanics part of that study, those connections were dissected to a

maximum possible extent, without endangering circulation and innervation and

the part supporting the neurovascular tract to the EDL were shown to be much

sti�er than the rest of the connective tissues. Taking into account those previous

�ndings, our modeling considerations were: (1) the set of �xed points compris-

ing "mechanical ground" represent bone, which is assumed to be rigid. (2) The

spring elements modeling the muscles' extramuscular connections were set to be

uniaxial and have linear length-force characteristics. (3) Initially (i.e., muscle

length = 28.7mm, and before changing any of the tendon positions), the �xed

points and the corresponding nodes of the model were at identical locations (i.e.,

the spring elements modeling the muscles' extramuscular connections were at a

length of zero). (4) The higher sti�ness of the connective tissues constituting

the neurovascular tract is taken into account by making the seven most proxi-

mal links to the muscle sti�er than the distal ones. Sti�ness values determined

previously[52] were used for the more compliant linkages, whereas a higher sti�-

ness is preferred for the proximal ones (i.e., k = 0.25 unit force/mm for sti�er

proximal part and, k = 0.033 unit force/mm for the remaining links).

3. Epimuscularly connected muscle: This model aims at representing the principles

of a muscle in its in vivo context. Hence, it includes the muscle's extramuscular

connections together with intermuscular connections to neighboring muscle. In

order to achieve that, two muscle models with geometries identical to that in (1)

were intermuscularly connected: the corresponding nodes of the matrix meshes of

the two models were linked elastically along their medial faces (Figure 3.2C). Ex-

tramuscular linkages remained in the lateral faces of each model. For both inter-

and extramuscular links, the spring element COMBIN39 was used with linear

sti�ness characteristics. A suitable sti�ness value (k = 0.2 unit force/mm) was
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used for the intermuscular elements to provide su�cient mechanical interaction

between modeled muscles.

Figure 3.2 Anatomy and geometry of the model cases studied. (A) An image adapted from a
previous experimental and anatomical study[52]. The EDL is shown after removal of the tibialis
anterior muscle of the anterior crural compartment, whereas the other muscle, EHL is not removed
in this image. Extramuscular connections connect the EDL all along the muscle (marked by "+"
signs) to the tibia, part of interosseal membrane and anterior intermuscular septum. This structure
includes the neurovascular tract (i.e., the connective tissue structure containing nerves and blood
vessels) and comprises a pathway of extramuscular myofascial force transmission. The geometry of
modeled muscles is de�ned by the contour of a longitudinal slice of the rat EDL muscle belly (B,C).
Three muscle elements in-series de�ne a large fascicle and sixteen fascicles in-parallel make up the
muscle. Fascicles terminate in rigidly linked aponeurosis elements, which increase in thickness toward
tendon ends. (B) Extramuscularly connected muscle. The nodes of the matrix mesh marked by a
black "+" sign have extramuscular connections to mechanical ground and the nodes marked also by
a black square have sti�er connections. A proximal view in the undeformed state is shown on the
left-hand side. Locations of the extramuscular connections are indicated using the same symbols as
in the view of the longitudinal plane. (C) Epimuscularly connected muscle. The target muscle is
intermuscularly connected to the synergist muscle: the corresponding nodes of the matrix meshes of
the two models are linked elastically along their medial faces (shown by black circles on the left-hand
side). The synergist is kept at a �xed length, whereas the target muscle is lengthened distally. Both of
the models are also connected extramuscularly: the nodes of the matrix mesh marked by a black "+"
sign have connections to mechanical ground. The nodes marked also by a black square have sti�er
extramuscular connections. A proximal view of the models in the undeformed state is shown on the
left-hand side. Also in this view, the location extramuscular connections of the model are marked.
(D) Fascicle sections I-IV and fascicle interfaces 1-17 are associated with model geometry.
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3.2.4 Cases Studied

In order to assess the e�ects of extra- and epimuscular myofascial loads on

local length changes along the muscle �ber direction, three di�erent cases were studied

(Figure 3.3):

Case I: Passive Isometric Muscle,With Imposed Relative Position

Changes

All three muscle models were studied in the passive state. The target mus-

cles' length was kept constant at the initial muscle length. However, relative position

changes were imposed for extra- and epimuscularly connected ones in order to assess

the e�ects of myofascial loads developed on muscle �ber direction strains. Implemen-

tation: the proximal and distal ends of the target muscle were displaced distally by 2

mm.

Case II: Passive Lengthened Muscle

All three muscle models were studied in the passive state. The target muscles

were further lengthened distally, which for the extra- and epimuscularly connected ones

also elevates myofascial loads via more pronounced muscle relative position changes.

Implementation: Subsequent to the relative position change imposed as described

above, the target muscle's distal end was displaced distally by 2 mm.

Case III: Active Isometric Muscle, With Imposed Relative Position

Changes

All three muscle models were fully activated, and their lengths were kept con-

stant at the initial muscle length. However, relative position changes were imposed for

the extramuscularly connected muscle and the epimuscularly connected target muscle,

in order to assess the e�ects of myofascial loads developed on muscle �ber direction

strains. Implementation: the proximal and distal ends of the target muscle were dis-
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placed distally by 2 mm.

Note that Case I actually does not even involve any muscle lengthening, but

aims at showing that solely relative position changes may lead to occurrence in dif-

ferent parts of passive muscle with shortening as well as lengthening in muscle �ber

direction due to myofascial loads. However, Case II does involve also muscle length-

ening, which case directly addresses plausibility of shortened parts occurring within a

passively lengthened muscle due to myofascial loads. Finally, Case III aims at plausi-

bility of lengthened parts occurring within an activated isometric muscle. Note that

this case represents a strict scenario for the speci�c aim as activated isolated muscle

at initial length should involve exclusively shortening.

Figure 3.3 Schematic representation of the protocols modeled. (A) Protocols for Case I and Case
III. (B) Protocol for Case II. The links that connect the muscle to the mechanical ground represent the
extramuscular connective tissue, and those that connect the muscle to the synergistic muscle represent
the intermuscular connections. Extra- and epimuscularly connected muscles illustrate stretching of
these links with imposed muscle relative position change (Cases I-III) and length imposed (Case II).
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3.2.5 Solution Procedure

The analysis type used in ANSYS was static and large strain e�ects were in-

cluded. During the entire solution procedure, the models studied were stable and no

mesh re�nement was performed. A force-based convergence criterion was used with a

tolerance of 0.5%.

At the passive state, the activation coe�cient b3 (EquationA.7) equaled 0 (for

Cases I and II). For Case III, maximal activation of the muscles modeled was achieved

by increasing b3 incrementally up to 1, using �xed increments.

3.2.6 Processing of Data

Local �ber direction strain indicated lengthening and shortening of sarcomeres,

with zero strain representing the undeformed state of the sarcomeres. ε22 along nodes

of serial fascicle interfaces (I-IV) were studied across fascicle interfaces 1-17 to quantify

deformation patterns throughout muscle in isolated muscle, extramuscularly connected

muscle, and epimuscularly connected muscle. For the epimuscularly connected muscle,

the lateral, i.e., the extramuscularly connected face, and the medial, i.e., the inter-

muscularly connected face, were assessed separately.

Epimuscular myofascial loads were calculated as the �ber direction components

of nodal reaction forces on the epimuscular linking elements, and assessed as normalized

with respect to the largest epimuscular myofascial load value observed in the three cases

studied. The epimuscular myofascial loads, which cause the most pronounced muscle

�ber direction length changes, were presented.
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3.3 Results

3.3.1 Case I: Passive Isometric Muscle, With Imposed Relative Position

Changes

Isolated isometric muscle shows the pre-de�ned zero strain condition as a refer-

ence for muscle with no myofascial loads acting on (Figure3.4). In contrast, both extra-

muscularly and epimuscularly connected muscles show both shortening (Figure3.4A,B

-fascicle sections: I and II, maximally 35.3% in the lateral face of epimuscularly con-

nected muscle), and lengthening (Figure3.4C,D -fascicle sections: III and IV, max-

imally 23.6% in the medial face of epimuscularly connected muscle) in muscle �ber

direction. For the lateral face of the epimuscularly connected muscle, which shows the

most pronounced strain e�ects (Figure3.4E), the myofascial loads (originating from ex-

tramuscular linking elements) are proximally directed owing to distally imposed muscle

position changes. These loads, normalized with respect to the maximum epimuscular

load calculated for Case II, range between 0.34 and 0.41 for the proximal nodes with

sti�er extramuscular connections, and are below 0.09 for the remainder less sti� con-

nections (Figure3.4F). Despite the fact that no length changes were imposed globally

on the muscle, these loads lead to shortening of the proximal part of the muscle (i.e.,

fascicle sections I and II). In return, the distal parts of the muscle (i.e., fascicle sections

III and IV) show lengthening.

3.3.2 Case II: Passive Lengthened Muscle

Isolated lengthened muscle shows lengthening in all fascicle interfaces, for all

fascicle sections in muscle �ber direction (maximally by 28.7, 24.9, 19.6, and 23.0% in

fascicle sections I-IV, respectively) (Figure 5). However, the extramuscularly connected

muscle involves muscle �ber direction lengthening in most parts of the muscle but also

shortening in some regions (fascicle section I in fascicle interfaces 1-7, up to 12.7%).

This shortening e�ect is more pronounced in the epimuscularly connected muscle where

shortening in the muscle �ber direction is shown in all fascicle interfaces of fascicle sec-
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Figure 3.4 Results presented for Case I: Passive isometric muscle, with imposed relative position
changes. (A-D) Fiber direction strains after relative position change for passive target muscle at 28.7
mm length are plotted per fascicle sections I-IV for each fascicle interface 1-17 in isolated muscle,
in extramuscularly connected muscle, in medial and lateral faces of epimuscularly connected muscle.
(E) Color strain contour plots exempli�ed for epimuscularly connected muscle model's lateral face.
The muscle parts that support the hypothesis are marked. (F) Myofascial loads due to extramuscular
connections are calculated in local �ber direction, normalized with respect to the largest epimuscular
myofascial load values observed in the three cases studied, and are depicted proportionately with
glyphs on the lateral face of the target muscle.

tion I (maximally by 19.5% in the lateral face, Figure3.5E). Yet, presence of muscle

�ber direction shortening is not the only di�erence. Compared to the isolated mus-

cle, note also the di�erent amplitudes of muscle �ber direction length changes shown

in other parts: the extramuscularly connected muscle shows less pronounced muscle

�ber direction lengthening in fascicle section I and II (maximally 19.2%, Figure3.5B)

and more pronounced muscle �ber direction lengthening in fascicle section III and IV

(maximally 38.0%, Figure3.5C). The epimuscularly connected muscle shows even lesser
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pronounced muscle �ber direction lengthening in fascicle section II (maximally 16.1%,

Figure3.5B) and even more pronounced muscle �ber direction lengthening in fascicle

section III and IV (maximally 47.7%, Figure3.5D). These e�ects are ascribed to proxi-

mally directed epimuscular myofascial loads acting on these muscles (Figure3.5F shows

those of the lateral face of the epimuscularly connected muscle). These loads range be-

tween 0.83 and 1 on the proximal nodes with sti�er extramuscular connections, and

equal 0.13 for the majority of the remainder less sti� connections. As the muscles

in this case are lengthened, the epimuscular myofascial loads manipulate the imposed

muscle �ber stretch leading to elevation of lengthening in fascicle sections III and IV.

However, they limit (fascicle section II) and even beat lengthening in the proximal

parts of the muscle causing shortening fascicle section I.

3.3.3 Case III: Active Isometric Muscle, With Imposed Relative Position

Changes

Isolated muscle shows only shortening regions upon isometric contraction, with

an average strain of 10.0% (maximally by 12.2, 11.9, 12.2, and 13.0% in fascicle sec-

tions I-IV, respectively) (Figure3.6). In contrast, extra- and epimuscularly connected

muscles show a more complex muscle �ber direction strain pattern including not only

shortening, but also lengthening: (1) for fascicle sections I and II (Figures3.6A,B), both

muscles show a more pronounced shortening compared to the isolated muscle (up to

33.3%). (2) On the other hand, for fascicle section III (Figure3.6C), both muscles show

also certain lengthening in some fascicle interfaces (1-6 and 14-17, up to 5%). (3) No-

tably, for fascicle section IV (Figure3.6D), the epimuscularly connected muscle shows

lengthening in both lateral (up to 16.8%) and medial (up to 23.4%, Figure3.6E) faces.

These more complex muscle �ber direction strain patterns are ascribed to proximally

directed epimuscular myofascial loads acting on these muscles. Figure3.6F shows those

on the lateral face (ranging between 0.46 and 0.97 for the proximal nodes with sti�er

extramuscular connections and below 0.15 elsewhere) and Figure3.6G shows those on

the medial face (ranging between 0.33 and 0.12) of the epimuscularly connected muscle.

As the muscles in this case are activated, the epimuscular myofascial loads manipulate
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Figure 3.5 (A-D) Fiber direction strains after relative position change for passive target muscle at
30.7 mm length are plotted per fascicle sections I-IV over fascicle interfaces 1-17 for isolated muscle,
muscle with extramuscular connections alone, and for medial and lateral faces of muscle with inter- and
extramuscular connections. (E) Color strain contour plots exempli�ed for epimuscularly connected
muscle model's lateral face. The muscle parts that support the hypothesis are marked. (F) Myofascial
loads due to extramuscular connections are calculated in local �ber direction, normalized with respect
to the largest epimuscular myofascial load values observed in the three cases studied, and are depicted
proportionately with glyphs on the lateral face of the target muscle.

the contraction-induced muscle �ber shortening. This leads to elevation of shortening

in fascicle sections I and II as epimuscular myofascial loads shorten the proximal muscle

elements. However, they limit and even overcome shortening as they stretch the distal

muscle elements. This causes lengthening in fascicle sections III and IV.

Note that, further analyses (please see Supplementary Material) studying iden-

tical cases as above, but with higher sti�ness inter- and extramuscular connections
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yield more emphasized shortening in passively lengthened muscle and more empha-

sized lengthening in active isometric muscle, and the opposite for lower sti�ness inter-

and extramuscular connections. Those �ndings together with those of additional anal-

yses studying e�ects of reduced imposed muscle length in Case II sustain the role of

myofascial loads in manipulating local length changes along muscle �bers.

3.4 Discussion

The present modeling results indicate that muscle �ber direction strains in a

truly isolated muscle and those in muscle in its in vivo context of connective tissue in-

tegrity would be very di�erent. Note that, also for the truly isolated muscle, the �ndings

show that muscle �bers operating within a whole muscle will not show a uniform muscle

�ber direction strain distribution. This is because when the muscle's geometry and the

boundary conditions are taken into account the mechanical equilibrium dictates length

variations. For example, for an isometric muscle, muscle activation will not be able to

cause shortening in the restrained muscle ends, hence the muscle �bers located proxi-

mally and distally shorten less than the ones located in the middle parts of the muscle

belly. Moreover, if the muscle geometry is asymmetrical, the mechanical equilibrium

dictates non-uniformity of the muscle �ber direction strains along the length of the

muscle �bers. The presently modeled EDL muscle is asymmetrical and hence shows

such length change variability. However, a truly isolated muscle �ber studied outside

the muscle belly may show uniform strains along its length. This is bound to certain

assumptions though. The muscle �ber's ends need to be �xed perfectly straight, so

that no stress concentration occurs, which may, based on Saint Venant's principle in

mechanics[106] alter the length changes at least within a part of the muscle �ber as long

as its diameter. Also the mechanical properties of the muscle �ber need to be identical

along its entire length. Nevertheless, the truly isolated muscle models studied presently

did show one thing in common. That is, despite their non-uniformity, the muscle �ber

direction strains were of the same direction, i.e., zero for Case I, all positive indicating

lengthening for Case II, which involves a lengthened passive muscle and all negative

indicating shortening for Case III, which involves an isometric activated muscle. In



37

Figure 3.6 Results presented for Case III: Active isometric muscle, with imposed relative position
changes. (A-D) Fiber direction strains after relative position change for active target muscle at 28.7
mm length are plotted per fascicle sections I-IV for each fascicle interface 1-17 in isolated muscle,
muscle with extra-muscular connections alone, and medial and lateral faces of muscle with inter- and
extramuscular connections. (E) Color strain contour plots exempli�ed for epimuscularly connected
muscle model's lateral face. The muscle parts that support the hypothesis are marked. (F) Myofascial
loads due to extramuscular connections are calculated in local �ber direction, normalized with respect
to the largest epimuscular myofascial load values observed in the three cases studied, and are depicted
proportionately with glyphs on the lateral face of the target muscle. (G) Similarly, myofascial loads
due to intermuscular connections are calculated and depicted proportionately with glyphs on the
medial face of the target muscle.

contrast, the extra and epimuscularly connected muscles showed non-uniform muscle

�ber direction strains, which typically involved also di�erent strain directions as well.

Findings, which may appear unexpected, are shown particularly in Case II featuring

shortened parts in a lengthened muscle despite being passive and in Case III featuring
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lengthened parts in a muscle, which is only activated without length changes imposed.

In addition to pioneering studies showing heterogeneous sarcomere lengths in

human muscle ex vivo[107] and in animal muscle in situ[76], evidence on inhomogeneous

length distribution of sarcomeres has accumulated for animal[108] and human[109] tib-

ialis anterior muscle in vivo at multiple sites using second harmonic generation imaging.

Therefore, sarcomere length measurements from a small region may not be representa-

tive of the entire muscle. A recent study in which tissue loading was imposed by joint

angle changes has shown inhomogeneity of along muscle �ber strain distributions in

human muscle upon passive extension of the knee[80]: MRI-based deformation analy-

ses to determine local strains and DTI-based tractography to determine muscle �ber

direction combined, the study showed that passively imposed proximal lengthening

of human medial gastrocnemius (GM) yields both lengthened and shortened sections

along the same fascicles. Using the same techniques, studying sustained submaximal

isometric plantar �exion e�ort showed non-uniform strain distributions along muscle

fascicles to include not only shortening but also lengthening[81]. Those e�ects were

explained by EMFT in both studies: as locally epimuscular myofascial loads can af-

fect the mechanical equilibrium, shortened muscle fascicle parts in a muscle stretch

scenario and lengthened muscle fascicle parts in a muscle activation scenario was con-

sidered conceivable. This was supported by an assessment of local �rst principal strains

within the segmented and visualized neurovascular tracts. Stretch on those collagen

reinforced structures indicated exposure to epimuscular myofascial loads[81]. The lo-

cations within the GM where the neurovascular tracts were entering into the muscle

were those that showed elevated muscle �ber direction length changes exemplifying

the role of intermuscular mechanical interactions. Those strains were interpreted as

sarcomere length changes along the GM fascicles in vivo. However, it must be noted

that the resolution in these studies are in the order of millimeters, which is much

coarser than the length of a sarcomere, and corresponds to sections of fascicle bundles.

Also, the measurements involve strain, not length. Thus, strain non-uniformity found

does not directly correspond to varying sarcomere lengths. Yet, these techniques are

up-to-date assets: while DTI-based tractography alone is a powerful tool providing

repeatable[110] anatomical information about human muscle �bers in vivo for both
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upper[111] and lower extremity[112], coupling it with sequences providing tissue de-

formation or deformation rate such as cine phase contrast in order to achieve �ber

direction information has been limited to few slices at a time (e.g., [113]). Time and

subject's e�ort demands and more importantly dynamic nature of cine phase contrast-

imaging experiments cause that. This technique yields tissue strains more directly[114]

than MRI image registration techniques, but the resolution is low and an assumption

is made that the static DTI acquisition represents the tissue properties at a selected

joint angle during dynamic joint motion.

Techniques combining MRI and DTI analyses allow studying e�ects of intermus-

cular mechanical interactions in human muscles in vivo but as in other MRI modalities,

provide kinematic information only. Although plantar-�exion force measured within

the MRI scanner fed visually to the subject during acquisition[81] helped standardiz-

ing the subjects' sustained submaximal activation, the muscle force remains unknown.

Therefore, in MRI analyses, an explanation of the �ndings based directly on force

equilibrium of the muscle is not possible. However, �nite element modeling allows

addressing mechanical principles of that, and the present �ndings show the role of

epimuscular myofascial loads on along muscle �ber strain distributions. It was pointed

out recently[48] that such modeling may be used to elaborate on the �ndings of Pamuk

et al.[80]. The present study accomplishes that by three model cases, which exemplify

scenarios that yield uniform direction of strains if EMFT mechanism is ignored, and

strains of opposite directions and heterogeneous amplitudes occurring along the same

fascicles if it is not.

Note that human muscle studied in MRI analyses and the rat EDL model studied

presently is not equivalent, but structural and muscle relative position di�erences exist.

Regarding structure: the unipennate longitudinal EDL slice modeled bares important

simpli�cations compared to complex geometries and properties of human muscles. The

epimuscularly connected model involves two identical muscles with separate tendons,

which is also a major structural simpli�cation. Regarding muscle relative position

changes: According to measurements in cadavers, 90◦ knee angle change results in

8% length change in GM[105], with 30◦ knee extension imposed in MRI analyses[80]
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plausibly corresponding to 3-4% change in muscle length. Although presently mod-

eled muscle lengthening approximates 7%, in the human study, the ankle kept at 90◦

also imposes a stretch on the GM suggesting that a comparable muscle lengthening

is conceivable. However, intermuscular mechanical interactions must di�er. Present

epimuscularly connected model limits the mechanical interaction of the target muscle

to that with an adjacent muscle only. Modeled muscles' interconnected faces provide

direct, and neurovascular tracts connected at the mechanical ground provide indirect

intermuscular interaction. In human, the target muscle is a part of the triceps surae

with combined bipennate geometry and distally the muscles insert to the Achilles ten-

don, which also allows mechanical interaction[115]. Moreover, the intact limb provides

mechanical interaction for the gastrocnemius muscles also with antagonistic muscles.

Due to the preserved ankle position, proximally imposed lengthening changes of their

position relative to the remainder lower leg muscles. Therefore, more pronounced in-

termuscular relative position changes and stretch on interconnecting connective tissue

structures is plausible. Note that location and sti�ness of such connections are con-

ceivably di�erent not only across muscles and species, but also among individuals.

Therefore, the amplitudes and directions of myofascial loads di�er in both studies.

Please see Supplementary Material for model elaboration on extra- and epimuscular

connection sti�ness's and muscle relative position changes, which con�rm the role of

myofascial loads in the mechanism of along muscle �ber direction strain heterogeneity.

The rat EDL has been studied extensively experimentally[116],[117],[118],[119][120]

and using matching �nite element modeling[78],[53],[121],[52]. Therefore, a good un-

derstanding of its mechanics and anatomy forms sound basis for present modeling.

Previous work on epimuscularly connected bi-articular rat EDL generated several new

viewpoints suggesting implications of the present �ndings. Unequal proximal and distal

forces is one characteristic �nding[98] (Huijing and Baan, 2001). The force di�erence at

each muscle length represents the net of epimuscular myofascial loads acting on the mus-

cle belly. Modeling their e�ects inside the muscle led to an understanding that muscle

length is not the sole determinant of isometric muscle force production. Instead, mus-

cle relative position is a co-determinant because it manipulates epimuscular myofascial

loads, which in return a�ect sarcomere lengths[78],[122],[52],[123]. Muscle �ber-ECM
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mechanical interactions are the core of this mechanism, e.g., limiting sarcomere short-

ening in botulinum toxin type-A (BTX-A) treated muscle[124], which explains muscle

length-dependent force reductions[125] and narrowing of muscle length range of force

exertion[88]. Elevated ECM sti�ness[126] yields more pronounced BTX-A e�ects in

modeled due course of treatment[127]. Epimuscular myofascial loads studied presently

are important because they interfere with muscle �ber-ECM mechanical interactions.

This may make muscle's length-force characteristics vary in di�erent conditions. It

was shown intraoperatively in patients with cerebral palsy that spastic muscles' force

amplitude can change signi�cantly by co-activating other muscles[128],[89],[90].

3.5 CONCLUSION

In the present study, we developed �nite element models and studied di�erent

cases to explore the principles of the mechanisms of non-uniform strain distributions

along the muscle �ber direction with a particular emphasis on strains opposing the

imposed e�ect as shown in previous human studies in vivo. Assessments of muscle

�ber direction strains and forces exerted on the muscle by the epimuscular connections

showed that such strain heterogeneities are ascribed to epimuscular myofascial loads

determined by muscle relative position changes.
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4. Titin EMFT Article

4.1 Introduction

Titin's role in the active force production has been widely studied in relation to

its potential for explaining muscle mechanics phenomena where the two myo�lament

model fell short[129],[9]. A key �nding was that titin has a�nity to calcium[34], which

further leads to mechanisms a�ecting titin's mechanical role: (I) a sti�ness increase

due to calcium binding to titin's PEVK region[35], and (II) titin-actin interaction

via the N2A region[38], which also elevates titin sti�ness by a reduction in its free

spring length[37],[130]. Overall, a collection of �ndings in the literature support the

idea that titin is an active component in force production[29],[6]. Subsequently, new

and exciting contraction models taking titin into account such as the winding �lament

theory[37] and three-myo�lament model[73],[56] were introduced. Recently, we have

studied mechanical e�ects of those calcium dependent mechanisms with the aim to

reveal mechanism of e�ects of active state titin and particularly to determine the

functionally more e�ective one[131]. This showed that the characteristic mechanism

comprises a limited lengthening locally along the muscle �ber direction, which was

referred to as the shorter sarcomere e�ect. As a consequence, the e�ects of titin were

shown to become more pronounced and functionally more e�ective if not only calcium

induced sti�ening, but also a reduced free spring length model is accounted for.

Note that, earlier experiments conducted were mainly in the myo�bril/�ber

level[28],[43] or on skeletal muscle[40] in-situ. It is important to also note that muscle

in the in vivo context is not isolated from its surroundings. Instead, it has connections

to the neighboring muscles and non-muscular connective tissues[49],[51], operating as

an integral part of the fascial system[132],[133],[134]. It has been shown that muscle's

extramuscular and epimuscular (i.e., collagen reinforced connective tissue structures

including neurovascular tracts, general and compartmental fascia, intermuscular septa,

interosseous membranes connecting muscle's epimysium to non-muscular structures



43

and also other muscles, respectively), connections a�ect not only the global mechanics

of the muscle i.e., the muscle force[78],[79], but also locally the myofascial loads[47],[54]

can alter the mechanical equilibrium determining length changes along the muscle

fascicles[80],[81]. Principles of e�ects of such epimuscular myofascial force transmis-

sion (EMFT) leading to local muscle �ber direction length changes have been shown

recently[135]. Consequently, compared to truly isolated muscle, we hypothesized for

such integrated muscle that the role of active state titin as the third myo�lament in

muscular mechanics can be manipulated by EMFT. The present study aims to test

this hypothesis by using the linked �ber-matrix mesh model (LFMM)[60],[124],[127].

4.2 Methods

In the LFMM model, skeletal muscle is considered to consist of intracellular

and extracellular matrix (ECM) domains. The trans sarcolemmal attachments (mul-

timolecular structures including dystrophin, dystroglycan complex and laminin) are

considered as elastic links between the two domains[59],[60]. Details about the model

can be found in appendix A and in the corresponding article.

Two user de�ned elements were developed in ANSYS 12.0: The ECM element

represents the basal lamina, endomysium, perimysium and epimysium. The myo�ber

element models the muscle �bers. Both elements have eight nodes, linear interpolation

functions and a large deformation analysis formulation. A 3D-local coordinate system

representing the �ber, cross �ber and thickness directions is used. Separate meshes

of ECM and myo�ber elements occupying the same space are rigidly connected to

single layers of aponeuroses and are linked elastically at intermediate nodes. In the

LFMM model, one muscle element represents a segment of a bundle of muscle �bers,

its connective tissues and the links between them (Fig.4.1A).
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Figure 4.1 (A) Two dimensional schematic representation of an arrangement of muscle elements.
The intracellular domain, which is comprised of the contractile apparatus and titin is linked to the ex-
tracellular matrix domain elastically through trans sarcolemmal attachments. (B) The model consists
of three muscle elements in series and sixteen in parallel. Three muscle elements arranged in series
construct a fascicle. A combination of nodes along one side of a fascicle is referred to as a fascicle
interface. Each fascicle interface is indicated by a number from 1 to 17. 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 presentation of the model results[62]. (C) The stress-strain
characteristics of titin in the reference model (passive state titin) and extended models (active state
titin-I and active state titin-II). Passive and active state resistance due to titin in the myo�ber element
is valid only in the local �ber direction

4.2.1 Isolated EDL Model

EDL muscle of the rat is a unipennate muscle with rather small pennation

angles and minimal variation of the �ber direction within the muscle belly. The model

geometry (Fig.4.1B) is de�ned as the contour of a longitudinal slice at mid-muscle
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belly �lled by three muscle elements in series and sixteen in parallel. Any collection

of three muscle elements in series represents a muscle fascicle. Aponeurosis elements

have identical mechanical properties, but increasing cross sectional area toward the

tendon[61] is accounted for.

4.2.2 Extramuscularly Connected Model

In order to model the muscles' extramuscular connections (Fig.4.2A) and to ac-

count for their continuity with the muscular ECM, a set of nodes of the matrix mesh

were linked using spring elements (COMBIN39, from the element library of ANSYS

12.0) to a set of �xed points (Fig.4.2B). In a previous experimental and anatomical

study, the location of the extramuscular connections of the EDL muscle were deter-

mined to be at one-third of the fascicle length from the most proximal side of each

muscle fascicle[52]. Accordingly, our model considerations were: (1) the set of �xed

points comprising "mechanical ground" represent bone, which is assumed to be rigid.

(2) The spring elements modeling the muscles' extramuscular connections were set to

be uniaxial and have linear length-force characteristics. (3) Initially (i.e., muscle length

= 28.7mm, and before changing any of the tendon positions), the �xed points and the

corresponding nodes of the model were at identical locations (i.e., the spring elements

modeling the muscles' extramuscular connections were at a length of zero). (4) The

higher sti�ness of the connective tissues constituting the neurovascular tract is taken

into account by making the seven most proximal links to the muscle sti�er than the

distal ones. Sti�ness values determined previously[52] were used for the more compli-

ant linkages, whereas a higher sti�ness is preferred for the proximal ones (i.e., k = 0.25

unit force/mm for sti�er proximal part and, k = 0.033 unit force/mm for the remaining

links).
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4.2.3 Epimuscularly connected muscle

This model aims at representing the principles of a muscle in its in vivo context.

Hence, it includes the muscle's extramuscular connections together with intermuscular

connections to neighboring muscle. In order to achieve that, two muscle models with

geometries identical to that in (1) were intermuscularly connected: the corresponding

nodes of the matrix meshes of the two models were linked elastically along their medial

faces (Fig.4.2C). Extramuscular linkages remained in the lateral faces of each model.

For both inter- and extramuscular links, the spring element COMBIN39 was used with

linear sti�ness characteristics. A suitable sti�ness value (k = 0.2 unit force/mm) was

used for the intermuscular elements to provide su�cient mechanical interaction between

modeled muscles.

4.2.4 Passive and active state titin cases

The reference model accounts for the passive state titin properties for also the

active state, whereas the extended models distinguish and represent the principles of

two possible components to titin's sti�ness increase upon activation: a direct calcium-

titin interaction[35] (active state titin-I), and a titin-actin interaction that reduces the

free spring length[37] (active state titin-II).

To incorporate the former, titin's stress-strain characteristics extracted from

Labeit et al. (2003) were �t with a cubic polynomial.

σ22 titin(ε22) = h1ε
3
22 + h2ε

2
22 + h3ε22 (4.1)

where h1, h2 and h3 are constants (Table A.1).

To account for the latter, titin's stress-strain characteristics were manipulated

by adding a shift coe�cient εshift.

σ22 titin(ε22) = h1(ε22 − εshift)
3 + h2(ε22−εshift)

2 + h3(ε22 − εshift) (4.2)
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Corresponding stress-strain curves for these cases are shown in Figure4.1C.

Figure 4.2 Anatomy and geometry of the model cases studied. (A) An image adapted from a
previous experimental and anatomical study[52]. The EDL is shown after removal of the tibialis
anterior muscle of the anterior crural compartment, whereas the other muscle, EHL is not removed
in this image. Extramuscular connections connect the EDL all along the muscle (marked by "+"
signs) to the tibia, part of interosseal membrane and anterior intermuscular septum. This structure
includes the neurovascular tract (i.e., the connective tissue structure containing nerves and blood
vessels) and comprises a pathway of extramuscular myofascial force transmission. The geometry of
modeled muscles is de�ned by the contour of a longitudinal slice of the rat EDL muscle belly (B,C).
Three muscle elements in-series de�ne a large fascicle and sixteen fascicles in-parallel make up the
muscle. Fascicles terminate in rigidly linked aponeurosis elements, which increase in thickness toward
tendon ends. (B) Extramuscularly connected muscle. The nodes of the matrix mesh marked by a
black "+" sign have extramuscular connections to mechanical ground and the nodes marked also by
a black square have sti�er connections. A proximal view in the undeformed state is shown on the
left-hand side. Locations of the extramuscular connections are indicated using the same symbols as
in the view of the longitudinal plane. (C) Epimuscularly connected muscle. The target muscle is
intermuscularly connected to the synergist muscle: the corresponding nodes of the matrix meshes of
the two models are linked elastically along their medial faces (shown by black circles on the left-hand
side). The synergist is kept at a �xed length, whereas the target muscle is lengthened distally. Both of
the models are also connected extramuscularly: the nodes of the matrix mesh marked by a black "+"
sign have connections to mechanical ground. The nodes marked also by a black square have sti�er
extramuscular connections. A proximal view of the models in the undeformed state is shown on the
left-hand side. Also in this view, the location extramuscular connections of the model are marked.
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4.2.5 Solution procedure

For all models, initially, in passive state, the activation coe�cient b3 = 0. Max-

imal activation was achieved by increasing b3 incrementally up to 1, using �xed incre-

ments, while the muscle was kept at initial length (lm = 28.7mm). Muscle length was

increased by changing the position of muscle distal end distally with 0.1 mm incre-

ments up to lm = 32.7mm, while keeping the proximal end �xed (i.e., a muscle stretch

approximating 14% was imposed). During the entire solution procedure, the models

studied were stable and no mesh re�nement was performed. A force-based convergence

criterion was used with a tolerance of 0.5%.

4.2.6 Processing of data

Muscle length-total and active force (di�erence of passive and total muscle force)

data were studied to quantify force enhancement. lmo was determined as the length

at which muscle active force reaches its maximal value. All forces were normalized to

the corresponding optimum force of the reference model. lmo of active state titin cases

were compared to that of the reference muscle.

Per muscle length: the mean nodal �ber direction strain per fascicle interface is

considered to represent sarcomere length changes in active state titin cases vs. passive

state titin case. Across muscle lengths: noting that ε22 = 0 represents full myo�lament

overlap in sarcomeres, mean of absolute summed nodal strain value per muscle length

over a range of muscle lengths represents an index for deviation from full myo�lament

overlap.

The mean nodal �ber direction stress per fascicle interface is considered to rep-

resent muscle force production changes in active state titin vs. passive state titin cases.

Total stress, ε22contr and ε22titin were assessed separately. The area under mean nodal

�ber direction stress-fascicle interface curves represents an index for force production.



49

4.3 Results

4.3.1 Local e�ects of EMFT, manipulating e�ects of active state titin

Figs. 4.3 and 4.4 show muscle �ber direction nodal strains in activated muscle

in the distal (III and IV) and proximal (I and II) fascicle sections at lm = 32.7mm for

active state titin-I and active state titin-II (left and right panels, respectively).

Distal fascicle sections

Active state titin e�ect : typically, in isolated muscle, compared to passive state

titin, active state titin leads to shorter sarcomeres (Fig. 4.3), which e�ect gets more

pronounced for active state titin-II: e.g., maximally, 48.9% (passive state titin) vs.

41.4% (active state titin-I) and 38.3% (active state titin-II) for fascicle interface 17

(Fig. (Fig. 4.3)D). Exceptions exist limited to fascicle interfaces 1-3.

EMFT manipulating e�ect : in contrast, compared to isolated muscle, muscles

with extra- and epimuscular connections show longer sarcomeres consistently: e.g.,

maximally, 20.4% vs. 37.4% for active state titin-I, fascicle interface 1 (Fig. (Fig.

4.3)B). For most fascicle interfaces, this vanishes the typical e�ect of active state titin.

Proximal fascicle sections

Active state titin e�ect : in isolated muscle, compared to passive state titin, ac-

tive state titin leads to the typical e�ect of shorter sarcomeres (i) entirely in fascicle

section II (Fig.4.4B) and (ii) for about half of fascicle section I (Fig.4.4A), which ef-

fect gets more pronounced for active state titin-II: for (i) maximally, 46.6% (passive

state titin) vs. 40.6% (active state titin-I) and 37.0% (active state titin-II) for fascicle

interface 1. For (ii) maximal shortening: 53.7% (passive state titin) vs. 46.9% (active

state titin-I) and 43.3% (active state titin-II) for fascicle interface 1; maximal length-

ening: 7.9% (passive state titin) vs. 14.0% (active state titin-I) and 14.3% (active state

titin-II) for fascicle interface 17.
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EMFT manipulating e�ect : Two main e�ects are shown, the latter being highly

remarkable: (1) fascicle section II: compared to isolated muscle, muscles with extra- and

epimuscular connections show shorter i.e., less lengthened sarcomeres consistently e.g.,

maximally, 46.6% vs. 17.7% for active state titin-II, fascicle interface 1 (Fig. 4.4D).

For most fascicle interfaces, this makes the typical e�ect of active state titin more

pronounced. (2) fascicle section I: again, compared to isolated muscle, muscles with

extra- and epimuscular connections show shorter sarcomeres consistently, but instead

of being less lengthened, this presents itself as even shortened sarcomeres. For fascicle

interfaces 2-9 (Fig. 4.4A) and 2-8 (Fig. 4.4B), sarcomeres are shortened up to 9.8% in

fascicle interface 6 (in contrast to 27.5% lengthening in isolated muscle).

Figure 4.3 Nodal �ber direction strains for distal fascicle sections (III-IV) at lm = 32.7mm per fasci-
cle interface. (A) (C) Active state titin-I and titin-II with isolated muscle, extramuscularly connected
muscle, and epimuscularly connected muscle are compared to passive state titin with isolated muscle
for fascicle section III. (B) (D) Active state titin-I and titin-II with isolated muscle, extramuscularly
connected muscle, and epimuscularly connected muscle are compared to passive state titin with iso-
lated muscle for fascicle section IV
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Figure 4.4 Nodal �ber direction strains for proximal fascicle sections (I-II) at lm = 32.7mm per
fascicle interface. (A) (C) Active state titin-I and titin-II with isolated muscle, extramuscularly con-
nected muscle, and epimuscularly connected muscle are compared to passive state titin with isolated
muscle for fascicle section I. (B) (D) Active state titin-I and titin-II with isolated muscle, extramuscu-
larly connected muscle, and epimuscularly connected muscle are compared to passive state titin with
isolated muscle for fascicle section II

Muscle �ber direction mean strains

Following details of e�ects of EMFT on nodal muscle �ber direction strains, Figs.

4.5 and 4.6 show muscle �ber direction mean strains and stresses at lm = 32.7mm mm

for active state titin-I and active state titin-II, respectively.

Active state titin e�ect : for isolated muscle, mean �ber direction strain curves of

active state titin-I (Fig. 4.5A) and active state titin-II (Fig. 4.6A) are clearly localized

below that of the passive state titin for all fascicle interfaces, which e�ect is referred

to as the shorter sarcomere e�ect.
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EMFT manipulating e�ect : the shorter sarcomere e�ect becomes an inconsis-

tent and variable e�ect: for extramuscularly connected muscle, shorter sarcomere e�ect

is enhanced for most fascicle interfaces (1 to 14, maximally by 16.8% and 17.4%, for

fascicle interface 1 for active state titin-I and II, respectively). Conversely, it is dimin-

ished for the remaining fascicles (15 to 17, maximally by 2.0% and 2.7%, for fascicle

interface 17 for active state titin-I and II, respectively). For epimuscularly connected

muscle, SSE is further enhanced for most fascicle interfaces (1 to 13, maximally by

30.2% and 31.0%, for fascicle interface 1 for active state titin-I and II, respectively).

SSE is also diminished for some fascicles (14 to 17, maximally by 10.3% and 14.0%,

for fascicle interface 17 for active state titin-I and II, respectively), but even a longer

sarcomere e�ect is shown for other fascicle interfaces (16-17 for active state titin-I and

fascicle interface 17 for active state titin-II).

Muscle �ber direction mean total stress, contractile and titin stresses

Active state titin e�ect : for isolated muscle, muscle �ber direction mean total

stress curves of active state titin-I (Fig.4.5B) and active state titin-II (Fig.4.6B) are

above that of the passive state titin yielding an index for force production which is

higher by 31.2% and 57.9%, respectively.

EMFT manipulating e�ect : for extramuscularly connected muscle, the index

for force production increases by 34.8% and 60.1% and for epimuscularly connected

muscle even further by 37.3% and 63.7% for active state titin-I and active state titin-

II, respectively. This is ascribed to titin component to force production predominantly

(Fig. 4.5D and Fig. 4.6D), but the contribution of the contractile component is also

higher: for extramuscularly connected muscle, the contractile index for force production

is higher by 8.5% (Fig. 4.5C) and 16.2% (Fig. 4.6C) for active state titin-I and active

state titin-II, respectively, whereas for epimuscularly connected muscle, by 4.5% and

12.7%.
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Figure 4.5 Mean nodal �ber direction strain and stresses at lm = 32.7mm per fascicle interface. Ac-
tive state titin-I with isolated muscle, extramuscularly connected muscle, and epimuscularly connected
muscle are compared to passive state titin with isolated muscle. (A) Mean �ber direction strain (ε22)
across fascicle interfaces. (B) Mean nodal �ber direction contractile stress (σ22contr) across fascicle
interfaces. (C) Mean nodal �ber direction titin stress (σ22titin) across fascicle interfaces. (D) Mean
�ber direction total stress (σ22) across fascicle interfaces

4.3.2 Global e�ects of EMFT, manipulating functional e�ects of active

state titin

Fig.4.7 shows muscle length-force characteristics for active state titin-I and ac-

tive state titin-II.

Active state titin e�ect : for isolated muscle, compared to muscle forces of passive

state titin, with increased muscle lengthening muscle forces increase by up to 37.5%

(Fig. 4.7A) and 77.4% (Fig. 4.7B) for active state titin-I and active state titin-II,

respectively. A shift of muscle's optimum length to a longer length (29.6 mm) is a

remarkable e�ect of active state titin-II (Fig. 4.7B).
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Figure 4.6 Mean nodal �ber direction strain and stresses at lm = 32.7mm per fascicle interface.
Active state titin-II with isolated muscle, extramuscularly connected muscle, and epimuscularly con-
nected muscle are compared to passive state titin with isolated muscle. (A) Mean �ber direction strain
(ε22) across fascicle interfaces. (B) Mean nodal �ber direction contractile stress (σ22contr) across fas-
cicle interfaces. (C) Mean nodal �ber direction titin stress (σ22titin) across fascicle interfaces. (D)
Mean �ber direction total stress (σ22) across fascicle interfaces

EMFT manipulating e�ect : Force di�erences are prominent and variable for

all muscle lengths studied. At 28.7mm, for extramuscularly connected muscle, muscle

force decreases by 4.4% and 2.3%, for active state titin-I and active state titin-II,

respectively and for epimuscularly connected muscle, by 7.8% and 2.8%. At 32.7mm,

for extramuscularly connected muscle, muscle force increases by 42.9% and 78.8% for

active state titin-I and active state titin-II, respectively and for epimuscularly connected

muscle, by 65.8% and 96.8%. A shift of muscle's optimum length to a di�erent length

is valid for both for extramuscularly connected muscle (to a longer length of 29.9 mm)

and epimuscularly connected muscle (to a shorter muscle length of 28.7 mm) for active

state titin-II (Fig. 4.7B).
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Figure 4.7 The force-length characteristics of the modeled EDL muscles in the range of muscle
lengths studied from initial length i.e., lm = 28.7mm to lm = 32.7mm. (A) Active isometric muscle
forces of di�erent model cases are calculated as the di�erence between total and passive muscle forces.
Forces of the passive state titin with isolated muscle and active state titin-I with isolated muscle,
extramuscularly connected muscle, and epimuscularly connected muscle are shown. (B) Active iso-
metric muscle forces of di�erent model cases are calculated as the di�erence between total and passive
muscle forces. Forces of the passive state titin with isolated muscle and active state titin-II with
isolated muscle, extramuscularly connected muscle, and epimuscularly connected muscle are shown

4.4 Discussion

Our �ndings show that active state titin e�ects on muscular mechanics in iso-

lated muscle do change in muscle with extra- and epimuscular connections. In isolated

muscle the consistent characteristic e�ect of active state titin is the shorter sarcomere

e�ect, which present itself as less lengthened sarcomeres than those encountered with

passive state titin. However, the integrated muscles show locally major di�erences in-

cluding even shortened sarcomeres in certain muscle parts and more or less pronounced

shorter sarcomere e�ect in other parts. Therefore, our results con�rmed our hypothesis.
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Two calcium-dependent models to characterize the altered mechanical behavior

of active state titin have been central to developing new muscle mechanics phenom-

ena in the last years: (1) sti�ening of titin PEVK region caused by the a�nity of

e-rich motifs in the PEVK segment (e.g., Labeit et al., 2003), and (2) titin N2A-actin

interaction (e.g., Dutta et al., 2018) reducing titin's free-spring length to the PEVK

segment and increasing overall titin sti�ness[37],[130]. Both models account for an

increase of sarcomere force in stretch induced conditions and enable new viewpoints in

which titin is de�ned as the third myo�lament[73],[56] or as a tunable spring[6] within

the sarcomere. Incorporating these models in the whole muscle level, Cankaya et al.

(2021) revealed their mechanism of e�ects on muscular mechanics, characterized by the

shorter sarcomere e�ect. This was achieved with the LFMMmodel that incorporates an

interconnected bi-domain modeling concept of muscle �bers and extracellular matrix.

This concept enables mechanical interaction between these domains, such that the me-

chanical equilibrium determining local length changes of sarcomeres takes into account

intramuscular myofascial loads exerted by the ECM on the muscle �bers. Active vs.

passive state titin e�ects studied in that context in truly isolated muscle did show that

active state titin can overcome myofascial loads and limit sarcomere lengthening[131].

On the other hand, for integrated muscle brought to long length, its mechanical

interaction with surrounding muscular and connective tissue structures lead to loads

to develop via stretching of the muscle's epimuscular connections. The net resultant

of such epimuscular myofascial loads on the EDL muscle were previously made evi-

dent experimentally as muscle proximo-distal force di�erences[49],[78],[52],[53]. Such

epimuscular myofascial loads exerted on the ECM also come into play and with intra-

muscular myofascial loads can manipulate sarcomere lengths. The extent of possible

combined e�ects of such epi- and intramuscular myofascial loads were shown recently

to be notable and di�erent than those of solely intramuscular myofascial loads, to

include strains opposing those elsewhere within the muscle that are determined by

the globally imposed conditions[135]: (1) in passively lengthened integrated muscle,

locally shortened regions and (2) in isometrically activated integrated muscle locally

lengthened regions were shown. Note that, those model scenarios represent principles

of experiments conducted in human muscle in vivo[105],[80]. The present study tack-
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les the interaction of active state titin and epi- and intramuscular myofascial loads in

integrated muscle context and shows this time that those loads can manipulate and

overcome active state titin e�ects. Leading to heterogeneity of muscle �ber direction

strains (implying nonuniformity of sarcomere length changes along fascicles), those

myofascial loads enhance (by increased lengthening) or limit (by diminished length-

ening) or even eliminate (by shortening) active state titin e�ects locally in di�erent

regions. Unlike in isolated muscle at long length in which all regions along muscle

�bers lengthen, the latter represents a particularly interesting impact of epimuscular

myofascial loads on active state titin e�ects because such shortened regions may even

indicate disappeared di�erences between active and passive state titin.

Note that, mechanical interaction of integrated muscle with its surroundings

consequently has remarkable functional e�ects re�ected on muscle's length-force char-

acteristics causing changes in amplitude of muscle forces and a shift in muscle's op-

timum length to di�erent muscle lengths[136],[53]. Note however, the di�erential re-

�ection of epimuscular myofascial loads on muscle function for active state titin-I and

II. Force enhancement e�ect indicates an increased contribution of muscle to joint

moment. This e�ect gets more pronounced in the presence of locally lengthened sar-

comeres (i.e., shorter sarcomere e�ect counteracted by epimuscular myofascial loads)

mainly for active state titin-II. However, with the presence of locally shortened regions

of the muscle (i.e., shorter sarcomere e�ect further sustained by epimuscular myofascial

loads) this e�ect vanishes for active state titin-I. Note that, for active state titin-II,

owing to a reduction in titin's free-spring length, force enhancement remains, but gets

decreased. On the other hand, a shift of muscle optimum length to a di�erent muscle

length alters muscle's contribution to joint range of movement. In isolated muscle, that

e�ect was shown to be exclusive to active state titin-II[131]. In contrast, the current

�ndings indicate that active state titin e�ects on muscle optimum length are depen-

dent on epimuscular loads and thus can be sustained or eliminated based on muscle's

interaction with its surrounding structures.

The presently modeled extramuscularly and epimuscularly connected muscles

exemplify di�erent scenarios of integrated muscle context with the former representing
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a lesser epimuscular myofascial load-imposed scenario compared to the latter. Indeed,

muscle is integrated with its surroundings via various tissues including collagen re-

inforced neurovascular tracts, intermuscular septa, and compartmental and general

fascia[99],[102],[79] imposing loads[50],[137],[46],[54]. Such epimuscular loads present

themselves during di�erent body movements to varying extents[138],[46]. The present

results showing di�erential functional e�ects of active state titin determined by epimus-

cular myofascial loads may be relevant clinically. Kinesio taping is used to improve

muscle strength and joint range of motion in sportive performance, neuromusculoskele-

tal disorders and other injuries[139],[140]. It was shown that such externally imposed

mechanical loading on the skin a�ects local strains in muscle and other tissues within

and beyond the taped region[141], and also alters the contractile mechanics of the

target muscle[142]. Those �ndings coupled with the present ones suggest that kinesio

taping via epimuscular myofascial loads it develops in a broad tissue region may induce

its functional e�ects by also manipulating active state titin's mechanics within the tar-

geted muscle. In muscle spasticity e.g., in cerebral palsy, joint range of movement is

compromised[143] suggesting a shift of lmo to shorter muscle lengths and active state

titin was shown to have the capacity to yield the opposite[131]. Therefore, we discussed

earlier the possibility of a lack of active state titin mechanical in�uence to be responsible

for the pathological spastic muscle function. However, measurements of active forces of

human spastic gracilis[86], semitendinosus[87] and semimembronosus[77] muscles' di-

rectly as a function of knee joint angle during remedial surgery did not show low forces

in extended knee positions, where the muscles are lengthened. This shows that sar-

comeres of spastic muscles were not overstretched and hence do not imply that active

state titin's shorter sarcomere e�ect was overcame by intermuscular mechanical inter-

action. Yet, in those experiments only the target muscles were activated. Co-activation

intraoperatively of synergistic and antagonistic muscles and analyses in gait relevant

joint positions did change spastic gracilis[88],[89] and semitendinosus[144] forces lead-

ing to signi�cant shifts of peak force exertion to �exed knee positions. Therefore, in

conditions involving more pronounced epimuscular myofascial loads spastic muscles'

mechanics correlate with the pathological joint condition and this may be in part be-

cause of a diminished mechanical in�uence of active state titin, which requires further

investigation. Note that, botulinum toxin type-A injections widely used in spastic-
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ity management[145] can compromise intermuscular mechanical interaction[146] and

remedial surgery techniques involve dissection of muscle's connections to surrounding

structures[86], which can diminish epimuscular myofascial loads acting on the target

muscle.

In conclusion, the present study showed that in the integrated muscle context,

the role of active state titin as the third myo�lament in muscular mechanics is manip-

ulated by EMFT. This suggests that the classical two myo�lament model, which re-

mains incompetent for explaining several in situ muscle mechanics phenomena requires

inclusion of active state titin and muscle �ber-to-ECM-to higher structural levels of

myofascial connections to start characterizing in vivo muscle mechanics phenomena.
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5. General Discussion

5.1 An alternative perspective for the Third Myo�lament

Present thesis aims to introduce a new perspective to titin literature with com-

prehensive approach. In this regard, a series of analyses with �nite element modeling

are performed:

1. The work done in the second chapter had novel �ndings in terms of titin's mech-

anism of e�ect (shorter sarcomere e�ect) and functional e�ects (optimum muscle

length shift to a longer length). Overall, the chapter emphasize the importance

of this alternative approach in this regard.

2. Results of the third chapter showed that non-uniform strain distributions along

the muscle �ber direction opposing the globally imposed e�ect are ascribed to

epimuscular myofascial loads. These �ndings indicate of another component that

can manipulate the mechanism of e�ect of titin, as SSE is an e�ect on sarcomere

strain as well: That is, the titin becomes an active component and contributes

to the skeletal muscle mechanics through a�ecting the sarcomere strain.

3. Findings of the work done in fourth chapter showed that active state titin e�ects

on muscular mechanics in isolated muscle do change in muscle with extra- and

epimuscular connections. Muscle in-vivo is not isolated; hence these results in-

dicate that incorporating EMFT is a requirement in the analysis of active state

titin's role in skeletal muscle mechanics.

5.2 An alternative perspective for the Three-Myo�lament Model

Two myo�lament model is insu�cient, and titin is the third myo�lament that

contributing to force production. The widely adopted perspective to investigate titin in
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this regard so far was to understanding titin's calcium dependent activation behaviors

with an isolated focus on titin itself resulted with a progression on titin's calcium a�nity

and corresponding mechanical behaviors. However, the three-myo�lament contractile

model based on the �ndings of current approach where the contribution of non-force

producing components to skeletal muscle mechanics are overlooked will lead to an insuf-

�cient model yet again. For the analysis of titin as an active component, present study

assumed a comprehensive perspective where the contribution of non-force producing

components in terms of intramuscular and epimuscular myofascial force transmission.

In doing so, novel �ndings introduced to literature in terms of titin's mechanism of ef-

fect, its functionality, and its dependency to EMFT. These �ndings are the product of

such alternative approach where titin's e�ect revealed due to the presence of myofascial

force transmission and epimuscular loads. This implies an important aspect for de�ning

a new contraction model: For the analysis of the components of the contractile machin-

ery, contribution to force production and contribution to muscle mechanics should be

assessed with alternative perspectives. Titin's calcium dependent mechanical behaviors

belong to the former as these increases its sti�ness, whereas its mechanism of e�ect SSE

belongs to latter as this mechanism further translates its a�ect to other components as

well as to muscle length force characteristics. These together comprehensively de�ne

titin's contribution as a component of third myo�lament model.

In conclusion, aim of this thesis was to analyze titin's role in muscle contraction

with an alternative perspective. In doing so, novel �ndings introduced to literature in

terms of titin's mechanism of e�ect, its functionality, and its dependency to EMFT.

Furthermore, the approach embraced in this thesis indicates that a new (comprehen-

sive) perspective is required to fully understand the role of active titin in contractile

machinery.
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APPENDIX A. APPENDIX A: LINKED FIBER MESH

MATRIX MODEL

In the linked �ber-matrix mesh model (LFMM model), skeletal muscle is consid-

ered to consist of intracellular and extracellular matrix (ECM) domains. The trans sar-

colemmal attachments (multimolecular structures including dystrophin, dystroglycan

complex and laminin) are considered as elastic links between the two domains[59],[60].

Two user de�ned elements were developed in ANSYS 12.0: The ECM element rep-

resents the basal lamina, endomysium, perimysium and epimysium. The myo�ber

element models the muscle �bers. Both elements have eight nodes, linear interpola-

tion functions and a large deformation analysis formulation. A 3D-local coordinate

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

meshes of ECM and myo�ber elements occupying the same space are rigidly connected

to single layers of aponeuroses and are linked elastically at intermediate nodes. In the

LFMM model, one muscle element represents a segment of a bundle of muscle �bers,

its connective tissues and the links between them(Figure(A.1a)).

A.1 Isolated EDL muscle model

EDL muscle of the rat is a unipennate muscle with rather small pennation

angles and minimal variation of the �ber direction within the muscle belly. The model

geometry (Fig. A1b) is de�ned as the contour of a longitudinal slice at mid-muscle

belly �lled by three muscle elements in series and sixteen in parallel. Any collection

of three muscle elements in series represents a muscle fascicle. Aponeurosis elements

have identical mechanical properties, but increasing cross sectional area toward the

tendon[61] is accounted for.
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Figure A.1 Finite element model of EDL muscle of the rat. (a) Two dimensional schematic repre-
sentation of an arrangement of muscle elements. The intracellular domain, which is comprised of the
contractile apparatus and titin is linked to the extracellular matrix domain elastically through trans
sarcolemmal attachments. (b) The model consists of three muscle elements in series and sixteen in
parallel. Three muscle elements arranged in series construct a fascicle. A combination of nodes along
one side of a fascicle is referred to as a fascicle interface. Each fascicle interface is indicated by a
number from 1 to 17. 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 presentation of
the model results[47]

A.1.1 ECM element

The stress formulation is based on Second Piola-Kircho� de�nition:

S =
dW

dLG
(A.1)

A strain energy density function accounts for (1) non linear and anisotropic material

properties(Huyghe et al., 1991) and (2) a penalty function to account for the constancy

of muscle volume.

W = W1 +W2 (A.2)

W1 = Wij(εij) (A.3)
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where

Wij = k(eaijεij − aijεij) for εij > 0 (A.4)

or

Wij = −Wij | εij | for εij < 0 and i ̸= j (A.5)

and εij are the Green-Lagrange strains (dLG) in the local coordinates. The indices i

and j = 1...3 represent the local cross �ber, �ber and thickness directions, respectively.

aij and k are constants (Table A.1).

W2 = λs(I3 − 1)2 + λf (I
avg
3 − 1)2 (A.6)

where, I3 is the third invariant of the right Cauchy-Green strain tensor, a measure for

the local volume for each Gaussian integration point. If all the I3's are kept as unity,

the element is considered as solid and the local volumes are conserved. If the weighted

mean of all I3's per element, Iavg3 is kept as unity, the element is considered as a �uid.

The penalty parameters λs and λf (Table 1), allow determining the emphasis given

for each part (see Yucesoy and Huijing 2012 for further details). Resulting curves are

given in �gure A.2a.

A.1.2 Myo�ber element

Maximally activated muscle is studied and sarcomeres are assumed to have

identical material properties. The total stress for the intracellular domain (σ22) is

the sum of contractile (σ22contr) and titin (σ22titin) Cauchy stresses. At initial muscle

length, in passive state, sarcomere lengths and material properties are assumed identical

and the �ber direction strain (σ22) is zero. For σ22contr experimental data of rat

gastrocnemius medialis �ber bundles(Zuurbier et al., 1995) was �t with an exponential

function and scaled such that at muscle optimum length (lmo), σ22 is zero and the
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Figure A.2 LFMM model concept and plots of constitutive equations de�ning the muscle mod-
eled.(A) 2D schematic representation of an arrangement of muscle elements. The intracellular do-
main, which is composed of the active contractile elements (CEs) and intracellular passive cytoskele-
ton (ICP), is linked to the extracellular matrix (ECM) domain, elastically.(B) Extracellular matrix
element stress-strain relations de�ned in �ber, cross-�ber, and thickness directions.(C) Myo�ber el-
ement's active (contractile element) stress-strain relation de�ned in �ber direction. (D) Myo�ber
element's intracellular passive (titin) stress-strain relation de�ned in �ber direction.

maximal stress value is unity.

σ22contr(ε22) = b3e
b2ε222 for ε22 > 0 (A.7)

or

σ22contr(ε22) = b3e
b1ε322 for ε22 < 0 (A.8)
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where b1, b2 and b3 are constants (Table A.1). Resulting curves are given in FigureA.2b.

For σ22titin in the passive state, experimental tension-sarcomere length data(TrombitÃ½s

et al., 1995) for a single rabbit skeletal muscle �ber was �tted using a parabolic function

and scaled to make it compatible to σ22contr.

σ22titin(ε22) = t1ε
2
22 + t2ε22 + t3 (A.9)

and

σ22titin(ε22) = 0 for ε22 = 0 (A.10)

where t1, t2 and t3 are constants (Table 1). Resulting curves are given in FigureA.2c.

A.1.3 Linking elements

To represent the trans-sarcolemal attachments of the cytoskeleton and ECM,

COMBIN39 (uniaxial 2 node spring element with linear sti�ness) from ANSYS 12.0

was used.

A.1.4 Aponeurosis element

HYPER58 (8 node, hyperelastic, 3D element, using the Mooney-Rivlin material

law) from ANSYS 12.0 was used.
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Table A.1

Values and de�nitions of the model constants.

Constant Value De�nition

b1 30.0 Coe�cient for the stress-strain relation of the contractile elements (EqnA.8)

b2 -6.0 Coe�cient for the stress-strain relation of the contractile elements (EqnA.7)

b3 1 Coe�cient for the stress-strain relation of the contractile elements (EqnA.7A.8)

t1 0.522 Coe�cient for the stress-strain relation of passive state titin (EqnA.9)

t2 0.019 Coe�cient for the stress-strain relation of passive state titin (EqnA.9)

t3 -0.002 Coe�cient for the stress-strain relation of passive state titin (EqnA.9)

h1 3.204 Coe�cient for the stress-strain relation of active state titin equations

h2 1.811 Coe�cient for the stress-strain relation of active state titin equations

h3 0.207 Coe�cient for the stress-strain relation of active state titin equations

εshift 0.11 Coe�cient for the stress-strain relation of active state titin equations

k 0.05 Initial passive sti�ness (EqnA.4)

a11 8.0 Passive cross-�ber direction sti�ness, a11 = a33 (EqnA.4)

a22 6.0 Passive �ber direction sti�ness (EqnA.4)

a12 6.0 Passive �ber-cross-�ber shear sti�ness a12 = a23 = a31 (EqnA.4)

λs 5.0 Weight factor in the penalty function for the solid volume (EqnA.6)

λf 20.0 Weight factor in the penalty function for the �uid volume (EqnA.6)
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