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ABSTRACT

ASSESSMENT OF LOCAL MUSCLE DEFORMATIONS
USING MULTI-MODAL IMAGING AND FINITE ELEMENT

MODELING

In vivo assessment of muscle deformations, including influence of non-muscular

tissues such as NVTs, aponeuroses, fasciæ or overlying skin, is key due to functional

relevance of tissue connectivity within limb. In integral framework of anatomy, under-

standing deformations in muscle and non-muscular connectome, and mechanical inter-

actions therein, is crucial. Muscle deformations caused by external loads, e.g., KT,

are conceivable and crucial to quantify when exploring KT’s unknown action mecha-

nism. Continuity of muscle fibers and extra-cellular matrix (ECM) is also of relevance.

Titin was so far considered as passive spring of sarcomere, a view now changing due

to its altered properties in active state. Yet, muscle fiber–ECM interaction can further

change titin’s influence. This thesis aims to address these by MRI image registration,

DTI and FEM. MRI analyses of KT showed principal tissue strains deviated from KT

loading direction. By DTI tractography and MRI analyses combined, muscle fiber and

shear strains upon passive knee extension were determined. Strains were non-uniform

along fascicles, which lengthened (8.7%) and shortened (7.5%), overall. Passive mus-

cle FEM indicated role of NVT connectivity in imposing myofascial loads that cause

strain non-uniformities. FEM with active titin showed increased total stress, with lit-

tle increase from cross-bridges and much from titin. Depending on titin formulation,

strain non-uniformities varied, yet persisted. Active force increased or leveled beyond

optimum length. Strains were shorter overall: a shorter sarcomere effect. In sum, new

non-invasive in vivo DTI and MRI methods are used to assess muscle tissue deforma-

tions; FEM allowed proposing new views incorporating epimuscular interactions within

limb, with implications for muscle pathophysiology.

Keywords: Diffusion Tensor Imaging (DTI); Magnetic Resonance Imaging (MRI);

Myofascial loads; Kinesio Taping (KT); Muscle fiber direction strains; Principal tissue

strains; Neuro-vascular Tracts (NVT); Finite Element Modeling (FEM)
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ÖZET

LOKAL KAS DEFORMASYONLARININ ÇOKLU
MODALİTE GÖRÜNTÜLEME VE SONLU ELEMANLAR

MODELLEME İLE DEĞERLENDİRMESİ

Kas deformasyonlarının NVY, aponevroz, fasya veya üzerindeki deri gibi kas

dışı dokuların etkisini dahil eden vivo değerlendirmesi, uzuvdaki doku bağlantılılığının

işlevsel ilgisi düşünülünce çok önemlidir. Anatominin bütünleşik yapısı dahilinde kas

ve kas dışı konektomun deformasyonları; aralarındaki mekanik etkilec simin anlaşıl-

ması, kritiktir. KB gibi dış yükler kaynaklı kas deformasyonları böylece kavranabilir ve

nicellenmeleri KB’nin bilinmeyen etki mekanizmasını araştırmak için kritiktir. Ekstra-

selüler matriks (ESM) ile kas fiberlerinin sürerliliği ise ek önem taşır: Şimdiye kadar

titin sıkc ca sarkomerin pasif yay elemanı olarak düşünüldü. Bu bakış titinin aktif du-

rumda başkalaşan özellikleri nedeniyle değişmektedir. Ancak kas fiberi–ESM etkileşimi

titinin etkisini daha da değiştirebilir. Bu tez MRG ve görüntü çakıştırma; DTG ve trak-

tografi; ve SEM ile bu konuları ele almayı amaçlar. KB’nin MRG analizleri asal doku

gerinimlerinin, KB yükleme yönünden saptığını gösterdi. DTG–traktografi ve MRG

analizleri ile pasif diz ekstansiyonu sonucu kas fiber ve kayma gerinimleri belirlendi.

Toplamda uzayan (%8.7) ve kısalan (%7.5) kesimler içeren fasiküller boyunca gerinim-

ler heterojendi. Pasif kas SEM, gerinim düzensizliklerine neden olan miyobağdokusal

yüklerin etkimesinde NVY bağlantılılığının rolünü gösterdi. Titin aktif davranışı dahil

SEM, artan kas geriliminde titin katkısı-nın önemini gösterdi. Genelde daha negatif

gerinimler, yani daha kısa sarkomer etkisi; optimum boy ötesinde artan veya düzleşen

aktif kuvvet görüldü. Sonuçta, kas doku deformasyonlarının değerlendirmesi için ye-

nilikçi, girişimsel olmayan in vivo yöntemler; uzuvdaki epimüsküler etkileşimleri de

dikkate alan yeni bakış açılarını kas patofizyolojisine yönelik implikasyonlar ile sun-

maya olanak tanıyan hesaplamalı yaklaşımlar kullanıldı.

Anahtar Sözcükler: Difüzyon Tensör Görüntüleme (DTG); Manyetik Rezonans Gö-

rüntüleme (MRG);Miyobağdokusal yükler;KinesiyoBantlama (KB);Kas fiber gerinimi;

Doku asal gerinimi; Nörovasküler Yolak (NVY); Sonlu Elemanlar Modelleme (SEM)
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1. OVERVIEW

1.1 Anatomy of Muscle and Surrounding Tissue

Muscle is the motor that produces the force driving skeleton’s motion and is

composed of muscle fibers and extra-cellular matrix (ECM). The ECM is a three di-

mensional scaffold of connective tissue within which muscle fibers operate [2]. Each

muscle fiber is composed of a serial arrangement of its smallest functional units: the sar-

comere. Force production capacity of the sarcomere is maximal between 2.25–2.50µm

and is considered to decrease linearly outside this length range [3]. Sarcomere’s force

producing active lattice is composed of actin and myosin myofilaments and force is

produced via the cross-bridges formed between these myofilaments under the influence

of calcium and is dependent on the overlap between actin and myosin filaments. Thus,

sarcomere length is a fundamental metric in muscle mechanics. This classical viewpoint

is based on two fundamental assumptions:

1. Presence of calcium affects only actin and myosin, thus contraction is tradition-

ally considered as a two-myofilament paradigm [3, 4, 5, 6]. However calcium

dependence of titin is known [7, 8, 9] and contraction is spreadingly described

accordingly as a three-myofilament paradigm [1, 10, 11, 12, 13, 14, 15, 16, 17].

Studies regarding how deformations within muscle change when taking titin into

consideration are scarce and limited to cubic volume of parallel fibered muscle

for excising muscle geometry related concerns [18, 19].

2. Lengths of sarcomeres are determined solely by the mechanical interaction among

serially arranged sarcomeres of the same myofibril. However, due to connecting

protein structures that exist between muscle fibers and the ECM, each sarcomere

would be in mechanical interaction both with the ECM and through the ECM,

also with sarcomeres within other muscle fibers. Thus, sarcomere length would

be determined by a more complex mechanism.
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Based on these, overall, our research group proposes to steer towards describing

contraction as a four-myofilament paradigm. Muscle deformation analyses regarding

such mechanisms are scarce if not lacking. It must further be noted that there are

various connections beyond myofiber–ECM connection, hence the issue is also about the

mechanism for transmission of muscle force. Within the composite structure of muscle

tissue, muscle fibers are attached to the ECM via multi-molecular connections. Ability

of these connections to transmit force laterally between muscle fibers were shown for

isolated singe fibers [20], muscle fiber bundles [21] and whole muscle in situ [2, 22, 23].

Finite element model accounting for muscle’s composite structure showed the effects

of such intra-muscular myofascial force transmission leading to e.g., a heterogeneous

strain distribution within muscle with homogeneous material [24].

Connective tissues of muscle are continuous structures and combine to form

aponeurosis and tendon, where muscle fibers are connected. Such myotendinious con-

nections are specialized for transmitting force developed within the muscle fibers to the

tendon and from there to the bone and eventually to the joint [25] While importance

of such myotendinous force transmission pathway is evident, assuming it is the only

available pathway for transmitting forces generated in sarcomeres is an overstatement.

Classical view on muscle mechanics states that muscle fibers and the ECM are con-

nected at the myotendinious junction exclusively, which leads to the assumption that

muscle fibers are mechanically independent, hence the sarcomeres within a muscle fiber

would all be of the same length. Furthermore, this classical view assumes that muscles

are independent actuators; force produced by muscle is transmitted equally to both

tendons; and length–force relationship of a muscle is unique [26].

The skin is considered largest organ in human body. Unequivocally second

to it, is the fascial system [27], covering and sheathing all musculature within the

limb. Appendages of circulatory, nervous and lymphatic systems, namely blood ves-

sels, veins and capillaries; nerves; lymphatic vessels and ducts are enclosed in fasciæ,

investing into muscles, bones and other organs and hence interlinking them mechani-

cally. Skeletal muscle is part of an integral system which is comprised of muscular and

non-muscular structures in vivo. Direct collageneous connections between epimysia
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of adjacent neighboring muscles [28] and indirect connections between distant mus-

cles via predominantly neuro-vascular tracts (NVT) and also through compartmental

fascia continuous to this system provide pathways for transmission of force between

muscles [28, 29]: inter-muscular myofascial force transmission. Non-muscular tissues

such as inter-muscular septum, inter-osseal membrane, and bone are an integral part

of this system allowing transmission of force [30]: if this can be isolated it is referred

to as extra-muscular myofascial force transmission. Collectively known as epimuscular

myofascial force transmission (EMFT) [28], inter- and extra-muscular myofascial force

transmission (for a detailed review see [31, 32]) was shown to cause proximo–distal

force differences in non-isolated muscles, where the force difference represents the net

amount of force transmitted from the target muscle via myofascial pathways or this

can be considered as a net amount of myofascial loads acting on the muscle belly [30]

Increase in the difference between proximal and distal forces was observed when the

position of the target muscle was changed isometrically relative to surrounding struc-

tures [33]. This indicates that stretching of the NVTs and other myofascial structures

causes elevated loads to act on the muscle. One explanation for the experimentally

observed force differences is that the net amount of the myofascial loads is integrated

to the force measured in one of the tendons of the muscle. However, this is tenable

only if the muscle were a rigid body. Instead, via the connective tissues comprising the

muscle’s ECM, which is integral to the epimuscular myofascial structures, the myofas-

cial loads conceivably spread inside the muscle and lead to local effects. Those effects

can be characterized as local deformations and their quantification is very important.

Myofascial loads, considered as external forces on muscle effecting its interior, could

be due to stretching of NVTs and other connective tissues caused by relative position

change of that muscle with respect to other muscles, or could be entirely of external

origin: an integral structure of connective tissue between skin and muscle’s ECM could

bring external forces applied on skin deeper into muscle level, and cause deformations

intra-muscularly. KT is a well-suited example for this kind of loading. While numer-

ous expectations and premises exist regarding KT’s effects, how it causes deformations

locally within muscle tissue is not known well and regarding studies are lacking. It is

clear that if those deformations occur along the length of muscle fibers, the lengths of

sarcomeres can vary. This is particularly relevant in terms of muscle function. There-
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fore, quantification of local length changes along muscle fibers also is very important.

Yet, achieving those without interfering with the integrity of the muscle and connec-

tive tissue system is very difficult experimentally. Two ways of such assessments are

using medical imaging as an experimental tool and using finite element analyses for a

computational modeling tool.

1.2 Imaging Modalities and Advanced Analysis Methodologies

for Assessment of Local Deformations in Human Muscle in

vivo

Due to their non-invasive nature, medical imaging modalities such as ultrasound

(US) and magnetic resonance imaging (MRI) allow biomechanical studies in vivo with-

out disrupting the structural integrity of target tissue.

1.2.1 Ultrasound

Comparison of muscle architectural parameters such as pennation angle and

fiber length determined by US and by direct anatomical measurement yielded good

agreement for human m. gastrocnemius medialis (GM) [34]. US imaging of triceps

surae muscles at different ankle and knee joint combinations at rest and during maxi-

mal plantar-flexion effort has shown variation of architecture and function within the

muscles of triceps suræ [35]. These results have been extended to show fascicle length

changes in GM during eccentric contractions at extended and flexed knee positions [36].

Tissue displacements within triceps suræ muscles have been calculated by tracking US

video images during passive knee extension and during selective electrical stimulation

of GM, and have been found similar for GM and isometric and passive SOL muscles,

suggesting force may inter-muscularly be transmitted between the muscles of triceps

suræ in vivo [37].
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1.2.2 Magnetic Resonance Imaging

US offers good spatial and temporal resolution as well as higher availability,

lower cost and relative ease of operation during experiments with apparatus and/or

within calibrated spaces designed for research in biomechanics. However, limitations

such as tissue depth, transducer array size, and imaging of a single plane are some

shortcomings of US. On the other hand, improvements in and availability of MRI

hardware and imaging sequences have led to increased use of MRI for study of muscle

anatomy and physiology in biomechanically relevant experimental settings. Thus, MRI

offers a viable if not superior alternative to US in imaging of tissue architecture and

displacements.

1.2.2.1 Calculation of local tissue strains in dynamic conditions.

Cine MRI synchronizes acquisition of images over many repetitions of cyclic

motion and reconstructs the data in a series of anatomic images with desired number

of time frames [38]. Other MRI modalities that were originally used for evaluation

of myocardial function in vivo, such as phase-contrast (PC) in which displacements

and strains are determined by space and time integral of pixel velocities encoded in

phases of the image [39], and displacement encoding with stimulated echoes (DENSE)

in which strain tensor is directly obtained from tissue displacement encoded in phases

of the image [40], were recently utilized in imaging of skeletal muscle:

1. Using cine PC imaging during active elbow flexion, non-uniform strain patterns

were observed along the centerline aponeurosis of m. biceps branchii but such non-

uniformities were attributed to complex muscle–tendon architecture [41]. Cine

PC MR images acquired during knee extension and flexion of healthy volunteers

and of volunteers who had rectus femoris tendon transfer surgery showed that

m. rectus femoris did not move in the direction of knee flexors, but this finding

was explained with scar tissue formation around the muscle after surgery [42].

Outcomes of PC MRI and spin-tagging methods have been compared to validate
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non-uniform strain patterns observed in deep and superficial aponeuroses of GM

during sub-maximal isometric plantar-flexion effort [43].

2. Cine DENSE imaging of m. biceps branchii during low-load elbow flexion [44]

was in agreement with similar cine PC study [41], and additionally, second prin-

ciple strain was greater than first principle strain along centerline aponeurosis,

suggesting changes in the nature of deformation within muscle, possibly due to

shearing [44]. In a study on damage during eccentric activity, long head of bi-

ceps femoris muscle was assessed during active and passive lengthening using cine

DENSE MRI and higher strains were observed during active lengthening com-

pared to those during passive lengthening, along with higher and more localized

strains for volunteers with narrower aponeurosis width compared to those with

wider [45].

1.2.2.2 Calculation of local tissue strains in static conditions.

Static T1-weighted anatomic images were also recently used to quantify local

deformations within triceps suræ muscles upon passive flexion of the knee while keeping

ankle angle constant [46]. Tissue deformation was quantified using an intensity based

non-rigid non-parametric image analysis tool: demons algorithm [47]. Strain tensors

were also computed for image sets that went under synthetic rigid transformation and

resulting deformation established baseline strains (error strains) for the algorithm. Sig-

nificant differences are inquired in different regions of human distal lower limb, between

algorithm error strains and strains calculated regarding two subsequent in vivo image

sets, one of which is the image set whose deformation upon synthetic rigid transfor-

mation established the baseline error per image set. Strain distributions observed in

GM, and also in globally isometric SOL, were heterogeneous suggesting occurrence of

epimuscular myofascial force transmission in vivo. Furthermore, feasibility of demons

algorithm for study of muscle mechanics was demonstrated.
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1.2.2.3 Determination of muscle fiber direction.

Diffusion tensor imaging (DTI) is an MRI method that measures diffusivity of

water molecules within biological tissue by application of diffusion sensitizing gradients

in at least six directions, in addition to acquisition of at least one non-weighted diffusion

image. Diffusion of free water molecules in tissue is limited by cell membranes and

other structures [48]. Therefore, a tensor obtained from diffusion of water molecules

within each voxel characterizes local architecture of tissue. Correspondence of the first

eigenvector of the diffusion tensor to the average direction of local fibers were shown in

animal [49] and cadaver supported human studies [50]. Galban et al. proposed that the

second and third eigenvalues provided by DTI corresponded to structural information

about the endomysium and average fiber diameter respectively [51], in concert with

DTI findings regarding the myocardial architecture [52]. Significant decrease in the

second eigenvalue of m. tibialis anterior (TA) upon passive plantar-flexion has been

reported [53][53]. Moreover, the third eigenvalue showed a larger increase in mouse TA

after severe ischemic stress and it showed high correlation with the damage observed

in histological slices [54]. For passively plantar- and dorsi-flexed human lower leg

muscles, Schwenzer et al. reported no change in the first eigenvalue and a decrease

in the second and third eigenvalues in the stretched muscle groups [55]. Damon et

al. presented feasibility and validation of tractography for determination of pennation

angles of muscle fibers using DTI [56]. Repeatability of measuring muscle architectural

of parameters such as pennation angle and fiber track length were demonstrated [57].

Importance of high signal-to-noise ratio for tractography purposes was underlined [58].

Performance of different b-values, which defines the diffusion weighting of images, were

compared for signal-to-noise ratio at different magnetic field strengths [59]. Froeling et

al. demonstrated computational methods for noise reduction to hasten DTI acquisition,

suggesting its potential in clinical use [60]. Muscle architecture was constructed for

TA [61] and even for SOL [62, 63], despite its complex structure. Kan et al. used

DTI parameters to address changes in quadriceps femoris muscle group mechanics in

volunteers with lateral patellar dislocation [64]. In sum, use of DTI is presented as a

feasible method to characterize muscle architecture.
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1.2.2.4 MRI–DTI to determine local length changes along muscle fibers.

In order to assess effects of EMFT in vivo, experiments are designed similar

to previous animal experiments where relative position of a muscle is changed while

its synergists are kept isometric. Position of a bi-articular muscle can be changed in

relation to its mono-articular synergists by manipulating angle of the joint the mono-

articular synergist does not cross. Triceps suræ offers such opportunity: m. gastrocne-

mius (GAS) and m. soleus (SOL) are both ankle plantar-flexors, however SOL is mono-

articular and does not cross the knee joint. Upon manipulation of knee angle, only bi-

articular GAS changes length, and rest of the lower leg musculature is kept isometric.

Any deformation observed in the lower leg musculature would be indication of EMFT.

Further experimental scenarios are of active muscle contraction and/or joint motion

during the image acquisition are to be further assessed.

1.3 Finite element method as a tool for calculation of muscle

deformations

Finite element modeling (FEM) is a numerical analysis method which allows

comprehensive mechanical assessment of tissues under various constraints and load-

ing conditions. Muscle’s fiber embedded ECM morphology provides grounds for a

bi-domain formulation, considering the active myofiber and passive ECM domains as

separate mechanical entities related mechanically with each other via interconnections

at element nodes, with a penalty function applied to ECM domain adequately ensuring

volume constancy of muscle tissue. Using this bi-domain continuum mechanical formu-

lation of muscle in isometric fully contracting and also in passive states provides ample

opportunity to investigate heterogeneity of strains also separately within myofiber ele-

ments yielding separate stress contributions from titin and actin–myosin cross-bridges,

which in sum accounts for sarcomeres’ force production. Furthermore, addition of inter-

and extra-muscular linkages representing collagenous connectivity between muscles, or

between muscle and non-muscular composure such as NVTs respectively, allows study-
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ing effects of muscle relative position change on internal mechanics of muscle tissue and

also on total muscle force transmitted to the MTJ. As such FEM allows simulation of

many phenomena otherwise inaccessible, granting perspective on underlying principles

of mechanical interaction within muscle tissue upon interventions such as botulinum

toxin induced paralysis and subsequent adaptations [65, 66], or aponeurotomy [67, 68],

thus promoting FEM as a powerful tool for analyses of muscle deformations.

1.4 Aims of the Thesis

Based on the background summarized above and the gaps in our understanding

of skeletal muscle mechanics the thesis work aims at the following:

1. In vivo assessment of local muscle tissue deformations resulting from an externally

imposed loading via MRI analyses of KT effects on targeted as well as non-

targeted human muscles of the lower leg.

2. In vivo assessment of local intramuscular deformations in human muscle, specif-

ically length changes in the muscle fiber direction imposed by changes in joint

configurations in the passive state.

3. FEM assessment of principles of the mechanisms of in vivo findings showing

heterogeneous length changes along the muscle fiber direction.

4. Development of FEM analyses towards quantification of muscle deformations for

various contraction paradigms involving two, three and four myofilaments, for an

assessment of effects of calcium dependent changes in titin’s mechanical behavior

in the context of EMFT.

5. Development of in vivo methodologies to study effects of joint motion in terms

of local muscle deformations in the active state in human.
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1.5 Thesis Overview

1.5.1 MRI registration applied to human muscles in vivo and subsequent

analyses for assessment of KT effects in terms of principal strains

developing in the tissues of the lower leg

The first aim of the thesis is addressed by combining MRI analyses and a KT

application. MRI, and and subsequent image registration and analyses allowed quantifi-

cation of principal tissue deformations upon externally applied mechanical load. Spread

of these external loads locally and in various anatomical directions within muscle and

nonmuscular tissue are discussed within context of myofascial integrity in Chapter 2,

along with presentations of principal strains per volunteer in Appendix A.

1.5.2 MRI techniques combined with DTI and tractography for the assess-

ment of principal and shear strains in human muscle, in vivo along

with muscle fiber direction strains

The second aim of the thesis is addressed by combining MRI and DTI analyses.

Diffusion tensor imaging and subsequent tractography combined with MRI registration

techniques allowed determination of muscle deformation in fiber direction as well as

shear directions upon single passive knee extension. Principal strains were also deter-

mined on aponeuroses. Findings are presented in Chapter 3. Similar analyses were also

carried out data acquired during sustained sub-maximal plantar-flexion activity. Ex-

emplary findings of first principal strains on neuro-vascular tracts have been presented

in relation to fiber direction muscle strains in Appendix B.

Note that addressing also the fifth aim of the thesis, methods for assessment

of deformations arising during cyclic ankle flexion were developed and the outcome is

exemplified with a preliminary work presented in Appendix C.
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1.5.3 FEM analyses of passive muscle for an assessment of principles of the

effects of muscle relative position changes on length changes along

muscle fascicles.

The third aim of the thesis is addressed by extending the existing finite element

model of our group. Muscle fascicles with lengthening and shortening sections in a

passively lengthened muscle, while counter-intuitive at first glance, does have mechan-

ical reasons behind. In silico analyses allow full control over model constraints and

extensive access to underlying mechanical metrics, particularly stress and strain. In

this case, continuum model bi-domain finite element model with myofibers embedded

into the ECM, namely linked fiber–matrix mesh model (LFMM) [24], can help under-

stand how lengthening and shortening sections within passively lengthening fascicles

could coexist. To address this, Chapter 4 aims studying the effects of muscle relative

position change with certain lengthening of passive EDL muscle of the rat using FEM

methodology. An increased understanding of local mechanics within muscle and its

anatomical relations to extra-muscular linkages, particularly NVTs, helps illustrate the

plausible role of epimuscular myofascial loads on imposing locally shortening regions

within a longer muscle.

1.5.4 FEM analyses for assessment of titin’s role in a three-filament para-

digm of muscle contraction

The fourth aim of the thesis is addressed by comparing the existing two-myofila-

ment (actin and myosin) model approach to a newly developed three-myofilament

(titin’s altered properties caused by muscle activation are added) model, and by a

first implementation of this to an extramuscularly connected muscle model (consider-

ing muscle fiber–ECM linkages as the fourth myofilament). Further assessment using

this bi-domain continuum mechanical formulation of muscle in isometric maximal con-

traction provided ample opportunity to further investigate heterogeneity of strains

also separately within myofiber elements that account for the sarcomere, with differ-

ent formulation for contractile apparatus (actin–myosin cross-bridge force) and titin
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contributions to produced muscle force. Findings are discussed within three-filament

paradigm of muscle and titin’s additional and possibly nonuniform role in non-isometric

muscle activity is underlined in Chapter 5, with details regarding formulation of titin’s

constitutive equation in Appendix D.
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2. MAGNETIC RESONANCE IMAGE ANALYSES AND

ASSESSMENT OF LOCAL PRINCIPAL STRAINS WITHIN

LOWER LEG MUSCULATURE RESULTING FROM

EXTERNALLY APPLIED LOAD IN VIVO

2.1 Introduction

Kinesio taping (KT) (for a review see [69, 70]) has been increasingly used in

the treatment of sports injuries and various neuro-musculoskeletal disorders. However,

objective assessments of its effects have been sparse. Studied physiological outcome

measures agree with the expected benefits such as improved muscle strength [71, 72]

and activity [72, 73], increased range of motion [72, 74, 75], better force sensing [76],

scar healing [77], increased lymph flow [78] and reduced pain [74, 75, 79]. Yet, other

studies argue that the changes may be too small to be clinically beneficial [74], or even

show no changes e.g., in muscle strength [76] and activity [80, 81, 82], nerve conduction

[83] and joint position sense [71, 84].

Alexander et al. [80, 81] showed an inhibitory effect of taping on trapezius

and gastrocnemius muscles. This suggests that taping causes deformations within the

target muscle, a component of which affects muscle fibers. For this to occur, forces

applied by the tape over the skin must be transmitted to deeper layers of muscle tis-

sue. On the other hand, KT effects outside the target muscle are often ascribed to

neurological mechanisms triggered by the effects on the target muscle [85, 86]. Me-

chanical effects of KT beyond the targeted tissues are not known objectively. Muscles

packed within a limb can impose loads on each other via their contacting surfaces. This

can reflect particularly normal forces originating from KT inside the limb. Addition-

ally, continuity of the extra-cellular matrix (ECM) with epimuscular connective tissues

[87, 88] and muscle fibers [21, 23, 89] allows myofascial force transmission (MFT) (for

details see [31, 33]). Animal experiments showed major inter-synergistic [90] and inter-
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antagonistic [91] MFT, within an entire limb [92]. This can reflect both normal and

tangential forces originating from KT to the targeted tissues and from there, to other

tissues elsewhere within the limb. Recent magnetic resonance imaging (MRI) studies

indicate heterogeneous local deformations, upon changing exclusively the knee angle,

not only within m. gastrocnemius, but also within its synergistic [46] and antagonistic

muscles [93]. Therefore, mechanical loading imposed selectively can have widespread

heterogeneous effects.

We consider that by operationalizing such mechanisms, KT initiates mechanical

effects distributed within a limb. Proposed benefits may rely directly on local deforma-

tions (e.g., in tissue alignment), or on their translation into sensory (e.g., by increasing

space over the area of pain, or directing the exudate to a lymph duct) or proprioceptive

(e.g., by loading or unloading of mechanoreceptors) effects. However, comprehensive

assessments of mechanical effects of KT are lacking which obscures understanding of

the mechanism of imposed effects on the underlying tissues. Therefore, our goal was

to characterize the mechanical effects of KT objectively using MRI analyses. Specif-

ically, we aimed at testing the hypotheses that KT causes acutely local deformations

not necessarily

1. in agreement with tape adhering direction and

2. limited to the directly targeted tissues.

2.2 Methods

2.2.1 Volunteers

Experimental procedures were in strict agreement with guidelines and regu-

lations concerning human welfare and experimentation set forth by Turkish law, and

approved by a Committee on Ethics of Human Experimentation at Istanbul University,

Istanbul School of Medicine, Istanbul. Five healthy female volunteers ((mean±SD):



19

age=25.6± 1.8 years, height= 160.4± 5.5 cm, body mass=51.4± 7.8 kg) participated

(Table 2.1). After a full explanation of the purpose and methodology, volunteers pro-

vided informed consent.

Table 2.1
Anthropometric data.

Volunteer Age
Height

(cm)

Mass

(kg)

Upper leg

length (cm)

Lower leg

length (cm)

A 27 154 45 49 36.0

B 24 163 51 50.5 36.5

C 24 155 43 45.5 38.0

D 28 165 56 51.0 36.0

E 25 165 62 46.5 40.0

2.2.2 Experimental protocol

Each volunteer was positioned prone on MRI patient table. Volunteer’s left leg

was brought to a reference position:

1. The ankle was fixed at 90◦ by using a custom made MRI compatible device

(Figure 2.1a). A piece of Velcro under the heel and straps over the ankle allowed

joint position fixation.

2. Using scanner’s positioning laser, tip of the device and three locations in the

lower leg were marked to fix its orientation. Position of the spina-iliaca ante-

rior–superior was marked on MRI table. To locate the knee joint, a piece of

Velcro was attached over the patella and also on MRI table.

The knee angle measured using a universal goniometer [94] in the reference po-

sition (undeformed state) equaled 158± 5◦. After moving the patient table into the

bore, sets of 3D high resolution MR images were acquired in relaxed state. Subse-

quently, patient table was moved out. Standard KT (5 cm beige Kinesio Tex Gold
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FingerPrint Tape, Kinesio Holding Company, Albuquerque, NM) was applied without

removing the volunteer from MRI patient table. Placing one end at the dorsal surface

of the metatarsus, tape was stretched proximally to the tuberosity of tibia with 50%

tension (Figure 2.1b), and was adhered over the skin along m. tibialis anterior (TA)

after the ankle was brought to plantar-flexion [85] (Figure 2.1c). This imposes a dis-

tally directed loading. Using the positioning laser, care was taken to maintain marker

positions. In this deformed state, knee angle equaled 158± 4◦. Maintained relaxed

state of the volunteer for 30 min allowed KT effects to be stabilized. Then the patient

table was moved into the bore automatically ensuring that it attained the identical

position also during image acquisition in the deformed state.

2.2.3 Image acquisition

3D localizer imaging was performed to plan the subsequent imaging sequences.

3D turbo fast low-angle shot [Turbo FLASH] based (Table 2.2) coronal MR image sets

were collected using 3T MR scanner (Magnetom Trio; Siemens, Erlangen, Germany)

with two 6-channel surface coils. Choices of high bandwidth and frequency encoding

in proximo–distal direction [95] allowed minimizing potential chemical shift artifacts.

Imaging time equaled 6 min and 6 s.

Table 2.2
Parameters used in FLASH sequence. Note that no fat suppression and a choice of high bandwidth

(41 600 Hz) were used. Number of averages = 1.

TR

(ms)

TE

(ms)

TI

(ms)

Flip

angle

(◦)

Band-

width

(Hz/px)

Field

of view

(mm2)

Slice

thickness

(mm)

Number

of

slices

Image

matrix

size (px2)

Voxel

size

(mm3)

1750 3.36 1100 12 130 320 x 320 1 144 320 x 320 1 x 1 x 1

2.2.4 Calculation of in vivo deformations

Starting from the proximal half of the imaged portion of the lower leg (corres-
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Figure 2.1 Illustrations of volunteer positioning in MR scanner and KT application. MR image sets
were acquired before and after tape application for the undeformed and deformed states, respectively.
(a) Volunteer positioning after tape application is illustrated. Experimental procedure includes several
steps: (1) volunteer’s left leg was brought to a reference position. Ankle angle was fixed at 90◦by
using an MRI compatible fixation device. A piece of Velcro under the heel, and strapping over the
ankle allows fixation of the ankle angle. To locate the knee joint, a piece of Velcro was attached to the
patella. Position of the knee (patella) was marked on MRI table and a corresponding piece of Velcro
was placed. Additionally, position of spina-iliaca anterior–superior was marked on MRI table (not
shown in the figure). (2) The patient table (a motorized and computer-controlled slide) was moved
into MRI bore. Using positioning laser of MRI scanner, care was taken to maintain the positions of
the markers on the lower leg and on the fixation device with respect to corresponding markers on the
patient table. (3) After MR image sets of undeformed state were acquired, patient table was moved
out of MRI bore for tape application. (b) With the ankle in dorsi-flexed position, one end of the tape
was placed distally at the dorsal surface of the metatarsus and the other end was stretched to 50%
tension proximally and placed on the tuberosity of tibia. (c) Ankle was then brought to plantar-flexion
and tape was adhered over the skin along m. tibialis anterior. (4) After waiting for 30 min to allow
tissue deformation take place, patient table was moved back into the bore automatically ensuring
that it attains identical position as during previous image acquisition. Care was taken to maintain
positions of the markers and MR image sets of the deformed state were acquired.

ponding to mid-TA belly), 64 consecutive cross-sectional slices were studied (Figure

2.2a). Within each slice, seven anatomical regions were distinguished manually by out-
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Figure 2.2 Anatomical regions studied. (a) A slice group consisting of 64 consecutive cross-sectional
slices was selected manually for each volunteer: the most proximal slice location was at the proximal
half of the length of the imaged portion of the lower leg (corresponding to mid-m. tibialis anterior
belly). (b) Within each slice analyzed, seven anatomical regions were distinguished manually by
outlining their boundaries to represent connective tissues including the skin and fasciae superficial
to TA (KT-to-TA region), m. tibialis anterior (TA), toe extensors (m. extensor digitorum longus and
m. extensor hallucis longus), peroneal muscles, deep flexor muscles, m. soleus and m. gastrocnemius.
White dashed line corresponds to the location of sagittal slice in (a).

lining their boundaries (Figure 2.2b): connective tissues including the skin and fasciæ

superficial to TA (referred to as KT-to-TA region) and TA (directly targeted tissues);

toe extensors, peroneal muscles, deep flexor muscles, m. soleus and m. gastrocnemius

(non-targeted tissues).

In vivo deformations caused by KT were calculated (Figure 2.3) by aligning

MR images acquired in the deformed and undeformed states. Demons algorithm [47],

i.e., a non-rigid and non-parametric image analysis technique was applied. Utilizing

arrays of voxel intensities, this algorithm relies on differences between grayscale values

of consecutive voxels within each image and corresponding voxels in deformed and
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undeformed images. Image differences calculated iteratively are used to characterize

displacement values for each voxel. During each iteration, updated displacement fields

are smoothed by a Gaussian kernel for regularization of local displacements and global

motion. Finally, after a successful alignment of images obtained by minimizing image

differences, information on real deformation is available for each cubic shape comprised

of four adjacent image voxels.

Figure 2.3 Flowchart for image acquisition and data processing steps. Undeformed and deformed
image sets were registered using demons algorithm. Obtained deformation gradient matrix (F ) was
used to calculate Green–Lagrange strain tensor (E) for each voxel. Eigenvalue analyses yielded first
(E1) and third (E3) principle strains, representing peak tissue lengthening and shortening, respectively.

Using displacement fields obtained, deformation gradient matrix F , characteriz-

ing voxel deformation, was calculated by using displacement gradient, ∇u, in material
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coordinates:

F = ∇u+ I (2.1)

Green–Lagrange strain tensor E was calculated for each voxel in order to assess

deformations within the lower leg muscles present after KT application:

E =
1

2
[F TF − I ] (2.2)

For each anatomical region separately eigenvalue analyses were done per voxel.

First (E1) and third (E3) principal strains represent peak local tissue lengthening and

shortening, respectively. The eigenvectors determine the direction of peak deforma-

tions.

2.2.5 Calculation of algorithm artifacts

The validity of demons algorithm has been well-tested and shown for several soft

tissues including myocardium (e.g., [96, 97]). This algorithm’s success in quantifying

skeletal muscle tissue deformations was shown with vigorous testing [93]. Presently,

image sets of the undeformed state were transformed by a “synthetic rigid body” mo-

tion imposed on the data: 10◦ rotation within the cross-sectional plane (representing

endorotation of the knee during flexion [98], 3◦ rotations in the coronal and sagittal

planes, and 4 mm translation axially.

Subsequently, the undeformed state and the transformed image sets were com-

pared. Theoretically, imposed rigid body motion should cause no strains. Therefore,

any strains calculated represent algorithm artifacts.
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2.2.6 Calculation of volunteer repositioning artifacts

In order to characterize artifacts due to volunteer repositioning per se, identical

experimental procedures and data analyses described above were repeated in a separate

session, this time without KT application.

2.2.7 Statistics

Principal strain distributions by definition deviate from normal distributions.

Therefore, non-parametric Wilcoxon rank-sum tests were performed for differences be-

tween

1. artifacts and in vivo deformations due to KT application

2. and deformations in directly targeted and non-targeted tissues.

Non-parametric Kruskal–Wallis tests with Dunn’s post-hoc test were performed

for inter-subject variability. The level of significance was chosen at p>0.05.

2.3 Results

After KT application, mean peak tissue strains in directly targeted tissues and

non-targeted tissues were significantly higher than algorithm and volunteer reposition-

ing artifacts (Table 2.3). For a majority of the comparisons, volunteer repositioning

artifacts were significantly higher than algorithm artifacts.

Figure 2.4 shows pooled local tissue deformations data across all volunteers.

For KT-to-TA and TA regions respectively, maximal local lengthening and shorten-

ing equals 51.5% and 27.5%, and 41.4% and 29.6% (Figure 2.4); mean lengthening

and shortening equals 10.9% and 10.2%, and 10.2% and 10.1% (Table 2.3). Maximal
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strain values of the non-targeted tissues are sizable (Figure 2.4). However, overall,

mean local lengthening and shortening (5.7% and 5.9%) are significantly smaller than

corresponding values of KT-to-TA and TA regions each (Table 2.3).

Table 2.3
Algorithm (top) and subject repositioning (middle) artifacts compared to in vivo strains due to KT
application (bottom) for KT-to-TA region (left), TA (middle) and non-targeted tissues (right).

* denotes significant differences (p<0.05) with algorithm artifacts within a given region. † denotes
significant differences (p<0.05) with subject-repositioning artifacts within a given region. ‡ denotes
significant differences (p<0.05) between targeted and non-targeted tissues within a given region.

Mean± SD
KT-to-TA

region
TA

Non-targeted

tissues

Algorithm artifacts (synthetic rigid body motion) (n=5)

No KT applied

Algorithm artifact

(lengthening)

1.5%

± 1.0%

1.5%

± 1.3%

1.2%

± 1.1%

Algorithm artifact

(shortening)

-1.6%

± 1.2%

-1.6%

± 1.1%

-1.3%

± 1.1%

Volunteer repositioning artifacts (n=5)

No KT applied

Volunteer repositioning

artifact (lengthening)

3.3%

± 2.4%*

4.5%

± 3.7%*

2.9%

± 2.6%*

Volunteer repositioning

artifact (shortening)

-4.7%

± 3.5%

-4.8%

± 3.7%*

-3.3%

± 2.4%*

Local tissue strains (n=5) due to KT application

With KT applied

Strain due to KT

(lengthening)

10.9%

± 7.6%*, †, ‡

10.2%

± 7.7%*, †, ‡

5.7%

± 4.1%*, †

Strain due to KT

(shortening)

-10.2%

± 6.0%*, †, ‡

-10.1%

± 5.9%*, †, ‡

-5.9%

± 3.8%*, †

Figure 2.5 shows distributions of local deformations for volunteer A. This presen-

tation visually reveals that bigger amplitude strains occur in directly targeted tissues.

Key tissue deformations (Figure 2.5d) are described below. See Appendix A for such

presentations for other volunteers and Figure 2.6 for a comparison across volunteers.
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Figure 2.4 Effects of KT application in terms of local tissue deformations. Data were represented
per anatomical region of interest (muscle, muscle group or non-muscular tissue) and analyzed across
all volunteers. Local tissue lengthening and shortening effects (first and third principal strain). Box
and whisker plots: The horizontal line inside each box represents the median strain value; the upper
and lower edges of each box itself represent upper and lower quartiles respectively (i.e., the 75th and
25th percentiles), and lines extending from each end of the box (whiskers) indicate the maximal values
of the principal strains plotted.

Directly targeted tissues: Superficially, along the skin, both lengthening and

shortening occurs in anterior–posterior directions, causing parts of the skin to be lifted

or pressed. Deeper, parts of KT-to-TA region undergo shortening proximally or length-

ening distally. Lateral half of TA shows lengthening posterior–laterally, whereas medial

half shows shortening proximally. Other volunteers also show consistent deformations,

in varying amplitudes (Figure 2.6). However, volunteer D (Figure A.3) is an excep-

tion with lateral and medial halves of TA showing shortening in anterior and ante-

rior–proximal directions, respectively.

The non-targeted tissues: Overall, deformations in variable magnitudes and

directions are found for volunteer A (Figure 2.5) and for the remainder volunteers.

However, inter-subject variability in strain magnitudes and directions is notable. For

volunteers D and E, deformation in the non-targeted tissues is comparable to that of
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Figure 2.5 Distributions of local tissue deformations due to KT application per volunteer. The
deformation fields belong to Volunteer A. The reader is referred to Appendix A material for other
volunteers. Deformation fields are visualized using glyphs. Each glyph represents deformation of a
voxel. However, for clarity of presentation, a consistent glyph masking was employed. The direction of
each glyph is determined by the corresponding eigenvector. The length of each glyph is proportional
to the magnitude of local tissue lengthening or shortening. (a) Representation of KT applied zone
within imaged volume. Two anatomical image slices are shown for reference. These slices, also
shown in parts (b) and (c), are proximally and distally 20 slices away from the centrally located slide
within the analyzed volume. Superior–inferior (representing the tape direction), anterior–posterior
and medio–lateral directions are indicated. Deformations fields are shown distinguishing (b) local
tissue lengthening and (c) local tissue shortening (first and third principal strains, respectively).
(d) The anatomical regions distinguished. Note that KT-to-TA and TA regions comprise directly
targeted tissues whereas the remainder regions together are referred to as non-targeted tissues. General
deformation characteristics of these tissue regions are summarized.

directly targeted tissues (Figure 2.6).

In sum, only one part of deeper KT-to-TA region shows local deformations in

agreement with tape adhering direction whereas, including superficially the skin, the

rest of KT-to-TA and TA regions shows deformations in other directions. Moreover,

although KT causes more pronounced deformations in the directly targeted tissues,

non-targeted tissues also show sizable heterogeneous deformations. These findings

confirm our hypotheses. Inter-subject variability of KT effects is notable.

2.4 Discussion

Demons algorithm has been utilized for calculating deformations in various tis-

sues including pelvic floor [99], lung [100], myocardium [97] and finger flexor muscles
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Figure 2.6 Comparison of key tissue deformations across volunteers for inter-subject variability.
Key tissue deformations are distinguished by using eigenvectors calculated per voxel: e.g., proximally
directed key tissue deformation is classified for magnitude 40.5 of voxel eigenvector component in
the proximal direction. For directly targeted tissues, voxels belonging to medial or lateral halves of
the skin; remainder of KT-to-TA region; and TA region were distinguished manually. Consequently,
a total of 10 000 to 85 000 voxels were included in assessments for each of these regions. For the
non-targeted tissues, deformation is quite heterogeneous with no key tissue deformation pattern easily
recognizable. Therefore, voxels are included without such classification for a general comparison across
volunteers. Bar plots show mean and SD of key tissue deformations per region and per each volunteer.
Consistent key tissue deformations across volunteers can be compared for varying amplitudes for each
region (all comparisons except those indicated by * or † are significantly different). Deviations from
that are indicated by gray bars and font.
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[101]. In those studies, good agreements were shown among strains calculated us-

ing demons algorithm and those determined by other registration methodologies and

imaging modalities. A commonly used reliable method to test algorithm success is to

use synthetic image sets with known deformations imposed on the test image itself

[102, 103]. In addition, physical phantoms are used for a more direct testing [99, 104].

This technique reliability of which was well established previously was employed re-

cently to assess the deformation of human lower leg musculature [46, 93]. Knee angle

changes were imposed passively to alter the length of m. gastrocnemius, whereas the

ankle was fixed to restrain distally the lengths of all lower leg muscles. Yaman et

al. [93] devised a synthetic known image deformation test involving very similar dis-

placements to those occurring in the experiments, which were imposed exclusively on

m. gastrocnemius, forcing the remaining tissue volume to be absolutely undeformed.

Such challenging registration yielded no false deformations to be calculated in that vol-

ume and strains of similar order of magnitude as those imposed by image deformation

were calculated for m. gastrocnemius. This confirms success of demons algorithm for

muscle tissue analyses, but also shows its limitations:

1. Strains were somewhat underestimated suggesting that they are conservative es-

timators of actual local deformations.

2. Sharp discontinuities in deformation yield errors for narrow regions separating the

deformed and undeformed volumes indicating that deformations in boundaries

between anatomical units need caution. However, strict discontinuities as such

are unrealistic during actual joint movement and also in the present test protocol,

which does not involve joint movement.

Huijing et al. [46] and Yaman et al. [93] conducted also a rigid body motion test

by imposing synthetic motion representing a much larger scale motion than possible

motion of subjects during imaging. As this should theoretically cause zero strain it

is a good test of the algorithm, which yielded very small strains, calculated in those

studies and presently. However, earlier experiments did not require the subjects to be

removed from the MRI table. Therefore, in the present study, an additional testing of
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actual subject repositioning was appropriate and yielded larger deformations than those

resulting from the synthetic testing. This suggests that certain changes in the joint

configurations of the subjects prior to deformed state imaging are likely. Nevertheless,

KT induced effects do dominate such artifacts. Quantifying local tissue deformations

due to KT allows gaining a great insight for an objective understanding of the effects

of this treatment. Further technical developments marginalizing any artifacts of the

employed advanced MRI analyses and tailoring them also to other protocols of KT

applications can yield highly relevant new studies.

Notably, most local deformations within the directly targeted tissues are not

along the tape direction. Deformation in orthogonal directions can be explained by

recoiling of the stretched tape causing the underlying skin to crimp. This involves

the “lifting” effect as described by Kase et al. [85] at parts but, also the opposite else-

where causing local lengthening and shortening in anterior–posterior and medio-lateral

directions. However, the remaining mismatch among the loading vs. deformation di-

rection can only be explained by transmission of the imposed loads differentially within

the tissues. Within the KT-to-TA region, collagen bundles have increasingly random

orientations from superficial (epidermis) to deeper (dermis) layers of the skin [105].

Superficial fascia is continuous with the dermis, and consists of non-dense (areolar)

and dense connective tissue, both containing irregularly arranged collagen fibers [106].

Skin ligaments connect the base of the dermis to the deep fascia [107]. This is con-

tinuous with epimysium of the muscle below and its ECM is comprised of irregularly

arranged collagen fibers [106]. Collagen is the basic load-bearing element in connective

tissues [108] which are pathways for MFT [23, 31, 88, 109]. Myofascial loads distributed

within these structures can affect mechanics of activated muscle substantially due to

their effects locally on sarcomeres [24, 32, 65]. However, these loads affect local muscle

tissue deformations also in passive conditions among synergistic [46] and antagonistic

muscles of the lower human leg, in vivo [93]. Regarding the present findings we suggest

the following explanation. The tape may deform the superficial skin predominantly in

the direction it is adhered. However, owing to the irregular arrangement of collagen

fibers deeper within the skin and within the intramuscular connective tissues, the loads

are directed diversely such that most of the deformation occurs in arbitrary directions.
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Local deformations observed within the non-targeted tissues indicate that the

mechanical loading imposed externally by KT application causes local distributed my-

ofascial loads within the entire lower leg. Previous studies reported for the rat muscles

in situ [91, 92] and for human muscles in vivo [46, 93] that inter-muscular mechanical

interaction ascribed to muscle relative position changes causes altered force or local de-

formation. The results show that KT can cause such mechanical interaction affecting

tissues far away from those directly targeted. However, tissue lengthening and short-

ening appear less pronounced suggesting that the proximity to tape affects magnitude

of myofascial loads.

Ascribed to an expected increase of skin tension, KT application has been con-

sidered to alter skin mechanoreceptors’ perception of joint position evoking stimulus

perceived as reaching the end of normal joint position, before such position is attained

[85]. A plausible mechanical consequence of such sensory illusion is repositioning of

the joint in order to normalize perceived skin tension causing an assistance of flexion

action. Conceivably, distal lengthening of part of KT-to-TA region in agreement with

KT adhering direction may provide such assistance. However, the present findings

indicate varying directions and amplitudes of skin deformation including not only el-

evated tension but also the opposite. Therefore, KT effects on proprioception appear

to rely on a much more complex mechanism than a uniform tension effect on the skin.

Yet, free nerve endings in the superficial epidermis and dermis [110] are sensitive to

stretch irrespective of loading direction [111, 112] and play a role in pain inhibition

[113]. Therefore, deformation patterns shown in KT-to-TA region ally with pain al-

leviation. Lymphatic drainage is an expected KT effect [114] ascribed to lifting [85].

However, presence of not only lifted but also pressed skin parts indicate a more complex

mechanism, relying plausibly on a pressure gradient in the tissue.

Muscle is the motor for movement hence anticipated improved joint function

effects should relate to muscle function. Sizable mechanical effects of KT for the TA

and other muscles are shown. Local deformations imply effects on muscle spindles,

considered sensitive primarily to stretch [115]. However, this effect is not necessarily

in agreement with tape adhering direction. The deformation patterns within the tar-
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geted TA are not homogeneous. This does not support the implicit assumption that

KT causes uniform spindle stretch or unloading characterized by the way it is applied.

Therefore, an expectation of facilitation or inhibition effects directly in concert with

the external tape application protocol may be a simplistic one. Yet, muscle spindles

respond to transverse loads and pressure [116]. They are considered to act also as

“misalignment sensors” [87] or local sensors of heterogeneous tissue strain [32]. These

issues, which need to be confirmed, suggest locally increased and decreased mechanore-

ceptor stimuli occurring simultaneously at different parts of the muscle. Therefore, a

preferred outcome at the joint should be a net effect of such variable stimuli instead

of a uniform increase or decrease. Using EMG, Alexander et al. [80, 81] showed an

inhibitory effect of taping, which was applied to achieve a facilitation effect on trapez-

ius and gastrocnemius muscles. Based on our data, their findings may either reflect a

net effect of inhibitory nature or a local effect predominantly inhibitory, whereas other

locations not measured could show the opposite. KT effects on antagonistic muscles

are either not anticipated or are considered as secondary to effects on target tissue’s

sensory apparatus [86]. The results show local tissue deformations confirming effects of

KT on non-targeted tissues and sustain the role of a neuro-mechanical coupling within

the entire limb. These issues may have important implications for improving joint

function using KT.

Issues not considered presently should be acknowledged. First, other taping

applications may cause different effects. Increasing the tape tension or providing an

inward pressure to the tissues can affect deeper layers of fasciæ [85]. This could cause

higher amplitude deformations to take place in a wider zone potentially including also

some of the non-targeted tissues. However, uniform effects consistently in agreement

with tape adhering direction are still not conceivable. Second, the present testing was

done in passive conditions, whereas typical use of KT involves muscle activation and

joint motion during daily or sportive activities. Muscle activation leads to increased

stiffness in muscle tissue [117]. This may favor spread of externally imposed loads and

elevate the effects shown presently. However, muscle activation will cause shortening of

the target muscle and as a consequence of joint motion, antagonistic muscles will also

change length. This is likely to alter KT effects on proprioception. Third, athletes with
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musculo-skeletal and connective tissue pathologies and patients with e.g., spasticity

could differ from our study group. Increased connective tissue stiffness and muscle tone

of pathological tissues may result in more pronounced load transmission compared to

that presently shown and local variations in tissue deformations are plausible. It is

important that future studies also test experimental conditions involving such issues

not considered here.

In conclusion, MRI analyses allow for an objective assessment of local tissue

deformations caused by KT application. The findings show that local deformations

occurring acutely within the directly targeted tissues include local lengthening and

shortening within both connective tissues including the skin and fasciæ superficial to

the targeted m. tibialis anterior and within this muscle. These deformations are het-

erogeneous in magnitude and direction. Notably, only a small portion of the targeted

tissue volume shows deformations in agreement with tape adhering direction whereas,

most deformation occurs in other directions. Moreover, non-targeted muscles are sub-

ject to such deformations, but in smaller amplitudes.
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3. MAGNETIC RESONANCE AND DIFFUSION TENSOR

IMAGE ANALYSES AND ASSESSMENT OF LOCAL

ALONG-FIBER MUSCLE STRAINS RESULTING FROM

JOINT ANGLE MANIPULATION IN VIVO

3.1 Introduction

Arranged in series within muscle fibers, sarcomere is the basic functional element

of skeletal muscle. Force production capacity of sarcomere depends on its length.

Therefore, quantification of length changes along fibers of human muscles, in vivo

bears great importance for characterizing muscle’s function.

Magnetic resonance imaging (MRI) analyses are highly suitable for quantify-

ing local tissue deformations in human muscles. Demons registration [46, 93], phase-

contrast [41, 43, 118], displacement encoding with stimulated echoes [45] and spatial-

tagging [119] were used previously. However, these techniques alone are insufficient for

determining deformation along muscle fibers.

Diffusion tensor imaging (DTI) is an MRI methodology that detects diffusivity

of water within biological tissues by applying diffusion sensitizing gradients in multiple

directions. Diffusion of free water molecules in tissue is limited by tissue structures

such as cell membranes [48]. Therefore, tensors storing data characterizing diffusion of

water molecules along each gradient direction identify tissue architecture. Animal [49]

and cadaver [50] studies have shown that the first eigenvector of the diffusion tensor

corresponds to the direction of muscle fibers. Damon et al. [56] presented feasibility

and validation of tractography for determining pennation angles using DTI. Repeata-

bility of structural muscle measures such as pennation angle and fiber length has been

demonstrated for humans in vivo [57]. Hence, DTI tractography allows for visualizing

orientation of muscle fibers.
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Using MRI based deformation analyses and DTI based tractography combined,

we aimed to assess muscle fiber direction local tissue deformations within the human

medial gastrocnemius (GM) muscle as caused by knee angle changes.

3.2 Materials and Methods

Experimental procedures were in strict agreement with guidelines and regu-

lations concerning human welfare and experimentation set forth by Turkish law, and

approved by a Committee on Ethics of Human Experimentation at Istanbul University,

Istanbul School of Medicine, Istanbul.

3.2.1 Volunteers

Five healthy female volunteers ((mean±SD) age=27± 1 years, height= 159± 4

cm, body mass= 50± 4 kg) participated (Table 3.1). After a full explanation of purpose

and methodology, volunteers provided informed consent.

3.2.2 Experimental protocol

Volunteers were positioned prone on MRI patient table. Volunteer’s left leg

was brought to a reference position: The ankle was fixed at 90◦ by using a custom

made MRI compatible device. A piece of Velcro under the heel and straps over the

ankle allowed joint position fixation. To locate the knee joint, a piece of Velcro was

attached over the patella and also on MRI table. The knee was brought to flexion

by elevating the torso with support such that the trunk of the volunteer is brought

as close as possible to the MRI bore wall in order to attain the maximal flexed knee

position (Figure 3.1A). The knee angle measured using a universal goniometer [94] in

this undeformed state equaled 140.8± 3.0◦. After moving the patient table into MRI

bore, sets of 3D high-resolution MR and DT images were acquired at relaxed state.
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Table 3.1
Anthropometric data.

Volunteer Age
Height

(cm)

Mass

(kg)

Upper leg

length (cm)

Lower leg

length (cm)

A 25 160 47 42.0 37.0

B 27 154 45 49.0 36.0

C 29 160 52 43.0 37.0

D 28 165 56 51.0 36.0

E 27 158 52 44.0 38.0

3.2.3 MR and DT image acquisition

3D localizer imaging was performed to plan subsequent imaging sequences. 3D

turbo fast low-angle shot [Turbo FLASH] based (see Table C.1 for MR imaging pa-

rameters) coronal MR image sets were collected using 3T MR scanner (Magnetom

Trio; Siemens, Erlangen, Germany) with two 6-channel surface coils. Choices of high

bandwidth and frequency encoding in proximo–distal direction [95] allowed minimizing

potential chemical shift artifacts.

2D single shot echo planar imaging (ss-EPI) based axial DT image sets were

collected with fat saturation and posterior–anterior direction frequency encoding to

minimize potential chemical shift artifacts in the region of interest. Non-weighted b0

images and 12 diffusion-weighted gradient images with unique directions were acquired

for eight signal averages (see Table C.1 for DT imaging parameters).
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Figure 3.1 Illustrations of volunteer positioning in MR scanner and the anatomical region studied.
(a) Undeformed state. Body is prone on the patient table that can be moved in and out of the bore of
MRI machine. A custom made MRI compatible fixation device was used to fix the ankle angle at 90◦.
A piece of Velcro under the heel and strapping over the ankle allows fixation of the ankle angle. To
locate the knee joint, a piece of Velcro was attached to the patella and a corresponding piece of Velcro
was placed on MRI table. Trunk of the volunteer is supported and brought as close as possible to the
bore of MRI in order to impose a flexed knee position. (b) Deformed state. Support under trunk of
the volunteer is removed. This creates movement in hip as well as knee joints, but preserves the lower
leg position. Ankle angle is unchanged. (c) A slice group consisting of 112 consecutive cross-sectional
slices coinciding with the diffusion weighted image volume (corresponding to mid-m. gastrocnemius
belly) was selected manually for each volunteer. (d) Within each slice analyzed, anatomical region
enveloping GM was distinguished manually by outlining its boundaries. White dashed line corresponds
to the location of sagittal slice in (c).

3.3 Calculation

3.3.1 Calculation of deformations

MR images were rigidly aligned with DT images. Starting from the proximal

half of the imaged portion of the lower leg (corresponding to mid-GM belly), in each of

112 consecutive cross-sectional slices studied, GM region was distinguished manually

(Figure 3.1c and 3.1d).

Deformations caused by knee extension were calculated by aligning MR images
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Table 3.2
MR and DT imaging parameters. aResampled 128 x 128.

MR Imaging Parameters DT Imaging Parameters

Sequence Turbo FLASH ss-EPI

Slice orientation Coronal Axial

Repetition time (TR) (ms) 1750 4900

Echo time (TE (ms) 3.36 61

FOV (mm2) 320 x 320 180 x 180

Matrix (px2 320 x 320 64 x 64a

Pixel size (mm2) 1.0 x 1.0 1.4 x 1.4

Slice thickness (mm) 1.0 2.8

Flip angle (◦) 12 90

Bandwidth (Hz/px) 130 2003

b-value (s/mm2) N/A 450

Number of diffusion directions N/A 12

Inversion time (TI) (ms) 1100 N/A

Acquisition time (min:s) 05:41 07:48

acquired in deformed and undeformed states. Demons algorithm [47], i.e., a non-rigid

and non-parametric image analysis technique was applied. Utilizing arrays of voxel

intensities, this algorithm relies on differences between grayscale values of consecutive

voxels within each image and corresponding voxels in deformed and undeformed im-

ages. Image differences calculated iteratively are used to characterize displacement

values for each voxel. During each iteration, updated displacement fields are smoothed

by a Gaussian kernel for regularization of local displacements and global motion. Fi-

nally, after obtaining successful alignment of images by minimizing image differences,

information on real deformation is available for each cubic shape comprised of four

adjacent image voxels.
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3.3.2 Determination of muscle fiber directions

Rician noise was eliminated [120] from raw diffusion weighted images (DWI).

Subsequently, diffusion tensor of each voxel was calculated. To determine GM muscle

fiber tracts, streamline tractography with 4th order Runge–Kutta numerical integration

was performed on in-house software built on VAVframe framework1 . Tract seed points

were generated from voxels showing a minimum directionality of diffusion (FA≥ 0.1)

[60]. The seed points were bi-directionally tracked with 0.7 mm integration steps (half

of the smallest voxel dimension [121]). Each integration point forms a tract node.

Tracking algorithms typically make use of the known muscle geometry including

boundary [61, 122] and tract length [57] to filter out possible irrelevant tracts. Based

on a review by Chow et al. [123] reporting human GM fiber lengths, the criterion we

implemented rejected tracts shorter than 30 mm, and longer than 50 mm. In addition,

tracking was terminated if at least one of the following conditions was met:

1. Current tract node’s FA<0.5 and

2. tract curvature>5◦ per step [60].

Two polygonal regions of interests, marked manually on deformed state b0 im-

ages, were used to constrain the tracts to be in GM. Tracts passing through both were

accepted for further processing.

Fiber tract pennation angles (θ) were calculated based on Lansdown et al. [61]:

deep GM aponeurosis was marked on the anatomic images, reconstructed in 3D and

smoothed. Subsequently, unit normal vectors (n̂) were calculated for each node of the

aponeurosis model. For each tract, r̂ is defined as the vector between the first node of

the tract on the aponeurosis and the subsequent nodes along the tract. For each node,
1VAVframe if a registered C++ framework incorporating multiple open libraries, as well as original

code, developed at Boğaziçi University, EE Dept. VAVlab, Istanbul, Turkey
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pennation angle is calculated as θ = sin−1 (n̂ · r̂) and their mean along each tract is

considered as its pennation angle.

3.3.3 Calculation of strains

Displacement fields in the global coordinates were mapped on deformed state

b0 images and were linearly interpolated onto the nodes of the fiber tracts based on

the weighted means of the grid neighbors of a given voxel in the displacement field.

Using the displacement fields obtained, deformation gradient matrix F , char-

acterizing deformation at each fiber tract node, was calculated by using displacement

gradient (∇u) in material coordinates:

F = ∇u+ I (3.1)

Subsequently, the right Cauchy–Green strain tensor C

C = F TF (3.2)

and Green–Lagrange strain tensor E was calculated for each node in order to assess

deformations within GM after knee extension

E =
1

2
[F TF − I ] (3.3)

For each node the following were calculated:

1. Strain tensor was rotated to align with nodal unit tangent vector of the tract,

M , yielding local fiber direction strain values.

2. In order to assess shearing between fascicles, along-fiber shear strain was deter-

mined based on [124, 125]. Strain invariants
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I4 = J2/3 λ 2
M (3.4)

I5 = J4/3 λ 4
M ( 1 + ψ2 ) (3.5)

were calculated, where J =
√

(detC), λM = J−1/3
√

(M · CM), ψ=
√

(J
−1/3(M ·C2M)
(M ·CM)2

− 1),

and used to calculate along-fiber shear strain

B1 =

√
I5
I24
− 1 (3.6)

Nodal coordinates with corresponding fiber direction and along-fiber shear strain val-

ues were transferred to Slicer 4 (http://www.slicer.org) for visualization [126] of local

muscle tissue deformations along GM tracts per volunteer in order to interrogate their

homogeneity. A serial distribution of fiber direction strain hence, inhomogeneity of

those values along GM tracts was considered as an indicator of altered force produc-

tion potential of sarcomeres located at different parts of the tract. In addition, mean

values of nodal fiber direction strains of each tract were calculated and visualized per

volunteer. A parallel distribution of fiber direction strain hence, inhomogeneity of

those values across different GM tracts was considered as an indicator of altered ca-

pacity of different tracts to the excursion of the muscle. Therefore, serial and parallel

distributions were considered as metrics of high functional significance.

3. Determinant of F was used to assess volume change dV/dV0.

For voxels in the deep GM aponeurosis, eigenvalue analyses were done to obtain

peak local lengthening (E1) and shortening (E3). The eigenvectors determine the direc-

tion of peak strains. The peak local deep GM aponeurosis strains in the proximo–distal

direction, aligned with the Achilles tendon, were distinguished.
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3.3.4 Testing of MRI noise artifacts and repeatability

In order to quantify possible artifacts due to noise within MRI scanner, two

separate MR image sets of a volunteer were acquired in subsequent imaging performed

in constant position. This assessment showed that the noise artifacts are small yielding

strain values of 2.3± 1.2% and 2.0± 1.4% for lengthening and shortening, respectively.

Repeatability of fiber direction strain patterns was tested within one volunteer.

After completing the original protocol, the repeat protocol was executed:

1. Volunteer’s torso was elevated again with the trunk support, while keeping the

knee joint position consistent with the previous flexed position. Sets of 3D high-

resolution MR and DT images were then acquired for the original protocol.

2. Subsequently, the trunk support was removed, and care was taken to maintain

identical extended knee joint position as in the original acquisition. Separate

sets of 3D high-resolution MR and DT images were acquired also for this repeat

protocol. Testing was done while maintaining a relaxed state at all times.

Deformation analyses and tractography were performed for the original protocol

and its repetition. Original protocol yielded a general pattern of fiber direction strains,

which indicates that the proximal track segments are lengthened, whereas the distal

ones are shortened. Repeat protocol matched that quite well (Figure 3.2).

3.3.5 Calculation of artifacts

Validity of demons algorithm in quantifying tissue deformations was shown with

vigorous testing [93]. Presently, image sets of undeformed state were transformed by

a “synthetic rigid body motion” imposed on data: 10◦ rotation within cross-sectional

plane (representing endorotation of the knee during flexion [98]), 3◦ rotations in coronal

and sagittal planes, and 4 mm translation axially. Subsequently, undeformed state and
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Figure 3.2 Results of the repeatability test. Fiber direction strain distributions occurring due to
(a) original, and (b) repeat protocols match quite well. Note that strain amplitudes are somewhat
smaller in the repeat protocol, which is ascribed to predominantly to viscoelastic properties of muscle
and connective tissues.

these transformed image sets were compared. Displacement fields calculated using

demons algorithm were mapped onto the tracked fibers. Theoretically, imposed rigid

body motion should cause no strains. Therefore, resulting strains represent strain

errors and volume errors.

3.3.6 Statistics

Fiber direction strain distributions deviate from normal distributions. There-

fore, for lengthening and shortening separately, non-parametric Wilcoxon rank-sum

tests were performed for differences between in vivo deformations and strain errors.

Wilcoxon rank-sum tests were also performed to assess any changes of volume. Level

of significance was chosen at p>0.05.

Pair-wise comparisons of mean fiber direction strain along individual tracts for

each volunteer were done based on Kruskal–Wallis with Dunn’s post-hoc test. Ratio of

the number of fiber pairs with statistically different mean strains to the total number

of fiber pair combinations quantify parallel distribution of strain per each volunteer.
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3.4 Results

Pooled data show mean±SD of measurements from all volunteers:

1. Pennation angles equal 17.1± 10.4◦.

2. Strain errors (0.2± 0.1% and 3.3± 0.9% for lengthening and shortening, respec-

tively) are small and are significantly different from fiber direction strains (8.7±

8.5% and 7.5± 4.6% for lengthening and shortening, respectively) occurring due

to knee extension imposed (Figure 3.3a).

3. Volume change (0.059± 0.005 error, vs. 0.050± 0.091) was insignificant.

Pooled strain data from all volunteers (Figure 3.3b), and strains visualized along

GM tracts for each volunteer (Figure 3.4) indicate a serial distribution of fiber direction

strains occurring within GM muscle fibers. Figure 3.4 shows that despite the globally

lengthened condition of GM, locally lengthened and shortened parts are simultaneously

present within the same tracts. For all volunteers, there is a general pattern indicat-

ing that proximal track segments are lengthened, whereas distal ones are shortened.

However, inter-subject variability exists:

1. For volunteers A–D, approximately the proximal half of the tracts shows predom-

inantly lengthening, whereas for volunteer E, this is limited to a much smaller

portion.

2. Amplitude of local shortening (10–12% for volunteers A and B, 17% for volunteer

D, whereas, 19% and even up to 23% for volunteers C and E, respectively) and

lengthening (14–15% for volunteers A and B, whereas 26% and 35% for volunteers

E and D, respectively, and up to 116.7% volunteer C) varies with a gradual

transition from lengthening to shortening in the proximo–distal direction. Certain

tracts present an opposite deformation pattern with shortening at proximal and

lengthening at distal ends (e.g., by 15.4% and 25.4%, respectively in medial

fascicles of volunteer D).
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Figure 3.3 Effect of altered knee angle across all volunteers. Green–Lagrange strain tensor of each
node rotated to align with the unit tangent vector of the corresponding GM tract yields fiber direction
strain values presented as local fiber direction lengthening and shortening. (a) Box and whisker plots:
horizontal line inside each box represents the median strain value; upper and lower edges of each
box itself represent upper and lower quartiles respectively (i.e., 75th and 25th percentiles), and lines
extending from each end of the box (whiskers) indicate peak values of fiber direction strains plotted.
Left panel: strain errors. Right panel: strains along GM fibers due to imposed knee angle change. (b)
Distribution of fiber direction strains of different nodes for pooled data from all volunteers.

Along-fiber shear strains visualized per volunteer (Figure 3.5) confirm the pres-

ence of much shearing between fascicles.

Distributions of mean fiber direction strains of different tracts for pooled data

from all volunteers (Figure 3.6) indicate a parallel distribution of strain occurring

among muscle fibers of GM. This is visualized for each volunteer in Figure 3.7. Parallel

distribution of strain quantified equals 18.3%, 26.4%, 14.4%, 4.6% and 17.0% for vol-

unteers A, B, C, D and E, respectively. For volunteers A, B and D, superficial tracts
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Figure 3.4 Serial distribution of fiber direction strain. (A)–(E) Fiber direction strains are mapped
on identified GM tracts separately for each volunteer. A cross-sectional slice within the distal half of
the diffusion weighted image volume is used as a reference. Negative values show local shortening and
positive values show local lengthening. Strain upper limits are not normalized to reflect individual se-
rial distribution differences. However, to achieve a better presentation, peak values of local shortening
and lengthening are excluded for volunteer C. These values are indicated separately in the figure.

(corresponding to more distal muscle fibers) show negative mean strain, whereas posi-

tive values are calculated for deeper tracts. A gradient of mean fiber direction strains

also exists for volunteers C and E. However, this shows a more complex characteristic

indicating inter-individual differences.

Deep GM aponeurosis strains (mean±SD of pooled data indicates 22.4± 13.5%

and 17.2± 7.9% of peak local lengthening and shortening, respectively) show sizable

inhomogeneity (Figure 3.8). Note that for about a fourth of the aponeurosis surface,

was the deformation aligned with the Achilles tendon (6.7% and 20% of the voxels

showed lengthening and shortening, respectively in that direction).
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Figure 3.5 Along-fiber shear strain distributions. (A)–(E) Along-fiber shear strains are mapped on
identified GM tracts separately for each volunteer. A cross-sectional slice within the distal half of
the diffusion weighted image volume is used as a reference. Strain upper limits are not normalized to
reflect individual serial distribution differences.

Figure 3.6 Distributions of mean fiber direction strains of different tracts from pooled data from
all volunteers. Histogram indicates a parallel distribution of strain among different GM fiber tracts.
Negative values represent shortening and positive values represent lengthening.
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3.5 Discussion

3.5.1 Methodology developed

Methods for quantifying muscle tissue deformation in context of muscle archi-

tecture are lacking:

1. Ultrasound studies are limited to either two dimensional deformation analyses

[37] or three-dimensional structural analyses [127].

2. MRI analyses in a single slice [45] or a three-dimensional volume [46, 93, 128]

yield a good representation of muscle tissue deformation, however physiologically

relevant fiber direction length changes remain unknown.

3. Numerous studies utilizing DTI and tractography provide anatomical information

for human muscle fibers in vivo [57, 60, 62, 122], but they provide no information

regarding deformation. Among limited number of studies combining DTI and

deformation analyses, Englund et al. [119] analyzed contraction-induced defor-

mation within muscle volume. However, without doing fiber tractography, they

made a voxel-wise comparison of peak principal strain’s direction with princi-

pal diffusion direction and showed no consistent match. Felton et al. [129] did

perform tractography and aligned the strain-rate tensor obtained during muscle

activity with resulting fiber tracts. However, imaging was confined to only two

slices, thus not informative for the general muscle volume.

We have combined deformation analyses in three-dimensional muscle volume

with DTI and tractography. This allows localizing muscle fascicles and mapping fiber

direction deformations along them. This is a major step for understanding muscle

mechanics and physiology. Pennation angle of tracked fibers and standard deviation

of pennation angles agree with previous reports [61, 123] indicating anatomical rep-

resentativeness of the method developed. Calculation of tissue deformations relies on

demons algorithm which, has been utilized and validated for calculating deformations
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in various tissues including pelvic floor [99], lung [100] myocardium [96] and cortical

bone [130]. Deformation of human lower leg musculature was also assessed [46, 93].

Figure 3.7 Parallel distribution of fiber direction strain among different GM fiber tracts per volunteer.
(A)–(E) Mean fiber direction strains of different tracts are mapped on a reference cross-sectional slice
separately for each volunteer. Reference slice is chosen so as to maximize fiber representation within
muscle cross-section. Negative values represent shortening and positive values represent lengthening.
Strain limits are not normalized to reflect individual parallel distribution differences.

A rigid body motion test was performed by imposing synthetic motion on image

sets, which represents a much larger scale motion than possible subject movement

during imaging. This should theoretically cause zero strain and indeed yielded very

small error strains also presently. Yaman et al. [93] conducted further critical testing

of the reliability of demons algorithm by imposing known deformations on the image

sets. One key finding was that the strains calculated are conservative estimators of

actual local deformations. To the best of our knowledge no data is available in the

literature, which presents amplitudes of strain occurring along human GM fibers upon

passive knee extension in vivo. Therefore, a direct comparison of the strains shown

presently is not possible. Using ultrasonography in passive state, De Monte et al. [131]

measured the changes in GM fascicle lengths. Their data depicted at knee angles of

144◦and 174◦indicates that imposed knee movement at constant ankle position causes

approximately 18% fascicle strain. Our findings show for similar test conditions that

strain along GM tracts will vary from approximately 8% shortening to 9% lengthening.
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Figure 3.8 Distribution of deep GM aponeurosis strains per volunteer. (A–E) Deformation fields
are visualized using glyphs. Each glyph represents deformation of a voxel. Direction of each glyph
is determined by corresponding eigenvector. Length of each glyph is proportional to magnitude of
local aponeurosis tissue lengthening or shortening. A cross-sectional slice within the distal half of the
diffusion weighted image volume is used as a reference. Strain upper limits are not normalized to
reflect individual serial distribution differences.

Although the order of magnitude of strain values agrees, we don’t know the overall

fascicle length change. Yet, we know from a combined cadaver and MRI assessment

that global muscle length changes on imposed joint movement can be quite different

from local ones [46]. Therefore, a match between fascicle length changes and local

fiber direction strains is unlikely. On the other hand, for a comparable knee angle

change imposed, Yaman et al. [93] assessed principal strains within lower leg muscles

including m. gastrocnemius. Mean of peak local lengthening and shortening that they

reported (10.3± 1.0% and 9.7± 1.0%, respectively) were indeed comparable to present

strain amplitudes. Note however that those peak strains were higher than present fiber

direction strains. This agrees with the conclusion of Zhong et al. [44] and Englund

et al. [119] that the peak length changes within a muscle occur not necessarily along

the muscle fibers. New studies are indicated to achieve a good understanding of gross

muscle and fascicle length changes vs. local fiber direction strains as this has high

functional relevance. The mechanism providing a biomechanical explanation to the

heterogeneous nature of local strains shown presently is addressed below.
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Overall, demons algorithm is highly suitable for assessing muscle tissue defor-

mations within a three-dimensional volume with fairly good resolution. Note that, no

pre-processing was performed on MRI data prior to the deformation analyses:

1. Avoiding resolution matching between MR and DT images prevents data from

plausible non-physiological outcome of related interpolations.

2. Aligning MR image coordinates rigidly with DT image coordinates avoids syn-

thetic deformation. Deformation vectors obtained were mapped to the correct

coordinate system representing deformed state fibers.

In sum, we demonstrate a novel and reliable tool capable of assessing human

muscle function in vivo, by utilizing physiologically relevant fiber direction strains.

3.5.2 Explanations for inhomogeneity of muscle fiber direction strains

A major finding is inhomogeneity of muscle fiber direction strains. This involves

a general fiber direction strain pattern showing lengthened proximal and shortened dis-

tal track segments. Hence local lengthening can occur simultaneously with local short-

ening within different parts of the same tracts. Repeatability test conducted confirmed

consistency of such general deformation pattern. Strain artifacts cannot explain this

because the amplitudes of muscle fiber direction strain distribution are much higher.

Inter-sarcomere dynamics [132], or instability theories [133, 134] also cannot explain

such inhomogeneity because of the inactive state of present testing. Note that ear-

lier modeling [88, 124, 135] and MR imaging analyses [44] did show inhomogeneity of

strain within muscle. Blemker et al. [136] developed a model which incorporates skele-

tal muscle mechanical properties and structural properties of biceps brachii muscle to

assess the causes of non-uniform strains reported earlier in a dynamic imaging study

by Pappas et al. [41]. They attributed distribution of length changes along the fasci-

cles primarily to muscle architecture including fascicle length and curvature variations

within muscle. Authors also reported major along-fiber shear strains and indicated
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this as a factor affecting the potential for muscle fibers to transmit force laterally via

intra-muscular connective tissues. Particularly considering force transmission in series-

fibered muscle, concept of shear linkage between adjacent structures by intra-muscular

connective tissues was introduced [2, 137, 138, 139]. Our present findings also show

substantial along-fiber shear strains representing shearing between GM fascicles. As

muscle fibers are not directly connected to each other, such shearing presents evi-

dence for major mechanical interaction occurring between the muscle fibers and the

extra-cellular matrix (ECM). This mediates interaction between different muscle fibers

and comprises a mechanism for muscle architecture to affect deformation along muscle

fibers. Hence, muscle fiber–ECM mechanical interactions are central to the biomechan-

ical explanation of the present findings. In general, deformation along any member is

determined by the force equilibrium. Muscle fibers are widely considered as members

under uniaxial loading because they are regarded as mechanically constrained only at

their ends, where the myotendinous junctions (MTJs) are [25]. For such a member, the

deformation should be uniform along its length, but the present findings do not confirm

this. However, muscle fibers and the ECM have multi-molecular connections along the

full peripheral length of the muscle fiber [89]. Therefore, additional to the forces acting

on a muscle fiber at MTJs, loads can act also along its full length. Accordingly, consid-

ering muscle fiber as a member under uniaxial loading is mechanically incomplete. In

an earlier experiment, Street [21] freed a muscle fiber from its surrounding fibers only

in the middle and assessed its length changes on imposed passive stretch. This yielded

different sarcomere lengths in exposed fiber, indicating inhomogeneous deformation.

This mechanism has been referred to as myofascial force transmission [23], and the

loads along the muscle fiber originating from the ECM and the neighboring muscle

fibers have been referred to as myofascial loads [32]. Huijing et al. [22] and Jaspers et

al. [140] showed that a discontinuity in the ECM affects functioning of muscle fibers

differentially within muscle and causes muscle force to change. Mechanism of effects of

muscle fiber–ECM mechanical interactions has been studied extensively using finite el-

ement modeling (FEM), which confirmed theoretically that myofascial loads can cause

inhomogeneity of fiber direction strains with major implications for muscle’s force pro-

duction [24, 141] and outcome of treatments [66, 67, 68, 142]. Present data shows

valuable evidence for this mechanism for human muscles in vivo.
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Note the analogy between a muscle fiber and the whole muscle. Although MTJs

are essential for bodily movement, they are not the exclusive sites for mechanical in-

teraction between muscle belly and its surroundings. Instead, direct collagenous link-

ages exist between the epimysia of adjacent muscles. Additionally, collagen reinforced

neuro-vascular tracts (NVT) provide indirect inter-muscular connections between dis-

tant muscles (e.g., [31]). These connections are in continuity with other connective

tissues such as inter-muscular septum, inter-osseal membrane, and compartmental fas-

ciæ and show complex mechanics stemming from non-linear, inhomogeneous material

properties, and pre-strain [28]. Joint movement causes relative position of muscle belly

to change leading to stretching of those tissues connecting it to its surroundings [143].

Consequently, epimuscular myofascial loads of varying magnitudes and directions can

act along muscle belly and further affect muscle’s mechanics via muscle fiber–ECM

mechanical interactions [32].

Present experiment involves knee extension. This means that the proximal end

of GM is stretched in the proximal direction because it spans the knee joint. Fascicle

lengthening in the proximal GM regions agrees with the imposed muscle stretch by

the tendon. However, variation of that along those fascicles and shortening occurring

in distal GM regions cannot be explained solely by imposed muscle stretch. Instead,

findings indicate presence of distally directed epimuscular myofascial loads acting along

the fascicles. Note that rest of the lower leg muscles are mono-articular, spanning

only the ankle joint. Therefore, upon imposed knee extension, GM position relative

to those muscles is changed. Hence, not only the muscle, but also its epimuscular

connections are proximally stretched causing distally directed epimuscular myofascial

loads to act on GM muscle belly. These loads affect mechanical equilibrium locally

inside the muscle, which explains the diminished elongation in proximal regions of GM

fascicles towards mid-GM muscle belly and the compression in distal regions. This is

also reflected on distribution of deep GM aponeurosis strains. However, inter-subject

variability exists indicating that magnitudes and directions of those loads should be

more complex, ascribed to complex mechanical properties of epimuscular connections.

Plausibly, stiffer collagenous linkages between GM and SOL muscles could contribute

to the complexity in strain distributions, anchoring fascicle parts in more distal GM
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regions.

Bojsen-Møller et al. [37] showed displacement gradients in GM and SOL muscles

upon passive knee extension, capable of imposing differential myofascial loading. Oth-

ers presented heterogeneous local deformations [46] and fascicle length changes [144]

within SOL despite being in global isometric condition ascribable to myofascial inter-

action mechanism. Contribution of the shared distal tendon providing mechanical cou-

pling of GM and SOL muscles cannot be overlooked [144, 145]. However, inter-muscular

mechanical interaction via the shared tendon cannot be the dominant mechanism for

present findings since the length changes reported by e.g., Tian et al. [144] for the

Achilles tendon are much smaller than those shown locally within the muscle. Besides,

interaction via the Achilles tendon is unlikely to lead to sizable fascicle shortening in

passive test conditions. Present imaging did not involve the tendons. Hence, no de-

formation data is available for the Achilles tendon. However, deep GM aponeurosis

strains are heterogeneous over its surface. This supports previously shown aponeurosis

strain distributions [136, 146, 147] in a three-dimensional analysis. Moreover, direction

of the peak deep GM aponeurosis strains is not necessarily aligned with the Achilles

tendon. These findings indicate that myotendinous structures play a highly complex

role in muscle functioning, which involves not only transmission of muscle force to the

tendon but also sustaining the mechanical equilibrium within muscle by bearing loads

in various directions and amplitudes.

3.5.3 Limitations and implications

Tracts obtained are representative of muscle fascicles and not individual muscle

fibers. This is bound by the resolution of the state of the art DTI acquisition methods

for large enough muscle volumes. Wu et al. [148] reached a finer, 0.125 mm isometric

resolution for DTI acquisition. However, they worked on rat brain, which requires a

much smaller field of view compared to human muscles. On the other hand, using

a comparable field of view at the cost of assessing a local small muscle volume only,

would still be insufficient for resolving individual sarcomeres. Therefore, the present
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methodology provides a superb tool for assessing physiologically relevant human mus-

cle tissue deformations in vivo, but calculates length changes of only large groups of

sarcomeres within a volume. Consequently, possible distribution of sarcomere length

changes along several segments of fascicles can be determined objectively. Accordingly,

the strain values obtained represent averages of those of numerous sarcomeres within a

voxel. Hence, deformation heterogeneity along the tracked fascicles can be considered

to underestimate the underlying heterogeneity at sarcomere level.

The present study shows serial and parallel distribution of strain along the GM

fibers, which, bound to the limitations addressed may represent serial and parallel

heterogeneity of sarcomere lengths. Serial sarcomere length distributions were corre-

lated to muscle’s length range of force exertion [149, 150]. Moreover, a shift of muscle

optimum length to a longer length was shown with increasing parallel heterogeneity

[151]. Previous modeling showed mechanism of that in healthy (e.g., [68, 88]) and

treated muscle [67, 68], and how that relates to muscle length range of force exertion.

Therefore, the metrics our methodology provides are relevant for assessing changes in

joint range of motion of human subjects. This is a central parameter for human mo-

bility, as decreased joint mobility is a common problem in e.g., cerebral palsy patients

[152]. Pre- vs. post-treatment comparison of such patients using the present technique

can help assess the outcomes of common interventions (e.g., aponeurotomy, botulinum

toxin injections) objectively.

The present study was performed in passive conditions. However, the methods

described here can also be applied to conditions involving sub-maximal effort. These

conditions can be used to simulate postural demands of daily tasks such as driving, key

pressing, cycling. Human muscle function can be assessed with potential implications

also for ergonomics. The acquisition time may limit the effort level, and lack of joint

movement during acquisition could be considered a limitation. Yet, a single joint angle

manipulation in active or passive state suffices for the assessment of targeted deforma-

tion along the fiber direction within a three-dimensional muscle volume. Other imaging

methods with repetitive joint motion requirements could present a problem particularly

for patient groups with movement disorders, such as cerebral palsy patients. However,
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an appropriate use of the present methodology can allow for a major improvement in

our understanding of the condition of these patients’ muscles.

In conclusion, using advanced MRI–DTI techniques combined, a methodology

was developed which yields physiologically relevant muscle fiber direction deformation

information. Effects of knee movement assessed indicate major strain distribution along

human GM muscle fibers.
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4. FINITE ELEMENT MODELING ASSESSMENT OF THE

MECHANISM OF COMBINED LOCAL LENGTHENING

AND SHORTENING ALONG MUSCLE FIBERS

4.1 Introduction

Findings of the previous chapter indicating negative mean fiber direction strain

within distinguished tracts belonging to in vivo lengthened GM [153] does not imply

fascicles that shortened on average [154, 155]: it must be noted that tractography was

limited to fascicle lengths of 30–50 mm based on Chow et al. [123], however it is

possible that the analyzed tracts might be incomplete fascicle segments, thus are not

representative of an allegedly erroneous global shortening of fascicles within lengthened

passive muscle. Indeed, others have found human GM fascicles to be above [156, 157]

the fascicle length interval considered during the tractography performed in previous

chapter. A more comprehensive way of performing tractography to ensure full coverage

of each fiber is using aponeuroses as tract seeding points [61], however tractography

software did not allow much user intervention graphically at the time, thus tracts

were seeded from polygonal regions of interest within GM, marked on b0 images [153].

While such cases are possible considering remainder musculature of the limb, along

with relevant connectome to include the inter-muscular linkages and a more extensive

representation of the NVTs, shortening of entire fascicles within a passively lengthened

muscle is not considered within context of the present work.

Also among the findings of the previous chapter are fascicles with lengthening

and shortening sections, despite globally lengthened state of in vivo GM muscle. Such

deformation distributions were indeed shown in numerous model studies (for a review,

see [32, 141]) and their particular implications on muscle function were discussed. In

particular, a previous model study took extra-muscular linkages of muscle into account

in order to peer into local metrics of strain and stress within muscle [88, 143], which

were also globally studied as muscle length and force [88, 33]. However, experiments
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of the previous chapter were conducted in the passive state [153]. Therefore, an as-

sessment of the principles of the mechanical mechanism for shortened sections within

fascicles of a globally lengthened passive muscle is needed and finite element modeling

(FEM) is an ideal tool for that. To address this, present chapter aimed at studying

the effects of imposed muscle relative position changes and certain muscle lengthen-

ing of passive EDL muscle of the rat using FEM. An increased understanding of local

mechanics within muscle and its anatomical relations to extra-muscular linkages, par-

ticularly NVTs, will help illustrating the plausible role of epimuscular myofascial loads

on imposing locally shortening regions within a longer muscle.

4.2 Methods

4.2.1 Description of the “linked fiber–matrix mesh model”

In the linked fiber–matrix mesh model (LFMM model), skeletal muscle is con-

sidered explicitly as two separate domains:

1. The intra-cellular domain and

2. the extra-cellular matrix (ECM) domain.

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

two domains. Two self-programmed elements were developed and were introduced as

user-defined elements into the finite element program ANSYS 12.0 [24, 88]. One of

these elements represents the ECM, which includes the basal lamina and connective

tissue components such as endomysium and perimysium (ECM element). A second

element models the muscle fibers (myofiber element). Within the biological context,

the combined muscle element represents a segment within a large bundle of muscle

fibers with identical material properties, its connective tissues and the links between

them. This is realized as a linked system of the ECM and myofiber elements. A
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schematic 2D-representation of an arrangement of these muscle elements is shown in

Figure 4.1a and elsewhere [67].

In LFMM model, the ECM domain is represented by a mesh of ECM elements

(matrix mesh). Within the same space, a separate mesh of myofiber elements is built

to represent the intra-cellular domain (fiber mesh). These two meshes are rigidly

connected to single layers of elements modeling the proximal and distal aponeuroses

also at myotendinous connection sites and are linked elastically at the intermediate

nodes. The ECM and myofiber elements each have eight nodes, linear interpolation

functions and a large deformation analysis formulation. A 3D-local coordinate system

representing fiber, cross-fiber (normal to the fiber direction) and thickness directions

is used.

4.2.2 Myofiber element

Passive muscle is studied and sarcomeres are assumed to have identical material

properties within muscle fibers. Force–velocity characteristics are not considered due

to isometric nature of present work. Total stress of the intra-cellular domain (σ22)

is a Cauchy stress acting in local fiber direction exclusively and is the sum of active

stress produced by contractile elements (σ22contr) and stress due to titin (σ22titin). It is

assumed that, at initial muscle length in passive state, sarcomeres arranged in-series

within muscle fibers have identical lengths and material properties, and fiber direction

strain (ε22) is zero.

To define stress due to titin in passive state, experimental tension–sarcomere

length data [158] for single rabbit skeletal muscle fibers was fit with a quadratic func-

tion (Eq. 4.1, Figure 4.1) and scaled to make it compatible to the stress–strain char-

acteristics of the contractile part, described in Chapter 5.
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σ22titin(ε22) =

 t1ε
2
22 + t2ε22 + t3 if ε22 > 0

0 if ε22 < 0
(4.1)

where t1, t2 and t3 are constants (Table 4.1).

Figure 4.1 Stress–strain relation for intra-cellular passive elements representing titin in the myofiber
element, per Eq. 4.1.

4.2.3 ECM element

The ECM element represents the basal lamina and intra-muscular connective

tissue components including the endomysium, perimysium and epimysium. A strain

energy density function accounts for the non-linear and anisotropic material properties,

and the constancy of muscle volume.

Stress formulation, S, based on second Piola–Kirchoff definition constitutes the

derivative of strain energy density function, W , with respect to the Green–Lagrange

strain tensor, dLG.
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Table 4.1
Values and definitions of the model constants.

Constant Value Definition

t1 0.522 Coefficient for stress–strain relation of the intra-cellular passive elements

(Eq. 4.1)

t2 0.019 Coefficient for stress–strain relation of the intra-cellular passive elements

(Eq. 4.1)

t3 -0.002 Coefficient for stress–strain relation of the intra-cellular passive elements

(Eq. 4.1)

k 0.05 Initial passive stiffness (Eq. 4.4)

a11 8.0 Passive cross-fiber direction stiffness, a11 = a33 (Eq. 4.4)

a22 6.0 Passive fiber direction stiffness (Eq. 4.4)

a12 6.0 Passive cross-fiber direction stiffness, a12 = a23 = a31 (Eq. 4.4)

λS 5.0 Weight factor in the penalty function for the solid volume (Eq. 4.5)

λF 20.0 Weight factor in the penalty function for the fluid volume (Eq. 4.5)

S =
dW

dLG
(4.2)

The strain energy density function that mechanically characterizes the ECM

consists of two parts:

W = W1 +W2 (4.3)

The first part represents the non-linear and anisotropic material properties [159]:

W1 = Wij(εij) =

 k [ eaij ·εij − aij · εij ] if ε22 > 0

0 if ε22 < 0 or i 6= j
(4.4)

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

1 , ... , 3 and j = 1 , ... , 3 represent local cross-fiber, fiber and thickness directions,
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respectively. aij and k are constants (Table 4.1). Resulting stress–strain curves are

shown in Figure 4.2.

Figure 4.2 ECM element’s stress–strain relations in cross-fiber and thickness, along-fiber, and shear
directions, per Eq. 4.4.

The second part includes a penalty function to account for the constancy of

muscle volume:

W2 = λS (I3 − 1)2 + λF (Iavg3 − 1)2 (4.5)

where, I3 is the third invariant of the right Cauchy–Green strain tensor and is a measure

for the local volume for each Gaussian integration point. If all the I3s are kept as one,

the element is considered as solid and the local volumes are conserved. If the weighted

mean of all I3s per element, Iavg3 − 1, is kept as one, the element is considered as a

fluid. Penalty parameters λS (for solid volume) and λF (for fluid volume) (Table 4.1),

allow determining the emphasis given for each part.
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4.2.4 Elements linking fiber and matrix meshes

For the elastic links between two meshes, which represent the trans-membranous

attachments between the cytoskeleton and the ECM, COMBIN39 standard element

from ANSYS 12.0 element library is used. This is a 2-node uniaxial spring element,

defined separately and identically for each global direction, with linear stiffness char-

acteristics determined according to Yucesoy et al. [88].

4.2.5 Aponeurosis element

To represent the aponeuroses, HYPER58 standard 3D, 8-node element from

ANSYS 12.0 element library is used. This element has a hyper-elastic mechanical for-

mulation and its strain energy density function is defined using Mooney–Rivlin material

law.

4.2.6 Model of EDL muscle with extra-muscular connections

EDL muscle of the rat is modeled. This muscle has a relatively simple geometry:

it is a unipennate muscle with rather small pennation angles and with minimal variation

in fiber direction within the muscle belly. Geometry of the model is sufficiently defined

as contour of the longitudinal slice at the middle of the isolated rat EDL muscle belly.

Three muscle elements in-series and six in-parallel fill this slice (Figure 4.3, bottom

panel). Therefore, any collection of three muscle elements arranged in-series represents

a rather large muscle fascicle. All aponeurosis elements have identical mechanical

properties but using a variable thickness in the fiber–cross-fiber plane, the increasing

cross-sectional area of the aponeurosis toward the tendon is accounted for (Figure

4.3, top panel). Elements representing the extra-muscular connections for the three

proximal fascicle interfaces are four times stiffer than the remainder 4 distal fascicle

interfaces (Figure 4.3, top panel).
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Figure 4.3 Geometry of the rat EDL model studied. Locations and stiffness of the extra-muscular
connections (top panel), fascicle interfaces (1–7) and serial fascicle sections (I–IV) (bottom panel).

4.2.7 Solution procedure

Analysis type used in ANSYS is static and large strain effects were included.

Throughout the solution procedure, studied models are stable and no mesh refinement

is performed. A force-based convergence criterion is used with a tolerance of 0.5%.

The muscle was kept passive throughout the analysis. Through alternating

translation of the proximal and distal end nodes, the modeled muscle was displaced

distally (∆EDL position) by 7 mm. This caused the ends of the spring elements pro-

viding extra-muscular connections connected to the muscle to be displaced and as the

other ends were kept mechanically grounded, these connections were stretched. Once

relative position change was complete, the proximal end of the muscle was fixed and

the distal was displaced 0.5 mm distally to impose muscle lengthening. Consequently,

epimuscular myofascial loads were developed to act on the muscle. Note that, ∆EDL

position = 0 mm was referred to as the reference case and ∆EDL position = 7 mm

was referred to as the relative position change case.
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4.2.8 Processing of data

Strain (ε22) along nodes of serial fascicle sections (I–IV) were studied across

fascicle interfaces 1–7, to quantify local deformations throughout muscle in reference

and relative position change cases.

4.3 Results

4.3.1 Strain along serial fascicle sections I–IV

For the reference case all nodes of all fascicles show positive strains indicating

occurrence of only lengthening along every fiber (Figure 4.4a). Per serial sections

I–IV, nodes of sections I and II present monotonous decrease in strain proximo–distally

(across interfaces 1–7), whereas sections III and IV present monotonous increase across

same direction. This is due to model geometry and extra-muscular linkages. Yet, fiber

direction strain IQR for fascicle interfaces remained small, between 0.34 and 2.34%

(Figure 4.4b).

In contrast, for the relative position change case, the distal lengthening imposed

resulted in shortening of all nodes across section I (Figure 4.4c). Shortening is more

restricted in the first three nodes with stiffer extra-muscular connections. Such varia-

tion in the restriction of myofascial constraints persists also for all other serial sections,

however section II presents near-zero strains for all its nodes, indicating no notewor-

thy local length change across this section, whereas sections III and IV present only

positive strains, thus only lengthening segments of fibers. Similarly, IQRs for fiber

direction strains per fascicle interface remained variable: for section II which is along

the extra-muscular connections, IQR is down to 1.76%, while for remainder sections

II–IV, it is in excess of 11.9% (Figure 4.4d).
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Figure 4.4 Nodal fiber direction strains per serial sections I–IV vs. fascicle interface curves at
long muscle length without (a) and with (c) relative position change. For each case, distributions of
fiber direction strain across fascicle sections are also depicted using box and whiskers in (b) and (d),
respectively. Locations of serial sections I–IV, fascicle interfaces 1–7 and extra-muscular connections
are reminded in (e).

4.4 Discussion

Relative position change of passive muscle was assessed presently to help under-

stand heterogeneous distribution of strains along muscle fibers, in contrast to previous



68

Figure 4.5 Fiber direction strain and stress contour plots for model with extra-muscular connections,
after 7 mm distal relative position change and subsequently lengthening to Lopt + 0.5 mm. Locations
of fascicle sections I–IV, fascicle interfaces 1–7 and extra-muscular connections are reminded (a). Fiber
direction strain plot depicts much shortening in proximal fascicle sections, with lengthening in distal
sections (b). Note the near-zero strain zone corresponding to section II, where the extra-muscular
connections are (a). Most extreme stresses are observed for distalmost fascicle and negative stresses
are limited to sections proximal to the extra-muscular connections (c).

model study of fully active muscle [143]. Such relative position changes stretch mus-

cle’s extra-muscular connections causing forces to develop and act on the muscle at

locations of their mutual intersections. The net value of those epimuscular myofascial

loads result in increasing proximo–distal force differences of the muscle (not shown)

globally. More importantly, locally, the mechanical equilibrium within the muscle is

altered, which in turn results in shortened axial sections within muscle fibers, despite

total length increase in the fibers.
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Between sections I and II, average strain for all fascicle interfaces are negative,

indicating sections of fascicles with shortening only. Note that the extra-muscular

connections are along section II, where a mechanical balance is established at zero

strain. Increase in magnitudes of strains across fascicles after fascicle interface 3 is due

to the change in the compliance of the extra-muscular connections. Strain magnitudes

increase distally too, due to change in aponeurosis thickness and model geometry with

remainder heterogeneity due to model geometry. At Lopt+0.5 mm, in model with

relative position change, there exists wide shortening fascicle segments whereas without

relative position change, such heterogeneity does not present.

Fascicle sections I and II, i.e., proximal sections of modeled fascicles, coincide

with the shortened distal sections presented in human experiment of previous chap-

ter, where proximally directed lengthening was imposed by femur via GM’s proximal

tendon. As such, present model study did show shortened segments (Figure 4.4b and

Figure 4.5, fascicle sections I and II, represented by circle and triangle, respectively)

within overall lengthened fascicles of passively lengthened muscle. Also recall that re-

constructed tracks represent only part of GM, and not the entire muscle. Thus it is

possible, and also of great interest to see whether such shortening biased results occur

when all GM fascicles are included. Finally, magnitudes of lengthening and shorten-

ing along fascicles do seem to coincide in present analyses (Figure 4.4d). Regardless,

present chapter emphasizes how extra-muscular structures such as NVTs affect strain

distributions within muscle fascicles. Indeed, we have shown similar interactions in

another experiment [160], results of which are exemplified in Appendix B.

While it is clear that human GM muscle and the rat muscle modeled are not the

same, such modeling facilitated an assessment of the principles of the issue. It must

be noted that the NVTs and other myofascial structures are plausibly non-linearly

stiff in human [161] with conceivable pre-strain on them [28]. Consequently, similar

muscle relative position changes imposed as those studied presently can force the in

vivo muscle’s epimuscular connections to operate in the stiffer parts of their respective

length-force relationships leading to building up of higher and possible more variable

myofascial loads to act on different parts of the muscle. Note also that, only a certain
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limited muscle lengthening was imposed presently, which in vivo, may be much more

pronounced with joint position changes. Therefore, different, more complex and plau-

sibly more pronounced effects of local length changes are tenable for muscle function

in vivo. Thus, considerations regarding in vivo limitations on relative position change

of rat EDL muscle [154] are disregarded in favor of other previous studies [33, 143]

assessing the core of the issue. As such, present modeling was capable of showing

that epimuscular myofascial loads developed; and acting on the modeled muscle, were

capable of representing the local effects seen in the human study [153].
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5. FINITE ELEMENT ASSESSMENT OF TITIN’S

POTENTIAL ROLE IN MUSCLE’S FORCE PRODUCTION

5.1 Introduction

Two-myofilament model of the sarcomere’s force production has long been used

to explain various phenomena in muscle physiology. Thin and thick myofilaments of

the sarcomere lattice consist of actin and myosin chains, respectively. Formation of

cross-bridges between these myofilaments are considered the sole source of active force

production in muscle, with the amount of force produced depending on the degree of

overlap between the two myofilaments [6, 162]. Owing to various intricate mechanisms

such as “swinging, tilting, cross-bridge sliding filament mechanism” [4, 5] within the

actin–myosin cross-bridges, much has been understood regarding the production of

muscle force.

Titin is considered the backbone of sarcomere [8, 163]. It spans half the sarcom-

ere, beginning from its C-terminus located at M-line, where opposing tails of myosin

filaments meet, throughout the immunoglobulin (Ig) and fibronectin super-repeats,

around which myosin molecules form their thick filament structures. This is the stiff

A-band titin. In skeletal muscle, the elastic I-band titin can be considered as a series

of springs, which start with a distal Ig tandem, followed by a proline-glutamate-valine-

lysine (PEVK) rich region including an N2A region, and a longer Ig tandem (proximal)

region, finally terminating at its N-terminus along the Z-line. Overall, the intra-cellular

passive tension of sarcomeres has been predominantly attributed to titin [158, 164].

On the other hand, N2A, PEVK and Ig tandems are sensitive to [Ca2+] tran-

sients [7]. Also, N2A region is highly susceptible to additional mechanical interaction

with actin filaments upon changes in calcium concentration [9, 16, 165]. Consequently,

active state titin gets stiffer compared to its passive state [10, 17, 166, 167]. Therefore,

considering titin as a passive elastic component with state independent mechanical
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properties is not accurate. This viewpoint stems from, or lends explanations for a

key muscle mechanics phenomenon regarding the descending limb of muscle’s length

force characteristics i.e., the residual force enhancement (RFE). RFE characterizes a

velocity-independent [168, 169, 170] excess in actively lengthened muscle’s force, com-

pared to its force encountered at the same length following passive lengthening and

subsequent activation [13, 171]. This is ascribed to active state titin’s higher stiffness,

which remains effective also during muscle shortening [16, 17]. Accordingly, much at-

tention was paid also to re-shortening from a long length, which preserves some RFE,

whereas passively lengthened muscle returns back to same force level. Taking these into

account, titin has been considered part of a three-myofilament paradigm to describe

eccentric contraction of skeletal muscles [8, 172]. These important issues were most

often studied in sarcomere or fiber section levels [12, 173].

However, a better understanding of the mechanism and functional consequences

of such three-myofilament paradigm requires local as well as global assessments per-

formed after placing active state titin in the context of entire muscle. Globally, effects

of active state titin on muscle force have been the main focus, but how this may affect

its length range of force exertion has not been studied. Locally, two important issues

have not been addressed:

1. Effects of active state titin on distribution of length changes along muscle fibers,

and

2. Separate contributions of actin–myosin apparatus and active state titin to force

production.

In order to address these interrelated points, our aim was to implement active

state titin within our linked fiber–matrix mesh model (LFMM) [24, 32] and to elaborate

on the mechanism of its effects on muscle function both locally and globally.
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5.2 Methodology: Linked Fiber–Matrix Mesh Finite Element

Model

5.2.1 Myofiber Element

To define the active stress of the contractile elements (Figure 5.1a) hence to rep-

resent active length–force characteristics, cubic and quartic exponential partial func-

tions (Eq. 5.1, Figure 5.2) were fit to the experimental data of small rat GM fiber

bundles [174]. This function is scaled such that at Lopt, ε22 is zero and the maximal

stress value is normalized as one. Note that force–velocity relationship for active muscle

is not included in this definition.

σ22contr(ε22) =

 b3e
b2ε 3

22 if ε22 > 0

b3e
b1ε 4

22 if ε22 < 0
(5.1)

where b1, b2 and b3 are constants (Table 5.1).

Experimental tension–sarcomere length data [158] for single rabbit skeletal mus-

cle fibers were fit with a quadratic function (Eq. 5.2 Figure 5.3, gray triangles) which

was scaled to make it compatible to stress–strain characteristics of the contractile part.

Reference model incorporates passive state properties of titin (Eq. 5.1) also during

active state analyses.

σ22titin(ε22) =

 t1ε
2
22 + t2ε22 + t3 if ε22 > 0

0 if ε22 < 0
(5.2)

where t1, t2 and t3 are constants (Table 5.1).
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Figure 5.1 (a) Two-dimensional-schematic representation of an arrangement of muscle elements. The
intra-cellular domain, which is composed of the active contractile elements (actin–myosin contractile
apparatus) and intra-cellular “passive” cytoskeleton (titin), is linked to the extra-cellular matrix do-
main 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 whole
fascicle. (c) Muscle elements located proximally and distally are connected to elements representing
muscle’s aponeuroses. A 3D-local coordinate system representing the fiber, cross-fiber (normal to the
fiber direction), and thickness directions is used for the analysis and presentation of the model results
[31]. Note that the 16 fascicle model was preferred in the final analysis of shifted titin for increased
nodal resolution, whereas for other models 6 fascicle geometry suffices.

In contrast, the extended model distinguishes active state titin. To define

stress–strain characteristics of titin in active state, one way is by obtaining normal-

ized titin stresses during active lengthening beginning at initial sarcomere length of

the present model. Therefore, normalized total, cross-bridge and passive forces for a

sarcomere actively lenghtening from 2.4 µm initial length were acquired from Heidlauf
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Figure 5.2 Active stress–strain properties of the myofiber element representing the contractile ap-
paratus, which is valid only for the local fiber direction.

et al. [18] and Schappacher-Tilp et al. [1] models. Force due to active state stiffened

titin is calculated by subtracting passive and cross-bridge forces from total force. A

cubic function fit to resulting active state titin normalized stress data points consti-

tutes stiffened titin’s equation (Eq. D.1, Figure 5.3, black rhombi) in stiffened titin

case. See Appendix D for details.

σ22titin(ε22) =

 h1ε
3
22 + h2ε

2
22 + h3ε22 if ε22 > 0

0 if ε22 < 0
(5.3)

where h1, h2 and h3 are constants (Table 5.1).

Alternatively, titin’s increased affinity to bind with actin upon calcium concen-

tration increase (i.e., activation) near its N2A region in vitro could result in reduced

free spring length of titin, which was implemented into the model with a leftward (i.e.,

stiffer) shift in titin’s constitutive equation using a titin shift coefficient εshift (Eq. 5.4,

Figure 5.4), and assessed in shifted titin case.
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Table 5.1
Values and definitions of the model constants.

Constant Value Definition

b1 30.0 Coefficient for stress–strain relation of the contractile elements (Eq. 5.1)

b2 -6.0 Coefficient for stress–strain relation of the contractile elements (Eq. 5.1)

b3 1.0 Coefficient for stress–strain relation of the contractile elements (Eq. 5.1)

t1 0.522 Coefficient for stress–strain relation of the intra-cellular passive elements

(Eq. 5.2)

t2 0.019 Coefficient for stress–strain relation of the intra-cellular passive elements

(Eq. 5.2)

t3 -0.002 Coefficient for stress–strain relation of the intra-cellular passive elements

(Eq. 5.2)

h1 -8.242 Coefficient for stress–strain relation for active state stiffened titin (Eq. D.1)

h2 11.88 Coefficient for stress–strain relation for active state stiffened titin (Eq. D.1)

h3 -0.052 Coefficient for stress–strain relation for active state stiffened titin (Eq. D.1)

k 0.05 Initial passive stiffness (Eq. 5.7)

a11 8.0 Passive cross-fiber direction stiffness, a11 = a33 (Eq. 5.7)

a22 6.0 Passive fiber direction stiffness (Eq. 5.7)

a12 6.0 Passive cross-fiber direction stiffness, a12 = a23 = a31 (Eq. 5.7)

λS 5.0 Weight factor in the penalty function for the solid volume (Eq. 5.8)

λF 20.0 Weight factor in the penalty function for the fluid volume (Eq. 5.8)

σ22titin(ε22) = t1 (ε22 + εshift)
2 + t2 (ε22 + εshift) + t3 (5.4)

where t1, t2 and t3 are constants (Table 5.1) and εshift equaled a third of imposed active

muscle lengthening, a ratio based on fascicle length to muscle length ratio, namely

reference titin’s constitutive equation is shifted by one third of the active lengthening

imposed cumulatively.
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Figure 5.3 Stress–strain relation of intra-cellular titin in myofiber domain for reference passive and
stiffened active states.

Figure 5.4 Stress–strain relation of intra-cellular titin in myofiber domain for passive and shifted
active states.

5.2.2 ECM element

The ECM element represents the basal lamina and intra-muscular connective

tissue components including the endomysium, perimysium and epimysium. A strain
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energy density function accounts for the non-linear and anisotropic material properties,

and the constancy of muscle volume.

Stress formulation, S, based on second Piola–Kirchoff definition constitutes the

derivative of strain energy density function, W , with respect to Green–Lagrange strain

tensor, dLG:

S =
dW

dLG
(5.5)

Strain energy density function that mechanically characterizes the ECM con-

sists of two parts:

W = W1 +W2 (5.6)

The first part represents the non-linear and anisotropic material properties [159]:

W1 = Wij(εij) =

 k [eaij ·εij − aij · εij] if ε22 > 0

0 if ε22 < 0 or i 6= j
(5.7)

where εij are the Green–Lagrange strains in the local coordinates. Indices i = 1 , ... , 3

and j = 1 , ... , 3 represent local cross-fiber, fiber and thickness directions, respectively.

aij and k are constants (Table 5.1). Resulting stress–strain curves are shown in Figure

4.2.

The second part includes a penalty function to account for the constancy of

muscle volume:

W2 = λS (I3 − 1)2 + λF (Iavg3 − 1)2 (5.8)
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where, I3 is the third invariant of the right Cauchy–Green strain tensor and is a measure

for the local volume for each Gaussian integration point. If all the I3s are kept as one,

the element is considered as solid and the local volumes are conserved. If the weighted

mean of all I3s per element, Iavg3 − 1, is kept as one, the element is considered as a

fluid. Penalty parameters λS (for solid volume) and λF (for fluid volume) (Table 5.1),

allow determining the emphasis given for each part.

5.2.3 Elements linking the fiber and matrix meshes

For the elastic links between two meshes representing the trans-membranous

attachments of the cytoskeleton and the ECM, COMBIN39 standard element from

ANSYS 12.0 element library was used. This is a 2-node uniaxial spring element, defined

separately and identically for each global direction, with linear stiffness characteristics

determined according to [88].

5.2.4 Aponeurosis element

To represent the aponeuroses, HYPER58 standard element from ANSYS 12.0

element library was used. This 3D element has 8-nodes and a hyperelastic mechanical

formulation for which strain energy density function is defined using Mooney–Rivlin

material law.

5.2.5 Model of isolated EDL muscle

EDL muscle of the rat was modeled. This muscle has unipennate geometry

with rather small pennation angles and minimal variation of the fiber direction within

muscle belly. Model geometry (Figure 5.1b) is defined as the contour of a longitudinal

slice at the middle of isolated rat EDL muscle belly. Three muscle elements in-series

and sixteen in-parallel fill this slice. Therefore, any collection of three muscle elements
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arranged in series represents a big muscle fascicle. All aponeurosis elements have identi-

cal mechanical properties but using a variable thickness in fiber–cross-fiber plane, such

that aponeurosis’ increasing cross-sectional areas toward their tendons are accounted

for (Figure 5.1c).

5.2.6 Reference model with passive state titin vs. extended models incor-

porating active state titin

For all muscle models studied, in passive state, activation coefficient b3 (Eq. 5.1)

initially equaled 0. Maximal activation of muscles modeled was achieved by increasing

b3 incrementally to 1, using fixed increments, while models were kept fixed at initial

muscle length (28.7 mm). Note that, from here on this will be regarded as optimum

length (Lopt). Muscle length was changed by changing the position of muscle’s most

distal nodes in distal direction in order to lengthen the muscle by a certain amount.

Muscle’s proximal end was fixed during the procedure.

5.2.6.1 Stiffened titin case.

The proximal end is fixed and distal end of muscle is displaced 3.2 mm distally

to impose muscle lengthening.

5.2.6.2 Stiffened titin case with extra-muscular linkages.

Through alternating translation of the proximal and distal end nodes, muscle

is displaced distally by 7 mm, while the ends of extra-muscular connections are kept

mechanically grounded. Once relative position change is complete, the proximal end is

fixed and distal end of muscle is displaced 3.2 mm distally to impose muscle lengthening.

Elements representing the extra-muscular connections for the three proximal fascicle

interfaces are four times stiffer than the remainder 4 distal fascicle interfaces (Figure

4.1a).
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5.2.6.3 Shifted titin case.

Alternatively, active state shifted titin’s model implementation was studied for

isolated model rat EDL muscle in the following three cases:

1. No pre-stretch: reference titin constitutive equation was used, hence no activation

effect on titin stress–strain characteristics in active state was accounted for.

2. Low pre-stretch: first, muscle was passively lengthened to Lopt+1 mm, which had

no effect on the shift coefficient, εshift; activated at this length, and was subse-

quently lengthened to Lopt+2 mm using active state shifted titin case. Therefore,

εshift remained zero for the first 1 mm and was gradually increased with imposed

active muscle lengthening, equaling 1/3 at Lopt+2 mm (Eq. 5.4).

3. High pre-stretch: muscle was activated at Lopt, before being lengthened to Lopt+2

mm. Therefore, εshift was gradually increased with imposed active muscle length-

ening, equaling 2/3 at Lopt+2 mm (Eq. 5.4).

Note that: (i) in addition to those of the reference model, Figure 5.4 shows also

the altered titin stress–strain characteristics of active state model by exemplifying the

relevant curves representing Lopt+2 mm for cases (2) and (3). (ii) During subsequent

shortening, titin remains on the curve corresponding to its lengthening history attained

at Lopt+2 mm (Figure 5.4, shortening curves).

5.2.7 Solution procedure

Analysis type used in ANSYS was static and large strain effects were included.

Throughout the solution procedure, studied models were stable and no mesh refinement

was performed. A force-based convergence criterion was used with a tolerance of 0.5%.



82

5.2.8 Processing of data

Muscle length–force data were studied to quantify changes in total muscle force.

All forces were normalized to total force at Lopt of reference model (Fref@Lopt). Mean

fiber direction nodal strain and nodal stresses (total, contractile apparatus, and titin

stresses separately) along the fascicle interfaces were calculated for high vs. no pre-

stretch cases at Lopt+2 mm and back at Lopt. Coefficient of variation (CV) for mean

fiber direction nodal strains defined as the ratio of the standard deviation to the mean

was calculated as an indicator of parallel sarcomere length heterogeneity. Areas under

mean fiber direction nodal stress–fascicle interface curves were calculated to quantify

changes in total, contractile and titin stresses in order to assess their relative contribu-

tions to muscle’s force production.

5.3 Results

5.3.1 Global: Effects of active state titin on muscle length–force

5.3.1.1 Stiffened titin case.

Figure 5.5 shows no shift in muscle optimum length.

Figure 5.5 Active muscle force decreases beyond optimum length with no apparent shift in muscle
optimum length for stiffened titin case.
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5.3.1.2 Stiffened titin case with extra-muscular linkages.

Figure 5.6 shows no shift in muscle optimum length.

Figure 5.6 Muscle length vs total, active, and passive force results for reference and stiffened titin
in muscle relative position change models.

5.3.1.3 Shifted titin case.

Figure 5.7 shows muscle length–total force characteristics for the reference and

two shifted titin cases studied. The two panels allow assessing effects of active state

shifted titin on muscle force during muscle lengthening (Figure 5.7a) and subsequent

muscle shortening (Figure 5.7b).

For the extended model, Figure 5.7a indicates that active state shifted titin

leads to elevated muscle forces calculated for all muscle lengths studied. Note that

compared to no pre-stretch case, force increase rate per 1 mm muscle length increment

in pre-stretched cases is not the same, but increases: for Lopt to Lopt+1 mm, high pre-

stretch case yields 4.8%; whereas for Lopt+1 to Lopt+2 mm, low pre-stretch case yields

7.8% and high pre-stretch yields 24.6% increase in total muscle force. Remarkably, the
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Figure 5.7 Total force–length characteristics of modeled EDL muscles in the range of
muscle lengths studied, Lopt and Lopt +2 mm. Total isometric muscle forces of different
model cases are normalized to the maximum of that in reference model (no pre-stretch case)
at optimum length (Fref@Lopt). In high pre-stretch (diamonds), low pre-stretch (squares)
and no pre-stretch (triangles) cases, muscle is fully activated at Lopt, Lopt +1 mm and
Lopt+ 2mmrespectively.Subsequently,musclesareactivelylengthenedtoLopt +2 mm and shifts are
employed in titin’s constitutive relation corresponding to the case studied (Figure 5.3). The shift
employed in the lengthening half of the protocol (left) was kept effectual in the shortening half (right).
(a) Total force increases with increasing muscle length in all cases, however disproportionately. High
pre-stretch case yields most force increase per active lengthening, especially so in the second millime-
ter of the studied range. Inset: Active muscle force–length characteristics for no pre-stretch and high
pre-stretch case muscles. Note that the initial length is the optimum length for the reference model,
with active forces decreasing at longer lengths. It is also of note that the high pre-stretch case muscle’s
active force increases monotonously.

muscle length–active force characteristics (Figure 5.7a inset) shows that elevated muscle

force is not the sole effect of active state shifted titin. By definition, no pre-stretch

case attains its maximum active force at Lopt and decreases thereon. In contrast, high

pre-stretch case shows that active force keeps increasing, indicating that its muscle

optimum length shifts to a longer length (beyond 30.7 mm). Figure 5.7b shows that

shortening from Lopt+2 mm, much of the differences in total muscle force between

high and no pre-stretch cases persists even back at Lopt (16.0%). Also, low pre-stretch

case shows such RFE (2.6%) compared to no pre-stretch case.
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5.3.2 Local: mechanism of RFE based on muscle fiber direction strains

and stresses

5.3.2.1 Stiffened titin case local strain and stresses.

Figure 5.8 Mean nodal fiber direction strain/stresses vs. fascicle interface curves at long (Lopt +3.2
mm) muscle length. (a) Mean fiber direction strain, ε22, per fascicles indicates restricted lengthening
in stiffened active state titin case (black diamonds), compared to reference passive titin case (gray
triangles). CV of strains dropped from 17.3% to 12.0%, however heterogeneity remained substantial.
(b) Mean fiber direction total stress, σ22, across fascicles for reference and stiff titin cases. Area under
the curves (Σσ22) indicates increased active force production capacity of muscle, which is increased by
57.5% for stiffened titin case. (c) Mean nodal fiber direction contractile stress, σ22contr, across fascicle
interfaces. Contribution of contractile apparatus to active force production increased by 13.2% for
stiffened titin case. (d) Mean nodal fiber direction titin stress, σ22titin. Titin took part in active force
production.

Figure 5.9 Contour plots of reference titin (top plots) and stiffened titin (bottom plots) cases showing
(a) fiber direction strain (ε22), (b) total fiber direction stress (σ22), (c) stress due to actin–myosin
contractile apparatus (σ22contr), (d) stress due to titin (σ22titin).
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5.3.2.2 Stiffened titin relative position change case local strain and stresses.

Figure 5.10 Nodal fiber direction strain per fascicle interface for stiffened and reference titin cases
in active lengthening after muscle relative position change.

Figure 5.11 Nodal fiber direction total stress per fascicle interface for stiffened and reference titin
cases in active lengthening after muscle relative position change.

Figure 5.12 Nodal fiber direction titin stress per fascicle interface for stiffened and reference titin
cases in active lengthening after muscle relative position change.
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5.3.2.3 Shifted titin case local strains and stresses.

Figure 5.13 shows relevant muscle mechanics metrics at Lopt+2 mm in order

to assess the mechanism of RFE (Figure 5.13a) by comparing no pre-stretch vs. high

pre-stretch cases:

Figure 5.13 Total muscle force and mean fiber direction nodal strain/stresses vs. fascicle interface
curves at long (Lopt +2 mm) muscle length. (a) Total muscle force for no pre-stretch (gray bar)
and high pre-stretch (black bar) cases. (b) Mean fiber direction strain, ε22, across fascicles indicates
increased shortening in high pre-stretch case (diamonds), compared to no pre-stretch case (triangles).
A decrease in CV of strains was observed, however heterogeneity remained substantial. Inset: Fiber
direction nodal strains at long muscle length. MN (minimum) and MX (maximum) denote the extrema
for shortening and lengthening, respectively. X and Y axes form cross-fiber plane and X⊗Y gives
the local fiber direction. (c) Mean fiber direction total stress, σ22, across fascicles for no pre-stretch
and high pre-stretch cases. Area under the curves (Σσ22) indicates increased active force production
capacity of muscle. Inset: Contour strain plots at long muscle length. (d) Mean fiber direction
nodal contractile stress, (σ22contr), across fascicle interfaces. Contribution of contractile apparatus to
active force production decreased for high pre-stretch case. (e) Mean fiber direction nodal titin stress,
σ22titin. Titin took part in active force production.

Effects on sarcomere lengths at Lopt+2 mm: CV for mean fascicle interface

nodal strains were calculated to be 48.5% and 108.6% for no pre-stretch and high pre-

stretch cases, respectively (Figure 5.13b). This indicates that high pre-stretch case
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leads to elevated parallel sarcomere length heterogeneity. However, the nature of the

sarcomere length distribution is not only variable across fascicle interfaces, but is also

remarkable. Overall, high pre-stretch case shows much less sarcomere lengthening

(for proximal fascicle interfaces 1–6 and for distal fascicle interfaces 12–17; by up

to 42.9% for fascicle interface 1). Notably, for middle fascicle interfaces (7–11) even

sarcomere shortening was found (up to 3.1% for fascicle interface 9 in high pre-stretch

case, whereas the same fascicle interface shows 3.4% lengthening in no pre-stretch

case), although the muscle is lengthened. Contour plots (Figure 5.13b inset) i.e., a

representation of all fiber direction nodal strains indicate that in agreement with the

muscle’s increased length, the tendon ends of the most distal and proximal fascicle

interfaces show elongation. However, for high pre- stretch case sarcomeres are restricted

from lengthening in entire middle part of the muscle. Therefore, the characteristic effect

of shifted active state titin is a shorter sarcomere effect.

Effects on force production at Lopt+2 mm: Area under total stress curve in-

creased by 24.8% (Figure 5.13c), which is in concert with the elevated muscle force.

This overall effect however, is not uniform across different fascicle interfaces. In high

pre-stretch case, mean fascicle interface total stress is greater by 28.4% for proximal

and distal, and by 19.3% for middle fascicle interfaces. A remarkable finding is that

for high pre-stretch case, contribution of the contractile apparatus to muscle force pro-

duction is limited (area under contractile stress curve increased only by 3.7%) (Figure

5.13d). In contrast, titin stresses are high (Figure 5.13e). Therefore, the difference

in total stress is ascribed predominantly to shifted active state titin. This shows that

shifted active state titin plays the dominant role in the elevated muscle forces.

Figure 5.14 shows relevant muscle mechanics metrics back at Lopt in order to

assess mechanisms of RFE (Figure 5.14a) by comparing no pre-stretch vs. high pre-

stretch cases:

Effects on sarcomere lengths back at Lopt: CV for mean fascicle interface nodal

strains were calculated to be 15.5% and 14.9% for no pre-stretch and high pre-stretch

cases, respectively (Figure 5.14b). This indicates that high pre-stretch case leads to
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somewhat reduced parallel sarcomere length heterogeneity, back at Lopt. However, more

importantly, high pre-stretch case shows more pronounced sarcomere shortening (e.g.,

by 14.5% for fascicle interface 7). This sustains the characteristic shorter sarcomere

effect.

Figure 5.14 Total muscle force and mean fiber direction nodal strain/stresses vs. fascicle interface
curves back at original (Lopt) muscle length. (a) Total muscle force for no pre-stretch (gray bar)
and high pre-stretch (black bar) cases. (b) Mean fiber direction strain, ε22, across fascicles indicates
increased shortening in high pre-stretch case (diamonds), compared to no pre-stretch case (triangles).
A decrease in CV of strains was observed, however heterogeneity remained substantial. Inset: Fiber
direction nodal strains at long muscle length. MN (minimum) and MX (maximum) denote the extrema
for shortening and lengthening, respectively. X and Y axes form cross-fiber plane and X⊗Y gives
the local fiber direction. (c) Mean fiber direction total stress, σ22, across fascicles for no pre-stretch
and high pre-stretch cases. Area under the curves (Σσ22) indicates increased active force production
capacity of muscle. Inset: Contour strain plots at long muscle length. (d) Mean fiber direction
nodal contractile stress, (σ22contr), across fascicle interfaces. Contribution of contractile apparatus to
active force production decreased for high pre-stretch case. (e) Mean fiber direction nodal titin stress,
σ22titin. Titin took part in active force production.

Effects on force production back at Lopt: Area under the total stress curve did in-

crease (by 11.6%) (Figure 5.14c) in concert with the elevated muscle force. Remarkably,

despite that, the contribution of the contractile apparatus to active force production

is reduced (area under contractile stress curve decreased by 2.5%) for high pre-stretch
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case (Figure 5.14d). Therefore, RFE is actually compromised by the contractile ap-

paratus. In contrast, the high pre-stretch case shows high titin stresses (Figure 5.14e)

indicating that active state titin’s dominant role in elevated muscle forces for muscle

lengthening becomes the exclusive mechanism after muscle re-shortening.

5.4 Discussion

Present study showed following major effects of active state titin on muscle

mechanics: Muscle lengthening assessment indicates unique, previously unconsidered

effects. Globally, muscle’s optimum length shifts to a longer length only for active

state shifted titin case. Locally, characteristic effect of active state titin is shorter

sarcomere effect in both stiffened and shifted titin case representations. Sarcomere

length heterogeneity across different muscle fascicles increases. Muscle re-shortening

assessment confirms the well-known persisting RFE effect. However, distinguishing

the contributions of contractile apparatus and titin on muscle’s force development

capacity indicates that active state titin not only plays prominent role during muscle

lengthening, but can be source of elevated force for muscle re-shortening as seen in the

case of shifted titin. Shorter sarcomere effect leads to somewhat increased contractile

apparatus force production for muscle lengthening but does cause a reduced force

production for muscle re-shortening.

Present modeling indicates major functional implications of active state titin via

shorter sarcomere effect. For muscle lengthening this keeps the contractile apparatus

closer to optimum length, leading to greater contractile force production. However, by

distinguishing their relative contributions the model representation demonstrates that

main role in muscle’s elevated force at the tendon is played by increased titin stress

ascribed to imposed shift in its constitutive properties. Yet, what present modeling re-

markably indicates is that the well-known muscle force increase is not the only outcome,

but active state shifted titin also leads to a shift in optimum length of lengthening mus-

cle to a longer length. Elevated parallel sarcomere length heterogeneity shown for high

pre-stretch case can explain this change in muscle’s length–force characteristics. This
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was shown earlier experimentally to affect muscle’s optimum length and previous mod-

eling coupled with animal experiments also related such shift to elevated heterogeneity

of mean fiber direction strains of different fascicle interfaces. Consequently, present

modeling representation shows that active state titin alters the lengths at which sar-

comeres function, effects of which change muscle’s contribution to joint mechanics,

making it a motor effective for a much wider joint range of motion. This is highly rel-

evant for musculoskeletal disorders in which the pathological condition is limited joint

mobility, such as cerebral palsy. Spastic muscle’s one typical property is considered to

be a shift of its optimum force to shorter muscle lengths. Present findings suggest that

lacking or limited effectiveness of active state titin may be a cause for spastic muscle’s

early production of high forces in flexed joint positions, and an unfavorable mechanics

remaining for extended joint positions. This needs to be studied.

Along with such major functional relevance of active state titin characterized,

present study initiates a philosophical discussion about muscular mechanics. As an in-

tegral part of the three-filament paradigm, and locally at sarcomere level, active state

titin affects the length determining the other two myofilaments’ force production ca-

pability. Present modeling indicates that this effect characteristically is a lengthening

restriction. Within the context of entire muscle however, results show that this is not

a uniform effect either within a fascicle or across the muscle. What causes this length

restriction and its variability across the muscle is the muscle fiber–ECM mechanical in-

teraction, thus myofascial force transmission (MFT) . Myotendinous junctions provide

connections of muscle fibers at their ends to ECM and are specialized for transmission

of developed force to the aponeurosis and from there to muscle’s tendon. However,

myofiber cytoskeleton and trans-sarcolemmal connections to the basal lamina are also

involved in connections of muscle fibers to ECM, but peripherally, along their full

lengths. These molecular structures can be considered in four essential categories:

1. Proteins belonging to the cytoskeleton proper,

2. Cytoskeletal proteins associated to intra-cellular sarcolemma,

3. Proteins associated to extra-cellular sarcolemma, and
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4. ECM proteins.

Costameres, sub-sarcolemmal proteins appearing rib-like stripes in the level of

Z-discs were considered to anchor the peri-sarcomeric cytoskeleton of peripheral my-

ofibrils to the basal lamina and ECM. Connections between Z-discs of peripheral my-

ofibrils and sarcolemma were revealed using electron microscopy and their role in force

transmission was shown in muscle fiber preparations and in whole muscle level. Note

that, peripheral myofibrils are connected to internal myofibrils within the muscle fiber.

Consequently, length of a sarcomere cannot be determined by its interaction with sar-

comeres arranged in series with it in the same muscle fiber exclusively. Instead, the

force balance determining the length of a sarcomere is much more involved and includes

myofascial loads i.e., forces exerted on it by ECM, as well as forces components from

sarcomeres located in neighboring muscle fibers. Previous modeling using the refer-

ence LFMM model showed that such muscle fiber–ECM mechanical interactions affect

muscular mechanics substantially such that changes imposed by manipulating stiffness

of connections between them or by creating a discontinuity within ECM affect lengths,

hence mechanical contributions of sarcomeres to muscle’s length force curves. Strain

distributions along muscle fibers, often involving non-uniformities locally, manipulate

force production and length range of force exertion of the muscle globally. Therefore,

muscle fiber–ECM mechanical interactions have major functional significance, relevant

for also present modeling.

Recent simulation of muscle exposed to botulinum toxin indicated a remark-

able effect referred to as longer sarcomere effect: as a consequence of partial muscle

paralyzation, muscle fiber–ECMmechanical interactions were shown to restrict sarcom-

ere shortening within botulinum toxin treated muscle. Although using the extended

LFMM model to incorporate active state titin, the specific effect shown in present mod-

eling is the opposite, influence of muscle fiber–ECM mechanical interactions on muscu-

lar mechanics is analogous. Shorter sarcomere effect shown in this study therefore not

only characterizes the central mechanism of active state titin’s effects, but also indicates

that the three-myofilament paradigm and MFT mechanism must interact: myofascial
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loads manipulate outcome of the three-myofilament paradigm. Therefore, a suggestion

to improve our understanding of fundamental muscle mechanics is the following: De-

spite the fact that trans-sarcolemmal connections are multi-molecular structures and

no finding is available showing their calcium dependency, they, as a lumped element,

may be considered as a fourth component, which interferes with and determines the

output of the three calcium-dependent myofilaments. In this suggestion, integrity of

trans-sarcolemmal connections is a tenable variation based on Duchenne and Becker

types of muscular dystrophy. Inability to synthesize a sarcolemma-associated cytoskele-

tal protein in this structure, i.e., dystrophin, leads to these severe muscular diseases.

Therefore, present modeling of isolated muscle indicates that via trans-sarcolemmal

connections, MFT plays an important role in how active state titin affects muscular

mechanics. Note that, MFT effects have been shown to be much more pronounced

beyond single isolated muscle level as myofascial loads then involve also forces exerted

onto muscle belly by other muscles or connective tissues. Previously, modeling condi-

tions representative of muscle’s mechanical interactions with its surroundings showed

that strain distribution along muscle fibers can be non-uniform such that shortened and

lengthened segments can be present along the same fascicles. Such muscle fiber strain

heterogeneity was revealed also in human medial gastrocnemius muscle in vivo, after

imposing passive knee movement and sustained sub-maximal contractions using mag-

netic resonance imaging analyses. Those findings suggest that the three-myofilament

paradigm and MFT interaction may become even more important for conditions rep-

resenting in vivo function. This needs to be studied in new modeling analyses.

In conclusion, the present modeling indicates that the characteristic effect of ac-

tive state titin is the shorter sarcomere effect, which globally causes muscle’s optimum

length to shift to a longer length and locally causes sarcomeres to produce more force

predominantly or exclusively by the contribution of titin. Consequently, for eccen-

tric contraction, active state titin keeps the contractile apparatus at lengths favorable

for active force production. This prevents the muscle from being exhausted at long

lengths, which is relevant for pathologies involving limited joint extensibility such as

cerebral palsy. Present modeling also indicates a determining role of muscle fiber–ECM

mechanical interactions on this characteristic mechanism of effects of active state titin.
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6. GENERAL DISCUSSION

6.1 Continuity and Integrity of Fascial Networks within Human

Lower Limb

Myofascial connectivity and its relation to external loading, joint angle con-

figuration and muscle activity have been assessed in vivo using diffusion tensor and

magnetic resonance imaging analyses combined and also computationally using finite

element modeling.

6.2 Use of Advanced MRI and DTI Analyses Methodologies

for the Assessment of Deformations in Human Limb

Quantification of local muscle deformation and architecture using MRI and DTI

is a multi-scaled problem:

1. MRI compatible devices are utilized for recording physiological data such as joint

angle change or joint torque while experimental activity including muscle con-

traction or joint angle change is performed. These devices are designed and

manufactured keeping the experiment in mind: For good cyclic data acquisition,

out of plane motion should be minimized, and for reliable registration results ade-

quate and repeatable fixation of body is a must. Additionally, care must be taken

to avoid unintended tissue deformations due to fixation apparatus near area of

interest. Determination of muscle activity using EMG is also an important issue

to address (as inquired by Prof. Dr. Ahmet Usta in BIYOMUT 2015), whether

to establish passive state or to ensure steady muscle activity throughout image

acquisition. While we did have MRI-compatible EMG (i.e., no artifacts caused

in the acquired MRI data), noise on EMG electrodes during MR data acquisition
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far suppressed the signal, thus use of EMG was limited to assessment during

volunteers’ protocol orientation in the lab, where a non-MRI compatible fixation

device was present to produce joint angle configuration and allow measurement

of isometric plantar-flexion torque level identical to the MRI-compatible fixation

device.

2. MR image data sets are acquired using modalities and imaging sequences avail-

able and suitable for the experimental scenario. For T1-weighted anatomical

images, field of view must be preserved by duplicating sequences during acqui-

sition to make sure they cover the same space within scanner’s bore in order

to limit effects of B0 and B1 field inhomogeneities. Also, entire tissue between

coils should be imaged with appropriate phase encoding direction to avoid fold-

ing artifacts and use of 3D sequences that allow homogeneous data acquisition

over volume of interest over time. For DTI, data are acquired in maximum num-

ber of directions with some signal averaging for improved signal-to-noise ratio,

also keeping a suitable b-value keeping targeted tissues in mind. For PC, avail-

able modality limited data acquisition to 2D plane, and available DTI sequences

were also planar. While triggered DTI acquisition was performed in same session

with PC, only voxel diffusivity based fiber direction could be determined due to

planar sequence and covering entire volume with thin enough slices for reliable

tractography required unsustainable acquisition time. However, as 3D PC and

DTI sequences become available, ability to assess muscle mechanics during cyclic

motion are expected to improve.

3. Acquired data are post-processed and analyzed using the appropriate image pro-

cessing tools. For reliable registration, minimum gross change in location of

limb within image, minimum interpolation, and minimum transformation, which

could all induce synthetic results, must be maintained. For robust tractogra-

phy, absence of which causes “spotty” strain patterns on muscle fibers due to

rapid changes in fiber curvature (as pointed out by Prof. Dr. Robert Herbert

in ISEK 2014), suppression of Rician noise to eliminate vibration artifacts is a

must. Alignment of tractography and deformation tensor spaces (i.e., DTI and

anatomical image data sets) must be done with utmost care to avoid misleading
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results.

Magnetic resonance imaging, and subsequent image registration and analyses

allowed quantification of principal tissue deformations upon externally applied me-

chanical load. Diffusion tensor imaging, and subsequent tractography combined these

techniques allowed determination of muscle fascicle direction strains upon single passive

knee extension and during sustained sub-maximal plantar-flexion activity. Principal

and shear strains of non-muscular structures including aponeuroses and neuro-vascular

tracts have been quantified and related with muscle fascicle strains. While these tech-

nical improvements provide fresh insight into anatomy and mechanics of muscle, val-

idation of demons registration algorithm using a deformable phantom is called for

[155] and are to be done following present thesis. Yet, porcine phantoms with MR

translucent gold markers have been imaged with MR and multi-planar X-rays sepa-

rately, for undeformed and deformed states, and related data have been made available

only very recently [175, 176, 177]. While these images or similar phantom assessments

could indeed provide a good candidate for assessment of the demons algorithm used

presently and understanding its capabilities further in quantifying local deformations,

use of synthetic deformable phantoms is also a viable option. Nonetheless, further in

vivo assessments in human lower limb, and also in upper limb, where issues revolving

around shared tendon of triceps suræ are circumvented, providing evidence in support

of myofascial loads acting on muscle [178], are underway.
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APPENDIX A. DISTRIBUTION OF PRINCIPAL STRAINS

IN LOWER LEG AFTER KINESIO TAPE APPLICATION

Figure A.1 Distributions of local tissue deformations due to KT application per volunteer. De-
formation fields belong to Volunteer B. Deformation fields are visualized using glyphs. Each glyph
represents deformation of a voxel. However, for clarity of presentation, glyphs have been masked
uniformly. Direction of each glyph is determined by the corresponding eigenvector. Length of each
glyph is proportional to size of local tissue lengthening or shortening. (a) Representation of KT ap-
plied zone within imaged volume. Two anatomical image slices are shown for reference. These slices,
also shown in parts (b) and (c) are proximally and distally 20 slices away from the centrally located
slide within analyzed volume. Superior–inferior (representing tape direction), anterior–posterior and
medio–lateral directions are indicated. Deformations fields are shown distinguishing (b) local tissue
lengthening and (c) local tissue shortening (first and third principal strains, respectively).

Figure A.2 Distributions of local tissue deformations due to KT application per volunteer. De-
formation fields belong to Volunteer C. Deformation fields are visualized using glyphs. Each glyph
represents deformation of a voxel. However, for clarity of presentation, glyphs have been masked
uniformly. Direction of each glyph is determined by the corresponding eigenvector. Length of each
glyph is proportional to size of local tissue lengthening or shortening. (a) Representation of KT ap-
plied zone within imaged volume. Two anatomical image slices are shown for reference. These slices,
also shown in parts (b) and (c) are proximally and distally 20 slices away from the centrally located
slide within analyzed volume. Superior–inferior (representing tape direction), anterior–posterior and
medio–lateral directions are indicated. Deformations fields are shown distinguishing (b) local tissue
lengthening and (c) local tissue shortening (first and third principal strains, respectively).
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Figure A.3 Distributions of local tissue deformations due to KT application per volunteer. De-
formation fields belong to Volunteer D. Deformation fields are visualized using glyphs. Each glyph
represents deformation of a voxel. However, for clarity of presentation, glyphs have been masked
uniformly. Direction of each glyph is determined by the corresponding eigenvector. Length of each
glyph is proportional to size of local tissue lengthening or shortening. (a) Representation of KT ap-
plied zone within imaged volume. Two anatomical image slices are shown for reference. These slices,
also shown in parts (b) and (c) are proximally and distally 20 slices away from the centrally located
slide within analyzed volume. Superior–inferior (representing tape direction), anterior–posterior and
medio–lateral directions are indicated. Deformations fields are shown distinguishing (b) local tissue
lengthening and (c) local tissue shortening (first and third principal strains, respectively). Note that
the strain range in panel (b) was adjusted to show local tissue shortening values of a majority of voxels
clearly, and accordingly maximal strain value (29.6%) is shown separately.

Figure A.4 Distributions of local tissue deformations due to KT application per volunteer. De-
formation fields belong to Volunteer E. Deformation fields are visualized using glyphs. Each glyph
represents deformation of a voxel. However, for clarity of presentation, glyphs have been masked
uniformly. Direction of each glyph is determined by the corresponding eigenvector. Length of each
glyph is proportional to size of local tissue lengthening or shortening. (a) Representation of KT ap-
plied zone within imaged volume. Two anatomical image slices are shown for reference. These slices,
also shown in parts (b) and (c) are proximally and distally 20 slices away from the centrally located
slide within analyzed volume. Superior–inferior (representing tape direction), anterior–posterior and
medio–lateral directions are indicated. Deformations fields are shown distinguishing (b) local tissue
lengthening and (c) local tissue shortening (first and third principal strains, respectively). Note that
the strain range in panel (b) was adjusted to show local tissue shortening values of a majority of voxels
clearly, and accordingly maximal strain value (51.5%) is shown separately.
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APPENDIX B. MAGNETIC RESONANCE AND

DIFFUSION TENSOR IMAGING FOR ASSESSMENT OF

VOLUNTARY SUB-MAXIMAL ISOMETRIC

PLANTAR-FLEXION IN VIVO

Figure B.1 Distributions of GM fiber direction strains (top left), and also first principal strains for
local tissue deformations on NVTs (bottom left) due to sub-maximal plantar-flexion activity for one
volunteer. Top panels provide anterior view whereas bottom panels provide posterior view.
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Figure B.2 Distributions of GM fiber direction strains, along with NVTs and local lengthening on
them (top panels), and their intersections with GM tracts seen from posterior (bottom panel) view
for the volunteer in Figure B.1.
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Figure B.3 Distributions of GM fiber direction strains (top panels), along with NVTs and their
intersections (bottom panels) with GM tracts seen from posterior (left) and anterior (right) views for
another volunteer.
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APPENDIX C. MAGNETIC RESONANCE AND

DIFFUSION TENSOR IMAGING FOR ASSESSMENT OF

VOLUNTARY CYCLIC JOINT MOTION

C.1 MRI Compatible Joint Angle Measurement

In order to allow joint motion be traced by the fiber-optic rotary encoder (Mi-

cronor, MR328-D06C10), one malleolar support cup is coupled with a gear that trans-

fers the motion to another axis, where it can be coupled with the rotary encoder.

Rotary encoder signal is optically transmitted to the controller module (Micronor,

MR320) in the MRI control room, where the signal is sent to data acquisition unit

(BIOPAC, MP150)

Real-time ankle angle information is relayed to volunteers visually via an MRI

compatible monitor. Also, a metronome output to MRI’s patient sound channel helps

volunteers keep periodicity of their cyclic plantar-flexion throughout the imaging se-

quence.

Figure C.1 Motion guiding fixation device (left) and recorded angular information by fiber-optic
rotary encoder (right, top) along with resulting trigger waveforms (right, bottom).



103

C.2 Motion Triggering of MRI Device

AcqKnowledge (BIOPAC) software to define a threshold function that delivers

a digial trigger signal. Digital output from MP150 is converted into optical signal using

a custom-made circuit, passed on to MRI chamber and which is converted into trigger

signal compatible with Siemens Trio 3T by another converter (TELEMED), and sent

to MRI device from the RCA external input located on the left side of the MRI, near

the patient table control board.

Figure C.2 External trigger signal characteristics used in the study as required by for the Siemens
Trio 3T device.
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Table C.1
PC and DT imaging parameters. a resampled at 128 x 128.

PC Imaging Parameters DT Imaging Parameters.

Sequence cine 2D PC MRA ss-EPI

Slice orientation Sagittal Sagittal

Repetition time (TR) (ms) 63.4 4900

Echo time (TE (ms) 5.4 61

FOV (mm2) 192 x 192 180 x 180

Matrix (px2 192 x 192 64 x 64a

Pixel size (mm2) 1.25 x 1.25 1.4 x 1.4

Slice thickness (mm) 5.0 2.8

Flip angle (◦) 30 90

Bandwidth (Hz/px) 143 2003

b-value (s/mm2) N/A 450

Number of diffusion directions N/A 12

Velocity encoding venc 20 N/A

Figure C.3 (a) Magnitude image belonging to phase images, (b) x direction phase image, (c) y direc-
ton phase image and (d) z direction phase image. x, y and z directions correspond to medio–lateral,
anterior–posterior and inferior–superior anatomical directions inside the MRI device, respectively.
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Figure C.4 Distributions of GM and SOL fiber direction strains during plantar-flexion phase of
voluntary cyclic ankle plantar- and dorsi-flexion, displayed on a sagittal slice.
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APPENDIX D. DETERMINATION OF ACTIVE STATE

STIFFENED TITIN CONSTITUTIVE EQUATION

Active, actin–myosin cross-bridge force–length of sarcomeres which are actively

stretched from 2.4 µm is acquired from Heidlauf et al. [18] (Figure D.1, their Fig-

ure 5). Passive and total force (during active stretch) data points are acquired from

Schappacher-Tilp et al. [1] (their Figure 1) and are normalized to total active force at

2.4 µm (Figure D.2). Removing the cross-bridge force and passive force from total

force would yield a constitutive equation describing active behavior of titin in eccentric

contractions starting from 2.4 µm sarcomere length, which is a good approximation for

the 2.4–2.5 µm initial sarcomere length range of present model.

Figure D.1 Active stretch (red) simulations for different muscle lengths at start of activation (cor-
responding to initial fiber direction strains of 1.0, 1.1, 1.2, 1.3, 1.4). Isometric stressâstrain relations
determined from continuum mechanical model (bold black) along with the active stress (black) ob-
tained by subtracting passive stress (blue) from total stress are depicted. Data acquired from [18].
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Figure D.2 Stress–strain relation for myofibrils stretched (i) in low [Ca2+] solution (passive stretch,
triangles), and in high [Ca2+] solution from an initial sarcomere length of (ii) 2.4 µm (active stretch,
circles) and (iii) 3.4 µm (active stretch from 3.4 µm, squares). Stresses are normalized to isometric
total stress at 2.4 µm. Data acquired from [1].

Figure D.3 Stress–strain constitutive equation of active state stiffened titin (Eq. 5.3) for active
lengthening starting at 2.4 µm sarcomere length, acquired by subtracting passive force (Figure D.2)
and actin–myosin cross-bridge force (Figure D.1) form total force (Figure D.2).

Recall that Eq. 5.3 reads
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σ22titin(ε22) =

 h1ε
3
22 + h2ε

2
22 + h3ε22 if ε22 > 0

0 if ε22 < 0
(D.1)

where h1, h2 and h3 are constants (Table 5.1).
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