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ABSTRACT

MRI ASSESSMENT OF LOCAL DEFORMATIONS ALONG
HUMAN MEDIAL GASTROCNEMIUS MUSCLE FIBERS
ON SUBMAXIMAL PLANTARFLEXION ACTIVITY

Comprehensive understanding of the mechanical interactions between skeletal

muscles within their integral system of connective tissues requires simultaneous quan-

ti�cation of the architecture, force and deformation during in-vivo muscle action. For

that purpose, magnetic resonance imaging (MRI) along with nonrigid Demons registra-

tion were applied together to quantify 3D local deformations. Additionally, di�usion

tensor imaging (DTI) was utilized to reconstruct 3D muscle �ber architecture. Use

of such multi-method approach and speci�cally designed experimental equipments to-

gether enabled the in-vivo quanti�cation of local strains along the orientation of the

skeletal muscle �bers occurring due to activation. The speci�c goal of this study was

to test the hypothesis that 15% of maximal voluntary isometric contraction (MVIC)

of sustained plantar �exion results in a serial strain distribution along the muscle

�bers of medial gastrocnemius (GM) of female subjects (n=5). Results indicate that

considerable local lengthening and shortening occurs simultaneously within individ-

ual GM tracts (e.g. from 12.4% shortening up to 36.7% lengthening within a single

tract) through the muscle.The hypothesis is therefore con�rmed. Moreover, a parallel

distribution was also found to be heterogeneous. Such �ndings are the characteristic

indications of myofascial force transmission e�ects that highlights the interdependent

mechanical functionality of skeletal muscles. To our knowledge, this is the �rst study

in the literature that enables the evaluation of in-vivo deformations caused by submax-

imal isometric contraction with respect to the muscle �ber orientations of GM. Such

experimental work therefore is expected to lay the groundwork for the investigation

of in-vivo myofascial force transmission e�ects on clinical applications like botulinum

toxin treatment and tendon transfer surgery.

Keywords: MRI, tractography, gastrocnemius, in-vivo, myofascial force transmission.
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ÖZET

MRG YÖNTEM� KULLANILARAK SUBMAKS�MAL
PLANTAR FLEKS�YON AKT�V�TES� SONUCUNDA

ORTAYA ÇIKAN LOKAL DEFORMASYONLARIN �NSAN
MED�AL GASTROCNEM�US KASI F�BERLER� BOYUNCA

DE�ERLEND�R�LMES�

Kaslar aras�ndaki mekaniksel etkile³imleri çevreleri dahilinde kapsaml� bir ³ek-

ilde de§erlendirmek için; kaslara ait mimarinin, kuvvetin ve deformasyonun e³ zamanl�

olarak hesaplanmas� gereklidir. Bu sebeple, 3B yerel deformasyonlar� elde edebilmek

için Manyetik Rezonans Görüntüleme (MRG) ve Demons imge çak�³t�rma yöntemleri

kullan�ld�. Dahas�, kas �ber mimarisi difüzyon tensör görüntüleme (DTG) ile belirlendi.

Bu çok yöntemli yakla³�m ve özel olarak tasarlanan deneysel ekipmanlar, aktivasyon

sonucunda ortaya ç�kan yerel ³ekil de§i³tirme bilgisinin kas �berleri boyunca nicellen-

mesini mümkün k�ld�. Bu çal�³man�n hede�, maksimum istemli kas�lman�n %15'i ile

gerçekle³tirilen izometrik plantar �eksiyon aktivitesi sonucunda medial gastrocnemius

(GM) �berleri boyunca seri gerinim da§�l�m�n gözlemlenece§i hipotezini 5 kad�n denek

üzerinde test etmektir. Elde edilen sonuçlar, �ber yönü yerel uzama ve k�salmalar�n

ayn� kas �berleri içinde e³ zamanl� olarak ortaya ç�kt�§�n� (örn. tek bir �berde seri

da§�l�m %12.4 k�salma ve %36.7 uzama aral�§�ndad�r) gösterdi ve hipotezi do§rulad�.

Dahas�, sonuçlar�m�z paralel da§�l�m�n da heterojenite gösterdi§ini ortaya koymaktad�r.

Bu bulgular miyoba§dokusal kuvvet iletiminin karakteristik bir göstergesi olmakla bir-

likte, iskelet kaslar�n�n mekaniksel aç�dan birbirlerinden ba§�ms�z olmad�§�n� vurgu-

lamaktad�r. Bilgimiz dahilinde, bu çal�³ma dü³ük kuvvetle gerçekle³tirilen izometrik

istemli kas�lma sonucunda ortaya ç�kan deformasyonu kas �berleri yönünde nicellemeyi

mümkün k�lan ilk çal�³mad�r.Bu çal�³ma miyoba§dokusal kuvvet iletiminin botulinum

toxin uygulamas� veya tendon gev³etme operasyonlar� gibi klinik uygulamalar üzerine

olan etkilerinin canl� ortamda ara³t�r�lmas� için zemin olu³turmaktad�r.

Anahtar Sözcükler: MRI, traktogra�, in-vivo, miyoba§dokusal kuvvet iletimi
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1. INTRODUCTION

1.1 Skeletal Muscle

1.1.1 Hierarchical Structure of the Skeletal Muscle

Skeletal muscle is responsible for vertebrate locomotion and posture. It is com-

posed of myocytes (muscle �bers) and connective tissues. Muscle �bers are one of the

largest cells in human body with hundred microns in diameter and few centimeters

in length. Each muscle �ber is composed of myo�brils. Myo�brils are composed of

arrangements of myo�laments repeated in units called a sarcomere. Sarcomeres are

approximately from 2.25 µm to 2.50 µm in length and arranged in series within muscle

�bers, which in turn forms a striated pattern. Sarcomeres are the smallest function-

ing mechanical unit, which acts like muscle. Their activation is explained by sliding

�lament theory [1].

Connective tissues are basically composed of collagen and found at di�erent

levels within the skeletal muscle. The outermost layer is constituted by a strong con-

nective tissue that surrounds the whole muscle called super�cial fascia. Epimysium,

also called deep fascia, covers the whole muscle just beneath the fascia. Muscle �bers

together form the fascicles that are surrounded by perimysium. Epimysium contains

nerves and blood vessels and constitutes a path to let them reach to the inner parts of

the muscle. Each muscle �ber has a cell membrane called the sarcolemma and muscle

�bers are also surrounded by endomysium. Connective tissues of skeletal muscle show

interconnectivity and merge together to form aponeuroses and tendons towards the

distal and proximal endings of the muscle (Figure 1.1).
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Figure 1.1 Hierarchial organization of the skeletal muscle [2].

1.1.2 Contraction of the Skeletal Muscle

Skeletal muscle contraction occurs as a result of a voluntary e�ort that stems

from the brain. In order to initiate a contraction, an action potential from the central

nervous system must be conveyed to the neuromuscular junctions i.e. the region where

motor neuron innervates to the muscle �bers. A motor neuron may be in contact with a

couple or bunch of muscle �bers at the neuromuscular junctions. These functional units

composed of several muscle �bers and motor neurons termed as motor units. In a motor

unit, number of �bers per neuron determines the precision of the movement performed

by that muscle, also known as motor unit ratio. For example medial gastrocnemius

(GM), which is a plantar �exor muscle, contains approximately a million of muscle

�bers and 600 alpha motor axons, whereas lateral rectus muscle, which is one of the

muscles responsible for eye movement, contains 22 thousand muscle �bers and 4150

alpha motor neurons [3].

Skeletal muscle contractions are generally divided in two groups according to the

intensity of the stimulation. Twitch contraction identi�es a short burst of stimulation

with a short duration, which eventually results in a weak contraction. On the other

hand, tetanic contractions occur as a result of long-duration stimulus and let the muscle

reach its peak force. Another classi�cation of the skeletal muscle contraction is made on
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the basis of the length changes and force levels (i) concentric contraction, (ii) eccentric

contraction, (iii) isometric contraction, (iv) isotonic contraction, and (iv) isokinetic

contraction.

1.2 Musculoskeletal Biomechanics Imaging

A comprehensive analysis of skeletal muscle mechanics using imaging modali-

ties requires a collaborative work with the researchers from di�erent disciplines. It is

a challenging task to implement methods from various disciplines and combining them

properly to investigate the hypothesis in the focus of interest. However, beyond these

application-oriented di�culties, imaging methods provide favorable tools to investi-

gate mechanical characteristics of the skeletal muscles since they allow researchers to

evaluate in-vivo interactions within the integral system of the organization.

From the biomechanical perspective, assessment of the in-vivo length changes

occurred due to various changes in the muscle-joint con�gurations or even due to con-

traction has a key importance for understanding functional properties of that muscle.

Because, the length in which sarcomeres from various locations that show activity is a

major determinant of the force production capacity of the skeletal muscle and the joint

range of motion [4]. In addition to the length changes, evaluation of the architectural

parameters e.g. pennation angle, fascicle lengths and �ber orientations also provide

insightful information about functionality. Thanks to ground-braking developments in

the �eld of medical imaging, much research in the last decades has focused on eval-

uating in-vivo length changes and architectural properties of human skeletal muscles

using imaging methods, especially ultrasound and magnetic resonance imaging (MRI).

1.2.1 Ultrasound in Musculoskeletal Biomechanics

Using ultrasonography, Masamitsu et al. [5] measured fascicle and tendon length

changes and also changes in the structural parameters of tibialis anterior (TA) mus-



4

cle during isometric dorsi �exion. They drew the conclusion that mechanical work

is generated by the shortening of the muscle �bers and a portion of generated force

is absorbed by tendinious structures and caused them to elongate. Within the same

year, Kawakami's group [6] utilized ultrasonography to investigate architectural and

functional changes in triceps surae muscles during MVIC of plantar �exion with re-

spect to the altered knee and ankle angles. They concluded that fascicle shortening

occurs more considerably at longer fascicle lengths and also indicated that emerged

di�erences in lengths and pennations due to di�erent joint con�gurations or contrac-

tion may be related to force production potentials of the active components and the

elastic characteristics of the tendinous tissues. In a more recent study, Lichtwark et

al. performed the measurement of the length changes along the human gastrocnemius

(GAS) during human locomotion using sonography [7]. They asserted that fascicles of

GM act similarly at each site during walking and running by extrapolating the average

fascicle length changes across the length of the muscle from the fascicles located on the

intermediate region. There are also other studies in the literature that focus on the

investigation of the skeletal muscle-tendon characteristics during human locomotion

using ultrasonography [8, 9]. Although validity of ultrasound on estimating architec-

tural properties of skeletal muscles using 2D data was shown across a broad range of

experimental conditions [10], Rana et al. [11] pointed out that pennation angle estima-

tions in 2D studies are highly dependent on the orientation of the scanning plane and

can be di�erent from their actual 3D values. They argued that 2D ultrasound measure-

ments may underestimate the complex fascicle orientations especially for the muscles

in which their fascicles lie along a curved surface in 3D space, which in turn results in

inadequate information to describe force transmission in 3D and therefore may ignore

the existence of additional force transmission pathways [12] other than myotendinous

junctions.

Ultrasound is an advantageous method for researching skeletal muscle mechanics

on the score of its being an a�ordable, fast and easy to operate. However, ultrasound

gives data over a small plane. To put it another way, �eld of view (FOV) of the ultra-

sound images are restricted by the size of the probe, which in return makes it unfeasible

to measure large areas of muscles simultaneously. Furthermore, when imaging a large
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size muscle, it even may not be possible to image whole continuation of the fascicles

from origin to the insertion [13]. Besides, experienced sonographer dependency is re-

quired for imaging fascicles and tendons properly, which eventually makes the image

acquisition user dependent. Penetration depth of the ultrasound probe constitutes an-

other limitation to image deep muscles. In addition, there is a compromise between

the spatial resolution and the penetration depth.

1.2.2 MRI in Musculoskeletal Biomechanics

MRI is a non-invasive and non-ionizing imaging method that makes it possible to

acquire images with di�erent features, multiplanar capability and supreme soft-tissue

contrast. Thanks to these promising features, MRI has been established as one of the

most purposive tools for the assessment of the musculoskeletal system. Utilization of

the advanced kinematic MRI sequences enables tracking the in-vivo movement of the

tissues within the FOV. These methods are i) velocity encoded phase contrast MRI

(PC-MRI), ii) pulse �eld gradient based MRI methods (HARP and DENSE), iii) spin

tagging MRI (TMRI) and iv) strain encoding imaging (SENC). Since these methods

enable the quanti�cation of the in-vivo displacement and even strain �elds, they have

been being widely utilized for musculoskeletal biomechanics applications.

Using PC-MRI, TMRI and morphological MRI method in combination, Kinu-

gasa et al. [14] examined the GM muscle during 20% and 40% of MVIC plantar�exion.

It is concluded from the quanti�ed strain and displacement information that strain dis-

tribution occurs non-uniformly along the both aponeurosis of the GM and both of the

aponeuroses moves in the proximal direction as a result of the lower to moderate iso-

metric plantar�exion. Shin's group quanti�ed GM muscle and aponeurosis deformation

during active and passive eccentric movements of the plantar�exors using PC-MRI [15].

Results from this study also indicated that signi�cant intramuscular heterogeneity oc-

curs through the proximodistal axis of GM. PC-MRI technique was also applied by

Blemker et al. [16] and Pappas [17], and they both concluded that non-uniform strains

occur in the human biceps brachii during elbow �exion. Dynamic MRI methods were
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not only performed on healthy subjects but also were used for the postoperative evalu-

ation of the rectus femoris muscle after tendon transfer surgery [18]. The main purpose

of the surgery was to convert the rectus femoris from a knee extensor to a knee �exor.

However, PC-MRI results provided compelling evidence that target muscle does not

move in the same direction with knee �exors. On one hand this case shows that how

dynamic MRI methods may o�er an understanding of the post-operational e�ects of

the remedial surgery; on the other hand points to the necessity of a comprehensive

approach to the evaluation of intermuscular interactions for a su�cient clari�cation of

the results.

All of these reviewed MRI studies report that both myo�bers and tendinous

tissues exhibits a complex mechanical behavior during various activation within their

surroundings. Although these �ndings from the literature constitute a clear discrepancy

with the classical presumption that muscle �bers undergo uniform shortening through-

out the muscle as a result of activation, few attempts have been made to address the

underlying reasons of such heterogeneity in the length changes.

Quanti�cation of the in-vivo strain, even expressed in terms of an outside co-

ordinate system, may provide useful information for the inference of the mechanical

behavior of the skeletal muscles. However, it is widely known that sarcomeres are

arranged in series within the muscle �bers, hence deformation in the direction of the

muscle �bers provide a physiologically more relevant information regarding the in-vivo

functionality. Fortunately, MRI provides a powerful tool to determine muscle �ber

directions in-vivo: di�usion tensor imaging (DTI).

DTI is an MRI method that makes the use of the susceptibility of the di�usion

of the water molecules to the local environment in tissues. Cell membranes and other

organized microstructures restrict the the movement of the water molecules in a certain

direction. This phenomenon also known as anisotropic di�usion. When such behavior

of water molecules considered within the skeletal muscles, principal direction of the

di�usion identi�es the direction along the muscle �bers [19]. It was reported in the

literature that when DTI applied to the skeletal muscles, principal di�usion direction
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aligns with the predominant orientation of the myo�bers [20], which in turn enables

the tracking of the muscle �bers by using tractography methods. Tractography is a

computational process in which �brous architecture is constructed and visualized using

di�usion weighted data. Repeatability of the skeletal muscle �ber tracking using DTI

was also reported [21]. Most research done to date for the purpose of evaluating the

structural characteristics and the di�usion properties of the skeletal muscles using DTI

tractograpghy [22�26].

Despite the provided advantages, few studies in the literature have focused on

the combined utilization of DTI and musculoskeletal MRI methods in order to evaulate

in-vivo deformations in the direction of the muscle �bers. Englund et. al [27] evaluated

voxel-wise strain tensors due to submaximal isometric contraction of tibialis anterior

(TA) with respect to the muscle �ber direction using DTI and TMRI together. How-

ever, they did not calculated the �ber direction strains straightforwardly. Instead, they

used di�usion tensors to compare its direction with the direction of positive and nega-

tive principal strains. They concluded that length changes occurs in deep compartment

of TA with a greater magnitude than those occurred in super�cial compartment, which

consequently points to a heterogeneity in the strain distribution. Another conclusion

from this study was that shortening direction deviated from the direction of the local

muscle �ber orientations. In another study, Felton et. al [28] utilized PC-MRI for local

strains and DTI for mesoscale �ber orientations of tongue during swallowing. Com-

bining these informations, they computed the strain rate in the direction of myo�ber

tracts. They concluded that complex lingual deformations occur due to the interac-

tions of the intrinsic and extrinsic muscles responsible together for swallowing. Authors

also pointed out the limitation that �ber tract imaging performed under passive state,

whereas strain rate quanti�cation was performed during a dynamic contraction; which

in return may underestimate variation in the muscle �ber architecture.

In conclusion, MRI attracts a widespread attention for the biomechanical studies

concerning the in-vivo skeletal muscle function; since it has the advantages of having

a high spatial resolution, multiplanar imaging capability without subject reposition-

ing and providing a large FOV in a non-ionizing and non-invasive manner. Apart
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from these, MRI also provides specialized tools that are suited for in-vivo soft tissue

deformation analysis and for muscle �ber imaging. On the other hand MRI is an ex-

pensive method and it takes relatively longer to acquire images compared with the

other imaging modalities e.g., ultrasound. Besides, MRI makes it challenging to design

experimental setups on account of the fact that working environment is restricted by

the diameter of the magnet bore and strong magnetic �eld requires the utilization of

MRI compatible equipments. Despite all, it is the most e�cient method to study het-

erogeneous muscle fascicle length changes for a better understanding of the complex

mechanical interactions within the integral system of the skeletal muscles.

Evidently, studies from the literature have pointed out that MRI analyses reveal

the complex functional behavior of the skeletal muscles in-vivo. However, attributed

reasons to most of these results may be oversimpli�ed for a comprehensive understand-

ing. Apparently, the classical approach to the muscle mechanics, which presumes that

the skeletal muscles are independent actuators and myotendinous junctions are the

exclusive sites for the force transmission, is not representative for the explanation of

these �ndings. On the other hand, structural and mechanical complexities within the

muscle e.g. complex muscle-tendon architecture [17], variation in fascicle lengths and

curvature of the fascicles [16] may not solely address to the presence of such heteroge-

neous length changes. Thus, an alternative and more exhaustive approach is required;

myofascial force transmission [12,29�31].

1.3 Force Transmission Mechanisms

1.3.1 Myotendinous Force Transmission

The connection sites of the muscle �bers to the tendons are called as myotendi-

nous connections. Connective tissues of skeletal muscle shows a continuity and combine

together to form aponeurosis and tendons towards the distal and proximal endings of

the muscles. Tendons are specialized structures to transmit force generated in the

muscle to the tendons. Following this, tendons transmit the force to the bone and
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to the joints [32]. Importance of such myotendinous force transmission is obvious.

Without the transmission of the force via these channels to the bony structures, move-

ment of the limbs would not be possible. Supposedly, on account of their being well

suited to transmit force, myotendinous junctions are presumed to be exclusive sites for

force transmission [33]. Such assumption made by the classical point of view implicitly

implies that skeletal muscles are isolated from each other.

In consequence, upon the presumption of the classical point view it is feasible

to infer that skeletal muscles are considered to be independent actuators, proximal and

distal tendon forces are equal and length-force characteristics are unique properties of

skeletal muscles [12].

1.3.2 Myofascial Force Transmission

In the most general sense, myofascial force transmission refers to the force trans-

mission between muscle and its surroundings [34]. Existence of such force transmis-

sion therefore indicates the presence of additional structures other than myotendinous

junctions that have the ability to transmit force. The extracellular matrix can be

represented as a 3D set of endomysial tunnels in which muscle �bers operate [35].

Muscle �bers are linked to this extracellular matrix lattice via transsarcolemmal con-

nections along their full peripheral surface. Evidence in the literature shows that these

multimolecular structures have the ability to transmit force in a crosswise direction.

Following the partial isolation of a frog myo�ber, force measurements from the partially

left intact surroundings pointed out that force generated by activation is transmitted

laterally [36]. Such force transmission that takes places in between of the muscle �bers

and the extracellular matrix is termed as intramuscular myofascial force transmission.

Numerous skeletal muscle �bers function within a hierarchically organized in-

tegral system of the extracellular matrix. Moreover, extracellular connective tissue

stroma is continuous for the all level of organizations i.e. from endomysium to the su-

per�cial fascia. Reasonably, awareness of the relation between such continuity and the
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intramuscular force transmission makes it plausible to infer that force transmission also

occurs within the higher level of organizations. Force transmission over these continu-

ous collagenous structures is termed as intermuscular myofascial force transmission In

addition to this direct collagenous linkages between the adjacent muscles [37] neurovas-

cular tracts also contribute to this connection indirectly [38]. Connections between the

neurovascular tracts and compartmental boundaries e.g. intermuscular septa, periost

and compartmental fascia also provide a force transmission pathway. These connec-

tions, which link muscular and non-muscular structures, are termed as extramuscular

connections that enables extramuscular myofascial force transmission.

Studies in the literature, which are speci�cally suited to research the in�uences of

the myofascial force transmission on skeletal muscle mechanics, addressed to the essen-

tial e�ects of this novel approach on muscular mechanics: (i) unequal proximo-distal

forces. In-situ animal experiments highlighted the di�erence in the exerted muscle

forces at the origin and insertion. For instance, keeping rat anterior crural compartment

muscles (extensor digitorum longus (EDL), TA and extensor hallucis longus (EHL))

intact , Huijing et al. [39] measured exerted forces at proximal and distal tendons of

EDL muscle with respect to di�erent lengths and conditions, upon the simultaneous

maximal stimulation of all muscles in the compartment. They reported uneven prox-

imal and distal EDL forces for any length of the EDL and primarily ascribed these

results to extramuscular myofascial force transmission. Another study, however with

di�erent experimental conditions, also reported proximo-distal force di�erences on rat

EDL muscle and attributed this �nding to the intermuscular force transmission [40] (ii)

muscle relative position as a major co-determinant of muscle force. It was shown that

by keeping surrounding structures intact, changing the relative position of an isometric

skeletal muscle with respect to these structures augments the e�ect of myofascial force

transmission and yields a higher proximo-distal force di�erence on rat EDL muscle [41]

(iii) muscle length-force characteristics are not unique properties of skeletal muscles.

A previous study focused on the e�ect of epimuscular connections between rat EDL

and EHL synergistic muscles by Yucesoy et al. [37] reported that although its muscle

range of force exertion remained constant; upon removal of the EDL muscle, length-

force characteristics of EHL changed signi�cantly. Consequently, they highlighted the
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presence of su�cient sti�ness of the epimuscular pathways to enable inter- and extra-

muscular force transmission. (iv) major sarcomere length heterogeneity. Yucesoy et

al. [42] developed a �nite element model in which skeletal muscle is divided into two

domains: (i) intracellular domain and (ii) extracellular matrix domain. Furthermore,

these two domains were linked elastically to represent attachment of the muscle �bers

to the extracellular connective tissue stroma [35], which in turn enabled the evaluation

of force transmission between these domains. Using this model model they reported

that serial strain distribution occurs heterogeneously within the same individual muscle

�ber by virtue of intermuscular and extramuscular connections [43]. Such heteroge-

neous distribution within muscle �bers suggests that presence of myofascial loads not

only a�ect force transmission mechanisms, but also have substantial functional e�ects

on the mechanical characteristics of skeletal muscle e.g. alternations in muscle force

production characteristics. For a detailed review on myofascial force transmission the

reader is referred to [12,34].

1.4 Assessment of Myofascial Force Transmission using MRI

So far, our research group has done various researches with the intention of the

assessment of the in-vivo e�ects of myofascial force transmission using MRI. Using

Demons algorithm [44] Yaman et al. [45] have quanti�ed the voxel-wise strain tensors

occurred as a result of passive knee �exion while ankle kept in neutral position. This

method has enabled the volumetric analysis of strain distribution, however with re-

spect to the global coordinate system, within the triceps surae muscle and also within

the other muscle compartments of human lower leg. They have reported that posi-

tive and negative local strains occurred together within the bi-articular GAS muscle.

Apart from that, in spite of their global isometric conditions with respect to passive

knee �exion, heteronegenous deformation has been also observed within the synergistic

soleus (SOL) and within the antagonist muscle groups.These �ndings therefore con-

stitutes an evidence for in-vivo existence of the myofascial force transmission e�ects

and implies the mechanical inter dependency of the skeletal muscles. Next, a prelim-

inary attempt has been made to represent in-vivo �ber direction deformation due to
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passive knee �exion by combining voxel-wise strain quanti�cation method based on

non-rigid Demons registration with DTI, which enables the determination of principal

muscle �ber orientations [46]. Remarkable local �ber direction strain heterogeneity has

been reported within the synergistic, as well as antagonistic muscle groups of the lower

leg. For a better representation, local deformations due to passive knee extension have

been visualized on the muscle tracts of the TA [47] and GM [48] muscles. It has been

concluded that passive knee extension results in serial and parallel distribution within

the bi-articular GM, as well as within the TA muscle despite its globally isometric

condition. An experimental method has been developed to quantify local �ber direc-

tion deformations during ankle joint motion using PC-MRI and DTI combined [49].

Preliminary �ndings from this study have reported that heterogeneous �ber direction

strain occurs along the GM and SOL muscles during joint motion. Although it enables

the quanti�cation of the strain from a directly physiologically related information i.e.

velocity of the tissues during joint motion, such method imposes some limitations: (i)

volumetric strain analysis is not possible because PC-MRI restricts image acquisition

to a single plane and (ii) DTI cannot be performed during joint motion, therefore

localization of the �ber directions must be performed at a certain time frame.

1.5 Objective of the Study

Alongside the �nite element modeling studies [4,42,43] and in-situ animal exper-

iments [37,40,41,50] musculoskeletal biomechanics oriented MRI applications together

with non-rigid Demons registration method provide a powerful tool for evaluating in-

vivo e�ects of the myofascial force transmission. Moreover, e�ectiveness of Demons

algorithm for such speci�c purpose has been shown by the publications of our research

group [45,48]. Results from the studies in which DTI has been also utilized to quantify

length changes in the muscle �ber direction [46�48] have been shown to be in good

agreement with the results of the previous �nite element studies and have addressed

to the substantial e�ects of myofascial force transmission under passive conditions.

However, little work has been done for investigation of such e�ects during activation

using MRI [49]. On the other hand, intraoperative experiments by Ates et al. have
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reported striking results that when activated alone, spastic human muscle show no

abnormal mechanical behavior, but that this ceases when an antagonistic muscle is

coactivated [51]. Such results have highlighted the clinical importance of the myofas-

cial force transmission. There remains a need for MRI experiments that enable the

quanti�cation of �ber direction length changes due to in-vivo muscle activation.

Using and improving previously implemented MRI methods by our research

group, we speci�cally aimed at quantifying local deformations with reference to the

tracked muscle �bers of human GM muscle during 15% MVIC of sustained plantar

�exion, in-vivo. Based on myofascial force transmission e�ects we hypothesized that

15%MVIC of sustained plantar �exion results in heterogeneous serial distribution along

the muscle �bers of GM.
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2. METHODS

2.1 Subjects

Experimental procedures were in strict agreement with the guidelines and reg-

ulations concerning human welfare and experimentation set by Turkish law and ap-

proved by a Committee on Ethics of Human Experimentation at Bo§aziçi University,

Istanbul. Five healthy female subjects (age=26±3year, height=162±7cm and body

mass=51±5kg) volunteered for this study. Only female subjects were recruited in

order to minimize inter-subject anthropometric di�erences (Table 2.1). Following a

detailed explanation of the purpose and methodology of the experiments, the subjects

gave their written informed consent.

Table 2.1

Anthropometric data for each subject.

Subject Height (cm) Weight (kg) Age Extension (◦)

1 160 47 25 178

2 154 45 27 176

3 165 56 28 178

4 170 54 22 170

5 162 45 26 176

2.2 Experimental Protocol

Since experimental procedure requires subjects to maintain a certain level of

contraction for a length of time during image acquisition, preliminary force measure-

ments were performed outside of the MRI scanner. Detailed information about the

experimental setups and procedures comprising both before and during MRI data ac-

quisition is provided in this section.
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2.2.1 Maximal Voluntary Isometric Contraction Measurement

Subjects were positioned on a table in prone position. The right foot was �rmly

fastened to a custom-built aluminum foot pedal (Figure 2.1) equipped with a strain

gauge (ESIT, STCS200,Istanbul,Turkey) at an ankle angle of 90◦, whereas knee joint

was maintained at full extension. Care was taken not to exert undesired loads upon

target muscle groups and tendons. Next, pre-gelled and self-adhesive electromyography

(EMG) surface electrodes were placed on proper positions [52] in order to acquire signal

simultaneously with force measurement (Biopac MP150 with DA100C, CA, USA) dur-

ing plantar �exion e�ort from TA, SOL, GM and gastrocnemius lateralis (GL) muscles.

EMG measurements were performed on these muscles since the �rst three of them are

the primer determinant of the force generated during plantar �exion e�ort.

Figure 2.1 Custom-built MVIC measurement foot pedal.

Subjects were asked and verbally reinforced to perform MVIC during �ve sec-

onds of plantar �exion followed by a two minutes of rest period. This was repeated

three times and the highest plantar �exion force was determined to represent MVIC

as long as the di�erence between subsequent measurements does not exceed 5%. If so,

additional measurements were performed [53]. Subjects should be able to sustain 15%

MVIC of the plantar �exion during MRI data acquisition. For that purpose, subjects
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were trained to maintain force at 15% MVIC with the help of a visual feedback by

sustaining isometric plantar �exion during six minutes (Figure 2.2).

Figure 2.2 a) Force (red) and EMG (blue, green, pink from GM, SOL, TA correspondingly) signals
acquired during six minutes of 15% MVC of plantar�exion b) MVIC rate control interface

2.2.2 Data Acquisition

Subjects were positioned in a 3T clinical MR scanner (Siemens Magnetom Trio,

Erlangen, Germany) in foot �rst prone position. Right foot was �rmly �xed to a strain

gauge embedded custom-built MRI compatible foot pedal at an ankle angle of 90◦

using a piece of Velcro attached under the heel and strips over the ankle. The knee

was brought to fully extended position (mean±SD,175◦±3◦) and the immobility of this

joint was provided by a piece of Velcro attached over patella and also on the MRI table

(Figure 2.3). Care was taken not to exert additional loads to target muscle compart-

ments and tendons. Real time MVC rate control visual interface was transmitted to

an MRI compatible monitor (Telemed,Istanbul,Turkey) that allowed subjects to adjust

and maintain isometric plantar �exion force at target level. All data acquisitions were

performed in Kozyata§� Ac�badem Hastanesi, Istanbul. Note that both strain gauges

were calibrated using calibration weights prior to the experiments.

Two 6-channel surface coils were placed on both left and right side of the lower

leg for image acquisition (Figure 2.3). Anatomical data (MR images) were obtained in

a 3D turbo fast-low angle shot (3D Turbo FLASH) imaging sequence (Figure 2.4). The

region between the most proximal part of the head of the tibia and the most proximal

location of the transverse crural ligament was localized in the �eld of view (FOV).
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Figure 2.3 MRI compatible custom-built foot pedal and positioning of the subject (ankle angle
equals 90◦ and knee is fully extended) in MR scanner.

Both left and right lower leg were imaged (Figure 2.6). In order to minimize potential

chemical shifting artifacts, a high bandwidth was selected and frequency encoding was

set at proximo-distal direction [54].

Figure 2.4 Muscles of the human lower leg segmented on the axial cross-section of the anatomical
image.

Di�usion Tensor Imaging (DTI) was performed in the axial plane by using a

single-shot echo planar imaging (ss-EPI) based multidirectional clinical DTI sequence.

Proximal neck of the the tibia was selected as the starting point for FOV along longi-

tudinal axis. Consequently, the region between this location and the end of the axial

image stack (112 millimeters away from the beginning) constituted the FOV along

longitudinal axis for DTI. Fat suppression and posterior-anterior direction frequency
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encoding were applied so as to keep chemical shifting artifact away from region of in-

terest (ROI). Only the right lower leg was imaged for DTI (Figure 2.6). Please see

Table 2.2 for sequence parameters belonging to both MR and DT data acquisition. For

Table 2.2

MRI and DTI acquisition sequence parameters.

MR imaging parameters DT imaging parameters

Sequence Name Turbo FLASH ss-EPI

Slice Orientation Coronal Axial

Repetition Time (TR)(ms) 1750 4900

Echo Time (TE)(ms) 3.36 61

FOV (mm2) 320X320 180X180

Reconstructed Matrix (mm2) 320X320 l28X128

Pixel Size (mm2) 1.0X1.0 1.4X1.4

Slice Thickness (mm) 1 2,8

Flip Angle (◦) 12 90

Bandwidth (Hz/pixel) 130 2003

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

Number of Di�usion Gradients N/A 12

Acquisition Time (mm:ss) 05:41 07:48

undeformed state image acquisition, subjects were asked to stay relaxed in abovemen-

tioned position (Figure 2.3). Next, maintaining the same position, subjects were asked

to perform 15% MVIC of plantar �exion and to sustain the contraction at this level

until the image acquisition is completed for deformed state image acquisition. MR and

DT images were acquired for both deformed and undeformed state.

2.3 Post Processing

The aim is to quantify local deformations along the muscle �bers of GM. Such

quanti�cation requires a combination of information from two di�erent image domains,

(i) di�usion image domain for localizing deformed state GM tracts, (ii) anatomical

image domain for voxel-wise strain tensor quanti�cation. Finally, �ber direction strain
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values are calculated by rotating strain tensors to the direction of the tracked muscle

�bers (Figure 2.5).

Figure 2.5 Image processing algorithmic �owchart.

2.3.1 Anatomical Image Domain Processes

2.3.1.1 Quanti�cation of Displacement Volume

Demons algorithm is a deformable and non-parametric image registration algo-

rithm based on the optical �ow principles [44]. Demons algorithm takes two images as

input and produces a displacement �eld, which represents the required transformation

to match two images. Therefore, it solves the displacement vector for each voxel. For

this purpose, it computes the image intensity gradient within the static image and

relates it with the di�erence image of the static and moving image pixel-wisely by

division. However, in the areas where image gradient is too small, �ow becomes un-

stable and the displacement vector leads to an in�nite value [55] In order to overcome

this instability, Thirion's Demons algorithm regularizes the total displacement �eld at

each iteration by smoothing it with a Gaussian kernel until convergence criterion is

satis�ed [56].
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MR and DT images map on top of each other in the global coordinate system.

Within the interval where both images overlap, they occupy the same volume with

di�erent resolutions and characteristics. Since subjects were not repositioned during

experiment, DT and MR images were not registered prior to the Demons registration.

However, MR images must be cropped properly in order to provide correct matching

also in the image coordinates. Therefore, direction conventions of the MR images were

matched with that of DT images. Next, MR images were cropped to match with

their corresponding DT images in the image coordinates. In order to avoid boundary

artifacts of Demons algorithm, MR images were cropped from 32mm above the superior

and below the inferior boundary of the DT volume (Figure 2.6). Finally, undeformed

MR volume was registered onto the deformed MR volume by implementing deformable

Demons registration [57] in MATLAB R2012a (The Mathworks Inc.,Natick,MA).

Figure 2.6 3D reconstructed whole MR (blue) and DT (red) volumes. The interval of 176mm
between the green lines identi�es the cropped volume to be registered with Demons
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Displacement vectors obtained from Demons algorithm are described on the

grid points of the undeformed (moving) image. However, deformed (�xed) state tracts

are selected for strain projection. In order to provide appropriate matching between

the deformed state GM tracts and quanti�ed strain tensor �eld derived from the dis-

placement �eld, displacement vectors on the grid points of the displacement �eld were

transformed to their corresponding deformed state positions (Figure 2.7).

Figure 2.7 Transformation of the displacement volume to the deformed state

2.3.1.2 Quanti�cation of Strain Tensor Volume

Each particle in a continuum body is characterized by a position vector for both

undeformed (base) and deformed (current) con�guration. Displacement of a particle

with respect to a base con�guration is de�ned by a displacement vector ~u that maps

the base point P(X) to the current point P(x) (Figure 2.8). Therefore, displacement

of all particles (i.e. voxels in this case) within a body constitutes a displacement �eld.

Deformation i.e., an alternation of the shape occurs if there is a relative displace-

ment between the particles of the body, which is characterized by strain in continuum

mechanics. Strains are expressed as a second order tensor (E), which describes a



22

magnitude and two directions (normal and shear components) associated with it:

E =


e11 e12 e13

e21 e22 e23

e31 e32 e33

 (2.1)

Figure 2.8 Geometric representation of undeformed and deformed con�gurations.

The displacement vector ~u in Lagrangian description expressed as:

~u =


u1

u2

u3

 =


x−X

y − Y

z − Z

 = x−X (2.2)

The �rst step for quantify strain tensor �eld from a displacement �eld is arranging the

derivatives of the position vectors of the undeformed (X, Y, Z) and the deformed (x,

y, z) con�gurations in Jacobian format to obtain the deformation gradient F:

F =
∂(x, y, z)

∂(X, Y, Z)
=
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 (2.3)
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Displacement gradients Ou can be expressed with respect to both undeformed and

deformed con�gurations. Displacement gradient with respect to the undeformed con-

�guration is computed as follows:

Ou = F− I (2.4)

where, I de�nes a 3 × 3 identity matrix. Finally, local deformations are quanti�ed by

calculating Green-Lagrange strain tensor, which is a suitable �nite strain measure [58]:

E =
1

2
(FTF− I) =

1

2
(Ou+ OuT ) + (OuOuT ) (2.5)

2.3.2 Di�usion Image Domain Processes

Di�usion tensor tractography is an image processing application in which col-

lected di�usion weighted images (DWI) are analyzed in order to visualize tracts belong-

ing to certain structures within the FOV by making use of the anisotropic di�usion of

the water molecules. Tractographic reconstruction provides information about in-vivo

tissue characteristics and the 3D orientation of the reconstructed �bers; however, in

macro-scale.

2.3.2.1 Di�usion Tensor Tractography for Medial Gastrocnemius Muscle

Denoising of the DWI volumes prior to the tensor estimation is critical [59]. Fur-

thermore, application of the Rician statistics to the DWI has been shown to improve

�ber orientation estimations [60]. On this basis, all gradient volumes were denoised

using a joint-information Rician noise removal algorithm that uses the information

given by all DWI channels, and the correlations between of them. Level estimation for

the noise that follows a Rician distribution was performed using linear minimum mean

square error estimator in MATLAB R2012a (The Mathworks Inc.,Natick,MA) [61].

Figure 2.9 shows the e�ect of noise removal on a single axial slice from a gradient

volume. Following that, tensor estimation was performed for each voxel from denoised
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Figure 2.9 E�ect of noise removal on DWI. a- Original image b- Denoised image c- Di�erence image

DWI. The tracts were reconstructed using a 4th order Runge-Kutta streamline integra-

tion algorithm [62] using a modi�ed version of the V AV frameTM software (VAVlab,

Istanbul, Turkey) [63, 64]. Log-Euclidean framework was used for di�usion tensor in-

terpolation at non-integer grid points during tracking [65].

Set of termination conditions were de�ned based upon di�usion tensor and tract

parameters so as to compute muscle tracts properly. Tract seed points were generated

from voxels showing a minimum directionality of di�usion i.e., a fractional anisotropy

(FA) of 0.1 [66]. The seed points were bi-directionally tracked with integration steps

of 0.5 times the smallest voxel dimension [67] i.e., 0.7mm. Each of these integration

points forms a �ber node. The tracts obtained were terminated based on di�usion

tensor (DT) parameters including maximum FA of 0.5 and maximum curvature per

integration step of 5◦ [66] and GM muscle geometry including minimum tract length

of 30mm and maximum tract length of 50mm [68].

However, these parameters were not su�cient enough to segment GM tracts

from their surroundings. To overcome this challenge, two polygonal region of interests

(ROIs) were drawn around to GM on the axial b0 images of the deformed state DWI.

Only the tracts passing both of these cross sectional ROIs were selected in the end

of this preliminary segmentation. Next, further manual segmentation was performed

to pick GM tracts solely. Locations of the anatomical boundaries of the GM and the

orientations of the remained tracts were used in combination to select tracts that are
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representing the in-vivo structure of the GM during 15% MVIC of sustained plantar

�exion. This two-stage segmentation method yielded physiologically representative GM

tracts that are convenient to be recruited for strain projection along of them (Figure

2.10c).

Figure 2.10 a- Representative MR image of human right lower leg during 15% MVC of isometric
plantar �exion, showing a sagittal-oblique slice aligned with the longitudinal axis of the GM (blue).
b- Sagittal-oblique DT image slice that matches with the superimposed portion of the MR image
overlaid with 50% transparency between the white dashed lines. These lines indicate the superior and
inferior limits of the DT image along longitudinal axis. c- Shows a pro�le view of the reconstructed
GM tracts (black).

2.3.3 Combinational Processing of Di�usion and Anatomical Data

Quanti�cation steps for strain tensor volume and GM tracts have been described

so far. However, strain tensor volume expresses local deformations in terms of an out-

side coordinate system. From the point of physiological meaning of local deformations,

it is critical to quantify strains in the direction of the muscle �bers. Hence, vector

expression of the direction of the muscle �bers was given as a normalized tangent vec-

tor between two successive �ber tract nodes and denoted as ~t Next, strain coe�cients

(SC) were calculated from strain tensors (E) at each �ber node as follows [47]:
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SC = ~tTE~t (2.6)

Consequently, required information to compute directional component of the strain

tensor was provided directly from deformed state GM tracts.

As the tractography step size between two �ber nodes is half of the smallest DT

image voxel size, o�-grid strain tensors must be interpolated to express a strain tensor

on each �ber node. For this purpose, a linear interpolation was implemented within

the neighborhood of 8 pixels:

Ē =
8∑

i=1

WiEi (2.7)

where Wi represents normalized weights and Ei stands for the strain tensor at the ith

neighbor, and (Ē) describes the interpolated strain tensor.

2.3.4 3D Visualization

A position vector in the global coordinate system and a corresponding strain

coe�cient were de�ned for each GM �ber node as a result of �ber direction strain

projection along the GM tracts. Since MR images and DT images map on top of each

other in the global coordinates, it is possible to visualize GM tracts in anatomical im-

age domain. In order to implement such operation, GM tracts were �rstly transferred

into 3D Slicer [69]. Following manual segmentation of the tiba, �bula and GM on each

axial slice of the MR images, volume construction was performed so as to visualize

these structures three dimensionally. Finally, GM tracts were displayed at their cor-

responding locations within the translucently visualized 3D anatomical model of the

GM. The tracts were colored according to scalar values (i.e., strain coe�cients) using

tractography display module of the 3D slicer software.
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2.3.5 Estimation of Errors

The validity of Demons algorithm in quantifying tissue deformations was shown

with e�ective testing [46]. Undeformed state MR images were transformed by a syn-

thetic rigid body motion imposed on the data: 10◦ rotation within the cross-sectional

plane (representing endorotation of the knee) [70], 3◦ rotation in the coronal and sagit-

tal planes, and 4 mm translation axially. Subsequently, the undeformed state and

these synthetically transformed image sets were compared. The displacement �elds

calculated using Demons algorithm were mapped onto the tracked �bers. Theoreti-

cally, imposed rigid body motion should cause no strains. Therefore, resulting strains

calculated as described were used as estimates of error strains.

2.3.6 Statistics

Non-parametric Wilcoxon rank sum tests were performed to evaluate statistical

signi�cance of di�erence between experimental and error �ber direction strains for

lengthening and shortening individually. The level of statistical signi�cance was set at

p<0.05.
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3. RESULTS

3.1 Statistical Signi�cance of the Fiber Direction Strains

Pooled data over subjects show that mean error strains (1±1% for lengthen-

ing and 2±1% for shortening) are small and are statistically signi�cantly di�erent from

mean �ber direction strains (13.7±12% for lengthening and 7.9±4% for shortening) oc-

curring due to maintained plantar �exion activity at 15% of MVIC within the localized

tracts of the GM (Figure 3.1a).

Figure 3.1 Pooled data over subjects shows the �ber direction local lengthening and shortenings
occurred due to 15% MVIC of plantar �exion and the error strains within the localized tracts of the
GM. a- Box and whisker plots : The horizontal line inside of the each box represents the median value;
the upper and lower edges of the boxes represent upper and lower quartiles, respectively and lines
extending from each end of the boxes (whiskers) indicate peak values of the �ber direction strain values
calculated on each �ber node of GM for pooled data over subjects. b- Histogram of the pooled data
over subjects represents the number of nodes with respect to the �ber direction lengthening (blue)
and �ber direction shortenings (black) due to 15% MVIC of the plantar �exion within the localized
tracts of the GM.
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3.2 Serial Distribution of Strain along Muscle Fibers of Medial

Gastrocnemius

Interquartile range (IQR) identi�es the di�erence between upper and lower quar-

tiles, which therefore can be considered as a measure of the heterogeneity of the strain

distribution. Among all subjects, strain distribution is varied mostly for subject-B with

an IQR of 31.0% i.e., lengthening and shortening together show the most heterogeneous

distribution for this subject. The widest range in the �ber direction strain distribution

(from 16.4% shortening to 108% lengthening) is also observed for the same subject.

Whereas, subject-E shows the least heterogeneity for lengthening and shortening to-

gether, yet with a remarkable IQR of 8.7%. (Table 3.1).

Table 3.1

Statistical summary of �ber direction strain values for each subject and pooled data. (+) indicates
lengthening and (-) indicates shortening

Subject A B C D E Pooled

Maximum Lengthening 32.2% 108% 39.1% 57.4% 15.8% 108%

Maximum Shortening 17.8% 16.4% 13.3% 16.9% 21.3% 21.3%

Mean Lengthening 10.5% 22.7% 13.4% 1.6% 5.7% 13.7%

Mean Shortening 4.0% 7.7% 5.4% 4.9% 4.2% 5.2%

Mean 4.4%(+) 11.1%(+) 7.4%(+) 1.4%(+) 2.1%(+) 7.9%(+)

Median 2.3%(+) 5.2%(+) 6.0%(+) 13.8%(+) 2.3%(+) 5.2%(+)

IQR 14.5% 31.0% 17.9% 14.3% 8.7% 17.8%

Strain distribution shows a sizable heterogeneity in pooled data over subjects

with an IQR value of 15.8% for lengthening and 7.0% for shortening. The maxi-

mum variation in the distribution of the �ber direction lengthening is observed for the

subject-C with an IQR value of 14.2%, whereas �ber direction shortening varies mostly

for subject-D with and IQR value of 5.7%. On the other hand, least heterogeneous

�ber direction lengthening distribution is observed for subject-E with an IQR of 5.5%

and least heterogeneous �ber direction shortening is observed for subject-B with an

IQR of 2.7%. Nevertheless, these IQR values indicate a considerable heterogeneity for
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the �ber direction local strain distributions.

Serial distribution identi�es the representation of the �ber direction strain values

within each muscle tract of GM, where each �ber node speci�es a local �ber direction

strain value. Figures 3.2 to 3.6 depict the serial distribution of the local strains oc-

curred due to 15% MVIC of the sustained plantar �exion activity within the deformed

state GM tracts. Independently of the characteristic of the strain pattern, all of these

�gures together suggest that lengthening and shortening (up to locally 108.0% and

21.4% for pooled data, respectively) and also simultaneously occur within the same

GM tracts. For example, the maximum range of serial distribution along an individual

tract (remained almost constant at the origin and lengthened 108.0% locally at the

insertion of a 38.5 millimeters long tract) is observed for subject-B among all subjects

as can be seen from Table 3.2. In addition all of the single tracts represented in this

table show the minimum local strain in the origin, whereas they show the maximum

local strain in the insertion along their orientations.

Table 3.2

Peak strain values and the length of the single tract that has the widest range of strain distribution
among all tracts within that subject. (+) indicates lengthening, (-) indicates shortening and (0)

stands for constant length.

Subject Local maximum Local minimum Length of the tract (mm)

A 32.2% (+) 11.5% (-) 36.4

B 108.0% (+) 0.0% (0) 38.5

C 36.7% (+) 12.4% (-) 46.9

D 52.1% (+) 16.3% (-) 46.8

E 13.4% (+) 5.2% (-) 33.6

In the majority of the results (Figures 3.2 to 3.6), serial distribution seems to

indicate that local strains closer to the super�cial aponeurosis (towards origin, more

proximal) of GM tend to indicate shortening, whereas local strains closer to the deep

aponeurosis (towards insertion, more distal) are more likely to indicate lengthening

generally. However, serial distribution reveals a more complex characteristic especially

for subject-E (Figure 3.6).
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3.3 Parallel Distribution of Strain between Muscle Fibers of

Medial Gastrocnemius

Parallel distribution is the representation of the mean �ber direction strains for

each tract i.e., each �ber node represents the mean �ber direction strain belonging

to that tract. A representative result for parallel distribution is shown for subject-C

(Figure 3.7) reveals that mean �ber direction strain occurs non-uniformly throughout

the GM tracts. It can also be seen that shortening and lengthening occurs together in

parallel distribution.

Consequently, 15% MVIC of the sustained plantar �exion activity with an ankle

angle of 90◦ and fully extended knee con�guration results in a serial distribution along

the orientation of the muscle �bers of GM and con�rms our hypothesis.
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Figure 3.2 Three dimensional visualization of the deformed GM tracts of Subject-A. Tracts are
colored with respect to the serial distribution of the strain due to 15% MVIC of the plantar �exion and
placed on their corresponding positions within the deformed state MR image domain. Tibia and �bula
(pale-gold) are visualized three dimensionally to convey orientation of the lower leg. GM (tile red,half
translucent) is also rendered for conveying the three dimensonal sense of the tract orientation with
respect to the GM anatomy. Colorbar presents the range of local �ber direction strains occured within
the visualized tracts. Positive strain indicates lengthening and negative strain indicates shortening.
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Figure 3.3 Three dimensional visualization of the deformed GM tracts of Subject-B. Tracts are
colored with respect to the serial distribution of the strain due to 15% MVIC of the plantar �exion and
placed on their corresponding positions within the deformed state MR image domain. Tibia and �bula
(pale-gold) are visualized three dimensionally to convey orientation of the lower leg. GM (tile red,half
translucent) is also rendered for conveying the three dimensonal sense of the tract orientation with
respect to the GM anatomy. Colorbar presents the range of local �ber direction strains occured within
the visualized tracts. Positive strain indicates lengthening and negative strain indicates shortening.
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Figure 3.4 Three dimensional visualization of the deformed GM tracts of Subject-C. Tracts are
colored with respect to the serial distribution of the strain due to 15% MVIC of the plantar �exion and
placed on their corresponding positions within the deformed state MR image domain. Tibia and �bula
(pale-gold) are visualized three dimensionally to convey orientation of the lower leg. GM (tile red,half
translucent) is also rendered for conveying the three dimensonal sense of the tract orientation with
respect to the GM anatomy. Colorbar presents the range of local �ber direction strains occured within
the visualized tracts. Positive strain indicates lengthening and negative strain indicates shortening.
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Figure 3.5 Three dimensional visualization of the deformed GM tracts of Subject-D. Tracts are
colored with respect to the serial distribution of the strain due to 15% MVIC of the plantar �exion and
placed on their corresponding positions within the deformed state MR image domain. Tibia and �bula
(pale-gold) are visualized three dimensionally to convey orientation of the lower leg. GM (tile red,half
translucent) is also rendered for conveying the three dimensonal sense of the tract orientation with
respect to the GM anatomy. Colorbar presents the range of local �ber direction strains occured within
the visualized tracts. Positive strain indicates lengthening and negative strain indicates shortening.
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Figure 3.6 Three dimensional visualization of the deformed GM tracts of Subject-E. Tracts are
colored with respect to the serial distribution of the strain due to 15% MVIC of the plantar �exion and
placed on their corresponding positions within the deformed state MR image domain. Tibia and �bula
(pale-gold) are visualized three dimensionally to convey orientation of the lower leg. GM (tile red,half
translucent) is also rendered for conveying the three dimensonal sense of the tract orientation with
respect to the GM anatomy. Colorbar presents the range of local �ber direction strains occured within
the visualized tracts. Positive strain indicates lengthening and negative strain indicates shortening.
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Figure 3.7 Three dimensional visualization of the deformed GM tracts of Subject-C. Tracts are col-
ored with respect to the parallel distribution of the strain due to 15% MVIC of the plantar �exion and
placed on their corresponding positions within the deformed state MR image domain. Tibia and �bula
(pale-gold) are visualized three dimensionally to convey orientation of the lower leg. GM (tile red,half
translucent) is also rendered for conveying the three dimensonal sense of the tract orientation with
respect to the GM anatomy. Colorbar presents the range mean �ber direction strains occured within
the visualized tracts. Positive strain indicates lengthening and negative strain indicates shortening.
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4. DISCUSSION

In this study, we have provided a demonstrative 3D representation of in-vivo

local deformations with reference to the representative GM �ber tracts. 15% MVIC

of sustained plantar �exion was studied by combining MRI, DTI, non-rigid image

registration and advanced image processing methods. Our �ndings show a consider-

able heterogeneity, which occurred in both magnitude and the characteristics, for the

serial strain distribution along the reconstructed muscle �ber tract orientations for

each subject. Moreover, parallel distribution (i.e., tract-wise mean strain distribution

in cross-�ber direction) also occurs non-uniformly among reconstructed GM tracts of

each subject. This is particularly important because, such e�ects have a key role in

the characterization of the mechanical functions of the skeletal muscles. Notably, this

is the �rst study to our knowledge to investigate in-vivo myofascial force transmission

e�ects with regards to the quanti�ed length changes in the direction of GM �bers in

active condition.

4.1 Representability of the Reconstructed Tracts

Several MRI studies from the literature have referred to the importance of strain

representation along muscle �bers [27,28,38,45]. Fundamental importance of such rep-

resentation stems from the fact that sarcomeres are arranged in series within the my-

o�bers. Therefore, evaluating length changes along this direction yields physiologically

relevant information. It also has a further meaning from the perspective of myofas-

cial force transmission, because muscle �bers are linked to the extracellular matrix

along their full length. If these links are able to transmit force, sarcomere lengths may

not be homogeneous and strain along muscle �ber tracts can quantify that. Proper

localization of the skeletal muscle tracts therefore has a key importance.

Similar local �ber orientations and the leaning of the reconstructed muscle tracts
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to run from origin to insertion at length are the expected patterns for a convenient

muscle �ber geometry [21]. As evident in Figure 3.7, reconstructed GM tracts compare

well with these conditions. Furthermore, they show a demonstrative consistency with

the GM anatomy. GM is a unipennate muscle with spanning �bers [71]. Its �bers

originate from the super�cial aponeurosis at the dorsal aspect of the muscle, run along

the anteroinferior direction, and attach to the deep aponeurosis at the ventral aspect

over whole muscle length [72]. Such structural orientation is saliently visible in Figures

3.2 to 3.6.

Analysis of muscle strain due to isometric activation with respect to muscle �ber

direction using dynamic MRI methods have limited applicability because such imaging

sequences require highly repetitive and consistent movements to encode tissue motion

correctly [14, 17, 18]. On the other hand, DTI acquisition is adversely a�ected by the

motion of the target within the FOV, which in turn requires images to be acquired

while target is stationary. As a result, these restrictions together oblige strain values,

acquired from multiple time frames, to be related with �ber directions from a certain

time frame. Furthermore, these operations must be performed on a single slice in a

certain 2D image plane. At this point, strain quanti�cation using Demons algorithm

has its advantage over dynamic imaging methods, because it enables the computation of

the displacements between two separate image sets, and in 3D image coordinates. Since

these images are acquired while the target it stationary, �ber directions representing

each state can be obtained using DTI and strains can be represented with reference to

the corresponding muscle �ber orientations.

In sum, successfully applied experimental techniques in this study have enabled

representation of strains in 3D with reference to the orientation of muscle �bers. The

data are representative for both tested functional state (15% MVIC of sustained plantar

�exion) and the anatomical structure of GM �bers.
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4.2 Serial Distribution of the Strain

From the perspective of classical approach on skeletal muscle mechanics, force

transmission is considered to take place solely at the myotendinous junctions [33]. Such

presumption implicitly implies that extracellular matrix and muscle �bers are mechan-

ically connected only at the �ber ends. Under this assumption, length changes along

the direction of the skeletal muscle �bers are considered to be distributed uniformly.

In contrast, it is evident from the present results (Figures 3.2 to 3.6) that 15% MVIC

of sustained plantar �exion results in heterogeneous serial distribution along muscle

�bers.

An activated sarcomere shortens to its active slack length unless the force it gen-

erates counteracted by an external force [73]. Hence, shortening along the GM muscle

�ber direction is plausible due to 15% MVIC of plantar �exion. However, our results

indicate that both positive and negative strains are found together within the same

�ber tracts. Presence of such heterogeneous serial distribution within the individual

tracts therefore points out that there are additional force transmission pathways other

than myotendinous junctions.

Each skeletal muscle cell has a cytoskeletal protective network against mechan-

ical stress that surrounds myo�brils at the z-discs by a special �lament termed as

desmin. Desmin inserts into sarcolemma at the regions known as costameres. These

costameres are responsible for transducing contractile force from the z-disk to basal

lamina and plays an important role in stabilizing the myo�bril positions and main-

taining structural integrity of the sarcolemma [74]. Such example of an integrated

intracellular organization highlights the mechano-functional importance of the force

transmitting abilities of the sarcolemmal structures. Furthermore, connections pro-

vided by the trans-sarcolemmal molecules between cytoskeleton and laminin eventually

provides a connection between extracellular matrix and muscle �ber domain. Because,

laminin is linked to basal lamina, which envelops the sarcolemma and is mechanically

attached to the endomysium. It has been shown that these connections are able to

lateral transmission of the force between endomysium and muscle �bers [36].
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Presence of such additional force transmission pathways other than myotendi-

nous junctions, continuity of the extracellular matrix at the each level of organization

(i.e., from endomysium to the super�cial fascia) and the connections between intra-

muscular and extramuscular tissues (e.g., neurovascular tracts) lends support to the

heterogeneous length changes along the direction of the muscle �bers that we have

observed in this present study. These �ndings are in good agreement with �nite ele-

ment modeling studies [4, 42, 43] and implies the in-vivo occurrence of the myofascial

force transmission e�ects on the sarcomere length changes during muscle activation.

Such heterogeneity has considerable e�ects on muscle length-force and force generation

characteristics [37,73]. Moreover, muscle length range of force exertion has been shown

to be enhanced by serial sarcomere length distribution [75].

It has been shown that muscle relative position change is a major co-determinant

of the muscle force [12]. Taking the joint con�gurations (Figure 2.3) into considera-

tion, it is reasonable to assume that relative position of the GM with respect to its

synergist SOL might be changed on account of the imposed knee extension. This

is possible mainly because of the strategic adjacency of the SOL and the GM. The

GM is a bi-articular muscle that spans both knee and ankle joints, whereas the SOL

is a mono-articular muscle and spans the ankle only. Therefore, the SOL is under

a globally isometric condition with respect to the any change in knee con�guration.

Moreover, it is known from the literature that a poly-articular muscle is expected

to show more pronounced length changes relative to its mono-articular neighbor and

therefore a substantial change in its relative position [73]. Although contribution of

such position change to the deformation was not involved in Demons image registra-

tion, it could had pronounced the e�ects of myofascial force transmission. Because,

proximally lengthening of the GM due to full knee extension may result in stretching

inter- and extramuscular connections between these two muscles. Consequently, it is

reasonable to consider the contribution of muscle relative position change to noticeable

strains and heterogeneity occurred in the GM on account of the low-level isometric

plantar �exion.
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4.3 Parallel Distribution of the Strain

Our �ndings indicate that 15% of MVIC of sustained plantar �exion results not

only in a serial distribution along the muscle �ber direction, but also in a heterogeneous

parallel distribution between the muscle tracts of the GM (Figure 3.7). Appreciably,

this is in concert with our expectations considering that such serial distribution has

occurred within the GM tracts upon an isometric contraction. Results from a previous

�nite element study have reported that parallel distribution is found particularly at

higher muscle lengths and the presence of such distribution indicates the e�ect of the

intermuscular interactions [39] and shown to result in an enhanced range of muscle

length [76].

Force modulation of a skeletal muscle is controlled by recruitment of more or

fewer motor units and the rate coding of individual motor units [77]. It is known

from the literature that low-level prolonged isometric contractions show time depen-

dent recruitment characteristics. Fallentin et al. [78] observed that during long lasting

isometric elbow �exion at 10% MVC (up to 2 hours) the number of recruited motor

units increases with respect to time. Due to relatively short sustaining time and the

15% MVIC plantar �exion, it is plausible that only a subset of the GM motor units

were recruited presently. In other words, some of the muscle �bers were not activated.

In a previous �nite modeling study, which is tailored for investigating of the e�ects of

botulinum toxin, it has been reported that mean �ber direction strain values for the

paralyzed muscle �bers show limited shortening or even lengthening depending on the

location of the paralyzed muscle �bers [79]. Such e�ect termed as longer sarcomere

e�ect applies also to the activated muscle �bers of partially paralyzed muscle and is

attributed to the muscle �ber and the extracellular matrix interactions. This in turn

resulted in a heterogeneous mean �ber direction strain distribution. These �ndings

therefore may lend a support for the explanation of the lengthened tracts within the

parallel distribution. However, it should be noted that due to restrictions posed by

MRI, it was not possible to record electromyography (EMG) activities during the sus-

tained contraction. Motor unit recruitments and rate coding measurements were not

performed prior to the scan. Future study work should focus on motor unit recruit-
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ment and rate coding characteristics of the GM during 15% MVIC of sustained plantar

�exion during the experimentally employed acquisition time, outside of the scanner.

4.4 Implications of the Study

Intraoperative experiments during muscle lengthening surgery have highlighted

the clinical importance of myofascial loads for spastic muscles [51,80,81]. In addition,

in-situ animal experiments [82,83] and �nite modeling studies [79,84] have investigated

the e�ect of botulinum toxin administration, which is commonly used for treating spas-

tic muscle. Although the authors did not explicitly refer to the e�ects of myofascial

loads, the results of an in-vivo MRI study in which remedial surgery e�ects were in-

vestigated [18]. This implies the importance of inter- and extramuscular connections

to mechanical functioning of skeletal muscles. These authors showed indicating me-

chanical interaction between the target muscles. It is obvious that in-vivo assessment

of post operational e�ects of remedial surgery has a key importance. Furthermore,

in-vivo e�ects of botulinum toxin administration remain unknown. The experimental

techniques applied and improved within this study have potential uses for such in-vivo

investigation of clinical applications and the e�ects of myofascial interactions on them.

Further, these techniques enable the simultaneous evaluations of the �ber direction

strain distribution within synergistic and antagonistic muscles, however further work

is needed for improving of DTI acquisition techniques to be able to obtain artifact free

image regions also, for the frontal muscle compartments e.g., tibialis anterior.

Since the GM is demanded for rapid actions like jumping or running, it is one

of the most common sites for injury and tears [85]. For example isolated GM tear,

which is also known as tennis leg syndrome, is commonly encountered [86]. Therefore,

evaluation of in-vivo strain distribution characteristics in the direction of healthy GM

tracts may contribute to the understanding of such pathologies, which in turn highlights

the importance of the potential use of this method in sports science.
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4.5 Limitations of the Study

DTI provides information about the structural properties of microstructures,

however it uses a macroscopic technique (fascicle level) to visualize these structural

properties. Although DTI enables evaluation of the strain distribution in the direction

of the muscle �bers, these length changes do not explicitly imply sarcomere length

changes due to limited resolution.

In order to decrease acquisiton time, DTI images were acquired from a certain

region of the lower leg. As a result, feasibility of �ber direction strain quanti�cation

is limited by the FOV of DTI acquisition (Figure 2.10b). In addition, �ber segmen-

tation methods that we have applied in order to obtain physiologically representative

GM tracts resulted in the restriction of the �bers within a certain volume along the

proximo-distal direction. Nevertheless, the number of reconstructed tracts both along

the longitudinal and transverse directions was shown to be su�cient to represent the

structure of the GM (Figure 2.10c).

MRI and DTI acquisitions require subjects to maintain isometric plantar �exion

during the whole acquisition time. However, the subjects did not show a considerable

sign of fatigue during image acquisition for 15% MVIC of sustained plantar �exion.

Activation level is bound to the limitation that is posed by the long image acquisition

time.

4.6 Prospective Studies

For a better understanding of the intermuscular e�ects, skeletal muscles should

be evaluated together with their synergistic or even antagonistic counterparts. There-

fore, an important question for the future studies is to investigate length change char-

acteristics along the muscle �ber of the SOL along with the GM. Moreover, it is also

feasible to determine muscle relative position change between the SOL and the GM,
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which is within the bounds of possibility due to isometric plantar�exion. It has been

previously reported that all voxels within the GM moved proximally [14] owing to 20%

MVIC of plantar�exion, however information for the SOL was not provided. Conse-

quently, calculation of global length changes of GM and SOL, and the interpretation of

the magnitude and direction of displacement vectors obtained from Demons algorithm

would provide an e�cient method to evaluate muscle relative positon changes. Such po-

sition changes were shown to be the key determinants of myofascial force transmission

e�ects [37, 41]

Despite the fact that maximum level of contraction is restricted by the rel-

atively long scan time, lower level of contractions e.g., 5% MVIC can be studied.

Within-subject comparison of the serial and parallel distributions of 5% MVIC and

15% MVIC of plantar �exion activities may provide a further insight to explain these

exciting results represented by this study. Moreover, the next stage should involve the

assessment of �ber direction length changes due to sustained isometric contractions

with respect to the knee angle alterations.

Muscle �ber tracts, which represent the GM fascicles, have been reconstructed

with a high angular resolution. Therefore, changes in the pennation angles of the

GM tracts upon contraction is also within the bounds of the possibility. However, it

should be noted that �ber direction strain values have been quanti�ed with respect

to the deformed state (15% MVIC of plantar �exion) tracts. For such comparison,

undeformed state tractography must be performed also.

It would also be bene�cial to evaluate the elongation of the reconstructed tracts

between the origin and the insertion points to clarify that the tracts represent non-

tendinous components, solely. As myo�bres approach their tendinous origin or inser-

tion, their diameter decreases substantially and the sarcolemma folds extensively in the

myo�bers longitudinal direction [32]. Depending on the fact that di�usion of the water

molecules is restricted by the organizational arrangements, di�usion anisotropy indices

(e.g., FA) may therefore be a�ected by virtue of such structural changes near the tendi-

nous terminations. Assessment of the changes in FA values within tracked GM muscle
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�bers with respect to their distance to the super�cial and deep aponeuroses should

therefore be a starting point to describe the elongation of the reconstructed tracts.
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5. CONCLUSION

Improvement and successful application of the experimental techniques based

on MRI have enabled the quanti�cation of in-vivo local deformations along the �ber

direction of the human medial gastrocnemius that undergoes submaximal isometric

activation. To our knowledge, this is the �rst study in the literature that enables the

assessment of such physiologically relevant information. Results from �ve healthy fe-

male subjects have shown that strain distribution within individual �bers and mean

length changes in di�erent �bers show a remarkable heterogeneity. These �ndings point

out the presence of force transmission in the cross-�ber direction, which is termed as

myofascial force transmission . Therefore, the classical point of view on skeletal mus-

cle mechanics which considers that force transmission takes place solely in the my-

otendinous junctions is not tenable. Because, such consideration implies that skeletal

muscles are independent actuators and they undergo uniform length changes upon any

activation. Since it has physiological in�uences on the muscle length range of force ex-

ertion, heterogeneous length change in the muscle �ber direction is clinically relevant.

Therefore, investigation of such distribution characteristics has a key importance in the

etiology of spastic paralysis and also provides a better understanding of the mechanical

interactions between skeletal muscles within their surroundings. Furthermore, present

experimental methods form a basis for future studies to be focused on the in-vivo e�ects

of botulinum toxin treatment on the mechanical behavior of skeletal muscle.
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