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ABSTRACT

DEFORMATION ALONG HUMAN MEDIAL
GASTROCNEMIUS MUSCLE FIBERS IN VIVO DURING
LOW-LEVEL PLANTAR FLEXION ACTIVITY

Mechanical behavior of skeletal muscle has been previously shown to be deter-
mined by the interactions between contractile elements of the muscle and the extracel-
lular matrix. Moreover, in the level of a whole limb, interactions between muscles and
non-muscular structures through connective tissues have been shown to affect muscular
mechanics causing varying force and movement production. The central determinant
of those effects is sarcomere length changes and their heterogeneity along the muscle
fibers. Quantification of that for human muscles in vivo is lacking. This study utilized
magnetic resonance imaging (MRI) in combination with non-rigid demons image reg-
istration method to quantify local muscle tissue deformations. Additionally, diffusion
tensor imaging (DTT) was used in order to determine muscle fiber direction. Combina-
tion of those methods allowed quantifying length changes along muscle fibers, in wvivo.
Presently, this method was applied to the medial gastrocnemius muscle (GM) of female
subjects (n = 4) following a transition from 15% to 5% maximal voluntary contraction
(MVC) in sustained isometric plantar flexion activity. The aim was to test the hypoth-
esis that low-level plantar flexion activity tested results in non-uniform distribution of
strain along the muscle fibers. The results show sizable simultaneous lengthening (by
up to 32.7%) and shortening (by up to 15.5%) occurring along the same muscle fiber
tracts. In addition, average distribution of strain across fiber tracts was also found to
be heterogeneous. Therefore, the posed hypothesis was confirmed. The findings are ex-
plained through the effects of myofascial force transmission on skeletal muscle function.
Insight from this work can find practical application in surgical interventions such as

aponeurotomy, tendon transfer surgery, or procedures like botulinum toxin treatment.

Keywords: Diffusion tensor imaging, Magnetic resonance imaging, Tractography,

Gastrocnemius, in vivo, Myofascial force transmission.
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OZET

INSAN MEDIAL GASTROKNEMIUS KASI FIBERLERI
BOYUNCA DUSUK SEVIYE PLANTAR FLEKSIYON
AKTIVITESI SIRASINDA IN ViVO DEFORMASYON

Iskelet kaslarinin mekanik davranismin kasin kasilabilir elemanlar: ile hiicre
dis1 matrisin etkilesimine gore belirlendigi 6nceki ¢aligmalarda gosterilmigti. Dahasi,
tiim uzuvun o6lgeginde, bag dokular aracihigiyla kaslar arasinda ve kas dis1 yapilarla
etkilesimin degisken kuvvet ve hareket iiretimi ile kas mekanigini etkiledigi goster-
ilmigtir. Bu etkilerin ana belirleyicisi sarkomer boyu degisimleri ve bunun kas fiber-
leri boyunca heterojenligidir. Bunun insan kasinda in vivo miktarinin tayini eksik-
tir. Bu ¢aligmada, manyetik rezonans goriintiilleme (MRG) ile demons esnek goriintii
cakistirma metodunun birlegsiminden yerel kas dokusu deformasyonlarinin miktarini
belirlemek {izere yararlanildi. Ek olarak, iskelet kasinin fiber yoniinii belirlemek iizere
difiizyon tensorii goriintilleme (DTG) metodu kullanildi. Metodlarin birlegimi fiber-
lerdeki uzama ve kisalmalarin in vivo olarak oOlgiilmesine izin verdi. Bu metod kadin
deneklerin (n = 4) medial gastrocnemius (GM) kaslarinda %15°lik siirekli izometrik
plantar fleksiyon maksimal istemli kasilma aktivitesinden %5 seviyesine gecisi takiben
uygulandi. Caligmanin amaci, test edilen diigiik miktarda plantar fleksiyon aktivitesinin
kas fiberleri boyunca homojen olmayan boy degisimleri olusturdugu hipotezini test
etmekti. Sonuglar aym kas fiberi traktlar tizerinde eszamanh uzamalar (% 32,7’ye
kadar) ve kisalmalar (% 15,5’e kadar) olugtugunu gostermektedir. Ek olarak, kas
fiberleri arasindaki ortalama boy degisimlerinin dagiliminin heterojen oldugu gozlendi.
Sunulan hipotez sonuclar 1s18inda dogrulanmigtir. Bulgular miyofasyal kuvvet ileti-
minin iskelet kaslarinin fonksiyonu tizerindeki etkileri aracihigiyla agiklanmaktadir.Bu
calismadan elde edilen 6ngoriiler aponevrotomi, tendon transferi ameliyati gibi cerrahi

miidahalelerde, botulinum toksin tedavisi gibi prosediirlerde pratik uygulama bulabilir.

Anahtar Sozciikler: Difiizyon tensor goriintiileme, Manyetik rezonans goriintiileme,

Traktografi, Gastrocnemius, in vivo, Miyofasyal kuvvet aktarimai.
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1. INTRODUCTION

Skeletal muscles are the active components of the musculoskeletal system and
animate the system by generating force. They consist of muscle fibers — the cells of the
muscle, connective tissue, neural tissue, and vascular tissue. Neural tissue establish the
connection of muscles to the central nervous system (CNS). This allows for voluntary
activation and feedback such as fatigue. Vascular tissue is required for perfusion as
with all tissues with metabolism. Muscle fibers and connective tissue require further

definition pertinent to this study.

Muscle fibers contain myofibrils, the structure that is responsible for contraction.
Myofibrils are considered to be a serial arrangement of a single functional unit named a
sarcomere. Sarcomeres can further be broken down into thin and thick filaments, which
appear as stripes under the microscope. This appearance gave rise to the alternative

name striated muscle.

Sarcomere operation has been increasingly well understood in the microscopic
level, since Huxley [6] and Huxley [7] described the sliding filament theory based on
observations made on striated structure of the muscle. Artist’s representation of the
sarcomere is shown in Figure 1.1. The region between two Z-lines (Z-disks) is repeated
to form the myofibril. Thick and thin filaments are protein structures named myosin
and actin proteins, respectively. Actin proteins are anchored to Z-discs, myosin pro-
teins are located overlapping with actin filaments. Other proteins inside the cell, such
as titin, nebulin, a-actinin, tropomyosin, help facilitate and stabilize the sarcomere

operation.

Upon neural activation, myosin filaments spend chemical energy in form of ATP
to slide over the actin filaments and bring the Z-discs closer together, thus shortening
the system. Operation does not work the other way though, elongation is always due

to external forces. The amount of overlap between actin and myosin filaments is the
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Figure 1.1 Model of the sarcomere [1].

determinant of active force generated by the sarcomere. Sarcomeres are certainly the
source of muscular contraction, however, it is not possible to merely summarize the
muscle as a population of sarcomeres. Connective tissue in the muscle rather plays an

important role in collective operation and interaction of sarcomeres.

In order to better understand the complex collective behavior of the muscle,
one needs to look at the complex hierarchy of the muscular structure. Muscle fibers
encapsulate a bundle of myofibrils with sarcolemma. Neighboring myofibrils are me-
chanically connected to each other and sarcolemma, which in turn is connected to the
endomysium, forming a tubular structure for the myofibrils to operate in. Endomysial
tunnels are so well connected that they can be considered to form a singular structure
named the extracellular matrix (ECM). This structure is encapsulated by perimysium,
forming fascicles. Finally, fascicles are enveloped by the epimysium at the periphery of
the muscle (see Figure 1.2). Connective tissue extend beyond the muscle belly form-
ing a tendon or aponeurosis. Tendons terminate at a bone typically after passing a
joint. The muscle’s epimysium also have collagenous connections to neighboring mus-

cles through structures like neurovascular bundles, extending mechanical connections



of connective tissue beyond the epimysium.
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Figure 1.2 Hierarchical structure of the muscle [2].

It is often considered that tendons are the primary isolated tissues that are re-
sponsible for transferring forces generated by muscle to the rest of the system. Although
tendons are elements specialized in force transfer, they are not the sole determinants
of it: for instance, (i) Skeletal muscle is also capable of distributing force across its
direction of fibrosity through its internal elastic and structural network [8, 9]. This
mechanism is referred to as intramuscular myofascial force transmission (MFT) [10]
. (ii) Muscle is mechanically linked to neighboring muscles through collagenous links
as well as through non-muscular tissues — e.g. collagen reinforced structures envelop-
ing nerves and blood vessels (neurovascular tracts). This mechanism is referred to as
epimuscular myofascial force transmission (EMFT) [11, 12, 13, 14]|. In other words,
muscular force transmission mechanisms are not restricted by the "boundaries" of the
muscle belly, but large quantities of muscle forces can be also transmitted via muscle

related connective tissues.

Connections between different groups of muscles (epimuscular) and connections
between components of a muscle (intramuscular) both affect muscle operation. Huijing
et al. [12] imposed equal proximal and distal lengthening on rat extensor digitorum

longus (EDL) while keeping connective tissues around the muscle intact. Forces mea-



sured at proximal and distal tendons were shown to be unequal. Active force-length
relationship of the muscle varied based on its position relative to its surrounding struc-
tures. This shows that obtained length-force values under one condition cannot be
utilized to extrapolate or to predict possible length-force values in other conditions.
That is, the length-force relationship of the muscle cannot be taken to be a constant —

a unique property — under all conditions.

In another study [15], a finite element model of the muscle was used to model
muscular dystrophy. Muscular dystrophy occurs due to the lack of dystrophin, a cy-
toplasmic protein that binds the cytoskeleton to surrounding extracellular matrix. In
order to replicate the deficiency of dystrophin in the model, stiffness of the connec-
tions between myofibrils and extracellular matrix were reduced. Muscle operation was
altered — damaged — significantly, when intramuscular strain distribution was modified
by weakening the connections. Similar results were obtained both in simulations and

aponeurotomy application on rats [16].

These results contribute to inquiry that some of the inherent assumptions in
classical models may have been rather too simplified or reductionist. Strain distribution
in the muscle is indeed non-uniform [15, 16|. Therefore, we need to better grasp
the epimuscular and intramuscular connections that contribute to this non-uniformity:.
Skeletal muscle will present various strain patterns on it even at a singular muscle
length, according to changes in its surroundings. Thus, resulting in situations like
varying maximal forces and optimal muscle lengths of a muscle. Yet, this problem
is often overlooked by agglomerating muscle behavior to a characteristic model and
assuming no behavioral change in different mechanical configurations. Moreover, it is
not known well if the previously theoretically shown non-uniform strain distributions

are relevant for human muscles in vivo.

In this thesis, we propose one way to approach this problem by combining
strain analysis and fiber tractography techniques in order to derive strain distribution
in the fiber direction of human medial gastrocnemius muscle (GM) in vivo (Figure

1.3). Data gathered from two different levels of activation of the same muscle helps



us evaluate the significance of myofascial force transmission (for technical results in
isometric contractions, see [17]). In this work, we examined two levels of contraction
of GM at 15% and 5% isometric maximal voluntary contraction (MVC). We gathered
T1 weighted 3-D images of the lower leg in magnetic resonance image scanner (MRI).
Using the acquired images we calculated strain fields by applying the demons algorithm
method [18|. Therefore, although we do not measure force directly, we aim at inferring

the effects of it by elaborating on deformations in tissue in a unique way.
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Figure 1.3 The gastrocnemius muscle as seen from the posterior [3] and on an axial slice [4].

While applying the strain analysis method, we also performed fiber tractography
techniques. Fiber tractography technique gave us information about the orientation of
muscle fibers, and based on this the orientation of myofibrils, within the local muscle
volume studied. Previous studies [17] observed strain in active muscle and found si-
multaneous positive and negative length changes. However, they did not examine or
determine whether or not positive and negative length changes were in fact along the
same fibers of the muscle. Pennation angle of GM is of importance to make physiolog-
ically relevant observations and interpretation of the strain data. Sarcomere length is
directly connected to force generation of the skeletal muscle. Therefore, seeing changes
in sarcomere length in a direct manner makes it possible for us to make judgments

about the force generation function of the active muscle.



In light of this background, the aim of this thesis was to test the hypothesis that
sustained low-level plantar flexion activity causes heterogeneous strain distributions

along the muscle fibers of the human GM, in vivo.



2. METHODS

The purpose of this study was to observe changes in GM fiber length in a
direct manner in order to make judgments on the force generation function of the
active muscle. In approaching this problem, we combined strain analysis and fiber
tractography techniques in order to derive distribution of changes in length in the fiber

direction of human GM, in vivo.

Experiments were conducted on four subjects. Prior to the imaging study, force
that was exerted by each subject while performing isometric MVC during plantar
flexion effort was measured. Then, subjects were placed inside an MRI scanner. Their
feet were strapped to a custom built foot pedal mounted with an MRI-compatible strain
gauge. Subjects performed sustained 15% and 5% MVC isometric plantar flexion. High
resolution anatomical images and diffusion tensor images (DTI) of the lower leg were

acquired at this time.

Strain tensor data was derived from the high resolution images by applying
demons non-rigid image registration [18]. Skeletal muscle fibers were tracked by ap-
plying fiber tractography technique on the DTT image set [19]. Fiber tracts gave us
information about the orientation of muscle fibers within the muscle volume studied.
Strain information was then mapped on the derived tracts in order to observe changes
in fiber tract length. Fiber tract lengthenings and shortenings were studied by statis-
tical tools and visually reconstructed in 3-D. Although spatial resolution limitations of
employed MRI sequences, combined strain and fiber direction information allowed us

to make physiologically relevant observations and interpretations.

2.1 Subjects

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

lations concerning human welfare and experimentation set by Turkish law and approved



by a Committee on Ethics of Human Experimentation at Bogazici University, Istanbul.
Four female subjects volunteered for this study. All subjects were non-athletes and all
reported a clean bill of musculoskeletal health. Subjects were selected to be exclusively
female to minimize absolute inter-subject anthropometric differences. Following a de-
tailed explanation of the purpose and methodology of the experiments, subjects gave
their written informed consent. Physical information of the subjects are presented at

Table 2.1.

Table 2.1
Anthropometric data for the subjects.

Subject || Height (cm) | Weight (kg) Age Knee extension (°)
A 160 47 25 178
B 154 45 27 176
C 160 52 29 176
D 165 56 28 178

2.2 Experimental Protocol

Experimental setups, devices used, MRI sequences and post processing steps

are detailed in this section.

2.2.1 Maximal Voluntary Contraction Measurement

All subjects’ individual isometric MVC during plantar flexion were measured.
Subjects were placed on a table in prone position. Right foot was put on a custom
built force measuring pedal (Figure 2.1), such that the knee joint was maximally ex-
tended and ankle angle was 90°. Pedal was equipped with a strain gauge to measure
the force exerted by the subject. Foot was firmly fastened to pedal’s base in order
to maintain ankle angle without activation of dorsiflexor muscles. Pre-gelled, self ad-

hesive electromyography (EMG) surface electrodes were applied on the lower leg to



collect muscle activation data from tibialis anterior (TA), soleus (SOL), GM, and lat-
eral gastrocnemius (GL) during subject’s plantar flexion effort (Biopac MP150 with
DA100C, CA, USA). Note that all strain gauges used in this study were calibrated

using precision calibration weights.

Figure 2.1 Force measurement pedal used in determining MVC.

Subjects were asked to push the pedal with maximum effort and maintain the
push for five seconds. This was repeated minimum of three times with two minute rest
periods in between. If the force between tries varied less than 5%, largest reading was
taken to be the MVC in plantar flexion for the subject. Otherwise, additional maximal
efforts were performed until the variation became less than 5%. Subjects were then
trained to exert and sustain isometric 15% and 5% MVC for six minutes with the help
of visual feedback; same visual feedback to be used during MRI data acquisition. Six

minutes was selected because it is the approximate time for the MRI sequences used.

2.2.2 Image Acquisition in MRI

Subjects were placed inside a 3T full body MR scanner (Siemens Magnetom Trio,
Erlangen, Germany) in prone position, feet first. Right foot was put in a pedal and
fastened to its base, such that the knee joint was fully extended (177°+1°) and ankle

angle was 90°. Pedal was made of MRI compatible material, and was equipped with a
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strain gauge, also MRI compatible. A piece of Velcro was attached over the patella to
anchor the knee joint on the MRI table, thus immobilizing the knee. Care was taken
not to exert external loads on the muscles and tendons of interest. MVC percentage
data was fed to the subject in real time from an MRI compatible monitor (Telemed,
Istanbul, Turkey). Feedback allowed the subjects maintain 15% and 5% MVC plantar
flexion during data acquisition. Imaging study was performed in Kozyatagi Acibadem

Hastanesi, Istanbul.

Figure 2.2 Positioning of the subject and the strain gauge mounted force measurement pedal inside
the MRI bore.

Two 6-channel surface coils were mounted on either side of the pedal, at the
region corresponding to the lower leg (Figure 2.2). Anatomical images were obtained
using a 3D turbo fast - low angle shot (3D Turbo FLASH) sequence. Field of view
(FOV) was selected to be between most proximal part of the head of tibia and most
proximal part of the transverse crural ligament. Slice orientation was coronal, proximo-
distal direction was frequency encoded, and left-right direction was phase encoded.
Left leg was also placed inside the FOV in order to avoid aliasing artifacts as it was in
phase encoding direction. A high bandwidth was selected to minimize chemical shifting

artifacts.

DTI data was acquired using single-shot echo planar imaging (ss-EPI) based
multi-directional sequence. 2D planar slice selection was done axially. FOV was se-
lected to begin at proximal neck of tibia and extend along longitudinal axis the size
of axial image stack (112 millimeters, Figure 2.3). Fat suppression excitation was per-
formed and frequency encoding direction was selected to be posterior-anterior direction
to keep the chemical shift artifacts outside gastrocnemius (GAS) muscles. Reader may

refer to Table 2.2 for anatomical MRI and DTI sequence parameters.
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Figure 2.3 3-D reconstruction of the lower leg in (a) anterior view (b) posterior view. (M) is the
volume imaged by DTI sequence (N) is the volume strain analysis was applied on.

Anatomical and DTT data were collected for two states of each subject. Images
were acquired at isometric 15% MVC plantar flexion as the reference undeformed state;

the process was repeated at isometric 5% MVC plantar flexion as the deformed state.

2.2.3 Determination of DTI Parameters

Determining the specific parameters to be used during the DTT study required
striking a balance between the image quality and the imaging duration. Imaging du-
ration required to be short, in order to ensure that the subjects could sustain a stable
level of contraction. On the other hand, image quality was directly proportional to the
time spent during acquisition. The ultimate goal of DTI image acquisition was per-
forming fiber tractography. Metrics used by tractography (e.g. fractional anisotropy
(FA)) were reported to require a high signal-to-noise ratio (SNR) level [20]. Thus, SNR

was set as the primary determinant of image quality.

A number of parameters were required to be considered in order to successfully
get the desired data. For instance, a FOV containing the region-of-interest (ROI) was
to be selected. However, FOV size was limited by time constraints — a larger volume
required longer time — as well as by the effects of magnetic field inhomogeneity [21].

A b-value suitable for the muscle tissue was selected from the range confined by the
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literature [22, 23, 24|, and after performing trials at two different b-values. Table 2.2
summarizes eight trials performed in order to determine the optimal parameters that
would yield the highest SNR. Single image SNR was calculated from the b0 magnitude

image of a single excitation using the eq. 2.1 as defined by Henkelman [25].

average signal at ROI

NR = 0.
SNI = 0.695 std. dev. of background

(2.1)

The number of excitations (NEX) improved the effective SNR by accumulating
the signal from different repetitions. As a result, parameters for Trial-5 was elected to

be used in the actual imaging study.
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2.3 Post-Processing
Images contain information on morphological change of lower leg structures, and

orientation of anisotropic structures like nerves, veins and muscle fibers. It is necessary

to calculate and isolate the information of interest through mathematical means.

2.3.1 Derivation of Strain

2.3.1.1 Quantification of Displacement Field. Displacement field is a set of

vectors defining each voxel’s change of position in space to have arrived its position
in the deformed state form the undeformed state. A non-rigid, non-parametric image
registration algorithm treating image matching as a diffusion process named demons
algorithm [18] is employed to derive the displacement field information. The algorithm
accepts two images as input, one static and one moving, and outputs the displacement
field (Figure 2.4). The algorithm iteratively approximates one image to the other us-
ing a strategy analogous to diffusion. To this end, the algorithm computes a difference
image between static and moving image and divides them with the image intensity
gradients in the static image. When the image intensity gradient becomes too small, a
computational error arises because small numbers in the denominator cause displace-
ment vectors to have infinite value, thus leading to instability. This is overcome by
introducing a smoothing Gaussian kernel between each iteration, until convergence is

achieved based on set criterion.

Anatomical images and DTI both represent a sub-section of the same subject.
Since the subject is not re-positioned between acquisitions, two images overlap at the
ROI of the right lower leg in the physical domain. However, differences in acquisi-
tion schemes, resolutions and FOV cause the images to differ in their image domains.
To overcome inconsistencies, anatomical image direction conventions were matched to
DTI’s. Followed by removing the superfluous data (e.g. left leg) in the anatomical
image; leaving 32mm buffers above the proximal and below the distal boundary of the

region corresponding to the DTI. Buffer zones allow for boundary artifacts produced
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Figure 2.4 Calculated deformation field is masked to GM muscle and applied on a grid. Grid is
then superimposed on axial (left) and sagittal (right) GM slice views [5].

by demons algorithm to subside. Subsequently, demons registration was performed on
the anatomical images between undeformed and deformed states in MATLAB R2012a
(The Mathworks Inc., Natick, MA).

Demons registration outputs the displacement field as mapped to the unde-
formed state. That is, a displacement vector defines a grid point in the undeformed
image moving an arbitrary amount to reach its new position in the deformed state, not
necessarily landing at a point on the deformed state image grid. However, our subse-
quent analysis steps require the displacement field to conform to said grid. To achieve
this, displacement vectors were transformed to their corresponding grid positions in

the deformed state.

2.3.1.2 Quantification of Strain Tensors. Differences in displacement of adja-

cent voxels constitute the basis of strain. One can intuitively see if neighboring voxels
move further away from each other, lengthening will occur. Conversely, if voxels move
closer together, underlying structure will have shortened. In three dimensional space,
in order to express the full change in displacement, a 3-by-3 Jacobian matrix is needed.
This matrix is termed a displacement gradient (G), and can be expressed as follows

(Eq. 2.2).
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where @ = [uy, uy, u,] is the displacement vector. A suitable measure for finite

strain is the Green-Lagrange strain tensor (e), defined as:

e —

(G+G")+ ;GTG (2.3)

DN | —

where e is a 3-by-3 symmetrical matrix.

2.3.2 Muscle Fiber Tractography

Diffusion tensor tractography is a post-processing technique applied on the DTI
data in order to detect configuration of tubular structures (tracts) inside the tissue of
interest in vivo |26]. Tissue type and tract direction are inferred by making use of
anisotropic diffusion of the water molecules. 3-D reconstruction of tracts allows us to

visualize connectivity information at the macro scale that otherwise would be confined

to single voxels.

MRI images are afflicted with Rician noise. It is imperative to apply noise re-
duction on diffusion weighted images (DWI) before applying diffusion tensor estimation
[27]. Rician noise reduction was also shown to improve fiber orientation estimation [28].
In this study, DWI were de-noised using a joint information noise reduction algorithm.
Joint information here means that images of the same slice but with different diffusion
vectors are utilized in calculating noise estimation. Level estimation for the noise was

performed using linear minimum mean square error estimator in MATLAB R2012a



17

(The Mathworks Inc., Natick, MA) [29].

A modified version of the VAV frame™ software was used (VAVlab, Istanbul,
Turkey) [30, 31]) in order to perform muscle fiber tractography. Firstly, de-noised DWI
were used to perform diffusion tensor (DT) estimation for each voxel. From DTs, frac-
tional anisotropy (FA) parameters were calculated. Seed points were selected from the
voxels having a minimum FA of 0.1 [32]. Seed points were tracked bidirectionally fol-
lowing the principal diffusion direction of the DT. Half of the smallest voxel dimension
was used as the step size, i.e. 0.7 mm [33]. At points corresponding to non-integer
points on the image grid, Log-Euclidian framework was used for DT interpolation.
Tracts were terminated if FA was greater than 0.5 or curvature per step exceeded 5°.
Also, tracts were confined between 30-50 mm of length in order to adhere with GM
muscle geometry [34]. Muscle tract reconstruction was carried out using a 4% order

Runge-Kutta streamline integration algorithm [35].

Muscle fiber tractography process yielded a set of tracts as its result. However,
despite set termination conditions, limitations in resolution and noise suppression still
allowed the algorithm to surpass tissue boundaries. For instance, some tracts were
found to traverse neighboring muscles and aponeurosis. Additional elimination steps
were employed in order to filter out extraneous tracts. Two ROI masks were prepared
on axial slices. Only the fibers passing through both ROIs were kept. Fibers extended
outside GM anatomical boundaries and fibers that do not comply with GM pennation
angle range were also manually extracted from the fiber set. Resulting fibers were

found to be representative of the GM muscle (Figure 2.5).

2.3.3 Combining Fiber Tracts with Strain

Strain in fiber direction is physiologically relevant information as it pertains to
sarcomere length changes. It is derived by combining strain tensor data with fiber tract
data [36]. Operation involves the local strain tensor and the unit tract vector. Unit

tract vector is the vector with magnitude of one that represents the local direction of
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Figure 2.5 GM fiber tracts in coronal view. Pennation angle is in agreement with previous anatomical
knowledge and hinted fiber angles in the image.

a given tract in 3-D space. It is numerically obtained by subtracting neighboring tract
nodes’ position vectors and normalizing its magnitude; denoted as t. Magnitude of

strain in tract direction is extracted from strain tensor using the Eq. 2.4.

Sfiber = iTet_' (24)

where Syipe, is the scalar value representing the magnitude of strain. Strain
information is only readily available on anatomical image grid points. Tracts, however
are not constrained by the image grid. Hence, strain tensor was estimated via linear

interpolation in off-grid points of tracts.



19

2.3.4 Visualization of Strain Along Tracts

Fiber tracts and their corresponding fiber direction strain information were
transferred into 3D Slicer software [37]. Reconstructed muscle fiber tracts were vi-
sualized and strain information was color coded onto the tracts using tractography

display module of 3D Slicer.

2.3.5 Estimation of Errors

Synthetic rigid body motion was imposed on the undeformed state anatomical
image. In order to obtain the synthetically generated image, the following operations
were performed on the undeformed state anatomical image: 10° rotation about the
axial plane, 3° rotation about the sagittal and coronal planes, 4 mm axial rotation.
Original and generated image pair were fed to the data processing pipeline. Since the
modifications are entirely rigid — only rigid transformations of rotation and translation
in 3-dimensional space — the amount of deformation should theoretically be zero. How-
ever, in practice, resampling and demons algorithm cause minor deviations from zero

which we take to be our error estimate (see the box plots in Figure 3.1).

2.3.6 Statistics

Non-parametric Wilcoxon rank-sum tests were performed on fiber direction
strains vs. fiber direction error strains to evaluate the statistical significance of the
results. Lengthening and shortening were tested separately. Significance level was set

to be p < 0.05.
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3. RESULTS

The difference between mean error lengthening (1+1%) and shortening (2+3%),
and mean fiber direction lengthening (3 £ 2%) and shortening (4 £ 2%) were found to
be statistically significant resulting from a decrease in MVC from 15% to 5% (Figure
3.1a).

03F
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01F

Fiber direction lengthening

0051

005t |

Fiber
direction
shorlening

01F

0 1000 2000 3000 4000 5000
Error Deformation Number of nodes

Figure 3.1 (A) Left block: strain error levels. Right block: strain measurements due to lowered
muscle activation. Box-and-whisker plots showing distribution of local lengthening and shortenings in
fiber direction of GM, due to transition from 15% MVC to 5% MVC isometric plantar flexion. Data
belonging to fibers from all subjects are pooled. Horizontal red line inside the box marks the median
value, blue solid box indicates the IQR, dashed lines (whiskers) extend to show the peak values.(B)
Distribution of strain data pooled from all subjects represented as a bar graph.

3.1 Fiber Direction Strain in Medial Gastrocnemius

Pooled data (Figure 3.1) and 3D representation of fibers per subject (Figures

3.2 to 3.5) show a serial distribution of strain along muscle fibers. Due to lack of joint
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angle changes, global muscle length remained constant. Local length changes along the
tracked muscle fibers were possible though, and that is what we observed. Simulta-
neously occurring local lengthening and shortening along GM fascicles are present at
different locations. A general pattern observed across subjects is a pronounced fiber

direction lengthening close to GM’s insertion to its distal aponeurosis.

It is interesting to note that while the distal end of the GM lengthened, same
fibers exhibit less pronounced lengthening and even shortening toward muscle belly and
proximal tendon region. Inter-subject variability was nevertheless sizable. Pronounced
lengthening (by up to 32.7%) is toward most medial part of GM for Subject-A (Figure
3.2), whereas this is more centered for other subjects. Subject-A also solely presents a
concentrated local lengthening at central-proximal region of the GM at its connection
to the proximal tendon. Lesser length changes appear distributed, albeit not homo-
geneous. Muscle fiber tracts of Subject-A and Subject-D (Figure 3.5) both have their
maximal shortening (by 15.5% for Subject-A and 10.9% for Subject-D) adjacent to the
maximally lengthened region. However, muscle fibers of Subject-B (Figure 3.3) and
Subject-C (Figure 3.4) show maximal shortening (by 7.0% for Subject-B and 10.3%
for Subject-C) at the proximal end of the muscle.

Table 3.1
Statistical summary of strain values along fiber direction, belonging to each subject and with all
fibers pooled. (+) indicates lengthening, (-) indicates shortening.

Subject A B C D  Pooled
Max. lengthening 32.7%  11.8% 10.3%  11.6%  32.7%
Max. shortening 15.5%  10.9% 7.0% 13.8%  15.5%
Mean lengthening 4.7% 2.8% 2.5% 2.8% 3.0%
Mean shortening 3.8% 3.9% 2.4% 4.5% 3.9%
Mean 0.7(:)% 1.6(-)% 0.1(H)% 22:)% 1.0-)%
Median 0.4()% 1.900% 02(0)% 2.3(0)% L0()%
IQR 7.0% 5.8% 4.1% 6.2% 5.8%
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Figure 3.2 3D visualization of the reconstructed GM tracts for Subject-A. Tracts are color coded
to represent deformation strain measured due to tramsition from 15% MVC to 5% MVC isometric
plantar flexion. (a) Anterior-lateral view. (b) Posterior-medial view. Colorbar enumerates fiber
direction strain presented on the tracts. Positive strain indicates lengthening, negative strain indicates
shortening w.r.t. undeformed state.
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Figure 3.3 3D visualization of the reconstructed GM tracts for Subject-B. Tracts are color coded
to represent deformation strain measured due to tramsition from 15% MVC to 5% MVC isometric
plantar flexion. (a) Anterior-lateral view. (b) Posterior-medial view. Colorbar enumerates fiber
direction strain presented on the tracts. Positive strain indicates lengthening, negative strain indicates
shortening w.r.t. undeformed state.
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Figure 3.4 3D visualization of the reconstructed GM tracts for Subject-C. Tracts are color coded
to represent deformation strain measured due to tramsition from 15% MVC to 5% MVC isometric
plantar flexion. (a) Anterior-lateral view. (b) Posterior-medial view. Colorbar enumerates fiber
direction strain presented on the tracts. Positive strain indicates lengthening, negative strain indicates
shortening w.r.t. undeformed state.
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Figure 3.5 3D visualization of the reconstructed GM tracts for Subject-D. Tracts are color coded
to represent deformation strain measured due to tramsition from 15% MVC to 5% MVC isometric
plantar flexion. (a) Anterior-lateral view. (b) Posterior-medial view. Colorbar enumerates fiber
direction strain presented on the tracts. Positive strain indicates lengthening, negative strain indicates
shortening w.r.t. undeformed state.
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3.2 Mean Fiber Direction Strain

Mean fiber strain distributions show variability. For Subject-A (Figure 3.6) and
Subject-D (Figure 3.9) on average, the medial tracts shortened (by up to 3.1% for
Subject-A and 4.6% for Subject-D), whereas the lateral tracts lengthened (by up to
5.2% for Subject-A and 0.3% for Subject-D). For Subject-C (Figure 3.8) the picture is
completely reversed; that is, the medial tracts lengthened(by up to 2.1%), the lateral
tracts shortened (by up to 2.3%). Finally, for Subject-B (Figure 3.7) lengthening and
shortening are relatively evenly distributed (by 0.5% and 3.8%, respectively). For that
subject, the lengthened muscle fibers are only slightly more populous toward the medial

portion of the GM.

Presented results confirm the hypothesis that altering the level of activation
during sustained isometric low-level plantar flexion causes simultaneous length changes

along the muscle fibers of the human GM.
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Strain

Figure 3.6 Mean length change of each fiber for Subject-A. Colorbar enumerates mean fiber direc-
tion strain presented on the tracts. Positive strain indicates lengthening, negative strain indicates
shortening w.r.t. undeformed state.
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Figure 3.7 Mean length change of each fiber for Subject-B. Colorbar enumerates mean fiber direc-
tion strain presented on the tracts. Positive strain indicates lengthening, negative strain indicates
shortening w.r.t. undeformed state.
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Strain

Figure 3.8 Mean length change of each fiber for Subject-C. Colorbar enumerates mean fiber direc-
tion strain presented on the tracts. Positive strain indicates lengthening, negative strain indicates
shortening w.r.t. undeformed state.
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Figure 3.9 Mean length change of each fiber for Subject-D. Colorbar enumerates mean fiber di-
rection strain presented on the tracts. Positive strain indicates lengthening, negative strain indicates
shortening w.r.t. undeformed state.
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4. DISCUSSION

This study aimed to observe the length changes that occur inside the skeletal
muscle and along the muscle fibers during a change in activity. To this end, the GM
muscle was imaged performing sustained isometric contractions varying from 15% to
5% MVC. We collected detailed anatomical images and DTI data, then processed the
raw data to get strain and fiber directionality information. Distribution of local muscle
fiber direction length changes were observed to be inhomogeneous in response to the
tested change in muscular activity. Previous studies have shown similar results (e.g.,
[38, 17]), however they were not combined with muscular tract information in order
to approximate length changes along muscle fibers. In this study, this method guided
the experimentation, data analyses, and visualization. This in turn, allowed observing
how strain is distributed in series along and laterally among muscle fiber tracts. Two
important methods were key to obtain results in this study: fiber tractography through
DTI, strain analysis through demons image registration and correlating data from
these two sources (by vector mathematics). The methodology developed is unique
and assessment of fiber direction strain distributions resulting from muscle activation

change is novel.

There have been two main approaches in attempting to detect local tissue de-
formations in vivo. First is the direct method utilizing cardiac sequences such as Cine
phase contrast (PC) [38, 17|, spatial tagging [39], displacement encoding with stim-
ulated echoes (DENSE) [40, 41| to track mobile tissue in repetitive motion. Second
approach is to use non-rigid image registration as a post-processing step to infer the
changes between two static states. Demons registration method has been previously
utilized to study the effects of knee angle change [42, 5], application of kinesiotape [43]
on the muscles of the lower leg. Registration method also was used combined with
muscle fiber tractography to study knee angle change [19], and plantar flexion activity
[44].
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When using a direct method for strain detection, rapid repetition between de-
sired states is a necessity. To achieve detection tissues need to be dynamic because
magnetically tagged muscle tissue loses useful coherence in the order of a second [45].
[sometric contractions were studied by having subjects perform consecutive contrac-
tions in fast succession. For instance Kinugasa et al. [17] studied GM aponeurosis in
isometric conditions under 64 contractions per minute. Image registration method, in
contrast, allows for persistent change without time limitations. Study of conditions

such as sustained isometric plantar flexion activity requires this property.

Earlier finite element modeling studies showed that muscular activity causes
simultaneous lengthening and shortening along the same fibers, theoretically |15, 46].
The results were achieved by treating intracellular domain and ECM domain of skeletal
muscle as elastically connected separate entities. Interaction between active elements
and ECM modifies the length-force characteristics of the muscle in different contexts.
Renewed understanding has implications on surgical interventions such as aponeuro-

tomy [16, 47|, botulinum toxin treatment [48, 49].

Existence of epimuscular interactions have previously been shown [14, 50, 51].
This relies on connective tissue structures such as collagen reinforced neurovascular
tracts that interconnect neighboring muscles in the same compartment as well as distant
muscles in different compartments. On joint position changes relative positions of these
muscles change with respect to each other and this stretches connective tissue structures
and leads to myofascial loads to act on the muscle bellies. Changes in muscle activity

can also affect these loads.

A consequence of myofascial loads is that they affect deformation of muscle
tissue and cause variations of that within the muscle belly. This has a component
along the muscle fibers as well and leads to heterogeneously distributed lengthening
and shortening along the same muscle fibers. Neighboring muscles such as SOL and
GM places share epimuscular connections that are capable of imposing deformation
when the relative position between the pair changes. Pamuk et al. [19] observed

proximal lengthening combined with distal shortening on GM when knee extension
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was imposed, alluding to SOL connections stretching to apply a distal force on GM
muscle belly. While carrying such myofascial loads, epimuscular connections’ ability

to act as force transmission pathways during muscle activity also alters [52].

Karakuzu et al. [44] attributed their results showing a general pattern of distal
lengthening and proximal shortening to neurovascular tracts carrying force generated
by SOL to GM. In that work, the authors visualized key neurovascular tracts and
quantified principal strains along those structures. This indicates that the neurovas-
cular tracts are indeed exposed to myofascial loads and that they can transmit those
into the muscle belly. Karakuzu et al. [44] showed that local high stretches along the
muscle fascicles are concentrated in locations where the neurovascular tracts enter into

the GM.

The results show that fibers are simultaneously lengthened and shortened along
their length. Presence of variance in length changes were previously shown in in wvitro
animal studies [8] and model studies |15, 53]. At first glance this result can be counter-
intuitive because fibers are activated along their entire length. Such an argument over-
looks or underestimates the effect of connective tissues on muscle’s operation. When
the non-uniform interaction with the fascia as a function of position is taken into con-

sideration, one can make sense of this result.

Individual variability on the strength and elasticity of mechanical connections
between GM and SOL is not well studied. While it is difficult to point to a general
pattern, lengthening in distal part of GM was a shared property among subjects. It
can therefore be said that, distal lengthening was increased with decreased muscular
activity. Amount of changes in length were relatively low, with a maximum of 32.7%
in Subject-A, compared to 108% strain observed as a result of transition from passive
condition to 15% MVC contraction of GM [44]. Global GM movement in proximal
direction relative to SOL, due to plantar flexion activity was previously observed [17].
Amount of movement was proportional to the amount of contraction. Decrease of
contraction therefore must have resulted GM moving to a more distal position and

altering the myofascial loads bearing on the muscle belly in a non-uniform fashion.
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Muscle recruitment strategies were found to differ during both dynamic exercises
[54], and varying levels of isometric activity [55]. This mechanism might also explain the
somewhat checkered distribution of fiber direction length changes on the GM. When the
level of contraction changed, muscle recruitment strategies employed by the subjects
during the imaging must have necessarily altered. Subjects may have produced the
required force by utilizing a different population of fibers. Yet, interaction of muscle
and the fascia will change on decreased muscle activation such that myofascial loads
acting on the GM in the present work must differ compared to the previous study
testing 15% MVC [44] both in terms of amplitude and direction. Changing sarcomere

lengths in the two configurations can be explained as a result of such variation.

Ates et al. |56, 57| intraoperative studies on human spastic muscle has shown
the significance of MFT in a clinical setting. Also, effects of administering botulinum
toxin type A (BTX-A) were examined through in situ animal studies [58, 59] and
finite element model studies [48, 49]. Medical practitioners can glean information on
mechanical state of the patient prior to an intervention through the means this study
was conducted. And, once an operation has gone underway, ability to gather data,
in vivo will remain useful for monitoring muscle tissues’ progress; and ultimately be

useful in assessing the utility of the operation.

Improved understanding of mechanics further can be applied on injuries as well
as pathologies(e.g.[40]). Human studies regarding mechanical effects of BTX-A, in
vivo is lacking. Application of this methodology also presents a research opportunity
in this area. This study can be extended to inspect mechanical interactions between
synergistic muscles (e.g. GAS, SOL) and antagonists. Currently, a technical limitation
in DTT image acquisition — ghosting of fat tissue overlapping with muscle tissue partially

— prevents the completion of such study.



33

5. CONCLUSION

The present findings show simultaneous lengthening and shortening along GM
muscle fibers, as well as among them. Despite the resolution limitations due to the
imaging modality, these results allude to serial and parallel sarcomere length hetero-
geneity. Variance in sarcomere length changes has been linked to muscle’s range of
force exertion capability [60]. Also, heterogeneity in the parallel strain distribution
was indicated to extend the optimal muscle length [61]. Finite element modeling stud-
ies revealed the mechanisms behind those findings for healthy muscles [46, 52|, as well
as for pathological muscles undergoing interventions [47, 62]. Present study offers prac-
tical evidence for the validity of the modeling studies. Thus, the methodology used
in this study can be applied as a tool for evaluating changes in the range of motion
in human muscles. Range of motion is hindered in the atrophied muscles. Methods
of this study can be applied to evaluate the effectiveness common interventions (e.g.
botulinum toxin treatment, aponeurotomy), and perhaps guide practitioners’ course of

action.

In conclusion, advanced MRI and DTI techniques were combined to generate
a method capable of analyzing length changes in the muscle fiber direction. Study
of varying muscular activity revealed sizable distribution of strain along human GM

muscle fibers, in vivo.
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