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ABSTRACT

INVESTIGATION OF KINESIO TAPING EFFECTS ON
MUSCULAR MECHANICS WITH NOVEL IMAGING
ANALYSES

Kinesio Taping (KT) is an elastic therapeutic tape that is utilized for the pre-
vention and treatment of various neuromusculoskeletal disorders and sports injuries.
Despite its widespread use especially improving muscular function, there is a lack of
understanding of its effects on muscular mechanics. In vivo analyzes of muscle mechan-
ical response to external loads caused by KT is crucial to define its unknown action
mechanism and to improve this kind of therapeutic approaches. Due to continuity
of fascial system by muscular connective structures (epimysium, perimysium, and en-
domysium) and the interaction between muscle fibers and extra cellular matrix, loading
effects imposed by KT are likely to be distributed to deep muscular fascia via force
transmission. This thesis aims to address these effects by tensiomyography (TMG) and
combination of Magnetic Resonance Imaging (MRI) based deformation and Diffusion
Tensor Imaging (DTT) based fiber tracking analyzes. TMG analysis revealed that KT
caused an increase in muscle tissue stiffness and a decrease in muscle rate of force de-
velopment. Results of MRI-based deformation and DTI-based fiber tracking indicated
that KT-imposed external loads lead to along-fascicle shear strains and along-fascicle
length changes in terms of lengthening and shortening and strain distribution were
heterogeneous for all subjects. In summary, non-invasive in vivo analyzes were used to
evaluate the effects of KT on muscular mechanics. Among these analyzes, the TMG
method was used to measure the effects of KT on the mechanical properties of the
muscle, while the MRI and DTI methods were used to measure the effects of KT on

along-muscle fascicle shear strains and length changes.

Keywords: Kinesio Taping, Tensiomyography, Diffusion Tensor Imaging, Magnetic

Resonance Imaging, Myofascial Loads.
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OZET

KINEZYO BANTLAMANIN KAS MEKANIGI UZERINE
OLAN ETKILERININ GUNCEL GORUNTULEME
ANALIZLERI ILE INCELENMESI

Kinezyo Bantlama (KB), gesitli néromuskuloskeletal hastaliklarin ve spor yaralan-
malarinin énlenmesi ve tedavisinde kullanilan elastik terapotik bir banttir. Kas fonksiy-
onunu arttirmaya yonelik yaygin kullanimina ragmen, kas mekanigi iizerindeki etki-
lerinin anlagilmasinda yetersizlik vardir. KB’nin neden oldugu dig yiiklere kas mekanik
yanitinin in vivo analizleri, bilinmeyen etki mekanizmasini tanimlamak ve bu tiir ter-
apotik yaklagimlar: geligtirmek igin ¢ok 6nemlidir. Fasyal sistemin miiskiiler bag yapilar
(epimisyum, perimisyum ve endomisyum) ile siirerliligi ve kas lifleri ile hiicre dig1 matris
arasindaki etkilesim nedeniyle, KB tarafindan olusturulan yiiklerin etkilerinin kuvvet
iletimi yoluyla derin kas fasyasina dagilmasi muhtemeldir. Bu tez, bu etkileri Tensiy-
omyografi (TMG) ve Manyetik Rezonans Gértintiilleme (MRG) tabanli deformasyon ve
Difiizyon Tensor Gértintilleme (DTG) tabanli fiber izleme analizlerinin kombinasyonu
ile ele almay1 amaclamaktadir. TMG analizi KB’nin kas dokusu sertliginde bir artiga ve
kas kuvvet iiretimi hizinda bir azalmaya yol agtigini gésterdi. MRI tabanli deformasyon
ve DTG tabanl fiber izleme sonuclari, KB tarafindan uygulanan dig yiiklerin fasikiil
boyunca kayma gerinimleri ve boy degisimi agisindan uzama ve kisalma degisikligine
yol actigini ve gerinim dagilimlarinin tiim denekler i¢in heterojen oldugunu gosterdi.
Ozetle, KB’nin kas mekanigi iizerine etkilerini degerlendirmek icin girisimsel olmayan
in vivo analizler kullanildi. Bu analizlerden TMG yontemi KB'nin kasin mekanik 6zel-
likleri iizerindeki etkilerini incelerken, MRG ve DTG yontemleri kas boyunca fasikiil

kayma gerinimleri ve uzunluk degisiklikleri {izerindeki etkilerini 6l¢gmek i¢in kullanildi.

Anahtar Sozciikler: Kinezyo Bantlama, Tensiyomyografi, Difiizyon Tensér Goriin-

tiilleme, Manyetik Rezonans Goriintiileme, Miyobagdokusal Yiikler
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1. OVERVIEW

1.1 Anatomy of Skeletal Muscle and Force Production

Skeletal muscles comprise 40 % of total human body mass and are responsible for
protection of internal organs, locomotion, and force production. Having a very complex
structure and various interacting components, skeletal muscle can be defined as a well-
organized biomechanical device [1]. It is composed of muscle fibers (myofibers) and
highly ordered extra-cellular matrix (ECM). Myofibers are the cells of skeletal muscles
with a diameter about 10 gm to 100 ym and composed of several myofibrils which are
approximately 15 mm long. Myofibers are surrounded by a loose ECM layer called
endomysium which has a role in passive mechanical properties of muscle fibers and
provides a connection between adjacent muscle fibers [2]|. Several bundles of myofibers
form muscle fascicles that are surrounded by more stout and less dense connective tissue
layer of ECM called perimysium. To form a muscle, approximately 300 muscle fascicles
are assembled together and comprise a muscle bundle. Each muscle is a separate organ
and is covered by a thigh connective tissue layer of ECM called epimysium |[3, 4] (Figure
1.1). Due to myofascial continuity, neighboring muscles are linked to each other with

the epimysium |[5].

Sarcomere is the smallest functional unit of the skeletal muscle (approximately
2.5 um in resting muscle) and is serially arranged. Sarcomeres are composed of sets of
contractile proteins called actin and myosin myofilaments that run parallel to muscle
fiber axis and these myofilaments slide against each other during contraction and re-
laxation. Actin filaments are defined as thin filaments and are fixed to Z line or Z-disk
that separates each sarcomere. A part of thin filament, I band (lighter area of a sar-
comere) is shared between neighboring sarcomeres and is bisected by Z-disk. Myosin
filaments are called as thick filaments. Dense A band (darker area of sarcomere) made
up of these thick filaments located at the center of each sarcomere. H zone located in

the midline of an A band is lighter due to the lack of actin myofilaments and divided



Figure 1.1 Ultrastructure of Intramuscular Connective Tissue; epimysium (EP), perimysium (P),
endomysium (E) [4].

by M-line. The thin actin filaments are held together in a lateral array at the Z-disk
while the M-line located in the middle of sarcomere interconnects the thick myosin
filaments [6, 7, 1]. Titin is the third important protein inside a sarcomere. It is the
largest molecule of the body and connects myosin filaments with the Z-disks [8]. Titin
takes part in elastic stiffness of a muscle and is considered to function like a spring to
help sarcomere to recoil back to its original length after contraction or stretch [7, 9]
(Figure 1.2). Muscle contraction starts at the neuromuscular junction, the connection
between motor neuron and muscle fiber. When there is an action potential in a motor
neuron, acetylcholine is released at the neuromuscular junction. As a result contraction
of the muscle fibers innervated by that motor neuron occur. More muscle fibers are

contracted if more motor neurons are stimulated [10].

At a sarcomeric level, muscle contracts during a sequence of overlap between
actin and myosin filaments and this mechanism is explained by Sliding Filament The-
ory. According to this theory, muscle contraction occurs as a result of thick and thin
filaments glide on each other through cross bridge linkages. When active part of the

actin filaments is interacted by myosin filament, contraction starts. Troponin and
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Figure 1.2 Structure of Sarcomere [9].

tropomyosin which are part of actin structure, are responsible for connection between
actin and myosin filaments during contraction. While tropomyosin blocks actin and
myosin interaction during rest of a muscle, troponin uncovers the active site of actin and
by attachment of myosin head to this active site contraction of the muscle is initiated
causing sarcomere length change. During concentric contraction, while A band remains
constant in size, a variation is observed in I band length and it gets smaller likewise
H-zone, hence sarcomere length decreases. On the other hand, during stretching, A
band remains constant in size, while the width of the I band and H zone increases. As

a consequence sarcomere lengthens [6, 7, 10].

Force production capacity of a muscle depends on its architectural parameters
such as pennation angle, cross sectional area, fiber type distribution and sarcomere
length [2]. Maximal muscular force is produced when the sarcomere is between 2-2.20
pm of its length and maximal actin myosin overlap observed in that length [11] (Figure
1.3). Additionally, number of serially distributed sarcomere which is translated into

muscle fiber length is correlated to velocity of movement and force excursion capac-
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Figure 1.3 Force-Length Graph [11].

ity with fiber type distribution and pennation angle of the muscle [12, 13|. On the
other hand, the number of parallelly distributed sarcomeres which means distribution
of sarcomere length across different muscle fibers are directly related to force produc-
tion capacity as it correlates with cross-sectional area [14]. Therefore, both number of
serially and parallelly arranged sarcomeres are important for muscle force production.
As skeletal muscle is a very adaptable tissue to existence or lack of mechanical load,
distribution of sarcomeres in serial and parallel might be altered in conditions such as
aging, lack of activity and nutrition, traumas or spaceflight. Hence, structural changes
in muscle morphology can occur under these circumstances and force production ca-

pacity of a muscle may be diminished [15, 16, 17].



1.2 Structure of Fascial Tissue

Fascia is a dense, membranous continuum composed of irregular connective tis-
sue which envelops, connects and separates muscles, bones, organs, neural pathways
as well as other soft structures of the body exyending from head to toe. It is de-
fined as 'a body-wide tensional force transmission network’ at the first Facia Research
Congress [18, 19]. The first layer of fascia is called as superficial fascia and is made
up of multidirectional and non-uniform connective tissue fibers. This layer contains
free nerve endings, Pacinian corpuscles and Rufini endings. Therefore, this layer is
theorized to have effects on proprioception [20]. Deep fascia covers internal structures
of the body such as bones, muscles, nerves and blood, and has role in motoneuronal
coordination. Structurally, it has more hyaluronan than superficial fascia [21]. Due
to having linkages between deep fascia and epimysium, perimysium and endomysium,
during each muscle contraction a direct strain occurs along all fascial tissue layers [22].
Therefore, fascia provides structural support to musculoskeletal system mechanics and
has an important role in force transmission. According to literature, biomechanical
properties of fascia can be changed due to pathological conditions such as inflamma-
tion, traumas or injuries. Due to the connections of superficial fascia with deep fascia
and extra-cellular matrix, any deficiency in these two fascial layers can affect move-
ments of musculoskeletal system. Altered tensional state or thickness in the fascia
might diminish fascial network and can cause a reduced joint mobility and lack of force
transmission |23].Treatments such as manual therapy, dry needle, instrument assisted
soft tissue mobilization or taping techniques are used to reduce fascial restrictions and

improve fascial mobility.

1.3 Force Transmission and Myofascial Loads

Traditionally, myotendinous junction is thought to be the only site for the force
transmission from skeletal muscles to bones and that is defined as myotendinous force

transmission [24]. Recently, secondary pathways of force transmission between muscles



and non-muscular tissues were found and this transmission is referred as myofascial
force transmission (MFT) [5, 25]. As muscle is not an isolated tissue from its sur-
roundings and fascial system is continuous with muscular connective tissue structures,
MFT occurs between muscle fibers and extra-cellular matrix (ECM). Transmission ex-
tends from inner layers of ECM (endomysium and perimysium) [26] to outer ECM
layer (epimysium) and further to neighboring muscle bellies [25]. Intramuscular MET
is defined as force transmission from muscle fiber to ECM; intermuscular MFT is de-
fined as force transmission from ECM to adjacent muscle’s ECM; extramuscular MF'T
is defined as force transmission from ECM of a muscle to bones and other non-muscular
structures. Intermuscular and extramuscular MF'T collectively known as epimuscular
myofascial force transmission (EMFT) [27]. Central to this concept are myofascial
loads, forces acting on muscle belly are transmitted deep into the muscle via fascial
system [28]. Force alterations caused by relative positional changes between muscles
is an indicator of myofascial load when their lengths are constant [29, 27|, in different
range of motion [30] and in active state [31]. Such myofascial loads distributed inside
the muscle can affect mechanical equilibrium locally at different muscle parts. As an
external load superficially on the skin, Kinesio Taping can be considered as myofascial
load that might alter length distribution of sarcomeres both in parallel and serial and

might affect length-force characteristics.

1.4 Kinesio Taping

Kinesio Tape (KT) is an elastic tape that is mainly used to prevent and treat
neuromusculoskeletal disorders and sports injuries and enhance muscle performance
[32, 33|. It is characterized by the ability to stretch up to 130% - 140% of its resting
state and attempt to recoil back to its original length after application. Having ap-
proximately the same weight and the thickness, it purports the elastic properties of the
skin [34]. The fabric of this specialized tape is air permeable and water resistant [35].

Therefore, it can be worn up to 3 - 5 days and can provide prolonged treatments [36].

KT is utilized in clinics for several conditions such as increasing blood and



lymphatic circulation [37], decreasing pain [38], reducing swelling and lymphoedema
[39], healing scar tissue 40|, improving range of motion [41, 42|, improving balance
and functional performance [43|, enhancing proprioceptive facilitation |44, increasing
muscle strength [45], and providing muscular facilitation and inhibition [46]. Despite

its common use, there is not any consensus about its effects and effect mechanism.

One of the proposed theories behind KT application effect mechanism is that
KT elevates the space by lifting the skin and soft tissues which causes an increase in
blood and lymphatic flow due to enlarged subcutaneous space [37]. Shim et al. [47]
revealed with an animal experiment that KT caused wrinkles not only compressing the
skin but also elevating the underlying space. They also reported there were positive
effects on opening microvalves due to dynamic pressure change. This periodic compres-
sion and decompression to superficial and deep lymphatics might lead to an increase in
circulation. Another effect mechanism of KT is attributed to neurological mechanism.
According to that, KT application implements a pressure or continual stretching on the
skin under the taped area which leads to external activation of cutaneous mechanore-
ceptors. Increased afferent impulses from skin receptors, joint capsule, ligaments and
muscle spindle allow central nervous system to build better proprioceptive informa-
tion [32]. In clinical practice, increased somatosensory stimulation may reduce pain,
enhance athlete’s postural control and facilitate their earlier return to activity [35].
Another study about pain inhibition posits that KT decreases pain via the gate con-
trol theory [48]. Afferent fibers for pain - A Delta fiber and C fiber - are smaller both
in diameter and conduction velocity than afferent fiber from sensory neurons of touch-
A Beta fiber. A Beta fiber, afferent fiber from sensory neurons of touch, is bigger in
diameter and conduction velocity than fibers for pain including A Delta fiber and C
fiber [49, 50]. Tactile stimulation provided by KT application may cause the firing of
large-diameter afferent fibers that close the gate to pain signals transmitted by small-
diameter afferent fibers [51]. This stimulation also leads a decrease in musculoskeletal

pain and muscle soreness and improves muscle strength [52, 53].

In athletic courts and sports clinics, KT is widely used to improve muscular

function. Muscular facilitation or inhibition effect of KT is explained by differences in



taping technique, tension and adhering direction. An increase of muscle tonus occurs
if K'T is applied from origin to insertion of the muscle, which is referred as the facili-
tation technique. It is expected that the recoil effect of the tape may enhance muscle
spindle reflex, facilitating the muscle’s contraction toward an elevated tonus. In reverse
situation, KT application from insertion to origin of muscle, recoil effect of the tape
may restrain motor neurons by stretching the Golgi Tendon Organs at the distal end
of muscle, which is referred as the inhibition technique [54, 33|. In addition, effects of
KT on muscular function is also attributed to its effects on length-tension relationship

of a muscle by altering actin myosin filament overlap of the sarcomere. 36, 55].

By reducing pain and improving muscular function, KT was found to be ef-
fective on the active range of motion (ROM), gait and function of patients who have
osteoarthritis [56, 57]. In total knee replacement patients, KT was found to reduce
swollen and pain and improve knee extension during postoperative rehabilitation ses-
sions [58]. In another study investigating the effects of KT on pain during squat exercise
in patellofemoral pain syndrome patients, significant reductions in pain level were ob-
served after KT application [59]. Sensory effects of KT was considered to reduce pain
by blocking afferent pain input. Therefore, KT helped individuals to have a better
ROM and improved the quality of movement patterns. Moreover, the effects of KT on
countermovement jumping performance on male athletes were analyzed and KT ap-
plication on lower limb muscles was found to increase jump height in these particular

group by improving neuromuscular performance [60].

Despite its common use in clinics and courts to modulate muscular force, the
studies mainly have investigated neurosensory effects of KT and investigation of its
effects on mechanical metrics of muscle (stiffness, shear, strain) have been sparse.
Therefore, quantification of its mechanical effects bares great importance to understand

its effects on ultrastructure of muscle and improve its clinical use.



1.5 Methodologies for Assessment of Muscular Mechanics in

Muscle in Vivo

1.5.1 Tensiomyography

Tensiomyography (TMG) is a non-invasive tool that is developed to assess
skeletal muscle mechanical and contractile properties consecutive to electrical stim-
uli. Specifically, TMG measures skeletal muscle thickening and low-frequency lateral
oscillations of active skeletal muscle fibers due to electrical stimulation [61]. This
method provides information about distribution of muscle fiber type [62], as well as
muscle atrophy [61], damage [63], condition [64], functional symmetry [65, 66|, con-
tractile properties [67] and fatigue [64]. Additionally, TMG was found to be a sensitive
measurement, tool for assessing muscle force changes after various strength training
programs [68|. Therefore, it is used to monitor the consequence of various exercise
prescriptions and treatment approaches [68, 69, 70] and measure neuromuscular effects
of different training loads on acute and chronic reactions of muscles [66]. Moreover,
information obtained from TMG assessments is used to determine the most suitable
type, intensity and frequency of a training protocol in order to decrease injuries and

prepare the most effective training and recovery program [71].

TMG measurements are performed in a static and relaxed position with the
participant in the supine or prone position, depending on the muscle being measured.
No physical effort is required of the participant who is under evaluation [72]. The
muscle belly is palpated during active contraction and marked with a dermatological
pen according to the anatomical guide for the electromyographic muscle motor point
prescription [73]. In order to detect enlargement of the muscle belly as a response to
electrical stimulation, a digital displacement sensor (GK 40, Panoptik d.o.o., Ljubljana,
Slovenia) with a spring of 0.17 mm-1 is positioned perpendicularly to the muscle being
measured on the marked point. Two self-adhesive surface electrodes (5x5 cm) (Com-
pex Medical SA, Ecublens, Switzerland) are placed distally and proximally around the

sensor tip, approximately 5 cm apart from each other, to deliver a constant electrical
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stimulation produced with a TMG-S1 electrostimulator (Furlan Co.  Ltd., Ljubl-
jana, Slovenia). An isometric contraction is generated by the electrical stimulus and
displacement-time curve recordings are obtained after each stimulation. The stimula-
tion is performed under gradually increasing electrical current intensities until there is
no change in displacement of the muscle belly. To prevent muscle fatigue, rest periods

of 10 seconds were given between each measurement.

TMG measurement records maximal twitch response of the muscle after to elec-
trical stimulation. A displacement-time curve is obtained at the end of each measure-
ment [71]. The main outputs of TMG assessment extracted from the displacement-time
curve are maximum radial displacement (Dm), contraction time (Tc), relaxation time
(Tr), delay time (Td), sustain time (Ts) and velocity of contraction (Vc). Dm is the
total distance in millimeters from rest to maximal contraction of the muscle and rep-
resents peak radial displacement of the muscle in transverse direction. The remaining
five parameters are in the time domain. Tc represents time to peak tension and the
duration of the interval between 10% and 90% of Dm. Tr is the duration required to
return to a resting state back to rest after isometric contraction. Td is the duration
of the interval between the start of electrical impulse and 10% Dm. Ts represents the
duration of sustained contraction [67, 64]. Velocity of contraction (Vc) is not a direct
TMG parameter and is calculated as the ratio of Dm/Tc [74]. Ve indicates the rate
(mm/s) of contraction between 10% and 90% of maximal Dm [75]. In the case of a
high muscular tone, Dm is decreased. Conversely, Dm is increased within individuals
exhibiting low muscular tone. Decreased Dm is also associated with loss of strength
and muscle power, resulting in a reduction in contraction velocity (Vc) and enhanced
Tc [76]. When Dm is increased, explosive force increases involving high movement
amplitude and muscle tonus decreases [66].The value of Tc is mainly attributed to the
muscular rate of force production [62] and speed of twitch force generation [77]. It is
also used to differentiate the distribution of fast muscle fiber type from slow one [67]. A
low rate of Tc reveals the percentage of type 1 muscle fibers exceeds type 2 fibers [66].
Increased Tc is also correlated with a reduction in peak force, rate of force development
and Dm [63]. Moreover, as the peak force and rate of force development decrease, Dm

is similarly expected to decrease. Conversely, an increase in Tc is expected in such
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condition [63]. Tr is attributed to fatigue level [64, 75|, with a higher value of Tr is
associated with greater muscular fatigue |78, 79, 71|. The value of Vc on the other
hand, is related to rate of force production [68|. Ve combines peak radial displacement
with contraction time and yields information on twitch rate without being affected by

changes in peak radial displacement [80].

1.5.2 Magnetic Resonance Imaging and Diffusion Tensor Imaging

Magnetic Resonance Imaging (MRI) is a non-invasive method with a high spa-
tial resolution that is typically used in the clinical setting to obtain millimeter-order
anatomical images. MRI produces multiplanar and three-dimensional data sets of soft
tissue in vivo without producing harmful ionizing radiation. It uses the angular mo-
mentum of protons in H atoms within a magnetic field to form an image of the body
part. As human body is primarily composed of fat and water which has many H atoms,
when radiofrequency energy applied on tissues that contain free H nuclei during MRI
acquisition, various signals within the constant magnetic field of an MRI scanner is
produced. In vivo tissue movements are tracked and displacement of strain fields are
quantified by MRI. Quantification of strain fields maintain knowledge about the archi-
tecture and mechanical response of skeletal muscle [81, 82]. Demons Algorithm which
is an intensity-based, nonrigid and nonparametric image analysis technique is used for
the calculation of in vivo strain and volume change. This algorithm relies on differences
between gray scale values of consecutive voxels within each image and corresponding

voxels [83].

Diffusion Tensor Image (DTT) is an MRI methodology that reveals the diffusivity
of water molecules to the local environment in biological tissues by applying diffusion
sensitizing gradients in different directions. DTI is used to provide information about
tissue architecture (pennation angle and fiber length). Motion of the water molecules
are restricted by biological structures such as cell membrane. The images obtained from
DTT and their analysis have the ability to reveal pathways in which the water can move

most obviously within a tissue structure [84]. For the investigation of skeletal muscles,
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this information helps identifying the direction of muscle fibers. With this method, the
fiber direction strain values are obtained by turning the obtained strain field to the
direction of the pulled tracts. Therefore, it is possible to analyze the distribution of
the lengthening and shortening that occurs along each direction and the average strain

values on each tract in three-dimensional and color-coded manner [85].

1.6 Aim of the Thesis

Based on the background summarized above and the need for improving the
knowledge about KT mechanical effects on muscle, the thesis aims at following: (i) To
investigate the effects of KT on muscle contractile properties by using TMG. (ii) To
quantify local length changes along-muscle fascicle due to KT application by combining

MRI-based deformation and DTI-based fiber tracking analyses.

1.7 List of Publications
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(i) Effects of Kinesio Taping on Muscle Contractile Properties: Assessment Us-
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1.7.2 Conference Proceedings
(i) Tensiomyographic Assessment of Changes In Muscle Tissue Stiffness Due to
Kinesio Taping, S. Yildiz, U. Pamuk, G. Baltaci, C.A. Yucesoy, 31st Kinesio Taping

Research Symposium, 7-8 October 2017, Honolulu, Hawai, USA.

(ii) Kinesio Taping Effects On Along-Muscle Fascicle Local Length Changes:
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Magnetic Resonance And Diffusion Tensor Imaging Based Assessment, S. Yildiz, A.
Arpak, A. Karakuzu, C.A. Yucesoy, 6th International Fascia Research Congress, 10-14
September 2022, Montreal, Canada.
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2. EFFECTS OF KINESIO TAPING ON MUSCLE
CONTRACTILE PROPERTIES: ASSESSMENT USING
TENSIOMYOGRAPHY

2.1 Introduction

Kinesio taping (KT) is utilized in prevention and treatment of neuromuscu-
loskeletal disorders and sports injuries [32]. KT is characterized by the tape’s ability
to stretch up to 130% to 140% of its original length and attempt to recoil back to
its unstretched length after application, thereby deforming the underlying tissue. KT
aims to, for example, increase range of motion and improve strength [42], as well as
proprioceptive facilitation [44], muscular facilitation, and inhibition [46, 86]. The pres-
sure or continual stretching of the skin on the taped area is thought to cause external
activation of cutaneous mechanoreceptors within the central nervous system and an in-
crease in muscle excitability [36]. However, considering field-related studies, although
broad effects on, for example, gait and posture have been tested, evidence to link
KT effects and actual reactions induced in targeted tissues remains limited. Recently,
magnetic resonance imaging (MRI) analyses were used to assess such effects in high
resolution, in terms of tissue length and volume changes [87]. The results revealed
heterogeneous local stretching and shortening occurring in varying amplitudes and di-
rections across different muscle parts. This confirms that KT does affect the targeted
muscle, which can be quantified in terms of mechanical strain and is suggestive of ac-
tive state effects. However, those effects remain limited to the relaxed state and such
MRI analyses are computationally and time-wise very demanding. Studies on muscle
contractile properties do exist but show contradicting KT effects. For example, Slupik
et [86] showed that KT causes an increase in peak joint torque and electromyography
(EMG) of vastus medialis muscle of healthy individuals and Hsu et al [88] showed
an increase in lower trapezius muscle strength in athletes with shoulder impingement.
However, Grzeskowiak et al [89] and Lins et al [90] showed no significant KT effects on

EMG of lumbar multifidus and longissimus thoracic muscles and EMG and peak knee
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torque of quadriceps muscles. Note that, EMG indicating recruitment of muscle groups
[91|bares a broad meaning regarding KT effects on the target muscle’s contractile prop-
erties whereas other metrics, such as torque and strength, which are actually in the
joint level, are not determined solely by the target muscle. These metrics are therefore
not sufficient for a consistent, muscle-specific and muscle-based understanding of KT

effects in active state.

Because of constancy of muscle volume, longitudinal muscle fascicle length
changes during contraction are accompanied by transverse deformations [92], which
reflect on radial displacement of muscle belly [80]. In addition, by affecting actin-
myosin overlap, KT is believed to affect force development [55] and changes in, for
example, viscoelastic properties and Ca+2 transport can affect contraction metrics in
the time domain [80]. Hence, metrics such as muscle radial displacement and con-
traction time characterizing muscle stiffness and rate of force development are direct
indicators for changes in contractile properties of the targeted muscle due to KT.
Tensiomyography (TMG) is a noninvasive assessment technique that measures such
specific contractile properties of skeletal muscle belly upon electrically induced twitch
contraction. This technique has been proven to be successful in assessing changes in
muscle contractile properties [67] as a consequence of various exercise protocols and
treatment approaches |68, 70|, further allowing for interpreting effects of those on, for
example, muscle fiber type distribution [62], atrophy [61], status [64], and fatigue [64].
In addition, post-processing of TMG data is much less demanding compared with, for
example, MRI analyses in terms of technical skills and computation time. Therefore,
TMG may provide an applicable clinical assessment tool that can be operationalized

by the practitioner.

Based on above, although expected KT benefits do include effects on the target
muscle’s contractile properties, muscle-specific assessment of those with direct metrics
is needed. Taking into account those expected benefits and muscle-specific effects shown
by Pamuk and Yucesoy [87] in the relaxed state, we hypothesized that KT has effects
on contractile properties of targeted muscle that can be quantified as changes in radial

displacement and metrics in the time domain. The aim was to test this hypothesis
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using TMG.

2.2 Methods

Experimental procedures were in strict agreement with guidelines and regula-
tions concerning human welfare and experimentation set forth by Turkish law, and
approved by a Committee on Ethics of Human Experimentation at Acibadem Univer-

sity.

2.2.1 Participants

The study was performed in the performance laboratory of Acibadem Sport
Rehabilitation Center. Eleven healthy subjects (4 males and 7 females) participated
in the study. After a full explanation of the purpose and methodology, the subjects
provided an informed consent. Prior to the experiment, a piece of tape was adhered
to the participants’ forearm and any allergic reaction was monitored for 10 minutes,
which led to the exclusion of one participant. The participants’ age range equaled 21
and 23 years (mean age = 22.1 [0.9] y) and body mass index (BMI) range equaled
18.1 and 23.5 (mean BMI = 20.2 [1.7] kg/m2). The exclusion criteria for the partic-
ipants recruited among college students included neuro-muscular and musculoskeletal
pathologies, trauma or surgery to the lower extremities, skin allergy to tape applica-
tion, and physical activity changes that would have affected muscle tone during the
study. General orthopedic physical therapy assessment (manual muscle tests, flexibility
tests, and measurement of normal range of motion) for lower limb were done before
measurement. The activity levels of the participants were 2 or 3 according to the Teg-
ner activity scale; that is, they were not competitive in any kind of sport and they were
not exercising regularly [93]. The activity level of 3 female and 2 male participants
was 2, and for 4 female and 2 male participants it was 3. For 2 days prior to and 1
day following the first experimentation, the participants were instructed to avoid any

exercise. During the 45-minute period following the KT application, they maintained
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a sitting position.

2.2.2 Experimental Procedures

2.2.2.1 Tensiomyography. TMG Measurements. All measurements were con-

ducted by a TMG-trained physiotherapist. The participants were assessed in supine
position with the help of a triangular foam cushion placed under the knee for ensuring a
knee angle of 120°. They were asked to voluntarily extend their knees from 15° flexion
to full extension, so that the vastus medialis obliquus (VMO) was palpated and located.
The muscle belly was marked with a dermatological pen according to anatomical guide
for the electromyographic muscle motor point prescription [73|. A digital displacement
sensor (GK 40; Panoptik d.o.o., Ljubljana, Slovenia) with a known and fixed preten-
sion was placed perpendicularly on the mark to record the radial displacement of VMO
muscle belly. Two self-adhesive square (5x5 cm) surface electrodes were placed around
the sensor tip distally and proximally, approximately 5 cm apart from each other (Fig-
ure 2.1A). Exact positions of the electrodes were also marked and kept constant during
the experiment. Submaximal electrical stimulation (a single monophasic pulse of 1 ms
duration) was triggered by a special electrical stimulator (TMG-S2; EMF-Furlan and
Co, Ljubljana, Slovenian). The consequent bulging in the muscle belly was recorded

(TMG-OK 3.0 software; TMG-BMC, Ljubljana, Slovenia).

The displacement-time curve as the output of TMG assessment is utilized for
outcome measures and the maximal radial displacement (ie, the total distance from
rest to maximal contraction of the muscle [in measured millimeters|) is studied as
a central metric: After each twitch response, the stimulation current was increased
in 10 mA increments until the change in radial displacement ceased. Subsequently,
the mean of the values recorded during the 2 peak twitch responses was used for
statistics. To prevent muscle fatigue, rest periods of 10 seconds were given between
measurements |70]. In addition, metrics in the time domain, namely delay time and
contraction time (ie, duration of the interval between the start of electrical impulse

and 10%; and between 10% and 90% of maximal radial displacement, respectively),
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sustain time (ie, total duration of contraction), relaxation time (the duration till rest
after cease of isometric contraction) [67, 64| and velocity of contraction, were studied.
A typical TMG measurement chart and the aforementioned metrics are illustrated in
Figure 2.1B. Note that velocity of contraction is not a direct TMG parameter, but
is calculated as the ratio of maximal radial displacement and contraction time |74]
representing the rate (in millimeters per second) of contraction between 10% and 90%

of maximal radial displacement |75].

TMG measurements have been reported to have excellent interobserver, intrases-
sion and between-day reliability and high validity and reproducibility for muscle’s con-
tractile properties |79, 62, 72|. Intraclass correlation coefficient for all metrics and
testaretest intervals revealed good to excellent relative reliability ranging from .75 to
.99 [94]. Independently of the evaluated muscles, high relative reliability for maximal
radial displacement (.91-.99), moderate to high intraclass correlation coefficient for sus-
tain time (.80-.96), contraction time (.70-.98) and relaxation time (.77-.93), and low to

high intraclass correlation coefficient for delay time (.60-.98) was reported [95].

w
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Figure 2.1 (A) The TMG measurement setup and (B) typical TMG parameter definitions. TMG
indicates tensiomyography.

2.2.2.2 Kinesio Taping technique. KT Technique. After first TMG measure-

ment, 5 cm width Kinesio tape (Kinesio Tex GoldTM, Albuquerque, NM) was applied
on the right leg by a physical therapist who is trained in applying KT (Figure 2.2).
Facilitation KT is claimed to increase the muscular activity of the underlying muscle
by creating a concentric pulling force on the muscle [36]. To test the occurrence of

a muscle facilitatory effect, the KT facilitation technique, that is, taping from muscle
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origin to insertion, was applied. First, the base of Y-shaped KT was applied on VMO
muscle origin with no tension. Subsequently, the knee was brought to 30° flexion and

the tails were applied with 30% tension through the insertion of the muscle [86].

Figure 2.2 The KT application technique on VMO. KT indicates kinesio taping; VMO, vastus
medialis obliquus.

2.2.3 Experimental Protocol

The TMG measurements were performed in 3 different conditions (Figure 2.3):

(1) before KT application (pre—KT),

(2) 45minutes after KT application (post—KT1) with the tape still in place, and

(3) 1 day after KT application (post—KT2) with the tape still in place.
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Figure 2.3 Experimental scheme presenting (A) pre-KT, (B) post-KT1, and (C) post-KT2 with the
tape still in place. KT indicates Kinesio taping; TMG, tensiomyography.

2.2.4 Statistics

The data were analyzed for normality by using Kolmogorova Smirnov test. Due
to lack of normal distribution, nonparametric Friedman statistics was used to inves-
tigate KT effects on maximal radial displacement and metrics in the time domain.
Post hoc Dunn test was applied to locate significant differences across test conditions.
All statistical tests were performed in MATLAB R19a (The MathWorks Inc, Natick,
MA). Differences were considered significant at P < .05. Effect size was determined by
Kendall W, W = x2 / (N [k-1]), where 2 is the test statistic value output by Friedman
test, N is the sample size, and k is the number of measurements per subject (Howell,
2010). Effect sizes were categorized in accordance to Cohen interpretation of W values:

of 0.1 (small effect), 0.3 (moderate effect), and above 0.5 (strong effect) [96].

2.3 Results

Significant effects of measurement condition were shown for maximal radial dis-
placement (P=.004, W=0.50), contraction time (P=.013, W=0.40), relaxation time
(P=.035, W=0.31), and velocity of contraction (P = .0033, W = 0.52) (Figures 2.4
and 2.5), but not for delay time (P=.060, W=0.26) and sustain time (P=.078, W=0.23)

(Figure 2.6). Post hoc testing showed (1) a significant decrease in maximal radial dis-
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placement for post-KT1 only (from 6.33 [1.46] to 4.87 [2.14] mm) (Figure 4A), (2) a
significant increase in contraction time for both post-KT1 and post-KT2 (from 30.87
[11.39] to 39.71 [13.49] ms, and 37.41 [14.73| ms, respectively) (Figure 2.4B), (3) a
significant decrease in relaxation time for post-KT2 (from 65.97 [53.43] to 47.45 [38.12]
ms) (Figure 2.5A), and (4) a significant decrease in velocity of contraction for both
post-KT1 and post-KT2 (from 0.22 [0.08] to 0.15 [0.09] mm/s, and 0.16 [0.07] mm/s,

respectively) (Figure 2.5B).
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Figure 2.4 Changes in muscle belly maximal (A) radial displacement and (B) contraction time. KT
indicates k inesio taping. *Significant changes between pre-KT and post-KT1. **Significant changes
between pre-KT and post-KT2.
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Figure 2.5 Changes in (A) relaxation time and (B) velocity of contraction. KT indicates kinesio
taping.
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Figure 2.6 Changes in (A) delay time and (B) sustain time. KT indicates kinesio taping.

2.4 Discussion

The results indicate that facilitation KT does have effects on the target muscle’s
contractile properties, which confirms the hypothesis. Most important effects include
a decreased radial displacement (acutely, by 23%), an indicator for increased stiffness
and a decreased contraction time characterizing muscle’s rate of force development [80]

(minimally by 29% both acutely and in the short term).

Note first that, unlike the present findings, many clinicians may tend to expect
no effects of KT on muscles of healthy subjects, implicitly assuming that KT will act
against a pathology exclusively. For example, a meta-analysis investigating the effi-
cacy of this technique for lower limb muscle strength and functional performance in
healthy individuals and those with musculoskeletal conditions indicated that it yielded
improved strength only in patients [54]. However, KT leads to externally imposed
loading on the tissues, which will not discriminate health or disease to induce effects.
In order to elaborate on this issue, the mechanism of KT effects can be considered.
First, elastic recoil of KT has been considered to change mechanics of the muscle via
actinamyosin myofilament overlap in sarcomeres and a shift in the length tension curve
to lead to an increase or a decrease in muscle tonus 36, 55|. Second, mechanoreceptor
responses are accounted for. According to the description of the method, an increase
of muscle tonus occurs if KT is applied to impose tension from a muscle’s origin to

its insertion, which is referred to as the facilitation technique. It is expected that the
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recoil effect of the tape may enhance muscle spindle reflex, facilitating the muscle’s
contraction toward an elevated tonus. In contrast, for KT application from a mus-
cle’s insertion to its origin, recoil effect of the tape may restrain motor neurons by
stretching the Golgi tendon organs at the distal end of the muscle, which is referred
to as the inhibition technique [54, 33]. Third, it is considered that continuous stretch
and pressure applied by KT on the skin and superficial fascia covering the muscle
can stimulate cutaneous mechanoreceptors to sense muscle tension and length changes
[97]. Such stimulation activates modulatory mechanisms within the central nervous
system resulting in muscle excitability increase [34]. Change in muscle fascicle length
is indicated as a determinant for voluntary movement control in the central nervous
system [98] which can cause alterations in muscle tone [97]. In a recent study, we have
shown detailed KT effects on muscles of healthy individuals in relaxed state [87]. The
findings of the present study reflect the mechanisms addressed above as muscle-specific
evidence of KT effects on contractile properties of the target muscle and sustain their

occurrence in healthy tissue.

A notable finding is the simultaneous increase in muscle stiffness and decrease
in rate of force production, acutely. According to functional morphology, twitch time
characteristics change with muscle length [99]. The VMO muscle mainly contributes
to knee extension and presently, in the testing position, it was at an intermediate
length. Therefore, reduced muscle fiber lengths acutely due to the KT facilitation
technique applied is tenable. For sarcomeres in the descending limb of their length
force curves, this can lead to an increase in a muscle’s force production, and shortened
muscle spindles would explain the slower muscle response, which is in concert with
the increased Tc. In post- KT2, such effect on the muscle fibers is still tenable, but
sarcomeres appear to have readjusted their lengths after 1 day, as indicated by the lack
of significant change in Dm. This might suggest that regarding muscle’s contractile
properties, KT is effective when applied and its effects persist for a short time after
application. Also, these changes, in accordance with KT’s ability to provide an external
support to the underlying tissue, show that this particular application has limited the
ability of VMO to displace radially upon contraction. Such additional resistance to

radial expansion is conceivable to limit the muscle’s capability to stretch and do work
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[100].

The findings agree with those of Alexander et al [101] which showed an inhi-
bition effect for the lower trapezius muscle although facilitation taping was applied.
Reynard et al [102] reported a decrease in the upper trapezius activity in the KT group
compared with the sham tape and control groups. The authors explained the decreased
muscular activity with an altered proprioceptive feedback and neuromuscular control.
On the other hand, velocity of contraction is considered in relation to muscular force
changes [68] and is sensitive to fatigue after intensive strength training |75] and also,
an increased relaxation time indicates the presence of fatigue [64, 75|. Presently mea-
sured drop-in velocity of contraction both for post- KT1 and post-KT2 implies that KT
application reduced muscle force production in concert with the increased contraction
time and hence suggests that muscle inhibition was manipulated. Note that a lack of
an increased relaxation time and therefore no elevated fatigue shown during the testing
support this. Although the present study did not investigate KT effects on strength,
such inhibition effect may be consistent with the lack of increase in strength in Yam
et al[54]. The results of MRI analyses Pamuk and Yucesoy [87] employed can explain
why it is not accurate to expect KT to have a unique effect, and only in pathological
conditions. Their high- resolution data delivering tissue strains for each 1-mm3 voxel
showed that facilitation KT application leads to heterogeneous tissue elongations and
compressions at different parts of the muscle both in terms of amplitude and direction.
This suggests that a uniform facilitation effect of KT may not be plausible. In contrast,
they argued that KT outcome will be a resultant of distributed varying effects ascribed
to myofascial force transmission [23, 28| as the underlying mechanism for heteroge-
neous tissue deformations [103| and altered mechanical behavior of muscles in health

[104, 31, 30] and disease [105, 106, 107, 108].

Clinical implications of the present findings are as follows. The targeted VMO
muscle is a knee extensor that works as a medial patellar stabilizer. It remains active
during knee extension to balance lateral pull from the vastus lateralis and helps keep the
patella stable (Lieb Perry, 1971). Patellofemoral syndrome, one of the most common

musculoskeletal knee disorders treated in clinical practice, is ascribed to VMO weakness
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[109]. The application of facilitation KT clinically aims at increased VMO activity,
which can reduce patellofemoral syndrome by correcting impaired patellar position.
Increased muscle stiffness shown may provide such patella stabilizing mechanical effect
expected from KT. However, lack of a facilitation effect shown presently suggests that
KT is effective through a more complex mechanism than clinically expected involving
multidirectional local tissue length changes [87|. Lymphatic drainage and effects on
free nerve endings are likely to contribute to pain reduction. New studies combining
TMG and MRI analyses to assess contractile properties along with high-resolution
local tissue effects are indicated for an improved understanding of the mechanism of

KT effects.

The limitations of the present study should be considered. First, although stud-
ies on healthy individuals are important for our understanding of the mechanism of
action of KT, the study includes no pathological conditions. Under such conditions,
changes in muscle tone, stiffness, and force development rate are plausible and hence
quantified KT effects may be different, which needs to be studied. Second, the tar-
geted VMO is a pennate muscle and as previously shown, muscle length dependent
twitch time characteristics are affected by muscle architecture. Pennate muscles have
relatively short fibers, and their maximum shortening velocity is expected to be low
[99]. Therefore, KT effects on muscles with different or more complex architectures
can vary in terms of twitch contraction and relaxation times. Third, the present study
focused on KT as a widely used representative of this kind of intervention, but did not
address different types of tapes, and varying amounts of tape tension. As addressed
above, we consider that taping represents an external mechanical load applied on the
skin, effects of which is reflected onto the underlying tissues as myofascial loads. These
are plausible effects determined by the mechanical interplay between such load and tis-
sue properties [28], which cannot be considered as limited to the particular tape used
presently. Yet, other tapes and applications can lead to variations in the loads imposed
and hence different outcomes, which needs to be studied. Finally, the present study
reveals that TMG is a promising technique for muscle-specific assessment of contractile
properties but the findings lack a direct measurement of muscle stiffness. Although this

is difficult to accomplish in vivo, imaging techniques, such as supersonic shear imaging
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and magnetic resonance elastography, may be used in future studies.

In conclusion, the findings indicate that KT leads to an increased muscle stiff-
ness and a reduced muscle rate of force production. Such lack of a facilitation effect
shown despite the facilitation technique applied suggests that KT is effective through
a more complex mechanism than clinically expected. Based on our previous studies,
this mechanism may involve myofascial force transmission, through which externally
imposed loads by the tape can lead to multidirectional local tissue length changes in
the target muscle, instead of a homogeneous tissue shortening causing reduced muscle
fiber lengths. New studies in patient groups and a combination of TMG and medi-

cal imaging techniques are indicated for an improved understanding of the mechanism

behind KT effects.
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3. KINESIO TAPING EFFECTS ON ALONG-MUSCLE
FASCICLE LOCAL LENGTH CHANGES: MAGNETIC
RESONANCE AND DIFFUSION TENSOR IMAGING

BASED ASSESSMENT

3.1 Introduction

Kinesio taping (KT) is widely applied for the prevention or treatment of joint,
ligament, tendon and muscle related injuries, and to improve athletic performance by
regulating muscular function 32, 110, 111, 112|. Imposing pressure or stretching on the
skin, KT is considered to load the underlying superficial fascia in specific directions and
reinforce the function of the fascia [113]. Such fascial system [114] is intrinsically linked
to surrounding tissues [115] and is continuous with muscular connective structures such
as the epimysium, perimysium and endomysium. Due to myofascial continuity of the
epimuscular connective tissues with the extracellular matrix (ECM) [5] loading effects
of the superficial tape is distributed through deep muscular fascia indirectly via force
transmission [97]. Central to this concept are myofascial loads [28] i.e., forces acting
on the muscle belly that are transmitted deep into the muscle via the fascial system.
Such myofascial loads can affect mechanical equilibrium locally at different muscle
parts. Using magnetic resonance imaging (MRI) based tissue deformation analysis
techniques, myofascial loads developed due to joint position changes were shown to
cause lengthening and shortening of different parts of lower leg muscle tissues in human,
in vivo [116, 117]. In a later study, this mechanism was shown to lead to muscle and
connective tissue length changes of differing amplitudes and directions locally in human
lower leg after KT application [87]. Those MRI techniques are powerful tools to assess
KT effects because they yield a high-resolution local assessment directly in the tissue
level instead of a broad whole individual level testing which may be affected marginally

by KT or may be affected by also other factors.
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Remarkably, KT was shown to increase muscle force [118|. The effects of KT on
such muscle force production are to be attributed to its effects on sarcomere lengths
[55] as that is the key parameter determining muscle’s force production capacity char-
acterized by actin-myosin overlap [11]. Of course, to detect sarcomere length changes
in vivo is very difficult. However, combining with diffusion tensor imaging (DTI),
the MRI techniques can allow quantifying local length changes along muscle fascicles
[31, 30]. Continuous fascial system, whether myofascial loads impose effects in the
muscle fascicle level onto the endomysium and perimysium can be tracked via along-
muscle fascicle shearing strains [119]. Taking into account multimolecular connections
between the extracellular matrix and muscle fibers [120, 121], myofascial loads reaching
to such levels can lead to along-muscle fascicle length changes. Mechanical mechanism
of this has been studied recently using finite element modeling [122]. Combined MRI
based tissue deformation analyses and DTI based fiber tracking comprise an effective

technique to study these effects.

We hypothesized that mechanical loading induced on the skin by KT leads to
along-muscle fascicle shear and length changes in the targeted muscle. The aim of this
study was to test this hypothesis by using combined MRI based deformation analyses
and DTT based fiber tracking and reveal such KT effect for the first time.

3.2 Methods

Experimental procedures were in strict agreement with guidelines and regula-
tions concerning human welfare and experimentation set forth by Turkish law, and
approved by a Committee of Ethics of Human Experimentation at Bogazi¢i University,

Istanbul.
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Table 3.1
Anthropometric data.

Subject Age | Weight | Height | BMI.
A 34 54 1.67 194
B 32 57 1.6 22.3
C 29 50 1.64 18.6
D 32 61 1.6 23.8
E 31 54 1.63 20.3

3.2.1 Participants

Five healthy female subjects (mean age 32+SD 3 years, height =163+3 cm,
body mass = 56+5 kg) volunteered (Table 3.1). Subjects were asymptomatic and
had no history of injury in their lower extremities. Volunteers without a history or
symptoms of musculoskeletal injury or disease were allowed to proceed. The subjects
had been instructed to shave the taping area 24 hours prior to the experiment. After
a full explanation of the purpose and methodology, the subjects provided informed

consent.

3.2.2 Experimental Protocol

General orthopedic physical therapy assessments (manual muscle tests, flexi-
bility tests and measurement of normal range of motion) for lower limb were done.
Subjects were placed on the MRI table in supine position. The right foot was placed
in a custom-made MRI-compatible fixation device, ankle was fixed at a 90° angle. The
lower leg was supported from the heel and the hamstrings ensuring it was suspended
without external contact. Following every intervention, subjects were brought back
to this position. To achieve consistency in re-positioning, the metatarsal region was
fixed with Velcro and the ankle was fixed at the medial and lateral malleoli. A set of
anatomical and diffusion tensor images (DTI) were acquired in 3 conditions: at rest

without tape (undeformed state), following a sham tape application, and after KT
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application.

3.2.3 Kinesio Taping Technique

After the first MRI acquisition, the patient table was moved out. Sham tape
application was mimicked in accordance with the KT technique, but no actual tape
was adhered. Then, the patient table was automatically moved into the bore to the
same isocenter. After the second acquisition, patient table was moved out for the
KT application. KT was applied on the right foot by a physical therapist trained in
applying KT. 5cm width standard Kinesio tape (Kinesio Tex GoldTM, Kinesio Holding
Company, Albuquerque, NM) was applied without removing the subject’s foot from the
MRI compatible fixation device. The base of I-shaped KT was applied on the insertion
of Tibialis Anterior (TA) under zero tension. The rest of the tape was stretched
proximally to the upper & of the proximal tibia with maximal tension. The last 4 cm
of the tape was applied without any tension on the tibial tuberosity. Subsequently, the
ankle was brought to plantar flexion and the tape was adhered over the skin along the
TA muscle proximally to distally. This imposes a distally directed load. After waiting
for 30 minutes to ensure the tape was fully adhered to the skin, a third MRI acquisition

was made.

3.2.4 Anatomical Image and DTI Acquisition

3D turbo fast low-angle shot (Turbo FLASH) sequence was used to acquire high
resolution isotropic images for displacement field calculation. 2D single shot echo planar
imaging (ss-EPI) with diffusion weighting was used for diffusion tensor calculation and
fiber tracking. Imaging study was performed in a 3T MR scanner (Magnetom Prisma
fit, Siemens, Erlangen, Germany) using a surface coil and the spine coil for acquisition.

See Table 3.2 for a list of imaging parameters of the two modalities.
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Imaging Parameters.
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Anatomical DTI
Imaging sequence Turbo FLASH ss-EPI
Slice orientation Coronal Axial
Repetition time (TR) (ms) 1750 4700
Echo time (TE) (ms) 3.36 53
FOV (mm?2) 3202320 1922192
Pixel size (mm2) 1.021.0 1.521.5
Slice thickness (mm) 1 5
Slice spacing (mm) 1 6
Flip angle (A°) 12 90
Bandwidth (Hz/pixel) 130 2003
b-value (s/mm2) N/A 450
Number of excitations (NEX) 1 8forb=0

1 for b = 450

Number of diffusion directions N/A 30
Inversion time (TI) (ms) 1100 N/A

3.2.5 Calculation of In Vivo Local Tissue Deformations

Displacement of the soft tissue between experiment steps was calculated by
deformable image registration (DIR). As pre-processing steps, images were trimmed,
N4ITK bias field correction was applied to correct for differences in grayscale values
due to receiver sensitivity. Then, diffeomorphic B-spline deformation model with mu-
tual information similarity metric was applied. An open source DIR toolkit, elastix
was used [123]. This technique utilizes the contrast in the grayscale values to find the
minima of the similarity metric, where two images maximally overlap. When registra-
tion converges, a displacement vector for each voxel is obtained, i.e., a displacement
field. Green-Lagrange strain tensor field was algebraically derived from the displace-
ment field. Along-muscle fascicle length changes and shear strains were calculated from

the strain tensor field as described in previous MRI and DTT study [30].
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3.2.6 Determination of Muscle Fascicle Directions

Joint Rician noise filtering was applied to the DTT for fiber tracking reliability.
Subsequently, diffusion tensors were estimated for each voxel. Fiber tracking was per-
formed with distal aponeurosis as the seed points. Tracking was continued in 0.75 mm
steps as long as: Fractional Anisotropy (FA) > 0.15, curvature < 0.7-lmm. Fibers
were filtered with the criteria: 20 mm < length < 200 mm [84]. Tracked fibers crossing

the delineated boundaries of the TA were eliminated.

3.2.7 Testing of MRI Repeatability

Potential effects of the experimental design, MRI, and algorithmic artifacts were
the sources of variation between the initial and the sham application acquisition con-
ditions. Detected deformation and tracked fiber variation demonstrated the baseline

error for this study.

3.2.8 Statistics

Non-parametric Wilcoxon signed-rank tests were performed for differences be-
tween in vivo muscle fiber lengthening and shortening due to sham application vs.
KT application. 100 nodes were selected randomly from the tracked fibers in each

condition. P < 0.05 was considered significant.

3.3 Results

Data pooled from all subjects show that along-muscle fascicle shear strains and
along-muscle fascicle length changes due to KT application were significantly larger

than their counterparts due to the sham application (Table 3.3).



Table 3.3

Comparison of in vivo strains on the TA due to sham vs. KT application.

Sham application mean + SD

Fiber lengthening 0.012 £+ 0.010
Fiber shortening -0.013 £+ 0.015
Fiber shearing 0.029 £ 0.021

Kinesio tape application

Fiber lengthening

Fiber shortening

Fiber shearing

0.026 £+ 0.020*
-0.032 + 0.027*
0.087 £ 0.049*

3.3.1 Along-muscle fascicle shear strains
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Along-muscle fascicle shear strains visualized per subject (Figure 3.1) confirm

the presence of shearing between fascicles. Peak shear strain amplitudes vary across

subjects (maximally 0.25 for subject A and minimally 0.10 for subject C).

3.3.2 Along-muscle fascicle length changes

Figure 3.2 does indicate that KT caused a heterogeneous distribution of along-

muscle fascicle length changes for all subjects, which includes both lengthening and

shortening occurring along the same fascicles locally at different fascicle parts. A gen-

eral pattern of lengthening in distal fascicle parts (all subjects, up to 6, 6, 5, 12 and 9%

for subjects A to E, respectively) and shortening in proximal fascicle parts (except sub-

ject C, up to 6, 5, 9 and 14% for subjects A, B, D and E, respectively) were observed.

However, in addition to differences in strain amplitudes among different subjects, ex-

ceptions to the general pattern do exist: (i) distal-most fascicle parts show varying

amounts of shortening (subjects A, C, D and E, up to 11, 3, 1 and 6%, respectively).

(ii) For subject C, also proximal fascicle parts show lengthening (up to 6%) whereas

middle fascicle parts show shortening (up to 7%).
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Figure 3.1 Along-fiber shear strain distributions of subjects A-E. Along fiber shear strains are
displayed on tracked fibers of the TA. Two axial slices at the extreme ends of the tracked fibers and
the volume silhouette are shown for reference. Colormaps reflect the full range of values for each
individual separately.

3.4 Discussion

The main objective of the present study was to quantify local length changes
along-muscle fascicles after KT application by combining MRI-based deformation and
DTI-based fiber tracking analyses. To the best of our knowledge, this is the first
study which reports local shear strains and length changes occurring along muscle
fascicles in human muscle due to KT application in vivo. The findings reveal that
KT induced mechanical loading resulted in along-muscle fascicle shear strains and
length changes locally in varying amplitudes in the TA. Therefore, our hypothesis is
confirmed. These data challenge the simplifying assumptions made to understand the
effect of KT application mechanically in the fascicle level and motivated us to identify
effect mechanism of KT that could contribute to nonuniform shear strains and length

changes.

In mechanics, if a component of force acts normal to the surface of a structure,

a tensile or compressive stress is created depending on the direction of the force com-



35

Figure 3.2 Fiber length change distributions of subjects A-E. Fiber length changes are displayed on
tracked fibers of the TA. Two axial slices at the extreme ends of the tracked fibers and the volume
silhouette are shown for reference. Lengthening is represented in red hues, shortening is represented
in blue hues. Colormaps reflect the full range of values for each individual separately.

ponent and as a result, length changes along the material are observed [124]. On the
other hand, if a force component acts in plane with the surface, a shear stress is gen-
erated causing a twisting and/or a shearing deformation [124]. Therefore, for muscle
tissue, forces acting on its belly will have both types of components that can locally
lead to length changes (normal components) and orthogonality changes (shear com-
ponents). For example, forces along muscle line of action can yield changes to length
of the muscle locally [92]. Of course, function vise interesting orientation to consider
the effects of such forces is along-muscle fascicle direction because sarcomeres are ar-
ranged along muscle fibers which form muscle fascicles. In the present study, both
along-muscle fascicle length changes and shear strains were observed, which indicates
that KT imposed forces on the target muscle cause effects locally in such function-
ally interesting orientation. Such forces have been referred earlier to as myofascial
loads [122, 28]. Previous mathematical modeling studies showed that myofascial loads
bared in the extracellular matrix domain can manipulate local length changes in the
muscle fiber direction [122, 29, 125] and hence can impose mechanical effects onto the

muscle fiber domain [103, 126]. Myofascial force transmission mechanism for that has
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been described by Huijing [121] ascribed to multimolecular protein structures linking
these two domains [120] and central to that a shearing type of mechanical interaction
was indicated to occur between the muscle fibers and the endomysium [119, 127, 128].
Consequently, along-muscle fascicle shear strains were studied presently as an objec-
tive indicator to show the presence of such myofascial force transmission as an effect
of KT application. Local heterogeneity of along-muscle fascicle shear strains shown
indicates that mechanical loads imposed by KT superficially on the skin are spread
inhomogeneously into deeper structures including the target muscle via epimuscular
myofascial force transmission. Such inhomogeneous spread of loads is ascribable to
inhomogeneous content and stiffness of collagenous structures interlinking skin to the
muscle and they imply that both direction and amplitude vise myofascial loads must be
variable. A consequence of that is locally varying along muscle fascicle strains observed
involving both lengthening and shortening occurring along the same muscle fascicle in
different parts. In terms of the above described mechanism, these results are in concert
with our previous findings, which showed non-uniform and heterogenous local tissue
lengthening and shortening occurring in different amplitudes and directions due to KT
application [87|. However, presently we show for the first time that those effects may

affect sarcomere lengths hence muscular force and movement production.

Sarcomere is the basic functional unit of muscle fiber and its length is the main
parameter affecting muscular force production |11, 129|. Variation in muscle fiber and
fascicle length change cause a significant spatial variations in muscle force [130]. Elas-
tic recoil of KT has been considered to change sarcomere length yielding a shift in the
length tension curve [55] and increase in muscle force [118|. However, such KT effects
locally along-muscle fascicles have not been shown. Our present results reveal that KT
application causes a heterogeneous distribution of lengthening and shortening to occur
locally along-muscle fascicles for all subjects. Previously, it was shown experimentally
in an intact muscle compartment that after distally lengthening a muscle while keeping
its proximal tendon at constant position, substantial force differences were measured
at both ends of the muscle and a matching mathematical modeling work indicated
a heterogenous muscle fiber direction strain distribution i.e., a serial distribution of

sarcomeres [29]. The model also explained that this affects the force production in the
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proximal and distal parts of the muscle in concert with the experimentally measured
proximo-distal force differences. Moreover, an increased heterogeneity of mean fiber
sarcomere lengths across different muscle fascicles were shown i.e., a parallel distribu-
tion [131], which caused the shift in muscle’s optimum length to a longer muscle length
measured experimentally [29]. Other studies also revealed similar effects of myofascial
loads originating from muscle relative position changes [31, 30|, surgery [132, 133, 29|
or chemical denervation [134, 107, 135] on muscle’s force and movement production.
The importance of the present study is that KT effects were shown to translate into
such myofascial loads yielding heterogeneity of local lengthening and shortening along
muscle fascicles. Although the present experiments were conducted in the passive
state, these findings suggest strongly that KT can manipulate muscle force develop-
ment mechanism and lead in the active state to effects on joint moment and movement.
Noting that muscle activation will essentially cause sarcomere shortening, it is tenable
that the presently shown local shortening along muscle fascicles may elevate and local
lengthening may diminish. However, such distribution of local length changes is un-
likely to vanish in the active state. In a KT free experiment, a similar effect of active
state testing was shown for the medial gastrocnemius muscle in isometric condition to
manipulate along muscle fascicle strains calculated in passive state imposed by bring-
ing the knee from flexion to extension [30]. After muscular strain, clinical bed rest,
post-surgeries or spaceflights a key rehabilitation goal is reducing muscle atrophy and
protecting physiological range of motion by preventing muscle fascicle length changes
[16, 136, 17|. Based on the present findings, the use of KT should be considered as a
supportive/manipulative tool to tailor muscle’s contribution to joint force and range

of motion during the course of such treatment.

The present study has some limitations that need to be acknowledged. Firstly,
the study was performed in passive condition and did not monitor muscle activity.
However, this was done in our previous works using EMG and relaxed state of the
subject during experiment was shown [116, 117]. Although, quantification of the ef-
fects of KT on along muscle fascicle length changes in active state is lacking, taking
into account previous active state experiments [31], possible changes to our results

are discussed above. Secondly, the study was conducted in only healthy individuals.
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Under pathological conditions, changes in muscle architecture and tissue properties
are plausible [137, 17] and hence the quantified KT effects may be different and this
should be studied. However, the present study does indicate occurrence of variable KT
effects locally in healthy tissue, which may be considered as unlikely [54]|. Similarly,
KT effects globally on healthy muscle and in active state were reported recently [138|.
Thirdly, TA is a pennate fibered muscle. As muscle architecture affects muscle fiber
reaction to mechanical pressure and electrical stimulus [99], current findings should not
be generalized without additional investigation on different muscle architectures. Also,
in the active state muscle pennation angle is known to change implying that KT effects
on even the same muscle may change. Yet, it is very unlikely that the effects of KT
as externally imposed loads translated into myofascial loads manipulating local length
changes along muscle fascicles will vanish. Lastly, only very acute effects of KT were
investigated in this study indicating the need to evaluate how such effects may change

in the course of treatment.

In conclusion, the present findings show that KT has effects on skeletal muscle
mechanics. These effects include along-muscle fascicle length and direction change

locally and can be measured by using MRI and DTT combination.
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4. GENERAL DISCUSSION

Major findings of the current studies reveal that (i) KT affects muscle contractile
properties such as stiffness and rate of force production, (ii) KT leads to along-muscle
fascicle shear and length changes. KT-imposed pressure or stretching on the skin causes
a loading effect on superficial fascia in specific directions. Due to linkage of fascial
system with surrounding tissues such as epimysium, perimysium and endomysium,
these loading effects of superficial tape is distributed through deep muscular fascia

indirectly via force transmission.

According to the result of TMG study, KT was shown to increase muscular stiff-
ness. Myofascial loads imposed by KT on superficial fascia were distributed to deeper
connective muscular layers lead to length changes along-muscle fascicles as shown in
MRI and DTI experiment. Due to muscle volume constancy, altered muscle fascicle
length is in concert with change in stiffness [92]. Increased stiffness might be also re-
lated to relative change in heterogeneity of parallel distribution of sarcomeres, which
might lead to a shift in length tension curve and a difference in force production ca-
pacity [131]. Altered time-based metrics of TMG correlated to contraction velocity of
a muscle might be attributed to recoil effect of KT on serially distributed sarcomeres
which in turn related to force excursion of a muscle by extending muscle length range
[13]|. Therefore, KT imposed myofascial loads change muscle stiffness by causing a het-

erogeneity in sarcomere distribution both serially and paralelly via force transmission.

Heterogenous along-muscle fascicle length change shown in MRI and DTT ex-
periment due to KT confirm earlier findings that myofascial loads are major cause for
such heterogeneity in along-muscle fascicle length [28]. KT-imposed myofascial loads
affected mechanical equilibrium of different parts of muscle fascicle both in terms of
shortening and lengthening by epimuscular myofascial force transmission. It is tenable
that these length changes in fascicles due to KT can cause altered muscle force pro-

duction capacity in affected part of the muscle by leading a shift in force length graph.
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In another MRI based DTT study in which sarcomere heterogeneity was shown, short-
ening part of the muscle fascicle were considered as stretched while lengthening muscle
fascicle parts was considered as activated [31]. Therefore, lengthening part of mus-
cle fascicles due to KT are likely to produce more force than shortening fascicle parts.
This result verifies the study that KT application on biceps brachii improved the elbow
peak torque by increasing muscular activation [45]. In another meta analyze, although
effects of KT were restricted with pathological cases, KT was found to be superior in
terms of improving lower limb muscle force in post-op situations or musculoskeletal
diseases [54]. Moreover, as joint movement and ROM directly relate to muscle action,
the change in muscle force due to KT is likely to provide an improvement in joint ROM.
In a study investigating the effects of KT on pain , physical function and ROM, KT
was shown to improve ROM [41]. In pathological cases such as osteoarthritis or total
knee replacements, KT was found to have beneficial effects on active range of motion,
gait and function of the patients [58, 59|. The effects of KT on motion and movement
can be attributed to its effects on along-muscle fascicle length change, hence force pro-
duction as shown in MRI and DTT study. By altering muscle force production capacity,
KT was also found to be effective on countermovement jumping performance of male
athletes [60]. Therefore, altered fascicle length in different part of muscle in terms of
lengthening and shortening due to KT might change inter-sarcomere dynamics and
lead to muscular force change. As a result range of motion, gait, jumping performance

and functional parameters can be improved.

With respect to the effects of KT on along-muscle fascicle and hence on sar-
comere length, muscle force changes due to KT application is attributed to its effects
on muscle spindle and Golgi Tendon Organ (GTO). It is considered that when KT is
applied from muscle origin to insertion, the recoil effect of the tape stimulate length
change sensitive muscle spindles and hence activation of muscle spindle improves mus-
cle force. In reverse situation, if tape is applied from insertion to origin of the muscle,
it is considered to activate stretch sensitive GTO and causes an inhition effect on the
muscle [54, 33]. Therefore, the change in along muscle fascicle length shown by MRI
and DTI experiment and stiffness shown by TMG experiment might reveal that KT

both changes relative muscle length and tension, hence might activate both muscle
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spindle and GTO. Consequently, KT might stimulate muscle spindles or GTO by caus-
ing alterations in along-muscle fascicle length and might inhibit or facilitate muscle

contraction.

Due to continuity of deep fascia with ECM, fascial tissue have ability to adapt
and respond to muscle stretch and contraction. Therefore, it has an important role in
musculoskeletal health. After musculoskeletal injuries or traumas, sliding of superficial
fascia might be restricted and elasticity of facial system reduces. Lack of mobility or
sliding in collagen fibers, fascia becomes stiffer and adhesive which might cause a re-
duction in mechanical interaction between ECM layers and muscle tissue. Moreover,
increased stiffness of endomysium and perimysium might diminish global tensional
network of fascia and can cause a lack of force transmission [139, 18|. Therefore, as
a myofascial load on superficial fascia, KT application might reduce adhesion of the
superficial fascia and improve mobility of soft tissues. Therefore, KT can increase the
quality of movement and ROM by improving connective tissue mobility. Additionally,
KT was found to be effective not only on targeted tissues, but also on non targeted
tissues [87]. Therefore, KT should be used as a supportive technique to manual treat-
ments to reduce both underlying and neighboring fascial problems and improve fascial

organization as well as force transmission.

In conclusion, KT has major mechanical effects on skeletal muscle mechanics.
These effects contain significant changes in stiffness, rate of force production, along-
muscle fascicle length and shear strain changes. Due to mechanical interaction between
tape and fascia; and fascia with deeper connective muscular structures, superficial
effects of KT are transmitted into inner structures and affect distribution of sarcomeres

in serial and parallel, hence force production.
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