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ABSTRACT

Muscle fibers have a fordength property which dictates the force a muscle can produce as a
consequencef its length. How much of this curve that is expressedvo depends on the joint
range of motion, the moment arm of the muscle, and the numbaraafmeres in series. The purpose
of this study was to determine the expressed section of thelémgth curve for the gastrocnemius
invivof or a specifically trained population. This
Ice Hockey Team. Tdnrationale behind studying ice hockey players is that they perform most of
their training at a constrained ankle angle due to the structure of the skate boot, which could affect
thein vivo expression of the foreength curve of the gastrocnemius muscle.

A muscle model was created of the major plantarflexion musci@gsed to estimate
plantarflexion momenréngle strength curves (isometric moment versus joint angle) for a variety of
model parameters. These simulations predicted that a gastrocnemilesw/isarcomeres in series
would be more likelyn vivoto operate on the plateau region of the fdesggth curve (expressed
section). Due to the constraints imposed on the ankle joint of the skate it is hypothesized that the ice
hockey players would beare likely to operate on the plateau of the faemggth curve than nen
specifically trained subjects. The vivoexpressed section of tii@rcelength curve of the
gastrocnemius was determined for twelve subjects by collecting isometric moment joendatag|
and exploiting the fact that the gastrocnemius crosses both the ankle and knee joints. The study found
that more of the ice hockey players operated over the plateau region of thiefgttecurve
compared with an untrained group who mostly opdratethe ascending limb (p<0.0001). These
findings suggest that prolonged training with the ankle motion constrained could cause changes in
the number of sarcomeres in series producing an adaptive changéniwitioeexpressed section of

the forcelengthcurve
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Chapter 1

Introduction

1.1 Background

Skeletal muscle has many amazing properties. There are many intrinsic properties in
skeletal muscle that contribute to its functionality, one of the mgsbitant being the foree
length relationship. The fordength relationship is dependent on the main tenants of the-Cross
Bridge Theory, which presents the idea that the interaction of myofilaments in the sarcomere
contributes directly to force productiammuscle (Huxley, 1957). An increase of interacsion
betweerthe myofilament proteins called actin and myosin formingssbridgesincreases the

force a muscle generates.

Classical experiments have given evidence that there is an optimal length of the
sarcomeres within muscle when there is optimal overlap of the myofilaments leading to
maximum interactions arttiereforeforce production (Gordon et al., 1966). The overall
relationship between sarcomere length and force production can be plotted a®zaimeabely
parabolic curveThe shape of the static joiahgle moment curve (strength curve) igart a
function of the forcdength curve, but also the relationship between joint angle, muscle length,

and moment arm.

There have been a few publisheddé®s looking at whetheheintrinsic properties in
muscle are adaptive across different populations. One study found that immobilizing the hind

limb of mice caused changes in muscle architecture, most notably a change in the number of



sarcomeres seriesvhenthe limb was immobilized in a lengthengedsition (Williams and
Goldspink, 1978). It has prexisly been shown thathletes who specialized in either cycling or
running worked at different ranges of motiorvivo and therefore havefterent expression of
theforce-lengthcurvefor their rectus femoris muscles (Herzog et al., 199heexpressed

section of thdorcelengthcurveof the gastrocnemius muscle in healthy active subjestbd®n
determined (Winterrad Challis, 2010), but to date tbgpressed section of the gastrocnemius

has not been investigated for subjects who train under conditions where the range of motion of

the ankle is constrained.

1.2 Purpose

The purpose of this study was to determinegtkgressed section of the forleagth
curve for the gastrocnemiursvivo for a specifically trained populatiofirst, a theoretical
muscle model was created for the major plantar flexor muscles. The model presents equations
and parameters used to deterenmuscle moments at specific joint angles, which are then used
to construct goint momentjoint angle curve based on underlying feteagth propertiesThe
model was then used to examine the influence of changing the number of sarcomeres in series in
the gastrocnemius on the ankle plafitexor strength curve. Isometric plantarflexion moment
data were collected from twelve collelgwel ice hockey players. Using equations from the
muscle modelgastrocnemiuforce-length curves were computed for eaclntigipant. The data
of the twelve participants from this study was compared with extant data from Winter and

Challis (2008). This study examined whether the group of ice hockey players showed differences
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in their expression of the fordength curved comgred with existing data taken from a group of

people with no specific training.

1.3 Overview of Thesis

Chapter 2 of this thesis presents a review of literature relevant to the intrinsic skeletal
muscle properties, the anatomy of the plantar flexor reastihe properties of the fortength
relationship, and the kinematics of the ankle joint during ice skating. Chapter 3 presents the
equations and parameters of the muscle model with a subsequent analysis of the influence of
number of sarcomeres in ser@sthe plantar flexor strength curve. Chapter 4 details the
materials and methods used to determine the expressed section of therfgticeurve for 12
ice hockey players. Chapter 5 presents the results of the study. Finally, Chapter 6 summarizes the

findings and discusses the potential for future research and the limitations of this study.



Chapter 2

Literature Review

2.1 Overview

In the following sections the pertinent literature related to muscle properties and its
plasticity are reviewed. Specifically, the key properties of muscles, the moaaksg ankle
plantarflexion, and the documented adaptability of the ftength reationship areeviewedin

the following sections and subsections.

2.2 Muscle Properties

There are many important properties of skeletal muscle that contribute to its
functionality. To understand these properties, it is importadistinguish between the different
classifications of skeletal muscle. The basic units of skeletal muscle permitting it to produce
force are its sarcomeres, which are arranged in series to create myofibrild 98ansAn
individual muscle fiber is made g strands of sarcomeresseries Muscle fibers are grouped
together into motor units, which are innervated by a single neuron and work together to create
force through their synchronized action. Skeletal muscle is comprised of multiple motor units
bourd together in parallel to make up a muscle belly, which is then connected to bone at both

ends via tendon. Force generated by the muscle is applied to the bone to create body movement
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or resist movement. The subsections below will explain some of the prajgerties of muscle

influencing force production.

2.2.1 Force and Cros$Sectional Area

A sarcomere generdforce due to the interaction of two proteins within the sarcomere:
action and myosin. When a motor unit is stimulated, chemicals are rethasetlanges the
position of the filaments within a sarcomeal®wing interaction of the thiand thickfilaments,
actinand myosirrespectively. When actin and myosin filaments overlap, a myosin head can
bind to actin to create a crebadge The headf this crossbridge, which attaches to the actin,
thenrotatesto generate forcelhe CrosBridge theory or sliding filament theory presents the
idea that the amount of force generated from a muscle is proportional to the number-of cross
bridges formed wthin a sarcomere (Huxley, 1954).h&hmore crossridges form in parallel to
one anothermore muscle force can be produced. Huiggests that the cresectional area
(CSA) of a muscle is proportional to the force a muscle can generate. As the C8Anisitie
belly increasethere are more muscle fibers in parallel, indicating an increased number of
sarcomeres arranged in parallel to one another. As the number of sarcomeres in parallel
increases, morparallelcrossbridges can be formed at one timdyich increasethe force a
muscle can generate (Gans, 1982).

There are a few exceptions that challenge the proportional relationship between muscle
force and muscle crosectional area including age and amount of connective tissue in a muscle
belly. Morse et al. (2005) examined force production of the gastrocnemius in elderly men

concluded that other factors besides muscle atrophy contribute to decreased strength in elderly
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muscle because force production decreased at a faster rate than CSA. The reqeambsed

that a reduction in singl#éber specific tension or the decreasdla number ofarcomeres in
parallel could be responsible for this decline in strength (Morse et al., 2005).

The CrossBridge theory relies on all the parallel fibers withimusclebeingarranged in
series with the muscle tenddforthese parallel fiberghe force applied to the tendfr) is

proportional to its crossectional areéCSA).

Fré CSA [2.1]

However, not all muscles are made up entirely of muscle fibers parallel to the muscle
tendon, which complicates the relationship stated in the previous serenegample,
Fukunaga et al. (1992) used magnetic resonance imaging (MRI) to examine the muscl
architecture of the muscles of the lower leg and confirmed that some muscles have an angle
between the line of action of the muscle fibers and the line of action of the tendon. Such muscles
are referred to as pennate. To accurately determine the fquribeddpy a pennate muscle to the

tendon, the angle of pennati¢g) must be accounted for (equatio®)2(Gans, 1982)

Fr ® PCSA® cos () CSA [2.2]
Where PCSA is the physiological cressctional aredn 2017, Sopher and his
colleagues dissected out muscles that act across the ankle joint from ctalbedes
understand the muscle architecture and how variability of that architecture affects muscle forces
at the ankle joint (Sopher et al., 2017). [Ea®.1 shows the mean measurements of anatomical

crosssectional area (ACSA) and PCSA taken in their study. It was found that PCSA was 3.7
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12.3 times larger than ACSA for muscles that act over the ankle joint and confirmed findings of

previous studies th@mphasize the importance of the angle of the muscle fibers relative to the

tendon (Sopher et al., 2017).

Table 2.1: PCSA and ACSA with Meah Standard Deviation of the Plantd&xor Muscles of
the Lower Leg(Sopher et al., 2017).

Muscle ACSA (cm?) PCSA (cm?)
Soleus 75+1 98 +9
Gastrocnemius 5.8+0.7 365
Plantaris 0.3£0.05 0.9+ 0.1
Tibialis posterior 1.9£0.2 201
Flexor longus 1.6+0.2 111
Peroneus brevis 09+0.1 7x1
Peroneus longus 1.7+£0.1 13+£2

2.2.2 ForceLength Relationship

The forcelength relationship in muscle refers to the force a muscle can produce as the
length of the muscle varies. The muscle can be viewed as a single sarcomere, sarcomeres in
series, or evea whole muscle. Even at the macroscopic level the ferugth properties of
muscle are dictated by the properties of the sarcomere. Ramsey and Street (1940) was one of the
earliest studies to experimentally describe this relationship between lengthr@eagroduction
in muscle. Gordon et al. (1966) drew upon previous considerations of theBZmbgs theory,

specifically the overlapping of thin and thick filaments that produces force to describe the force
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length properties of muscle. They found tharéhis a range of optimum lengths for a muscle at

which it produces peak force (Gordon et al., 1966). When the muscle length is greater than the
optimum, there is declining overlap of the thick and thin filaments. In the lengthened state there
are less opmrtunities for crossoridges to form, which decreases force generation. When the
muscle length is shorter than the optimum, there is too much overlap of the filaments so the
crossbridges interfere with one another thus limiting the number of dyodgesthan can be

formed (Gordon et al., 1966). The optimum length was described as a plateau of measured
muscle tension over a specific range of sarcomere length, indicating that a muscle can generate

maximal strength over this length range (Gordon et al6)196
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Figure 2.1: Theforcelengthcurverepresenting theengthtension relationship of skeletal
muscle from Gordon et.a]1966)

In a study examining the fordength relationship of the rectus femansvivo, a
normalized forcdength relationship was plotted against the theorized flergth relationship.
The maximal force measur@uvivowas significantly lower than the thetioal values (Figure
2.2), and the length range that force could be generated wasihavgarcompared with

predicted values (Herzog and ter Keurs, 1988). These differences were rationalized by the



researchers by acknowledging that the PSCA of the rectus femoris might have been
overestimated in previous studies, there was possible overestimation of passive forces in this
study, and that the rectus femoris might contribute less to knee extensioasbarchers

previously thought (Herzog and ter Keurs, 1988). Passive forces were described as the tension in

a muscle when it is stretched past its resting length, but not undergoing active contraction.

max

1.01

0.5 i

Length
|

(1 a1 Je ] e

36 30 42 72 72 as 6

Figure 2.2: Normalized versus theoretical fortength curven the rectus femoris muscle
(Herzog and ter Keurs, 1988).

N.B. - The thick line is the normalized averages from the six participants and the thin line
represents the theoretidatcelength curve.

A study by MaclIntosh in 2017 accepted the fundamental concepts described in the early
findings of forcelength relationship, (most importantly the concept that muscle can produce the
most force from voluntary contraction when sarcormene at an optimum length allowing for
optimal overlap of thick and thin filaments) and expanded on newer findings relating to length
dependence and contractile response (Macintosh, 2017). Researchers now acknowledge that

there is a variation in passiver€ein vivo over the course of contraction due to changes in
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tendon and fascicle length, which makes it hard to correctly calculate active force (Macintosh,

2017).

2.2.3 Muscle Moment Arm

Within the context of muscle, the muscular moment at a joietsdb the tendency of the
muscle to cause rotation around a joint axis due to the muscle V@te(s, 200). The
moment produced by a muscle is the product of the muscle force and its moment arm at the joint.
The moment arm is a measure of ligregth d the perpendicular line between the muscle force
line of action, which is assumed to run straight through the muscle belly parallel to the fibers, to
the center of the joint axis. The three methods used to calculate the muscle moment arm are from
cadavedissections, MRI, and ultrasound.

The axis of rotation of the ankle is not in a fixed position, but is instead continuously
changing during movement, which has an effect on measurements of the moment arm of muscles
that act across the ankle joint (Rugagkt 1990). A study using MRI to calculate the moment
arm of the Achilles tendon and the tibialis antenovivo found that the average moment arm of
the Achilles tendon was not significantly different when measured using a fixed center axis
versus a mawng axis (Rugg et al., 1990).

Hoy and her colleagues created a musculotendon actuator model to understand the effect
of muscle properties, tendon properties, and moment arm on the mangdatelationship of
the hip, knee, and ankle joints (Hoy et a@9@). They found that each muscle in the model
crossing a specific joint produced a peak force at a different joint angle due to differences in their

moment arms, and differences in their optimal muscle fiber lengths (Hoy et al., 1990). It is also
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importart to note that this peak moment did not always coincide with the maximum muscle

force, maximum moment arm, or maximum voluntary contraction peak in this actuator model
(Hoy et al., 1990). For some biarticular muscles, including the gastrocnemius, thefargeof
the spanned joints had a large effect on the peak moment of the other joint. This effectively shifts
the momentangle relationship at the other joint (Hoy et al., 1990).

A recent study used MRI to measure the moment arm of the Achilles tendon in
threedimensions and found that moment arm measured usingdhmessions were
significantly smaller than the twdimensional measurements in previous studies (Hashizume et
al., 2012). The researchers attributed these differences to deviatibesaokle joint axis and
misalignment of the twalimensional measurements (Hashizume et al., 2012). Overall, the
researchers believe that measuring the Achilles tendon moment arm usingjitieasional

methods is more accurate, since the ankle jointasta threedimensions.

2.3 Major Plantar-Flexor Muscles

The term plantarflexion refers to the downward movement of the foot as it rotates about
the ankle joint, with the toes moving away from the body. The major pifiexar muscles are
found in theposterior lower leg, commonly known as the calf muscles. Théneaded
gastrocnemius muscle, consisting of a medial and a lateral head together with the soleus muscle
comprise the triceps surae. The triceps surae is an important muscle in the watking thai
foot pushes against the ground as the ankle joint extends. Plantar flexor muscles are also

important in running, jumping, and in the maintenance of upright pofordgniand
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Varacallo,2021) The following subsections will describe the majanparflexor muscles

followed by a briefer description of the other plaritakor muscles.

2.3.1 Soleus

Thesoleuss amonaoarticularmusclelocatedunderneathhe gastrocnemius the
posteriodower leg. It originatesatthe posteriorfibular headandattachesnto theaponeurosisf
thegastrocnemiuatthe Achilles tendonbeginningaroundlower third of thetibia andinsertson
to the calcaneudonein thefoot (BordoniandVaracallo,2021).The soleushastwo main
functions,thefirst is to actasskeletalmuscleperformingplantarflexionasdescribedabove.The
secondunctionis aspartof the skeletaimusclepumpthathelpsmovevenousbloodbackto the
heartthroughmusclecontraction.

Experimentakvidenceshowsthatthe soleuss primarily madeup of Type 1 fibers,also
referredto asslow-twitch musclefibers(Johnsoretal., 1973).This suggestshatthe soleusplays
alargerolein maintainingpostureasslow-twitch fibershaveabiochemicabprofile makingthem
ableto contract for longerperiodsof time without fatigue.For examplejn themaintenancef an
uprightstancethe musclefibersin the soleuscanconsistentlyproduceforce without significant
fatigueoveralong periodof time andthuspreventingfalling forward.

Bolsterleeandhis colleaguesiseddiffusion tensorimaging,a type of MRI techniquefo
view the 3D musclearchitectureof the soleusin vivo (Bolsteteeetal., 2018).Their study
confirmedthefindingsof previousstudieswhich statedthattherearefour compartment# the

soleusmuscle:itwo anteriorandtwo posterior with differing pennatiorangles.This studyalso
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foundthatthereareintercompartmet changesn musclearchitectureduring passivdengthening

(Bolsterleeetal., 2018).

2.3.2 Lateral and Medial Gastrocnemii

Thegastrocnemiuss a biarticularmusclethatcrossesoththe anklejoint andkneejoint.
It playsanimportantrole in plantrflexionof the ankleandflexion of theknee.The
gastrocnemiubastwo headsmedialandlateral,thatoriginatefrom the medialandlateral
condyleof thefemurrespectivelyTheaponeurosisf the gastrocnemiugormsthe Achilles
tendonasit mergeswith the soleustendonat theinferior point of the muscle Both headsof the
gastrocnemiuarepennatgBordoniandVaracallo,2021). They havesimilar maximal
physiologicallengthrangesandtheir architecturearewell suitedfor exertionof a highforce
overasmallrangeof motion. Thebiarticularnaturehelpswith transportingpowerfrom theknee
to theanklejoint (Hujing, 1985).

Themedialheadis morepennateéhanthelateralhead(Hujing, 1985),meaningthatits
fibersrunfurtherawayfrom paralkl to the tendon forming greaterangles The medialheadalso
hasa greatercrosssectionalareacomparedvith the lateralheadbecauséts volumeis larger,
andthe optimumfiber lengthis smaller(Hujing, 1985).This allowsthe medialheadfibersto
gereratemoreforcethanthelateralhead(Hujing, 1985).

In thelateralheadof the gastrocnemiughe musclefibers havesignificantlymore
sarcomeres seriesthanthe medialhead(Hujing, 1985).Thedistal portion of thelateralhead
haslesssarcomerethanthe proximal end,meaningthatthe optimumlengthof thedistal

sarcomeress shorter.



2.3.3 Other Muscles

Other muscles that play a role plantarflexion of the ankle include the plantaris, flexor
hallucis longus, flexor digitorum longus, tibiapssterior, peroneus longus, and peroneus brevis.
The plantaris muscle is estimated to be absent2i% of the populatio(Spina,2007).Table
2.2 shows the percentage of the physiological esestional areas of each muscle contributes to
the total cros-sectional area of muscles crossing the ankle joint that can perform plantarflexion
(Winter, 2009). This study will ignore these smaller accessory muscles because of their relatively

small size and because their tendon paths run close to the boneathiog te relatively small

moment arms.

Table 2.2: Percent contributions afix accessory muscles total the PCSA of plantar flexor

muscles (Winter, 2009)

Muscle % Contribution
Soleus 41
Gastrocnemius 22
Tibialis Posterior 10

Flexor Hallucis longus 6

Flexor Digitorum longus 3
Peroneus brevis 9

2.3.4 Plantarflexion Strength Curve

The plantarflexion strength curves can be estimated by measuring the maximal

plantarflexion moment with the ankle at multiple angles. As the plantarflexion angle increases
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(as the toes move further down, away from the body), the maximum strength de@fzpses

2.3); (Sale et al., 1982).

Previous studies have shown that maximum plantarflexion strength is higher when the
knee joint is at full extension at about 180 degrees versusiadi®e joint angle (Kulig et al.,
1984). This occurs because the gastemciustendon complex is longer when the knee is fully
extended since both heads of the gastrocnemius cross the knee joint. The increased length of the
gastrocnemius increases the maximum voluntary contraction during plantarflexion (Sale et al.,

1982); preaumably moving the muscle on its forlemgth curve so it produces more force.

* MVC
.

150

TORQUE (N.m)

10 Hz

Tw

3° 20° - 10°  0° 10 20

PLANTAR-FLEXION DORSI-FLEXION

Figure 2.3: Plantarflexion strength cundEased on maximal voluntary contraction measurements
with knee extended (open circles) and at 90° (closed ciRbgroduced by Sale et al. (1982).

2.4 Intrinsic Muscle Force-Length Properties

While evidence for a relationship between sarcomere lemgtiiceice was identified in

the late 1800s by Blix (Blix, 1874) and later refined in the classical studies by Gordon and his
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colleagues (Gordon et al., 1966), researchers quickly realized that specific methods would be

needed to measure this relationshipivo. In order to better understand the fetergth
properties of muscle, it is important to recognize situations where this relationship can be
manipulated. The following subsections will explain how to quantify the fi@rogth

relationshipin vivo, ard the adaptive potential of this relationship.

2.4.1 Measuring than vivo Force-Length Relationship

Hatzewas one of the first to propose a model to accurately measure muscle length
tension curves and optimal muscle lengthgivo (Hatze, 1981). Using complex mathematical
formulas, Hatzevas able to find the peak isometric force and the complete length range over
which each head of the triceps muscle could produce force.

Herzog and ter Keurs proposed a method to measure thddagta relationshijn vivo
of biarticular muscles (Hergoand ter Keurs, 1988). Their model made three key assumptions,
that the maximum isometric force a muscle can produce is constant at a specific muscle length,
they set antagonistic muscle activity as a constant value, and maintained that any joint moments
recorded during the study were strictly from muscular forces (Herzog and ter Keurs, 1988). Their
proposed method can be used calculate the moment of somgainaithuscles, which can be
compared theoretical values or those obtainedtm. The methodgloited the manipulation of
the length of a biarticular muscle by varying one joint angle (and therefore muscle length) while
keeping the other joint the muscle crosses at a fixed angle and measuring the moment at that
angle. By doing this in a systematashion the forcdength properties of a biarticular muscle

can be measured.
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Winter and Challis acknowledged the assumptions that the Herzog study made and found

it to be a useful model to measure the fdarggth relationshipn vivo (Winter and Challis,

2008). They analyzed how well the Herzog and ter Keurs (1988) model worked to identify the
section of the forcéength curve over which an individual muscle worked (Winter and Challis,
2008). Their study focused on identifying which limb of the fdes®th curve the

gastrocnemius operated over in each individual subject. In addition to the experimental data
collected, they used a muscle model that generated mgoneinangle profiles. These profiles
could then be moderated to help the researchers adooynatential sources of noise that could
affect experimental data. Winter and Challis concluded that the Herzog and ter Keurs (1988)
method is a valid model to reconstruct human féecgth curvesn vivo even in the presence of

noise (Winter and Chadlj 2008).

2.4.2 Adaptations of the Forcd_ength Relationship

It is important to understand if the intrinsic muscle properties are adaptive under different
|l oading conditions. An experiment in the 1970
fixed length wouldnfluencethe number of sarcomeres in the muscle (Williams and Goldspink,
1978). The researchers found that immobilizing the hind limb in a shortened position in young
mice caused a significant reduction in the number of sarcomeresan,svhile immobilizing
the limb in the lengthened position increased the number of sarcomeres in series (Williams and
Goldspink, 1978). These results suggest that muscle is plastic in the sense that it can adapt to the
habitual length of the muscle bygding or removing sarcomeres in series.

Koh and Herzog performed a similar study with rabbits to determine if the tibialis

anterior (TA) muscle would adapt to an altered moment arm and excursion. The TA was released
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from its retinacular restraint at thalde joint in the experimental group to increase the moment

arm, shown below in Figure 2.4. This release increased the moment arm of the muscle and
therefore the range of lengths over which the TA mutssidon complex operated. The released
muscles adapteby adding more sarcomeres in series. In contrast to the study of Williams and
Goldspink (1978), in the study of Koh and Herzog (1998) the muscle was not immobilized but
the joints were permitted to go through a normal range of motiorspogical interention. The
group with the released TA was found to have decreased force production compared to the
control group, most likely to maintain a similar level of torque on the joint seen in both groups.
The muscle architecture was also altered by the TAge)ess the PCSA of the experimental
release group was decreased compared to the control and there was an indication of a smaller
specific tension. These anatomical changes could have been a result of the smaller forces

produced by the released muscle.

BEFORE TA RELEASE

PLANTARFLEXION DORSIFLEXION

RETINACULUM

TIBIA
TIBIA FOOT

TIBIALIS ANTERIOR

AFTER TA RELEASE
PLANTARFLEXION DORSIFLEXION

Figure 2.4: Diagram ofTA muscle before and after TA release (Koh and Herzog, 1998).

N.B. - The position of the TA muscle (dotted line) in relation to the tibia and the foot (solid
lines) before and after being released. These diagrams show how the moment arm of the released
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TA muscle is larger when performing plantarflexion and dorsiflexion evetpwith the normal
control.

A study compared the interlimb differences between stroke patients arstroka
participants to determine if muscle architecture was affected by the disuse and interrupted neural
connection caused by a stroke (Adkins et28121). Serial sarcomere number (SSN) and PCSA
were measured at three anatomical levels using combined ultrasound and MRI methods. The
researchers found that the interlimb differences in SSN and PCSA were significantly larger in the
stroke group compareditly the norstroke group, indicating that architectural changes will
occur in muscles that are kept at a chronically shortened position due to disuse because of a
neural impairment (Adkins et al., 2021). The adaptation seen in this study could condribute t

functional impairment of the muscle already affected by the disrupted neural connection.

2.5 Kinematics of the Ankle Joint During Skating Stride

This studyis examiningoverwhatportionof theforce-lengthcurvethe gastrocnemius
muscleoperatesn femaleice hockeyplayersoperate®n theforce-lengthcurve.Thescientific
rationalebehindusingice hockeyplayersasparticipantss dueto therestrictivenatureof the
modernskateboot. The bootmostly fixes the anklejoint to preventagainstnjury, butin doing
soconstraingherangeoverwhich themusclesof thetricepssuraecanoperate Thekinematics
of skatingdiffer greatlyfrom naturalrunningor walking gait duea numberof factors,most
notablybecausekatingrequiresusingtwo thin bladesto moveover africtionlesssurfacewhile
theanklejoint is immobilized.

Foralongtime, thekinematicsof ice skatingwerenotwell understoodecaus®f the

challengeof trying to measureskatingkinematicswhilst on the ice surface Oneof thefir st
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modernstudiesusedbilateraltwin axisgoniometersattachedo theankleandthe backof thefoot

to measurelantarflexionanddorsiflexionof thefoot duringskating(Pearsalketal., 2001).The
researcherbbundthatthe skatebootheldtheanklejoint primarily in a positionof dorsiflexion

for theentireskatingstridecycle.
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o
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Figure 2.5: Average dorsiand plantarflexiorankle joint angles duringprwardskating stride
(Pearsall et al., 2001).

Buckeridgeetal. (2014)useda multi-measuremergystemincluding EMG anda
pressureneasuremergystemto examinemuscleactivity in themedialgastrocnemiugjluteus
maximus tibialis anterior,vastudateralis,andvastusmedialisandplantarflexionforce. The
researcherfboundthattherewasalargeplantarflexionactivity during skating,contributingto
bodyacceleratiorandforward movementThis finding is interestingsinceplantarflexorsbehave
largelyisometricallysincethefoot is heldin a positionof dorsiflexion by the skatebootwhile
skating.

One team of researchers compared skating kinematics between a standard skate (SS) and

a modified skate (MS). The skate boot was modified by removing the tendon guard in the
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posterior portion of the skate, raigithe eyelet holes, and inserting a lighter, more flexible

tongue (Robertachaine et al., 2012). These changes were designed to increase the
plantarflexion range of motion during skating. The researchers did not find any quantifiable
difference in perfanance between the SS and the MS, although they acknowledged that skaters
would most likely need an adjustment period that was not included in the study (Ratteaine

et al., 2012).

2.6 Summary

This chapter has introduced and reviewed literature relevant to this Shedpapers
highlighted in this chapter provide background information to justify the motivation for this

study.
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Chapter 3

Muscle Model Analysis

3.1 Introduction

The following sectioa present a modef the majorankleplantarflexor muscles. The
eguations and parameters used to generate this model are presented first, followed by a
validation of the model. Then there is an analysis of the influence of changing in the number of

sarconeres in series on the expressed section of the-femggh curve.

3.2 MuscleModel

Two muscles were modeled, the soleus and the gastrocnemius. Both heads of the
gastrocnemius, medial and lateral, were combined in the model into one functionalhenit. T
forceexertedby each muscland its tendoif'O), was a function of the muscle active stafk (
the maximum isometric forcéd ), and the fraction of the maximum isometric force the

muscle can producéd 0 ) at its current lengthl( ). The relevant equation is,

1 ADo4 8, [3.1]

The model comprises of fibers which can produce force, and an elastic tendon in series with the

fibers (Figures3.1).
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Figure 3.1: Schematic representation of the Musetliendon complex

N.B. - & stands for force applied to the tendonrepresents tendon length, represents
muscle fiber length, and is the length of the musctendon complex.
The intrinsic relationship between mustdmdon complex length, tendon length, and
muscle fibedength is,
M [3.2]
The forcelength properties of the muscle fibers were modeled using,

d e lhelid 2] 3.3
147 ey [33]

Where,0 ; is optimum length of muscle fibeand0 is the parameter indicating width
of forcellength curve. The width of the fordengthcurveis dependent on the optimum length of

the fibers, and the model width parameter (Fidi2g.
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Figure 3.2: Diagram of theoretical forekength curvewvhere optimum length is set to 100

N.B.- & , isfraction of the maximum isometric force the muscle can produce at its current
length ( ).

In series with the muscle fibers is an elastic tendon, it was assumed there was a linear

relationship between the force applied to the tendon, and its length, shown in E§uation

WA el [(3.4]

1 =1D+o

Whered represatsthecurrent length of the tendon, represents resting length of the
tendon, andorepresents the strain in tendon under maximum isometric fBheemodel
parameterydictates how much the tendon stretches above its resting length due t@¢he fo

applied to it (Figures.3).
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Figure 3.3: Linear relationship of forcapplied to the tendoa,ﬂﬁand tendon extension

expressed as a percentage of the resting length of the t(%:-ﬂi{eﬂaq 18

3.3 Muscle Kinematics

For each of the modeled muscles for every joint angle the length of the frersbbe
complex, and the moment arm of the muscle at the anklewamsdetermined In Grieve et al.
(1978) the change in length of the gastrocneniis () expressed as a percentage of segment

length, was presented as a function of ankle and knee joint angles,

S’/=IJJJI| = =P.gugP-.gag =FPuL = PuL. [3.5]

For the soleus the same equation applies except terfis andd are ignored as this
muscle does not cross the knee joint.
The moment arm of the gastrocnemius and soleus muscles at the ankle joint can be

determined by differentiating equaticdh5 with respect to ankle joint angle,
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> =  &P_.ga, [3.6]

The equations were reformulated so that they used the definitions of joint angles in
Figure3.4, as the soleus and gastrocnemius laae@mmon tendon crossing the ankle joint, their

moments arms are the same. The resulting equations are,

Vi tver-F TP gaghPo.gugr TPLgmTPL nm [3.7]
Vg eao¥ TP-guaTP-.gea [3:8]
Knee

Knee joint angle

Ankle joint angle
Ankle

Figure 3.4: Diagram defininghe knee and ankle joint angles

The moment arm of the muscle at the ankle joint can be determined by differentiating the

eguation withrespecto ankle joint angle,

>'n=|='<3‘”#’||”'n<># &|=P='E'I [3.9]
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The muscle change in length and moment arnseaéed relative to shank lengtly

and changenimuscle length expressed with reference to shank length and overall teusidea
length can be determined using a reference length;( ) for the muscléendon complex,

therefore,

N
Dy g [3.10]

19 agov P ive: L

S [3.11]

3.4 Computation of Ankle Joint Moments

Moments at the ankle joint were computed for a range of ankle and knee joint angles

under isometric conditions. The net muscle moment ( ) was computed from,

ol Lllatl LUBETTR N LR [3.12]

Where,"O represents the isometriorte produced by the soleus at the current ankle
joint angle and™O grepresents the isometric force produced by the gastrocnemius at the
current ankle joint and knee joint angles.

For given ankle and knee joint angles, the moment arms asdestendon lengths were
computed using equatioBs/ t03.10. Then for each musetendon length for each muscle, the

maximum isometric force the muscles could produce was computed. The analysis was under
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assumption that both muscles were maximallyattid ¢ p). The length of the fibers and

the tendon were determined by an iterative procedure. Initially fiber length was estimated by
subtracting resting tendon length from the musetedon length. Given this fiber length muscle
force was computedsing equatior8.3. For this muscle force the tendon length was computed
using equatio®.4. Given this estimate of tendon length muscle fiber length was recomputed,
and the computation repeated. This sequence was repeated until a consistent vakienfonma
isometric force was produced.

This approach assumes tliat gastrocnemius and soleus haven independent tendons at
the ankle joint, which they do not as they have a common terttienAchilles tendon. Despite
this common tendon the muscles likely€tion relatively independently relative to the Achilles
tendon due to differential sliding between the deep and superficial fibers of the Achilles tendon

(Arndt et al., 2012; Franz et al., 2015).

3.5 Model Parameters

The parameters determinesfuired to compute the gastrocnemius and soleus length and

moment arm are based on Grieve et al. 81 93ee Table 3.1).

Table 3.1: Model parameters used to determine muscle length and momeminadiata jomt
angles

Parameters
Muscle ag a, a, as ay as SL (m) Lyt rey (M)
Gastrocnemius 1231 | -4.69 | -2.00 -4.35 2.31 0.36 0.368 m 0.4335m

Soleus 12.31 |-4.69 |-2.00 0.368 m 0.286 m
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N.B. - Thebase equation i¥, A Af Af A Af A,
where the input angles are in radians.
The muscle model parameters are based on Winter and Challis (2008), with a few minor

adjustmentsdeeTable3.2).

Table 3.2: The parameters required for the muscle models of the soleus and gastrocnemius.

Parameter
Muscle
() LFropr Frax Lrr c
Gastrocnemius 0.55 0.095 m 1419 N 0.372 m 0.04
Soleus 0.55 0.056 m 2867 N 0.236 m 0.04

N.B.- 5 is the parameter indicating width of fortngth curve,  represents optimum
length of muscle fibel&  stands fomaximum isometric force, is the resting length of the
tendon, andhis the strain in tendon under maximum isometric force.

3.6 Model Validation

To evaluate the model simulations were penied for a range of ankle angles with the
knee joint either fully extended or flexed to 90 degrees. As the gastrocnemius is biarticular its
contribution to the net moment at the ankle joint will change as knee angle changes (even for an
invariant ankle arlg). The soleus muscle as it is meamticular is only influenced by the ankle
joint angle. Therefore, there should be a different moraekle joint angle profile with the
knee extended compared with the knee flexed. The model estimates of theiahldeneetric
muscle moment due to the actions of the gastrocnemius and soleus we computed for a range of

ankle angles, and with the knee either fully extended or flexed to 90 degrees. To evaluate the
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model, model output the resultant ankle muscle monvastcompared with the data collected

by Sale et al. (198ZkeeFigure3.5).

Knee Extended
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Figure 3.5: The resultant joint moments at the ankle joint produced by a model of the soleus and
gastrocnemius muscles, compavéth the experimental data from Sale et al. (1982).

While a complete validation of a model is never feasible (Panjabi, 1979), the model captures
some of the essential properties of muscle and produces an output which compares favorably

with the experimetal data of Sale et al. (1982).

3.7 Model Analysis

If hockey players habitually have a reduced range of ankle motion due to the constraint of
the skat€See Appendix B)compared with its range of motion in everyday activities it is
feasible that their gastrocnemius will adapt by reducing the number of sarcomeres in series. The
muscle model was run under two conditions, 1) with the original parameter set, and 2) with the

optimum length of the gastrocnemius reduced to 80% of its original value. A reduction of the
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number of sarcomeres in series in the gastrocnemius would reduce its optimum length. These

simulations indicate that the gastrocnemius has a change in the egmesson of the foree
length curve because of reducing the optimum lerggbRigure 3.6). Notice that with the knee
extended that the gastrocnemius shifted from working on the ascending region of the force

length curve to the incorporating the plateagion.
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Figure 3.6: Change immuscleforce with different optimum fiber lengtlisom 70 to 120° of
plantarflexion

3.8 Summary

This chapter presented a model of the plantar flexor muscles and thengusubse
validation of the model. Then the model was run once under original parameters and then run
again with the optimum length shortened to 80% of the original value. The model analysis

showed a shift towards expression of the plateau of the-femgghcurve.
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Chapter 4

Materials and Methods

4.1 Overview

This chapter willdescribethe study participants, the testing equipment, testing protocol,
and how the data was processed and analyzed. The aim of this study wesristmect the
force-length diagram of the gastrocnemius for each subject, and then compare these data to

extant dita.

4.2 Subjects

Potenti al participants were recruited by w
Hockey Team. The criteria that were required to be a participant in thisaseidted below.

18/ 26-yearold women

Play Divisionl level ice hokey

No previous lower limb surgery

No pain or injury of the lower limb in the last six weeks

= =4 =4 A

Participants selselected which leg was to be tested. All participants chose to test their
right leg. A total of 12 subjects were recruited. The characteyistithe subject pool were mass
69.7kg ° 7.20, heigh1.67m° 0.044,agel9.3years® 1.20, and shank length 35fh° 1.50.

All participants provided written informed consent (see appendix A for form). All procedures

were approved by the InstitutionaéRew Board $tudy numler 0001876@
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4.3 Testing Equipment

The primary measure of interest in this study was maximum voluntary isometric
plantarflexionmoment The maximum isometric plantarflexiosnomentwas measured using the
Biodex System 3 isokinetic dynamometer in the Biomechanics Lab at Penn State. Thei8iodex
a computerized robotic measurement sysusdnith canmeasurap ar t i ci pant 6s | S 0 me
plantarflexionmoment A specialized protocol was created using the Biodex software for this
experiment. Two versions of this protocol were created, one with ascending ankle angles and one

with descending ankle anglesibjects were randomly assigned to either protocol

4.4 Testing Protocol

The following subsectiadescribe the entire testing protocol carried out in this study.
The subjects were familiarized with the protocol before coming into the Biomechanics Lab.
Once in the lab, each participant underwent a wapnperod followed by the maximum
voluntary isometric plantarflexiomomentefforts in the Biodex. Other supplemental

measurements were also taken.

4.4.1 Preparation Prior to Testing

Subjects were first familiarized with the study during the recruiting ggoderior to
participation, potential subjects were read a screening script that outlined the criteria and
protocol of this study. Potential participants that met the criteria and expressed interest in

participating were scheduled to come into the laldéda collection. In the lab, each participant
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was refamiliarized with the protocol and asked to provide written informed consent prior to

participation Each subject was encouraged to perform atimeute warmup period prior to
testing on the Biodex maitte. The participants were encouraged to wamby their method of
choice. They were provided with a treadmill, stationary bike, and a space to perform dynamic

exercises.

4.4.2 Biodex Testing

Each participant was seated in the Biodex machine, arefjtipment was adjusted to
the individual to ensure comfort and stability. The participant was secured in the Biodex machine
with a seatbelt and chest straps. The foot of the limb being tested was positioned on a plate and
secured with Velcro straps, anath was a strap across the upper shin to provide stability. It was
important to make sure that the participants shin of the leg being tested was parallel to the floor

when seated in the Biod¢seeFigure 4.1)
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Figure 4.1: Mock photo demonstratina the agh of the participant in the Biodex machine.
Shown here at a knee angle of approximately 120° of flexion and an ankle angle of

approximately 30° of plantarflexion.

> A
(> & e

Eac h s ub pmgeotarikle joiftradtidn was calculated using the Biodex. The
protocol was then initiated. The protocol automatically took participants thebaghes of
isometric maximum voluntary contraction efforts of plantar flex@articipantgperformed
maximumeffort at six different ankle joint angle8°, 15°, 25°%f dorsiflexion andl5, 30,40
of plantar flexion Two trials were conducted at each ankle joint angle, with each effort lasting 5
seconds with 30 seconds of rest between. This protocol was refpie&ie times at knee angles
of 90, 120, and 180.

Two versions of the protocol were created to mitigate fatigue as a confounding factor
across subject§ he first protocol started with the ankle place@%tdorsiflexionand then
moved sequentiallyot4Q plantar flexion The second protocol was the opposite, startid at
plantarflexionandthen moved sequentially to 28orsiflexion The protocol used along with the

order of knee angles were randomized for each participant.
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4.4.3 OtherMeasurements

In addition to the strength data collected using the Biodex machine, supplemental
anatomical data was collected from each subjettteOneasurementaken were&knee
circumference, maximum calf circumference, ankle circumferesi@nk lengthand calcaneus
thicknessKnee circumference, maximum calf circumference, and ankle circumference were all
measured using t atape measuse (séggure 42). Shank lengthvas measured from the
lateral condyle to the lateral malleolus using a r(deeFigure 4.3d) Calcaneus thicknesgas

measured using calipefseeFigure 4.3e)

Figure 4.2: Collection ofknee circumference (a), maximum calf circumference (b), and ankle
circumference (c)wemme asured using a tailordéds tape measu































































