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ABSTRACT

SKELETAL MUSCLE MECHANICS AND SPASTICITY
MANAGEMENT: HUMAN AND ANIMAL EXPERIMENTS

Being the most common motor disability in childhood, cerebral palsy (CP)
describes a movement disorder for which the exact underlying mechanism is unclear,
and no cure is available. Yet, local injection of botulinum toxin type-A (BTX-A) is
used for spasticity management. In this thesis, the relationship between the mechanics
of spastic muscles and the impaired joint motion was investigated in patients, and the
long-term effects of BTX-A on muscular mechanics were assessed in animals. Exper-
iments on spastic knee flexors showed that passive muscle forces are much less than
active forces (e.g., 26%), and epimuscular myofascial force transmission (EMFT) arising
from intermuscular mechanical interactions significantly increases active forces (up to
132%). Combined with musculoskeletal models developed based on gait analysis data,
EMEFT effects were shown to be compatible with metrics characterizing patients’ patho-
logical gait, indicating that intermuscular mechanical interactions may be a source of
high flexor forces in flexed joint positions. Experiments in the rat anterior crural com-
partment showed that long-term after injection, BTX-A yields in addition to decreased
active forces, both unintended (a narrower range of force exertion by 23% and increased
passive forces by 12%, for the injected muscle) and uncontrolled effects (similar effects
on compartmental muscles due to the spread of the toxin). BTX-A also leads to col-
lagen content increase (by several folds) for muscles exposed, which explains elevated
passive forces and impacts also active forces. These effects are of high potential clinical
importance as they conflict with therapeutic goals. Particularly, controlling the effects

of BTX-A on connective tissue adaptation is critical for better spasticity management.

Keywords: Epimuscular myofascial force transmission, Cerebral palsy, Spastic muscle,
Muscle force-joint angle/length characteristics, Gait analysis, OpenSim, Botulinum

toxin type-A, Rat anterior crural compartment, Collagen.
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OZET

ISKELET KASI MEKANIGI VE SPASTISITE YONETIMI:
INSAN VE HAYVAN DENEYLERI

Cocukluk ¢agimdaki en yaygin motor engellilik olan serebral palsi (SP), altta
yatan mekanizmanin belirsiz oldugu ve tedavisi bulunmayan bir hareket bozuklugunu
tanimlar. Ancak botulinum toksin tip-A (BTX-A) 'nin lokal enjeksiyonu spastisite yone-
timi i¢in kullanilmaktadir. Bu tezde, spastik kas mekanigi ve bozulmus eklem hareketi
arasindaki iligki hastalarda; BTX-A'nin kas mekanigine uzun siireli etkileri hayvan-
larda arastirilmigtir. Spastik diz fleksorlerindeki deneyler, pasif kas kuvvetlerinin aktif
kuvvetlerden ¢ok az oldugunu (6rnegin %26) ve kaslar arasi mekanik etkilegimlerden
kaynaklanan epimiiskiiler miyobagdokusal kuvvet iletiminin (EMKI) aktif kuvvetleri
onemli olgiide arttirdigim (%132’ye kadar) gostermigtir. Yiirtime analizi verilerine
dayanarak geligtirilen kas-iskelet sistemi modelleriyle birlestirildiginde, EMFT etki-
lerinin hastalarin patolojik yiiriiyiisiinii karakterize eden 6lgiitlerle uyumlu oldugu gos-
terilmistir ki bu kaslar arasi mekanik etkilegimlerin, biikiilmiig eklem pozisyonlarindaki
yiiksek fleksor kuvvetlerin bir kaynagi olabilecegini isaret eder. Sican anterior krural
kompartmanindaki deneyler, enjeksiyon sonrasi uzun déonemde, BTX-Anin azalmis ak-
tif kuvvete ek olarak, kasitsiz (enjekte edilen kas igin %23 daha dar bir kuvvet etkime
araligl ve %12 artan pasif kuvvetler) ve kontrolsiiz etkiler (toksin sizmasi nedeniyle
kompartman kaslarinda benzer etkiler) yarattigini gostermigtir. BTX-A maruz kalan
kaslarda kolajen igerigi artigina da (birkag kat) yol agmaktadir ki bu artan pasif kuvvet-
leri agiklar ve ayrica aktif kuvvetleri de etkiler. Bu etkiler, tedavi hedefleriyle celigtikleri
icin yiiksek potansiyel klinik 6neme sahiptir. Ozellikle, BTX-A'nin bag dokusu adap-

tasyonu iizerindeki etkilerini kontrol etmek, daha iyi spastisite yonetimi ic¢in kritiktir.

Anahtar So6zciikler: Epimiiskiiler miyobagdokusal kuvvet iletimi, Serebral palsi,
Spastik kas, Kas kuvveti-eklem agisi/uzunluk ozellikleri, Yiirtime analizi, OpenSim,

Botulinum toksin tip-A, Sican anterior krural kompartmani, Kolajen.
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1. INTRODUCTION

1.1 Related Literature

1.1.1 Skeletal Muscle

Skeletal muscle, also called voluntary muscle due to its controllable function,
is the motor that generates force and maintains body posture or produces motion.
A better understanding of the biomechanical characteristics of muscular tissues and
establishing their relationship with the joint movements are quite necessary to explain
the restricted joint mobility observed in patients with movement disabilities, and thus

to achieve the optimal treatment outcomes for them.

1.1.1.1 Anatomy and Physiology. The cell of muscle tissue is the muscle fiber,

each of which contains hundreds to thousands of units of myofibrils roughly aligned
parallel to the muscle fiber itself. Repeating subunits arranged end to end along the
myofibril is referred to as a sarcomere, which is the basic functioning structure of a
muscle, i.e., force-generating contractile elements within a muscle. Besides, like all tis-
sue, the composition of muscle is not solely of cells, but an extracellular space between
them is also present, namely extracellular matrix (ECM). Muscle fibers embedded in
the ECM create a composite tissue in which cells are allowed to work and resist exten-
sion. The most abundant protein found in the ECM is collagen. Collagen fibers running
in several directions create a complex network of muscular connective tissue in which
muscle cells are functioning. Connective tissue sheets surround the various divisions
of the muscle (i.e., the muscle fibers are surrounded by endomysium and form muscle
bundles, namely fascicles; fascicles and their surrounding perimysium further form the
muscle itself as they come together; the muscle is enveloped by the epimysium, which
is continuous with the endomysial-perimysial stroma) and they are all linked together

indicating continuity within intramuscular connective tissues (Figure 1.1).
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Figure 1.1 Scanning electron micrograph of the transversely cut surface of the collagenous stroma of
the bovine skeletal muscle from which muscle fibers were removed [1|. The figure shows the continuous
network of the endomysium (arrow) and the perimysium (arrowhead) surrounding tubular cavities
within which muscle fibers operate.

The unique characteristic of muscular tissues is converting the chemical energy
into mechanical energy (i.e., transforming the electrical signal into an endurance, bal-
ance, or movement incident) through a sequence of events, i.e., excitation-contraction
coupling. Even though numerous phases and several specific proteins are needed for
this process to occur, the initial step is the generation of an action potential in the mo-
tor neuron that innervates the muscle fibers to contract. The message from the motor
neuron must then be passed to the muscle fiber through the neuromuscular junction.
At the neuromuscular junction, the process termed exocytosis allows the release of
acetylcholine by motor neurons into the synaptic cleft, that binds to receptors in the
motor endplate, and this process ultimately causes muscle fibers to contract because
of the change in the electrical potential of the sarcolemma (i.e., muscle membrane)
it causes. Therefore, the discharge of acetylcholine-containing vesicles at the neuro-
muscular junction by exocytosis is essential for signal transmission, since without that

muscle fibers cannot be physiologically activated.

Once the signal is taken, the muscle must contract to produce force. Contraction
results from the formation of cross-bridges between the contractile proteins actin and

myosin, through sliding of the actin chains on the myosin chains within the sarcomere.



Active
— Passive
=mmum Totg|

~— Resting
length

Muscle tension

Musclé length

Figure 1.2 Muscle length-force relationship [2]. The passive and active forces are due to the non-
contractile and contractile components, respectively. The total muscle force is the sum of the passive
and active forces. Muscle passive force is usually negligible in the middle portion of the range of motion
but increases as the muscle stretched such that at the end of the range it is dramatically elevated.
The mechanical behavior of an activated muscle includes three regions: The ascending and descending
limbs represent the muscle’s decreasing active force output and are observed during movements that
require a muscle to shorten considerably and to elongate beyond the resting length, respectively. The
plateau region represents the optimum muscle force region, observed typically in the midrange of the
anatomical range of motion.

Contraction of a whole muscle is the sum of singular contraction events occurring within
the individual sarcomeres. Therefore, the arrangement of the skeletal muscles, with
their attachments to bones by tendons allows the contraction of a sarcomere to move
a bone eventually. In this process, numerous factors affect the ability of the muscle
to create force (e.g., fiber length and distribution of its types, number of sarcomeres
in series and in parallel, muscle physiological cross-sectional area, etc.), including the
length of the muscle. The force a muscle can create has both active and passive
sources. The active state forces are modulated by the behavior of the sarcomeres as
mentioned, whereas the passive state forces come from the elastic properties of the
noncontractile components of the muscle-tendon unit. When a muscle is passively
lengthened, the muscle resists the lengthening. This resistance is thought to result
from the stiffness in the noncontractile parts of the muscle (tendon, endomysium,
perimysium, and epimysium) as well as the protein titin. Muscle passive force is a

significant factor affecting movement at the extremities of joint range of motion. Figure



1.2 demonstrates the length-force characteristics of a whole healthy muscle. Additional
to the architecture of the muscle itself, the ratio of contractile tissue to connective tissue

in the muscle is an important factor determining the muscle’s response to stretch as

well [3].

1.1.1.2 Force Transmission Mechanisms. Force produced through a cascade

of events needs to be transmitted from the interior of muscle fibers through the sar-
colemma and ultimately onto the skeleton to maintain the body balance and to move
the body parts. The older and most recognized approach of how forces are transmitted
from the sarcomere to the bony skeleton is via the myotendinous force transmission.
Force is assumed to be transmitted from a sarcomere to another connected in series,
thereby transmitted from the muscle fiber to the tendon in the myotendinous junction.
This in-series force transmission viewpoint roughly accepts muscles as independent ac-
tuators each of which is connected to the skeleton at their origin and insertion, and
forces of all serially attached sarcomeres being as equal. Yet, today’s literature points
to additional pathways of force transmission arranged in parallel to the myotendinous
path of force transmission to the bone, namely myofascial force transmission. These
two different types of force transmissions describing the direct and inverse pathways,
respectively, are simply distinguished whether the force is transmitted through the

tendons or fasciae.

Myofascial force transmission [4| can be divided into two categories: intra- and
epimuscular myofascial force transmissions. Transmission of force generated within
the sarcomeres through trans-sarcolemmal molecules of the muscle fiber via the hierar-
chical intramuscular domain of the endomysial tubes, and the perimysial and epimysial
tunnels [1,5, 6], within which the muscle fibers and fascicles and also the whole mus-
cle functioning is named intramuscular myofascial force transmission [4,7,8|. Besides,
epimuscular myofascial force transmission (EMFT) is defined as the transmission of
forces generated by a muscle to the skeleton via connective tissue linkages [7,9, 10].
For such a force transmission to occur between a muscle and its surrounding tissues,

the force must be passed beyond its outer limits (i.e., epimysium), which explains the



name given to the phenomenon. EMF'T, therefore, refers to the force transmission from
muscle to the bones by pathways other than the muscular origin and insertion, i.e.,
bypassing the myotendinous pathway [11]. Accordingly, the main characteristic effect
of EMFT is the unequal forces exerted at the proximal and the distal ends (origin
and insertion, respectively) of a muscle [11-17]. Another feature of a muscle involved
in EMFT is that the relative position of a muscle varies its force due to the possi-
ble alterations in length, direction, and stiffness of connections with its surrounding
muscular and non-muscular structures, even though the muscle itself is kept at con-
stant length [13,18-21]. EMFT is further distinguished as inter- and extramuscular
myofascial force transmissions. Intermuscular myofascial force transmission [7,14] de-
fines the direct force transmission between two neighboring muscles via the continuous
connective tissue along the full lengths of their interface, whereas extramuscular my-
ofascial force transmission [7,22| describing the force transmitted from the epimysium
of a muscle to an adjacent non-muscular structure (i.e., neurovascular tracts and the
compartmental connective tissues, which two are also connected to each other through

muscular stroma).

1.1.2 Spastic Muscle Mechanics of Patients with Cerebral Palsy

Cerebral palsy (CP) describes a group of permanent motor disorders that are
attributed to the damage to the central control system in the immature brain [23,24].
Although the brain lesion, causing the neurological condition, is not progressive, it re-
sults in secondary muscle pathology due to abnormal motor control, which persists and
does progress through the lifespan [25]. Therefore, the abnormality in motor control

of CP leads to a disorder of posture and movement, causing functional limitations.

Patients with a spastic form of CP, by definition, have an increased velocity-
dependent resistance to stretch [26]. Thus, hypertonia (i.e., increased muscle tone) is
described as the central feature of spastic muscles [27]. Such persistently increased
resistance to stretch [28] results in a sustained shortened state of the spastic muscle,

causing contracture [27,29]. Contracture adaptation of the muscles is associated with



an elevated joint and muscle stiffness [30-34] and a limited active and passive joint
range of motion [35-37|. Patients with CP show gait disorders including additional to
pathological hip and ankle conditions, crouch gait [38], and knee flexion deformity [39,
40]. However, the underlying mechanisms of the pathological joint condition observed
in them are not clear. Moreover, although numerous structural changes for spastic
muscles have been reported, the relationship of muscle level characteristics with the

patients’ gait patterns could not be explained yet.

Remarkably, joints being forcefully kept in a flexed position [41] mechanically
indicate high force production of spastic flexor muscles in the active state. Using the
intraoperative force measurement technique developed by Yucesoy et al. [42], previ-
ous studies [43-45| showed that the individual activations of main spastic knee flexor
muscles (Figure 1.3A) are not representative of the mechanics of the pathology (i.e.,
the muscle produces only a small portion of its maximal force capacity in flexed knee
positions, therefore no supreme force production at flexed joint positions in response to
activation and no narrow operational joint range of force exertion were found). More-
over, the knee joint angle-muscle force characteristics of these individually activated
spastic muscles have shown qualitative similarities with the previously reported forces
of a healthy human muscle [42]. Still, testing of active force production capacities
of thigh knee flexors for the whole operational joint range of motion yield a notable
observation: Spastic gracilis (GRA) has the greatest capacity followed by the semi-
tendinosus (ST) ascribable to non-zero GRA forces during the entire excursion and
ascending portion of knee joint angle-muscle force curve which is wider than the one
of semimembranosus (SM). Hence, focusing primarily on the activities of the spastic
ST and GRA may be more useful to explain the pathology. However, obviously, the
high flexor forces that limit knee extension in CP could not be ascribed to individual

contributions of the knee flexors.

Notably, the study of Ates et al. [46] in which spastic GRA muscle forces were
measured at specific knee joint angles, both when activated alone and also simul-
taneously with its antagonist muscle showed some remarkable mechanical features in

co-activation condition, representing the pathology observed in the knee joint (i.e., high
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Figure 1.3 Selected typical knee joint angle-muscle force curves of spastic muscles in the lower
extremity. Muscular force characteristics of (A) individually activated spastic gracilis, semitendinosus,
and semimembranosus muscles and of (B) spastic gracilis co-activated with its antagonist, vastus
medialis is shown. The figure is prepared based on [43—46].

active resistance capacity to stretch in flexed knee positions and narrow operational
joint range of force exertion) (Figure 1.3B), although its selective stimulation did not
lead those overall mechanics. In addition to these human studies, the previous model
and animal studies also showed that EMFT can change force amplitude [13,14,18,47-49]
and the length range of force exertion of a muscle [17,50]. In spastic CP, this has been
suggested as a factor affecting limited joint movement [7,10]. Yet, how EMFT be-
tween synergist and/or antagonist muscles alter activated spastic muscle’s mechanical
behavior for the whole range of motion, and how such possible effects are clinically
relevant to the patients’ gait remain unknown. Moreover, spasticity clearly denotes
the passive muscle stretch in the relaxed state, and therefore spastic muscle’s passive
forces are considered to be high. But, despite its major importance, the assessment
of spastic muscle passive forces directly at the tendon has not been done. Thus, the
current literature has missed knowledge and a better understanding of spastic muscle

mechanics needs further examination.



1.1.3 Botulinum Toxin Type-A in the Management of Spasticity

As of yet, no cure is available for spastic CP, that is why the disability continues
throughout the lifespan. The current approaches used in spasticity management aim to
improve musculoskeletal functioning by preventing the development of fixed contrac-
tures and they are diverse, consisting of physiotherapy, followed by medical (oral or
injectable agents) and orthopedic surgical management. These techniques are aimed to
not only simply govern the spasticity (i.e., to reduce tone and to prevent contracture)

but also improve the joint function [51-53].

A widely used technique for the management of spasticity arising from CP
[54-56] is the injection of botulinum toxin type-A (BTX-A). The botulinum toxins
are protein exotoxin products of the bacterium Clostridium botulinum [57]. Of the
seven major serotypes of botulinum toxin (BTX-A to BTX-G) with varying properties
(e.g., muscle-weakening efficacy, duration of action, and target protein), BTX-A has
been introduced as optimum for long-term clinical use [58,59]. Therefore, the focal
intramuscular injection of BTX-A has currently a major role in the management of
CP [60] and in delaying the need for surgical intervention. The toxin temporarily pre-
venting the discharge of acetylcholine-containing vesicles at the neuromuscular junction
by exocytosis results in presynaptic blocking in signal transmission, and thus causes
muscle paralysis [61-66]. With inhibited acetylcholine release, muscle fibers cannot be
physiologically fully activated [67], and this is what happens with focal BTX-A injec-
tions. A consequence is decreased muscle tone [68,69] which mechanically implies a
limited muscular force production capacity. Therefore, BTX-A treatment ultimately
aims at increasing joint range of motion by reducing the muscle’s elevated resistance

in the joint.

There are studies that demonstrated the short-term effectiveness of BTX-A in
reducing spasticity [70] and muscle tone [71], increasing joint range of motion [72], and
improving gait pattern [73]. However, experiments in the rat anterior crural compart-
ment have shown acutely that BTX-A has very complex effects (e.g., Yucesoy et al. [74]

showed length-dependent reductions in muscle’s active force). For the injected tibialis



anterior (TA) muscle in particular, although BTX-A aimed to widen the length range
of the force exertion (l,gnge), it did not provide any improvement acutely, however,
did elevate the injected TA muscle’s passive forces [74]. Moreover, BTX-A leakage
into the adjacent muscles [75], into synergistic muscles of a compartment [74, 76-78]
and even across antagonistic compartments [79] have been reported in several animal
studies. Such spread resulted in reduced forces [75,80] and altered length-force char-
acteristics (i.e., decreased [ qnge, increased passive forces, and elevated intramuscular
collagen content) of also the non-injected muscles [74,76,78,79]. Remarkably, some of
these acute effects conflict with the expected BTX-A benefits. Even worse is that finite
element modeling of the time course of BTX-A treatment predicted that such unin-
tended adverse effects of BTX-A may get more pronounced in the long term because
of the continuing elevated stiffness of the exposed muscles” ECM [81]. Since muscle
exposed to BTX-A is still the motor for movement, understanding the mechanical and

structural changes it creates, in the long run, deserves major attention.

1.2 Outline of the Thesis

1.2.1 Aims

The main themes of this thesis were the investigation of the relationship between
the mechanical characteristics of spastic muscles and the impaired joint motion in order
to shed light on the underlying mechanisms of pathology observed in patients with
cerebral palsy (CP) and testing the effectiveness of the local application of Botulinum
toxin type-A (BTX-A) in the management of spasticity. Additionally, the determinant
role of epimuscular myofascial force transmission (EMFT) arising from intermuscular
mechanical interactions was investigated for both human and animal limb muscles, and

their clinical relevance was revealed. Specific aims were:

1. to show the effects of inter-synergistic EMFT on the overall mechanical charac-

teristics of a primary knee flexor muscle, the activated spastic semitendinosus.
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2. to directly measure the spastic muscles’ passive forces for the first time, and
further to identify the activated and passive muscle mechanical characteristics
which are directly relevant to the pathological movement of the patients via

clinical gait analysis.

3. to assess the muscle-tendon unit length change of the patients during gait in
comparison with the typically developing children and to obtain the novel muscle-

tendon unit length-force characteristics for spastic muscles.

4. to test if previously shown short-term adverse BTX-A effects (i.e., narrower length
range of force exertion, increased passive forces, and increased extracellular ma-

trix collagen) are persistent in the long term, in an animal model.

For these purposes, experiments were carried out on humans (muscle force measure-
ments during surgery, 3D gait analyses, musculoskeletal models) and animals (muscle

force measurements, histological testing).

1.2.2 Overview

The objectives of the thesis addressed in the following chapters are

Chapter 2 "Effects of Inter-synergistic Mechanical Interactions on the Mechan-
ics of Activated Spastic Semitendinosus Muscle” addresses the first aim by performing
intraoperative experiments. The effects of EMFT occurring due to co-stimulation of
synergistic muscles of the upper leg are investigated, and the altered mechanics of acti-
vated spastic semitendinosus muscle (i.e., substantially increased active forces, whereas

unchanged length range of force exertion and active stiffness of the muscle) are revealed.

Chapter 3 "Passive and Active State Mechanics of Spastic Gracilis: Intraopera-
tive Experiments and Gait Analyses” provides spastic muscle’s passive forces measured
directly for the first time in patients with CP and combining intraoperative experi-

ments with the patients’ gait analysis indicates that active state muscular mechanics,
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rather than passive, of spastic gracilis, present a capacity to limit joint movement in

CP, the effects of which elevate due to intermuscular mechanical interactions.

Chapter 4 "Passive and Active State Mechanics of Spastic Semitendinosus: In-
traoperative Ezperiments and Patient-Specific Musculoskeletal Models" describes in-
traoperatively measured passive and active state forces of the spastic semitendinosus
muscle and presents muscular characteristics in relation to the terminal swing, loading
response, and mid/terminal stance phases of the patients’ gait. As well as using the
OpenSim software, novel spastic muscle-tendon unit length - muscle force data are ob-
tained which indicates no strong correlation between shorter operational muscle length
and muscular mechanics for spastic semitendinosus, but EMFT does cause significant

muscle force increases.

Chapter 5 "The Force-Length Relations of Spastic Knee Flexor Muscles, Semi-
tendinosus and Gracilis” presents muscle force characteristics and effects of EMFT
on them, particularly concerning gait-relevant lengths of spastic semitendinosus and
gracilis muscles. The musculoskeletal models developed based on gait analyses of pa-
tients and typically developing controls reveal shorter muscle-tendon unit lengths for
the tested knee flexors in patients compared to those in control. By combining intraop-
eratively obtained spastic muscle active and passive force data with the patient-specific
musculoskeletal models, the force characteristics of spastic muscles in lengths encoun-
tered within a gait cycle and how co-working of different muscles, thus EMFT, con-
tribute to the patients’ pathological gait are shown. Therefore, in Chapter 3, Chapter
4, and Chapter 5, the second and the third aims are addressed.

Chapter 6 "Long-term Effects of Botulinum Toxin Type-A on Mechanics of Mus-
cles Exposed" addresses the fourth aim by conducting an animal experiment and re-
veals the effects of local application of BTX-A on not only the injected but also the
non-injected rat muscles. Muscle mechanical test and intramuscular collagen content
quantification resulted in that previously reported unintended acute BTX-A effects

persist and advance in the long term which is with potential clinical importance.
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In Chapter 7 the main findings of the thesis are summarized, and the conclusions
are stated. Clinical implications of the study are discussed and recommendations for

future research are made.
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2. EFFECTS OF INTER-SYNERGISTIC MECHANICAL
INTERACTIONS ON THE MECHANICS OF ACTIVATED
SPASTIC SEMITENDINOSUS MUSCLE

2.1 Introduction

Cerebral palsy (CP) is a movement disorder that occurs secondary to static le-
sions in the immature brain [23]. In patients with CP, patients increased resistance to
stretch 28] results in a sustained shortened state of spastic muscle [27]. This causes
soft tissue contracture [27,32,34], joint stiffness [33,82] and limits joint movement [37].
However, muscle is the motor for movement, and patients with CP show muscle hyper-
tonicity [29,83]. Upper extremity joints being forcefully kept in a flexed position [41]
indicate high force production of spastic flexor muscles in active state. Patients with
CP show gait disorders including additional to pathological hip and ankle conditions,
crouch gait [38], and spastic knee flexion deformity [39,40]. Besides, elevated stiffness
of spastic muscles has been reported in passive state (e.g., [34]) and is considered highly
plausible in active state. Therefore, the amplitude of activated spastic muscle’s force,
stiffness, and the range of its active force exertion are central to the joint movement limi-
tation. However, studies quantifying such parameters in intraoperative experiments are
sparse [44,84-86|. Moreover, daily activities involve simultaneous activation of several
muscles such as co-activation of the semitendinosus (ST) with the semimembranosus
(SM) and gracilis (GRA) during walking and sit-to-stand [87-89]. Yet, the effects of
added stimulation of synergistic muscles on spastic muscle’s mechanical behavior are

unknown.

Connective tissue linking muscle bellies via e.g., collagen-reinforces neurovas-
cular tracts allow epimuscular myofascial force transmission (EMFT) between syn-
ergistic muscles [9,90]. EMFT can change the force amplitude of a muscle held at
constant length in response to imposed length changes or activation of its syner-

gists [13,14,18,46-49]. EMFT effects rely on the connections between the muscle fibers
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and the extracellular matrix (ECM) along their full peripheral lengths [91], which can
transmit force [4,6]. Shear linkage was shown to exist between them [1,5,92,93|. Conse-
quently, forces originating from the synergistic muscles transmitted onto the ECM can
affect the force production of a sarcomere by manipulating its length [90]. Heterogene-
ity of sarcomere lengths across muscle fibers affects muscle optimum length [16,17,50].
Therefore, inter-synergistic EMFT can change a muscle’s length range of force exer-
tion. In spastic CP this can be a factor affecting the limited joint movement |7, 10].
The current understanding of tissue adaptations in CP indicates elevated ECM stiff-
ness [34]. Kreulen et al. [94] showed that the epimuscular connections of tenotomised
spastic flexor carpi ulnaris limit its shortening in response to stimulation. Therefore,
also these connections must be highly stiff, and overall, stiff muscle-related connective
tissues in CP suggest that EMFT effects can be more pronounced than in healthy
individuals. This not only can limit the passive joint movement but also can alter
activated spastic muscle’s mechanical behavior unfavorably for mobility, which needs

to be tested.

Intraoperative testing allows measuring forces of activated knee flexor muscles
directly at the tendon [42]. Employing this methodology, the aim was to test the
following study hypotheses: added activation of SM and GRA muscles of patients with
CP changes (1) forces, (2) stiffness, and (3) joint range of force exertion of activated

spastic ST due to inter-synergistic EMFT.

2.2 Materials and Methods

Surgical and experimental procedures, in strict agreement with the guidelines
of the Helsinki declaration, were approved by a Committee on Ethics of Human Ex-
perimentation at Istanbul University, Istanbul. The patients and/or their parents gave

informed consent to the work.



19

Table 2.1
Patient characteristics. Linigh = thigh length; Ciid-thigh = mid-thigh circumference. GMFCS =
Gross Motor Functional Classification System. GMFCS level II: patients in need of physical
assistance for walking in order to avoid a fall and rapid build-up of fatigue and support for sitting
and standing. GMFCS level IV: patients in need of additional aids including a wheelchair or a body
support walker for mobility. PA = popliteal angle (i.e., the angle between hip and knee at the hip in
90° flexion): mean (SD) = 76.7° (12.5°).

Patient Limb Age Linigh (cm) Chid-thigh (cm) GMFCS PA (°)

1 1 5 23.0 26.5 v 70
1 2 5 23.0 26.0 v 65
2 3 ) 23.0 29.0 v 70
2 4 5 23.0 28.5 v 50
3 5 6 27.0 30.5 II 75
3 6 6 27.0 29.0 II 70
4 7 8 27.0 28.0 v 90
4 8 8 26.0 27.0 v 90
5 9 17 39.0 39.0 II 90
6 10 15 41.0 39.5 II 80
7 11 5 22.5 24.0 v 90
7 12 5 22.0 23.0 v 80
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2.2.1 Study Design

Seven patients (all male: at the time of surgery, mean age 8 years 9 months,
range H-17 years, standard deviation 5.1 years) diagnosed with spastic CP, however,
with no prior remedial surgery, were included in the study. The Gross Motor Functional
Classification System (GMFCS) was used to assess the mobility of the patients. Those
who participated attained scores of at least level II, with four of them attaining level
IV (Table 2.1). The popliteal angle (PA) is a key measurement made in the clinic to
characterize the passive range of motion. Compared to conventions for abnormality
(i.e., PA> 50° [95]), the patients’ PA values (between 50° and 90°) show their limited
knee joint mobility. Overall, pre-operative clinical examinations indicated a severely
limited range of knee joint motion and led to a decision that all patients required
remedial surgery including the release of hamstrings. Six of the patients were operated
on bilaterally. For five of them, separate experiments were performed on both legs. For
the remainder patients, only one leg was experimented with due to time limitations
imposed by subsequent multilevel surgery. Therefore, a total of twelve knee angle
(KA)-ST muscle force Fgr data sets were collected. The spastic ST was stimulated
exclusively (condition I), and simultaneously with its synergistic muscles GRA and SM

(condition II) to assess the effects of inter-synergistic EMFT.

2.2.2 Surgical and Experimental Procedures

The patients received general anesthesia, and no muscle relaxants or tourniquets
were used. All experimental preparations and data collection were performed within
30 minutes (the maximal study duration allowed by the ethics committee), after rou-
tine incisions to reach the distal ST tendon, and before any other routine surgical
procedures. Using a scalpel blade (number 18), a longitudinal skin incision was made

immediately above the popliteal fossa.

After cutting the adipose tissue, the distal ST tendon was exposed. Subse-
quently, a buckle force transducer (TEKNOFIL, Istanbul, Turkey) (Figure 2.1A) was
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mounted and fixed over the tendon. The key transducer characteristics include S-shape;
dimensions: width= 12 mm length= 20 mm and height= 9 mm; maximal force range—
400 N; for test range 0-200 N: accuracy< 3%, (<0.19% below 100 N); resolution= 0.62
N and high linearity (R*= 0.99963, peak nonlinearity= 1.31%). Note that prior to each
experiment, the force transducer was (i) calibrated using bovine tendon strips (with
rectangular cross-section, dimensions 7x2 mm? representative of that of the ST distal

tendon) and (ii) sterilized (using gas sterilization at maximally 50 °C).

The patient was positioned using an apparatus composed of three components
(Figure 2.1B): (i) The upper leg component, (ii) the knee angle adjuster, and (iii) the
lower leg component. The upper leg component was secured with two fixtures to the
slot of the surgery table. The knee angle adjuster combining the upper and lower leg
components allowed setting the KA and fixing it during the contractions. A circular
slot machined in the knee angle adjuster and angles marked on it (in 0.5° increments)
allowed adjusting the KA to experimental knee joint positions. The leg holders’ position
is adjustable on the upper leg component. This allows supporting the upper leg and
aligning it based on the following: (a) the hip joint position was set to 0° both in
sagittal and frontal planes. (b) the axis of the knee joint rotation corresponded to
the center of the rotation of the knee angle adjuster. The ankle holder, the position
of which is adjustable on the lower leg component allowed supporting the lower leg.
The leg holder and ankle holder were sterilized components. The non-sterile remainder
parts were covered with sterile fabric before an antiseptic agent was applied to the skin

and the patient’s leg was positioned and secured to the apparatus.

Isometric spastic Fgr was measured at various muscle lengths imposed by manip-
ulating the KA. Earlier animal experiments indicated that previous active contraction
of the muscle at long length affects its forces measured at short length [12]. Such
length history effects were also shown in human [42]. Taking this into account, be-
fore acquiring data, muscle-tendon complexes and their epimuscular connections were
preconditioned by isometric contractions, alternatingly at extended and flexed knee
positions, until spastic ST forces at flexed knee position were reproducible. In addi-

tion, the measurements for data acquisition were started in a highly flexed knee (120°),
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Buckle force
transducer

B Pelvic strap  Leg holder Knee angle
adjuster

Fixtures securing
apparatus to surgery table

Figure 2.1 Intraoperative muscle mechanics experimental setup used for measurement of spastic ST
forces at the neutral hip position. (A) Illustration of how the buckle force transducer is mounted over
the target muscle’s tendon. Inset shows the transducer mounted over a tendon strip. The three pairs
of skin electrodes placed over the ST, GRA, and SM muscles are also illustrated. (B) An apparatus
designed for intraoperative tests in lower extremities is composed of three components: (i) The upper
leg component incorporating a leg holder, which has an adjustable position on it allows fixing the hip
angle (to 0° both in the sagittal and frontal planes). This component is secured to the slot of the
surgery table via fixtures. (ii) The lower leg component incorporating an ankle holder that has an
adjustable position on it supports the lower leg. (iii) The knee angle adjuster links together the upper
and lower leg components and allows setting the knee angle and fixing it during a contraction.
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and the muscle length was manipulated by extending the knee by 30° increments at
120°, 90°, 60°, 30° and 0° (full knee extension). Testing was completed for both con-
ditions before attaining a different knee angle. After each contraction, the muscle was
allowed to recover for 2 minutes. A data acquisition system (MP150WS, BIOPAC
Systems, CA, USA, 16-bit A/D converter, sampling frequency 40 kHz) was used with
an amplifier for the transducer (DA100C, BIOPAC Systems, CA, USA).

Three pairs of gel-filled skin electrodes (EL501, BIOPAC Systems, CA, USA)
were placed on the skin, over the spastic ST, GRA, and SM muscle bellies. Muscle
bellies were located by palpation. The reference electrodes were placed as distal as
possible to the incision with their positions having an offset. The location of the second
electrode was determined according to the following procedure: The minimum center-
to-center inter-electrode distance was ensured to be 30 mm for successful electrode
function [96] and muscle excitation [97]. At KA= 120°, a tentative location for the
second electrode was determined accordingly. The contraction responses were assessed
in response to twitch stimuli evoked separately for each muscle. Successful stimulation
of spastic ST was monitored from the measured force, and leakage of current into other
muscles than the one stimulated was controlled by palpation. This was repeated at,

KA= 60° and 0°. If necessary, the second electrode position was optimized by iteration.

A custom made, constant current high voltage source (cccVBioS, TEKNOFIL,
Istanbul, Turkey) was used to impose supramaximal muscle stimulation (transcuta-
neous electrical stimulation with a bipolar rectangular signal, 160 mA, 50 Hz): two
twitches were evoked which, after 300 ms, were followed by a pulse train for 1000 ms to
induce a tetanic contraction and a subsequent twitch (see Figure 2.2 for superimposed

examples of force-time traces for spastic ST muscle at five KAs).

In an additional test, in one patient outside the study group, but with similar
characteristics (13 years old, Lipigh= 36.0 cm, Cpid-thigh= 40.5 cm, GMFCS: II, PA=
60°), stimulation of spastic ST selectively was confirmed. An additional buckle force
transducer was mounted over the spastic GRA tendon and in response to stimulation

of spastic ST using the protocol described above; forces of both muscles were measured
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Figure 2.2 Typical examples of force-time traces for spastic ST muscle. Superimposed traces recorded

for ST muscle at the five knee angles studied are shown.
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Figure 2.3 The force-time traces of spastic ST and GRA muscles obtained during the individual

stimulation of ST.
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simultaneously. Figure 2.3 exemplifies their force-time traces at KA= 60° showing no
change in spastic GRA forces. This is valid also for other knee positions and indicates
a lack of activation of this muscle. During the actual experiments, palpation was used

to ensure the lack of possible contraction of spastic GRA and SM muscles.

2.2.3 Processing of Data

Fsr measured during a 500 ms period in the middle of the tetanus were averaged

and recorded as muscle total force for each KA tested.

Using a least-squares criterion, KA-Fgr data were fitted with a polynomial func-

tion (Eq. 2.1).
Fer=ay+a,- KA+ay - KA> + ...+ a, - KA" (2.1)

ag, a;j ... a, are coefficients determined in the fitting process.

The lowest order of the polynomials that still added a significant improvement
to the description of changes of KA-Fgr data were selected using a one-way analysis of
variance, ANOVA. The fitted KA-Fgr data for each condition were used to calculate the
mean of ST forces and standard deviations per KA tested as well as in the calculation

of the operational and hypothetical joint range of Fgr exertion.

2.2.4 Experimental Measures

The following key metrics were calculated to characterize the mechanical be-
havior of spastic ST: STstifmess 1-€, stiffness of activated spastic ST muscle defined as
the slope of the ascending limb of KA-Fgr curve represented by the KA range 90-30°;
KApstpeax i-€., the KA at which the peak ST muscle force was exerted; Range-Fgr i.e.,
operational joint range of Fgr exertion defined as the KA range between KApgrpeax

and KA at which Fgr is the minimum within the experimental KA range. Range-
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FST extrapolated 1-€., hypothetical joint range of Fgr exertion defined as the KA range
between KApgmpeax and active slack KA (the KA-Fgr curve was extrapolated linearly
until Fsr= 0 N). Note that, Range-Fgr has clinical relevance, as it is determined from
the actual knee positions tested during the experiment. However, Range-Fst _extrapolated

allows for a comprehensive characterization of the spastic muscle’s mechanical behavior.

2.2.5 Statistical Comparisons Between Conditions

Two-way ANOVA for repeated measures (factors: KA and condition) was used
to analyse the overall effects of inter-synergistic EMFT on KA-Fgp characteristics.
Differences were considered significant at P< 0.05. If significant main effects and an
interaction were found, Bonferroni post hoc tests were performed to further locate

significant within-factor force differences.

The key metrics were used to assess specific aspects of the effects of inter-
synergistic EMFT on spastic ST’s mechanical behavior. Shapiro-Wilk test was used to
check if the data are normally distributed. The key metrics calculated for each limb in
both conditions were then compared using the paired-t test or Wilcoxon signed-rank

test where appropriate. Differences were considered significant at P< 0.05.

Changes in KA-Fgr characteristics were used to test hypothesis 1. Changes
in the key metrics STsuifness (hypothesis 2) and KApgrpeak, Range-Fgr, and Range-

FST extrapolated (hypothesis 3) were used to test the remainder hypotheses.

2.3 Results

Figure 2.4 shows KA-Fgr characteristics as the mean (SD) of ST forces of tested
limbs as a function of KA. In condition I, the minimum Fgt is observed in the most
flexed knee position. Subsequently, Fgr increases in response to added knee extension

reaches a maximum, and decreases (e.g., Fst = 3.1 N, 84.3 N, 78.0 N at KA= 120°, 15°,
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Figure 2.4 The mean (SD) of spastic ST forces of intraoperatively tested limbs per KA across the
conditions tested. Spastic ST was activated alone (condition I) and simultaneously with its synergists
GRA and SM (condition II).

and 0°, respectively). ANOVA (factors: KA and condition) showed significant main
effects of both factors on spastic ST forces, but no significant interaction. In condition
II, spastic Fgr increased on average by 33.3% compared to condition I. Therefore,

hypothesis 1 is confirmed.

Table 2.2 shows the experimental metrics for each limb tested as well as the mean
(SD) of these values for both conditions. For STstiftness, KArstpeak and Range-Fgsr the
paired-t test and for Range-Fsr extrapolatea the Wilcoxon signed-rank test showed no
significant differences between the two conditions. Therefore, study hypotheses 2 and

3 are rejected.

2.4 Discussion

Direct measurements of human muscle forces involve difficulties due to limited
access to the tendons and technical challenges of measuring the tendon forces. This

was done during remedial surgery of patients with CP, in the upper extremity (e.g.,
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The key metrics data for each limb tested. STgyiffness = stiffness of activated spastic ST muscle;
KApgmpeak = the knee angle at which the peak ST muscle force was exerted; Range-Fgr =
operational joint range of Fgr exertion i.e., the KA range between KApgmpeak and KA at which Fgr
is the minimum within the experimented KA range; Range-FsT extrapolated = hypothetical joint
range of Fgr exertion i.e., the KA range between KApgtpeak and KA at which Fgr is zero (the
KA-Fgr curve was extrapolated linearly until Fgr= 0 N).

Condition I Condition II
ST KA Range - Range-Fgr ST KA Range - Range-Fgr
Limb | gifness FsTpeak ~ Fsr  extrapolated | stiffness FSTpeak ~ FsT  extrapolated
NS C) ) ©) NS C) ) )
1 0.29 47 73 175 0.29 46 74 219
2 0.53 29 91 120 0.30 19 101 149
3 0.80 0 120 142 0.56 0 120 173
4 0.26 0 120 122 0.48 0 120 121
) 1.09 0 120 122 0.76 36 84 171
6 1.81 5 115 116 2.00 13 107 108
7 1.75 24 96 97 1.67 19 101 102
8 1.06 32 88 106 1.26 35 85 103
9 0.72 0 120 121 0.77 0 120 121
10 1.26 11 109 110 1.48 14 106 107
11 1.04 20 100 101 0.78 29 91 116
12 0.77 26 94 114 0.83 23 97 113
Mean 0.95 16.2 103.8 120.5 0.93 19.5 100.5 133.6
(SD) | (0.50)  (15.8) (15.8) (20.8) (0.55)  (15.2) (15.2) (36.7)
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[86,98]). Kreulen and Smeulders [99] measured forces of spastic flexor carpi ulnaris after
releasing it from its insertion and obtained valuable data showing muscle force-length
characteristics. Studies testing the effects of co-activation of several human muscles
on muscular mechanics are even rarer. Previously, Ates et al. [44,46] reported spastic
muscle’s potential to contribute to joint moment and range of motion in the lower
extremities and tested effects of co-activation of an antagonistic muscle. A major novel
contribution of the present study is that effects of added stimulation of its synergistic
muscles on activated spastic ST muscle’s mechanics were assessed and this yielded
substantial force increases. This provides evidence for EMFT in patients with CP.
However, the tested co-activation did not affect other characteristics of the spastic ST

muscle’s knee angle-force relationship.

The study hypotheses were based on possible inter-synergistic EMFT effects
on spastic ST sarcomere lengths. Validation of that with data is difficult due to ma-
jor technical challenges. However, elaboration on that is necessary to explain the
present findings. Heterogeneity of lengths of sarcomeres arranged in series within mus-
cle fibers was shown earlier by Huxley and Peachey [100]. Recent studies indicate that
even within human muscles in vivo [101-103]. We anticipated that inter-synergistic
EMFT can cause spastic ST sarcomeres to attain lengths favorable for force produc-
tion, closer to their full myofilament overlap. Accordingly, for flexed joint positions
prior to KApgrpeak, force increases of the activated spastic ST shown indicate less
shortening of sarcomeres functioning in the ascending limb of their force-length curves.
Beyond KApstpeak, less lengthening of sarcomeres functioning in the descending limb
can explain increased muscle force. On the other hand, we also anticipated shape
changes of the KA-Fgr curves yielding elevated stiffness of activated spastic ST and
decreased joint range of force exertion. Increased heterogeneity of sarcomere lengths
across muscle fibers causes a shift of muscle’s peak force to longer muscle lengths [50].
This increases the muscle’s length range of force exertion and inter-synergistic EMFT
can cause that [16,17]. However, patients with CP show limited knee joint movement.
Accordingly, if inter-synergistic EMFT is responsible for the narrow joint range of force
exertion, we expected an opposite effect of shifting of KApsrpeax to a flexed knee po-

sition in the present experiment. Yet, lack of change in joint range of force exertion
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confirms no shape changes of the KA-Fgr curves due to inter-synergistic EMFT. Lack of
stiffness change is in concert with that. In the light of this assessment, the present find-
ings indicate two possible explanations. First, inter-synergistic EMFT caused spastic
ST sarcomeres to operate at lengths favoring more force exertion, but without altering
the heterogeneity of mean sarcomere lengths in different muscle fibers. Second, some
of the forces of the co-activated GRA and SM muscles were transmitted via the con-
nective tissue network on the spastic ST and were integrated into its force measured

at the distal tendon, without affecting its sarcomeres.

The first explanation is tenable provided that myofascial loads act on the muscle
belly and affect the contractile apparatus. Based on tendon forces in animal studies,
inter-synergistic EMFT effects in physiologically relevant conditions were argued to be
small [11,104]. Conversely, human studies in vivo showed that global gastrocnemius
strains imposed by knee movement caused much higher amplitudes of heterogeneous
local strains to occur within the calf [105] and the remaining muscles of the limb [106].
This is explained by myofascial loads and indicates that muscle strains can be affected
by inter-synergistic EMFT unproportionally with the loading on the tendon. do not
cross the knee. This is explained by myofascial loads and indicates that muscle strains
can be affected by inter-synergistic EMFT unproportionally with the loading on the
tendon. The mechanism responsible for myofascial loads is muscle relative position
changes (Figure 2.5). Due to differences in moment arms, knee angle changes may
involve different length changes in each muscle co-activated. In healthy individuals,
ST has a bigger knee flexion moment arm than the SM (as well as biceps femoris) [107]
and GRA [108] in most knee positions. The ST attaining relatively longer lengths
distally will stretch epimuscular connections in the distal direction. Hence, proximally
directed myofascial loads plausibly act on distal parts of spastic ST. Additionally, the
GRA is a hip flexor in contrast to the hamstrings [109]. The experimental test condition
keeps it at a longer length than the other muscles, stretching epimuscular connections
in the distal direction. Therefore, proximally directed myofascial loads plausibly act
also on proximal parts of spastic ST. These loads can limit sarcomere lengthening with
joint extension maintaining myofilament overlap favorable for force production. Note

that, this mechanism should be effective already in condition I. The shape of KA-
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Fgrt curve does indicate that the muscle exerts low forces in flexed knee positions and
its peak forces in response to knee extension. Therefore, myofascial loads originating
from the compartmental connective tissues appear to eliminate sarcomere overstretch
although this is considered as a property of spastic muscle due to adaptations in CP
[110,111]. Added activation of the SM and GRA in condition II must have elevated
those myofascial loads. This can explain the increased spastic ST forces measured.
Earlier, peak force of spastic GRA co-activated with its antagonist vastus medialis was
measured in flexed knee positions [46], whereas if stimulated alone, this was encountered
only in response to joint extension [44]. Therefore, unlike the present findings, EMFT
effects vary among different spastic muscles and/or inter-antagonistic EMFT causes
more pronounced effects also on the shape of the KA-Fgt curve are plausible suggesting
that they can vary among different spastic muscles and/or inter-antagonistic EMFT
causes more pronounced effects on spastic muscles’ mechanical behavior. New studies

are indicated to further understand EMFT effects in patients with CP.

Yet, supporting the second explanation, certain previous studies indicate that
myofascial forces can also be transmitted via the connective tissue network without
affecting fiber [103,112] or sarcomere lengths, or their heterogeneity [13,21]. A unique
recent finding is also relevant. Flexor carpi ulnaris muscle biopsies from patients with
CP compared to healthy controls showed a particular thickening of the tertiary perimy-
sium [32] suggesting elevated stiffness of these structures. Notably, tertiary perimysial
structures constitute the connective tissue reinforcement of neurovascular tissues pen-
etrating the muscle. However, they traverse the muscle without enveloping fascicles
from their origin to insertion unlike the other levels of the perimysium. Therefore, they
can be considered to comprise an EMFT pathway inside, but through only a part of
the muscle. The remainder, however, follows the stiffer pathway inside the muscle and
leaves it via the neurovascular tracts at other parts of the muscle belly and reaches the
joint. As no particular effects on sarcomere lengths and related changes to the shape
of the KA-Fgr curve are considered, the second explanation is in concert with the lack
of altered spastic ST stiffness and joint range of force exertion shown. However, the
present study is incapable of isolating elevated stiffness of particular ECM elements of

the spastic ST. We also don’t have the data to test if inter-synergistic myofascial loads
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Distally stretched epimuscular connections due to muscle relative position differences
yield proximally directed myofascial loads to act on the distal and proximal parts of the ST

A 4 p

Proximal Distal

Figure 2.5 Schematic illustrating myofascial loads on the ST due to muscle relative position differ-
ences between the GRA and SM muscles and the ST. Relative position changes in an extended knee
position are illustrated and exaggerated for clarity. Distally, relative position differences can occur
due to differences in moment arms among the studied muscles and stretch their mutual epimuscular
connections distally (solid lines interconnecting the ST to the SM and GRA). In addition, the target
muscle’s relative position changes with respect to the remainder of the hamstrings, and the bone are
represented (dashed lines connecting the ST to the mechanical ground). Proximally, relative position
differences occur due to the experimental condition. This keeps the GRA at a longer length than the
other co-activated muscles and stretches the epimuscular connections (solid lines interconnecting the
ST to the GRA) distally. Epimuscular connections stretched distally will lead to proximally directed
myofascial loads to act on the distal and proximal parts of the ST (illustrated by solid black arrows
on the ST belly). These loads include passive forces originating from muscles and connective tissues
in condition I and also some of the active forces of co-activated GRA and SM muscles in condition
I1. Myofascial loads can affect the mechanics of the spastic ST by manipulating its sarcomere lengths
(first explanation in text), or by being integrated into its force (second explanation in text), or a
combination of these.

not encountered in the tendon may affect knee flexor moment as a source of limited
knee joint mobility in CP. These issues were beyond our research questions posed but
can be relevant for an improved understanding of the pathological joint condition and

require specific testing in new studies.

If one of the two explanations was the dominant determinant of inter-synergistic
EMEFT effects shown cannot be decided. Additionally, the data is not capable of indicat-
ing whether the EMFT effects are different in patients with CP compared to typically
developing children. EMFT was argued to play a role in the impaired joint function
in CP and consequently, mechanical interactions between muscles were considered to
impose greater effects on spastic muscles’ mechanics than in healthy people |7, 10].

In contrast, in a rat model of spasticity, Olesen et al. [113] showed no differences in
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mechanical interactions between synergistic lower hindlimb muscles compared to the
control group. Although the pathology mechanisms between CP patients and a rat
model can be quite different, new studies are indicated to compare EMFT effects in
CP and typically developing children. On the other hand, plausibly, the limited knee
joint mobility in CP stems from multiple factors. Haberfehlner et al. [114]| showed a
shift of passive knee moment-angle curve towards more flexed knee angles indicating a
higher stiffness but could not explain this entirely with altered ST morphology. They
suggested that elevated stiffness of intra- and epimuscular connective tissues as well
other structures around the knee may play a role. Note that, the majority of the
present participants were not independently ambulant, but all positions of knee exten-
sion in the testing protocol could be reached in the passive state. In contrast, in a
similar group of patients, this was not possible [46]. Therefore, active state mechanics
of spastic muscles appear not to agree with parameters characterizing the passive state.
For self-ambulant children with CP, gait, and sit-to-stand involve a knee joint range
approximating 30° to 100° [115,116]. We cover a wider range of knee positions, but the
data indicate that EMFT may affect the pathological condition in the joint via force
increases. The patients’ high GMFCS values implying limited weight-bearing suggest
that muscle weakness may be an issue at the time of testing. However, assuming that
their muscle-related connective tissues have adapted to become stiffer during their de-
velopment, a greater role of EMFT is plausible for them to become non-ambulant in
the course of their pathological condition. These issues are in need of new and specific

research.

2.5 Conclusion

Inter-synergistic EMFT occurring due to co-stimulation of other knee flexors
of the upper leg does increase forces of activated spastic ST substantially. However,
this did not cause changes in active stiffness and joint range of force exertion of the
muscle. Therefore, we conclude that inter-synergistic EMFT affects forces exerted at

the spastic ST tendon, but not other characteristics of its angle-force relationship.
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3. PASSIVE AND ACTIVE STATE MECHANICS OF
SPASTIC GRACILIS: INTRAOPERATIVE EXPERIMENTS
AND GAIT ANALYSES

3.1 Introduction

In individuals with spastic cerebral palsy (CP), the mechanism of pathological
resistance against joint extension is unknown. This is ascribed to the passive and active
properties of spastic muscles. Regarding the former, the range of joint motion can be
limited even in the absence of any active force exertion [37,117|. Therefore, passive
forces of spastic muscles are expected to be high [118]. In contrast, in the upper ex-
tremity, intraoperative measurements revealed low passive forces for spastic flexor carpi
ulnaris muscle [86,99|. However, in the lower extremity, this has not been measured
directly, whereas assessments using muscle biopsies (e.g., [34]), and dynamometry and
ultrasound shear wave elastography (e.g., [119]) demonstrated greater passive muscle

stiffness in children with CP compared to typically developing (TD).

Regarding active properties, the role of spasticity in disrupting voluntary active
motion has been supported [40,120] or rejected [121,122] by various studies. However,
the pathological restricted joint motion of CP patients is clear. In the upper extremity,
if the limb is pulled on, the joint is forcefully kept in a flexed position [41], indicating
the presence of high flexor forces, which can stem from active force production of
spastic muscles. Intraoperative tests allow for the quantification of human muscles’
forces directly as a function of joint angle [42] and measure their capacity to affect
joint moments. A series of studies in patients with CP showed that activated spastic
knee flexors, the gracilis (GRA), semitendinosus (ST) and semimembranosus (SM)
muscles, produce only low forces in flexed knee positions [43-45]. Note however that, if
another muscle is co-activated, spastic GRA muscle’s overall mechanical characteristics
were shown to change, with the peak force shifting to flexed knee positions for some

patients [46]. This was ascribed to intermuscular mechanical interactions. This through
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epimuscular myofascial force transmission (EMFT) [90] have been shown to change the
force of a muscle explained by its altered force production due to manipulated sarcomere
lengths [13]. Daily activities involve the simultaneous activation of several muscles [87].
Therefore, intermuscular mechanical interactions can affect the active state mechanics

of spastic muscle in CP.

Despite the contribution of previous studies, there are major gaps in our un-
derstanding of the passive and active state mechanics of spastic muscles. Although
spastic muscle’s passive forces are considered to be high, they have not been assessed
directly. Additionally, activated spastic muscle’s force - joint angle relations were stud-
ied independently of gait-relevant joint positions. The aim was to fill in these gaps by
combining intraoperative experiments with gait analyses in order to test the following
hypotheses: (i) spastic GRA passive forces are high even in flexed knee positions, (ii)
its active state forces attain high amplitudes within the gait-relevant knee angle (KKA)

range and (iii) increase with added activations of other muscles.

3.2 Methods

Surgical and experimental procedures, in strict agreement with the guidelines
of the Helsinki declaration, were approved by a Committee on Ethics of Human Ex-
perimentation at Istanbul University, Istanbul. The patients and/or their parents gave

informed consent to the work.

3.2.1 Participants

Seven patients (all male: mean age 9 years 2 months, range 6-13 years, standard
deviation 2 years 10 months) with CP, however no prior remedial surgery, were included.
Gross Motor Functional Classification System (GMFCS) levels of all participants were
I1. Clinical spasticity scores: popliteal angles measured according to Modified Tardieu

Scale and Modified Ashworth Scale scores (Table 3.1). Prior to surgery, computerized
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Table 3.1
Patient characteristics and spasticity scores. Linign = thigh length; Cinia-thigh = mid-thigh
circumference; PA, Popliteal angle (i.e., the angle between hip and knee at the hip in 90° flexion);
MTS, Modified Tardieu Scale; R1 and R2, PA measurements according to MTS per fast and
slow-sustained stretch, respectively; MAS, Modified Ashworth Scale. PA> 50° indicates a severely
limited range of knee joint motion. MAS scores (0, 1, 1+, 2, 3, and 4) other than 0 indicate
spasticity. 1: slight increase in muscle tone, manifested by a catch and release or by minimal
resistance at the end of the range of motion when the affected part(s) is moved in flexion or
extension, 1+4: slight increase in muscle tone, manifested by a catch, followed by minimal resistance
throughout the remainder (less than half) of the range of movement, 2: more marked increase in
muscle tone through most of the range of motion, but affected part(s) easily moved. 3-4 (not present
in the current study): for affected part(s), movement is difficult or rigid.

Cmia- | PA(°) PA(°) MAS MAS
. . Age  Linign
Patient | Limb thigh R1of R2of score score
(years) (cm)
(cm) | MTS  MTS adductor hamstring
1 1 13 36.0  40.5 65 60 1 2
1 2 13 36.5  39.0 70 65 2 2
2 3 8 30.0 32.5 70 50 1+ 2
3 4 8 31.0 36.0 75 40 2 2
3 5 8 31.0 358 60 50 1+ 1+
4 6 6 270  29.2 65 65 1+ 2
5 7 11 35.0 43.0 80 80 2 2
6 8 12 37.0 370 80 80 2 2
6 9 12 38.0 39.5 70 70 1+ 2
7 10 6 26.0 28.0 80 65 1+ 14

gait analysis was performed for an objective diagnostic assessment. Note that, we used
this data to build a relationship between the specific spastic muscle level joint angle-
muscle force measurements and global patient motion characteristics i.e., to judge the
spastic muscle’s mechanics against the patients’ pathological movement. Overall, pre-
operative clinical examinations indicated a severely limited knee range of joint motion
and led to a decision that all patients required remedial surgery including the release

of hamstrings and hip adductors.
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3.2.2 Gait Analysis

A motion analysis system (ELITE 2002, BTS Bioengineering, Milan, Italy)
with six infrared cameras and two force plates (Kistler Instrumente AG, Winterthur,
Switzerland) was used implementing Helen Hayes Marker Placement Protocol [123].
Bilateral marker locations: the metatarsal head V, the heel, the lateral malleolus, the
tibial wand, the femoral lateral epicondyle, the femoral wand, and the anterior superior
iliac spine (ASIS). A single marker was placed onto the sacrum. Additionally, a marker
on the seventh cervical vertebrae (C7) was used to detect initiation of walking, and to
quantify shoulder tilt relative to horizontal in combination with two shoulder markers
(on the flat portions of the acromion). Hip and knee joint angles and moments in
the sagittal plane were used to relate the global gait metrics to intraoperative spastic

muscle level mechanics.

3.2.3 Intraoperative Measurements

Six of the patients were operated on bilaterally. For three of them, separate ex-
periments were performed on both legs. For the remainder patients, only one leg was
experimented with due to time limitations imposed by subsequent multilevel surgery.
Therefore, a total of ten knee angle GRA muscle force (KA-Fgra) data sets were col-
lected. The intraoperative measurements were done first in the passive state (condition
I), then the spastic GRA was stimulated alone (condition II), simultaneously with its
synergists ST and biceps femoris (BF) (condition III), and also with its antagonist
rectus femoris (RF) (condition IV).

The patients received general anesthesia without the use of muscle relaxants
or tourniquets. All experimental preparations and data collection were performed
after routine incisions to reach the distal GRA tendon and before any other routine
surgical procedures. Using a scalpel blade (number 18), a longitudinal skin incision
was made immediately above the popliteal fossa. After cutting the adipose tissue, the

distal GRA tendon was exposed. Subsequently, a buckle force transducer (TEKNOFIL,
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Istanbul, Turkey) (Figure 3.1A) was mounted and fixed over the tendon. The key
transducer characteristics include S-shape; dimensions: width= 12 mm length= 20
mm and height= 9 mm; maximal force range= 400 N; for test range 0-200 N: accuracy
<3%, (<0.19% below 100 N); resolution= 0.62 N and high linearity (R*= 0.99963, peak
nonlinearity= 1.31%,). Note that prior to each experiment, the force transducer was
(i) calibrated using bovine tendon strips (with rectangular cross-section, dimensions
7x2 mm? representative of that of the GRA distal tendon) and (ii) sterilized (using gas

sterilization at maximally 50° C).

The patient was positioned, and target joint angles were adjusted using an
apparatus (see Figure 3.1B for details). Isometric spastic FarA passive and Fgra were
measured at various muscle lengths imposed by manipulating the joint angles. Data
collection was done in the following sagittal hip and knee angles. The hip position
was fixed at two different hip angles (HA) equalling 45° and 20° determined from gait
analyses (see Results). For each HA, the KA was manipulated. Note that the hip
was positioned in a neutral position for ab/adduction and internal /external rotation
during testing. Length history effects of previous active contraction of the muscle at
long length on forces measured at short length [12,42| were eliminated before acquiring
data by preconditioning muscle-tendon complexes and their epimuscular connections.
[sometric contractions were alternated at extended and flexed knee positions until
spastic GRA forces at flexed knee positions were reproducible. Additionally, the data
acquisition was started in a highly flexed knee (120°), and the muscle length was
manipulated by extending the knee in 30° increments until 0° (full knee extension).
Testing was completed for all conditions before attaining a different knee angle. After
each contraction, the muscle was allowed to recover for a minute, and completion of the
protocol approximated 30 minutes. A data acquisition system (MP150WS, BIOPAC
Systems, CA, USA, 16-bit A/D converter, sampling frequency 40 kHz) was used with
an amplifier for the force transducer (DA100C, BIOPAC Systems, CA, USA).

Four pairs of gel-filled skin electrodes (Kendall H92SG, Covidien, MA, USA)
were placed on the skin, over the spastic GRA, ST, BF, and RF muscle bellies. Muscle

bellies were located by palpation. The reference electrodes were placed as distal as
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Figure 3.1 Intraoperative muscle mechanics experimental setup used for measurement of spastic
GRA forces at flexed hip positions. (A) Ilustration of how the buckle force transducer is mounted
over the target muscle’s tendon. Inset shows the transducer mounted over a tendon strip. Pairs of
skin electrodes placed over the muscles are illustrated using solid (for the GRA and ST) or dashed
(for the long head of BF and RF) circles. (B) An apparatus designed for intraoperative tests in lower
extremities is composed of four components: (i) The upper leg component incorporating a leg holder,
which has an adjustable position on it allows fixing the hip angle (to 45° or 20° both in the sagittal and
frontal planes). This component is secured to the slot of the surgery table via fixtures. (ii) The lower
leg component incorporating an ankle holder that has an adjustable position on it supports the lower
leg. (iii) The knee angle and (iv) hip angle adjusters link together the upper and lower leg components
and allow setting the knee and hip angle and fixing them during a contraction. Circular slots were
machined in the knee and hip angle adjusters and angles were marked on them (in 0.5° increments)
for the required joint position adjustments. The leg holders’ position is adjustable on the upper leg
component. This allows supporting the upper leg and aligning it such that the axis of the knee and
hip joint rotations corresponded to the center of the rotation of the knee and hip angle adjusters,
respectively. The ankle holder, the position of which is adjustable on the lower leg component allowed
supporting the lower leg. The leg holder and ankle holder were sterilized components. The non-sterile
remainder parts were covered with sterile fabric before an antiseptic agent was applied to the skin and
the patient’s leg was positioned and secured to the apparatus.
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possible to the incision with their positions having an offset. The location of the
second electrode was determined according to the following procedure: The minimum
center-to-center inter-electrode distance was reported to be 30 mm for a successful
electrode function [96] and muscle excitation [97]. At KA= 120°, a tentative location
for the second electrode was determined accordingly. The contraction responses were
assessed in response to twitch stimuli evoked separately for each muscle. Successful
stimulation of spastic GRA was monitored from the measured force, and leakage of
current into other muscles than the one stimulated was controlled by palpation. This
was repeated at, KA= 60° and 0°. If necessary, the second electrode position was

optimized by iteration.
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Figure 3.2 Typical examples of force-time traces for spastic GRA muscle. Superimposed traces
recorded for GRA muscle at the five knee angles studied are shown.

A custom made, constant current high voltage source (cccVBioS, TEKNOFIL,
Istanbul, Turkey) was used to impose supramaximal muscle stimulation (transcuta-
neous electrical stimulation with a bipolar rectangular signal, 160 mA, 50 Hz): two
twitches were evoked which, after 300 ms, were followed by a pulse train for 1000 ms to
induce a tetanic contraction and a subsequent twitch (see Figure 3.2 for superimposed

examples of force-time traces for spastic GRA muscle at five KAs).
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3.2.4 Processing of Data

For each KA tested, Fgra passive measured in passive state and Fgra measured
in active state, during a 500 ms period (in the middle of the tetanus for Fgra) were

averaged and recorded as muscle passive and total force, respectively.

Using a least-squares criterion, KA-Fgra data were fitted with a polynomial

function (Eq. 3.1).
Fora=ao+a1- KA+ ay - KA+ ... +a,  KA" (3.1)

ag, a; ... a, are coefficients determined in the fitting process.

The lowest order of the polynomials and the exponential functions that still
added a significant improvement to the description of changes of KA-Fgra were selected
using a one-way analysis of variance, ANOVA. KA-Fgra passive data were also fitted
in the same way. The fitted data for each condition were used to calculate the mean
of GRA forces and standard deviations per KA. Range-Fgra (operational KA range
of Fqra exertion i.e., range between the KA’s at which, the peak and minimum Fgra

is measured) was used as an active state metric.

3.2.5 Statistics

Two-way ANOVA for repeated measures (factors: KA and condition) was used
to compare the overall mechanical characteristics of spastic GRA muscle in all con-
ditions. If significant main effects and an interaction were found, Bonferroni post
hoc tests were performed to further locate significant within-factor force differences.
Shapiro-Wilk test was used to check if the key active state metrics data are normally
distributed. Range-Fgra calculated for each limb in condition III and condition IV
were compared to those of condition II using paired-t test or Wilcoxon signed-rank test

where appropriate. Differences were considered significant at P< 0.05.
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3.3 Results
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Figure 3.3 The patients’ ensemble-averaged gait data (A) and (C) for the hip, and (B) and (D) for
the knee, showing joint angles and moments, respectively. Blue curves indicate the patients’ data,
whereas the black curves indicate the reference data for the typically developing children (from the
database of the BTS Bioengineering system). Flexion (Flx) and extension (Ext) are indicated.

Figure 3.3 shows the ensemble-averaged joint angles and moments in the sagittal
plane. With less than one SD (for HA 11.1° and KA 8.8°) variation, the following parts
of the gait cycle (GC) characterize the pathological joint condition of the patients and
indicate gait-relevant KA range per HA tested intraoperatively: (i) Exaggerated knee
flexion occurs for 0-30% GC and 75-100%. For the patients, this indicates that at the
start and end of GC, their knee is highly flexed instead of being typically extended,
which compromises heel strike leading even to toe landing. In the gait data, HA=
45° is observed for 0-12% and 77-100% GC, and this matches with KA= 17-61°. (ii)
The knee moment is flexor for 16-51% GC instead of being typically extensor, which
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also agrees with the patients’ limited knee extension condition. In the gait data, HA=
20° is observed for 16-37% GC, and this matches with KA= 0-33°. Consequently,
intraoperative data for KA= 17-61° at HA= 45° and KA= 0-33° at HA= 20° were
determined to represent the pathological movement during loading response/terminal

swing, and mid/terminal stance phases of the patients’ gait, respectively.
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Figure 3.4 The mean (SD) of spastic GRA forces of intraoperatively tested limbs per KA across the
conditions tested for both HAs studied. (A) for HA= 45° and (B) for HA= 20°. The spastic GRA
forces in the passive states (condition I) are shown as dashed curves. The spastic GRA was activated
alone (condition II), simultaneously with its synergists, semitendinosus (ST) and biceps femoris (BF)
(condition IIT), and also with its antagonist rectus femoris (RF) (condition IV). The grey shaded areas
show the gait-relevant KA-positions.

Figure 3.4 shows KA-Fgra and KA-Fgra passive characteristics. For both HA,
in conditions I and II: (1) passive forces start from non-zero, but low amplitudes in
flexed knee positions and increase to maximally 26.1% (HA= 20°) of the peak total
force measured in condition II. (2) Total forces attain their minimum in the most flexed
knee position, show an increase in response to added knee extension, reach a maximum
and decrease (for HA= 45° Fgra= 24.0 N, 70.1 N, 69.2 N at KA= 120°, 16° and 0°,
and for HA= 20°, Fgra= 25.8 N, 72.9 N, 67.6 N at KA= 120°, 34° and 0°, respectively).

ANOVA (factors: KA and condition) showed significant main effects of both
factors on spastic GRA forces, but no significant interaction. Condition I: the passive
forces measured at HA= 20° are significantly (on average by 6.5%) higher than those

measured at HA= 45°. Condition II vs. III and IV: co-activation of the synergistic
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Table 3.2
Effects of conditions on Range-Fgra for each limb tested.

Range-Fgra (°) Range-Fgra (°)
for KA= 45° for KA= 20°
Lich Condition Condition Condition | Condition Condition Condition

11 111 v 11 111 v
1 120 120 90 92 103 94
2 118 120 86 81 95 83
3 7 74 67 60 67 67
4 68 120 63 95 56 82
) 83 120 78 76 88 69
6 120 120 100 92 95 95
7 72 120 120 120 120 120
8 120 98 81 108 92 58
9 120 50 74 73 38 78
10 120 120 97 113 113 88

Mean (SD) | 102 (23) 106 (25) 86 (17) 91 (19) 87 (26) 83 (18)

and antagonistic muscles caused spastic GRA total forces to increase significantly (on
average, for HA= 45°, by 32.8% and 71.9%, and for HA= 20°, by 24.5% and 45.1% in
conditions IIT and IV, respectively). Compared to HA= 45° for HA= 20°, the total
forces are higher in conditions II and III (on average by 12.9% and 6.1%, respectively)
and lower in condition IV (on average by 4.6%). Condition I vs. IV: peak passive force

is maximally 18.7% (HA= 20°) of peak GRA total force.

Condition II vs. III and IV: Wilcoxon signed-rank test (conditions III and IV
at HA= 45°) and the paired-t test (conditions III and IV at HA= 20°) showed no
significant differences in Range-Fgra (Table 3.2). Across different HAs, no significant
differences were shown in Range-Fggra for condition II (Wilcoxon signed-rank test) and
condition IV (paired-t test) but, in condition III, compared to HA= 45°, Range-Fgra
was significantly narrower (Wilcoxon signed-rank test) at HA= 20° (on average by

18.1%).
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3.4 Discussion

Passive forces of spastic GRA muscle measured directly at the tendon for the
first time maximally approximated a quarter of the active state forces in extended knee
positions. Therefore, the hypothesis that spastic GRA passive forces are high even in
flexed knee positions was rejected. However, the hypotheses that active state forces of
spastic GRA attain high amplitudes within the gait-relevant KA range and increase

with added activations of other muscles were confirmed.

The overall mechanical characteristics of spastic GRA in conditions I and II
provide valuable novel information as the muscle’s passive and active state mechanics
can be compared. The fact that the passive state forces are only a certain fraction of
the active state forces for most knee positions indicates that the passive state is not the
dominant component of the spastic muscle’s mechanics affecting the knee joint. This is
valid also within the KA range relevant to gait. On the other hand, conditions involving
co-activation of other muscles promote testing of the active state effects. Therefore, the
intermuscular mechanical interaction effects in conditions III and IV characterize the
change in the effects of the active state on the mechanics of spastic GRA. Accordingly,
in condition III, elevated forces measured in response to the co-activation of synergistic
muscles indicate an increased contribution of spastic GRA to knee flexion moment for
gait-relevant joint positions due to EMFT. Moreover, further elevated forces of spastic
GRA in response to added activation of an antagonist muscle in condition IV strengthen
the judgment that the active state dominates the spastic muscle’s effect at the joint to
cause motion restriction. This is plausible also for other types of daily motions. For
self-ambulant children with CP, sit-to-stand, and stair ascending/descending involve
a KA range approximating 20° to 100° [116, 124] which is within the range of knee
positions covered in the current study. Also, such key movements involve simultaneous
activation of several lower-limb muscles including the GRA, ST, BF, and RF [88|.
Therefore, conceivably EMFT may have similar effects on spastic muscle’s mechanics
contributing to the restricted joint movement for various types of movements. Note
that, sit-to-stand involves further flexed hip positions, which is more pronounced in

children with CP compared to TD [116]. This can cause the GRA to attain shorter



46

lengths proximally and based on the present findings may elevate the effect of EMFT.
Hence, plausibly the active state may play a dominant role in limited joint mobility

also for sit-to-stand motion. However, these issues require further specific testing.

Notably, (1) in condition IV, GRA forces measured at a HA of 45° were higher
compared to those at a HA of 20°. (2) In condition III, Range-Fgra determined for a
HA of 20° was significantly narrower than that for a HA of 45°. These findings indicate
the effects of epimuscular myofascial loads on the mechanics of spastic GRA. Altered
HAs change a muscle’s relative position with respect to other muscles, which stretches
its epimuscular connections and causes myofascial loads to develop [13,90]. This is
the central mechanism for EMFT effects in which such loads can (i) integrate with the
muscle’s force, or (ii) alter its sarcomere lengths, hence changing the muscle’s own force
and movement production capacity. Regarding the latter, EMFT causes sarcomeres
in the same muscle fibers to attain different lengths as well as the heterogeneity of
mean sarcomere lengths across different fibers [102, 103, 125]. A consequence is an
altered length range of force exertion [90,126|. Additionally, myofascial loads can
cause sarcomeres to attain lengths closer to their full myofilament overlap |50, 100].
Both mechanisms can be found in the present data suggesting that the present EMFT
effects can be ascribed to both (i) and (ii). Such effects are plausible also for the
other findings of the study, however, the amplitude and type of effects of epimuscular
myofascial loads appear to vary across conditions. Nevertheless, the findings show that
such loads did affect spastic GRA muscle’s overall mechanics, particularly for the gait-
specific joint positions studied. In order to assess if this reflects on the joint movement
limitation, we sought a correlation between the severity of the patients’ pathological
gait and the increase in spastic GRA force via co-activation of other muscles (please
see Appendices A and B for details). This assessment indicates that there is indeed
a strong correlation between a characteristic metric representing per each limb, the

limited knee extension of the patients, and the effect of EMFT causing elevated spastic

GRA forces.

The present findings, which show that in cerebral palsy, active state, rather than

passive dominates the spastic muscle’s joint movement limiting effect, and the effects
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of EMFT are a determinant of pathological gait, have clinical implications. One is
for the clinical examination tests conducted prior to surgery. Ates et al. [44] studied
muscle force-KA characteristics of individually activated spastic GRA intraoperatively
and showed no correlation between the key determinants of the experimental measures
(i.e., the KA and amplitude of peak spastic GRA force exertion and the percentage of
it measured at the most flexed and extended knee positions tested) and the outcome
of patients’ pre-operative clinical examinations performed in the passive state (a met-
ric combining the popliteal angle and hip abduction angle into a clinical score for a
limited range of motion). The same general lack of active to passive state correlation
was shown also for spastic ST [43] and semimembranosus [45] muscles. Therefore, we
suggest that clinicians pay closer attention to a spastic muscle’s impact on joint motion
during active conditions as opposed to the typical passive range of motion assessments
conducted. Intraoperative clinical testing is ideally a tool to be used for that purpose,
but this technique is not widely available currently. However, gait analyses should be
central and the use of e.g., supersonic shear imaging is capable of estimating muscle
force as well as EMFT effects [127,128|. Additionally, new approaches to interventions
are warranted that consider the effect of agonist/antagonist interactions on a spastic
muscle’s limiting joint motion. Muscle-related connective tissues also interconnecting
those muscles are key to that. Tenotomy of spastic flexor carpi ulnaris was shown to be
ineffective on wrist motion [94] and torque [129]| unless accompanied with major dis-
section of the muscle’s connective tissue envelope comprising epimuscular connections.
Tendon transfer surgery involves partial dissection of connective tissues surrounding the
muscle to be mobilized, which in return also interferes with the EMFT pathways [10].
Muscle lengthening surgery directly interferes with muscular connective tissues: (i)
intramuscularly, muscle’s extracellular matrix is torn after the aponeurosis is trans-
acted, which is determines the acute effects [130]. (ii) However, also epimuscularly, the
preparatory dissections done to perform the main intervention can be effective and for
the non-targeted muscles as well [47]. Those studies show that intra- and epimuscular
connective tissues affect the surgical outcome and the present study indicates they play
a role in determining the spastic muscle’s limiting joint motion. New studies should
aim at determining if, in CP, those connective tissues are stiffer so as to provide patho-

logical agonist/antagonist connections. Also, possible effects of their altered structure
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and properties after the intervention should be accounted for to achieve the optimal

outcome.

Limitations of the work should be acknowledged. Fee and Miller [131] showed in
spastic CP that active muscle tone disappeared under neuromotor blockade anesthesia,
which was not used in the current study. Therefore, our findings may not have isolated
pure passive state properties. However, this suggests that the spastic GRA’s passive
forces may be smaller than those reported. The maximum contraction condition used
in intraoperative testing is unlikely to occur during gait. Moreover, the isometric con-
dition does not represent the dynamic gait-specific loadings. Therefore, the measured
forces don’t correspond directly to those acting on the joint during gait. However, the
intraoperative data are important as the test conditions implemented to allow for the
quantification of the maximal capacity of the spastic GRA in limiting knee extension
and the effects of added activation of other muscles on that. Note that, a similar effect
of such co-activation also on proximal GRA forces is plausible, which may elevate its
motion limiting effect at the hip, but this needs to be tested. New studies are indicated
to consider different joint positions that represent other functional activities including
altering of hip position into the coronal or transverse planes. Also, testing of other
medial hamstrings or plantar flexors is indicated for a broader understanding of the

mechanics of spastic muscle and the effects of agonist/antagonist interaction on that.

3.5 Conclusion

Spastic muscle’s passive forces measured directly for the first time in patients
with CP maximally approximate a quarter of the active state forces, which attain
peak values within the gait-relevant KA-range and elevate significantly after the added
activation of other muscles. Therefore, active state muscular mechanics, rather than
passive, of spastic GRA present a capacity to limit joint movement in CP, the effects

of which elevate due to intermuscular mechanical interactions.
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4. PASSIVE AND ACTIVE STATE MECHANICS OF
SPASTIC SEMITENDINOSUS: INTRAOPERATIVE
EXPERIMENTS AND PATIENT-SPECIFIC
MUSCULOSKELETAL MODELS

4.1 Introduction

In cerebral palsy (CP) restricted knee joint range of motion can be seen even in
conditions that do not involve any muscle activation [37,117|. Therefore, the patholog-
ical joint condition can be associated with non-contractile structures ascribed to stiff
connective tissues such as the joint capsule or ligaments and/or high passive resistance
of spastic muscles [118,132,133]. The former often is detected in pre-operative clinical
examinations and may prohibit full knee extension in resting state (e.g., [46]). Passive
knee moment-angle characteristics of spastic semitendinosus (ST) were shown to differ
from those of typically developing (TD) children, indicating elevated epimuscular and
intramuscular connective tissue stiffness in CP [114]. Using muscle biopsies, Smith et
al. [34] reported greater passive state stiffness of spastic hamstring fascicles including
the ST. However, despite its major importance, direct measurement of passive forces

at the tendon of the spastic muscle has not been done.

In the active state, CP patients experience pathological restricted joint motion
including knee flexion deformity during gait [39,40]. If during clinical examination,
the affected limb is pulled on, the joint is forcefully kept in a flexed position, which
is ascribed to exaggerated stretch reflexes. However, this also indicates the presence
of high flexor forces [41], conceivably originating from active state muscular force pro-
duction. Yet, in flexed joint positions the muscle attains shorter lengths, which is not
suitable for high force production. Therefore, spastic muscle could be characterized by
altered contractile properties leading to a shift of the muscle’s highest force production

to flexed joint positions. In concert with that, spastic muscle is considered as a short-
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ened muscle, which is derived from fewer series sarcomeres and not shortened sarcom-
eres [134]. This is supported by findings showing that sarcomeres attain longer lengths
non-favorable for active force generation in extended positions |[34]. However, accessing
human tendons for direct force measurements to address those issues is difficult. Con-
sequently, studies investigating patients’ muscle mechanics are rare [85,99, 129, 135|.
Intraoperative experiments showed that selectively activated, spastic gracilis (GRA),
ST, and semimembranosus (SM) muscles’ forces are low in flexed, and high in extended
knee positions [43-45|, which could not reveal the source of aforementioned high flexor

forces.

Daily activities involve co-activation of several muscles simultaneously [87,136].
Resulting intermuscular mechanical interactions manipulate the muscle’s force [90]. In
patients with CP, co-activating other muscles with the target spastic knee flexor caused
its force to increase [46,137,138]. However, although knee flexion deformity is often
accompanied by increased hip flexion [139] the hip was kept at a neutral position.
Therefore, assessments in conditions involving intermuscular mechanical interactions

and in gait-relevant joint positions are lacking.

The present study aims at testing the following hypotheses by combining in-
traoperative experiments with the patients’ gait data: (i) in both passive and active
states, spastic ST per se shows its highest forces within gait-relevant knee angle (KA)
range and (ii) due to intermuscular mechanical interactions, the active state forces are

higher than those measured when the muscle is activated alone.

4.2 Methods

Surgical and experimental procedures, in strict agreement with the guidelines
of the Helsinki declaration, were approved by a Committee on Ethics of Human Ex-
perimentation at Istanbul University, Istanbul. The patients and/or their parents gave

informed consent to the work.
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4.2.1 Participants

Seven patients (male: mean age 9 years 2 months, range 6-13 years, standard
deviation 2 years 10 months) with CP, however no prior remedial surgery were in-
cluded. The Gross Motor Functional Classification System (GMFCS) levels were II.
The popliteal angle (PA) values show the patients’ limited knee mobility (Table 3.1,
please see Appendix C for a correlation assessment between clinical and intraoperative

measures). Reference: seven age-matched TD children.

4.2.2 Gait Analysis

A motion analysis system (ELITE 2002, BTS Bioengineering, Milan, Italy)
with six infrared cameras and two force plates (Kistler Instrumente AG, Winterthur,
Switzerland) was used implementing Helen Hayes Marker Placement Protocol [123].
Bilateral marker locations were the metatarsal head V, the heel, the malleolus, the
tibial wand, the femoral epicondyle, the femoral wand, and the anterior superior iliac
spine (ASIS), and a single marker was placed onto the sacrum. In addition to the
standard marker set, a marker on the seventh cervical vertebrae (C7) was used to
detect the initiation of the walking. The gait data were used to associate the spastic

muscle level mechanics with global patient motion characteristics.

4.2.3 Musculoskeletal Modeling

Musculoskeletal models were developed for each participant using OpenSim to
establish the relationship between gait and muscle mechanics systematically in order to
(i) assess the change in operational muscle-tendon unit (MTU) length of participants’
ST muscle during gait and (ii) analyse MTU length-spastic muscle force data. The
gait 2392 model which comprises 23 degrees-of-freedom, and 92 musculotendon actu-
ators per leg [140] was used. Each model was scaled to the participants’ anthropometry

using the scale tool, based on body mass and surface marker locations obtained during
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a static trial performed during the gait analysis. The inverse kinematic tool was used
to calculate ST MTU lengths for each participant within the time frame of gait as well
as ST MTU lengths corresponding to paired hip and knee joint angles used during

intraoperative testing.

4.2.4 Intraoperative Measurements

Six patients were operated on bilaterally. For three of them, separate exper-
iments were performed on both legs. For the remainder patients, only one leg was
experimented with due to time limitations imposed by subsequent multilevel surgery.
Therefore, a total of ten knee angle ST muscle force (KA-Fgr) data sets were collected.
The intraoperative measurements were done first in the passive state (condition I).
Then the spastic ST was stimulated alone (condition II), simultaneously with its syn-
ergists GRA and biceps femoris (BF) (condition III), and also with its antagonist rectus
femoris (RF) (condition IV).

The patients received general anesthesia without the use of muscle relaxants or
tourniquets. All experimental preparations and data collection were performed after
routine incisions to reach the distal ST tendon and before any other routine surgi-
cal procedures. After the distal ST tendon was exposed, a buckle force transducer
(TEKNOFIL, Istanbul, Turkey) (Figure 4.1A) was mounted and fixed over the ten-
don. The key transducer characteristics include S-shape; dimensions: width= 12 mm
length= 20 mm and height= 9 mm; maximal force range= 400 N; for test range O-
200 N: accuracy< 3%, (<0.19% below 100 N); resolution= 0.62 N and high linearity
(R%= 0.99963, peak nonlinearity= 1.31%). Note that prior to each experiment, the
force transducer was (i) calibrated using bovine tendon strips (with rectangular cross-
section, dimensions 7x2 mm? representative of that of the ST distal tendon) and (ii)

sterilized (using gas sterilization at maximally 50° C).

The patient was positioned, and target joint angles were adjusted using an ap-

paratus (Figure 4.1B). Fsr passive and isometric Fgr were measured at two different hip
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Figure 4.1 Intraoperative muscle mechanics experimental setup used for measurement of spastic ST
forces at flexed hip positions. (A) Ilustration of how the buckle force transducer is mounted over
the target muscle’s tendon. Inset shows the transducer mounted over a tendon strip. Pairs of skin
electrodes placed over the muscles are illustrated using solid (for the ST and GRA) or dashed (for
the long head of BF and RF) circles. (B) An apparatus designed for intraoperative tests in lower
extremities is composed of four components: (i) The upper leg component incorporating a leg holder,
which has an adjustable position on it allows fixing the hip angle (to 45° or 20° both in the sagittal and
frontal planes). This component is secured to the slot of the surgery table via fixtures. (ii) The lower
leg component incorporating an ankle holder that has an adjustable position on it supports the lower
leg. (iii) The knee angle and (iv) hip angle adjusters link together the upper and lower leg components
and allow setting the knee and hip angle and fixing them during a contraction. Circular slots were
machined in the knee and hip angle adjusters and angles were marked on them (in 0.5° increments)
for the required joint position adjustments. The leg holders’ position is adjustable on the upper leg
component. This allows supporting the upper leg and aligning it such that the axis of the knee and
hip joint rotations corresponded to the center of the rotation of the knee and hip angle adjusters,
respectively. The ankle holder, the position of which is adjustable on the lower leg component allowed
supporting the lower leg. The leg holder and ankle holder were sterilized components. The non-sterile
remainder parts were covered with sterile fabric before an antiseptic agent was applied to the skin and
the patient’s leg was positioned and secured to the apparatus.
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angles (HA) equaling 45° and 20°, for each of which, the KA was manipulated. Length
history effects of previous active contraction of the muscle at long length on forces
measured at short length [12,42] were eliminated by preconditioning. Additionally,
the data acquisition (MP150WS, BIOPAC Systems, CA, USA) was started in a highly
flexed knee (120°), and the muscle length was manipulated by extending the knee in
30° increments until 0° (full knee extension). Testing was completed for all conditions
before attaining a different KA. After each contraction, the muscle was allowed to re-
cover for a minute. A data acquisition system (MP150WS, BIOPAC Systems, CA,
USA, 16-bit A/D converter, sampling frequency 40 kHz) was used with an amplifier
for the force transducer (DA100C, BIOPAC Systems, CA, USA).

Four pairs of gel-filled skin electrodes (Kendall H92SG, Covidien, MA, USA)
were placed over the spastic ST, GRA, BF, and RF muscle bellies. Muscle bellies
were located by palpation. The reference electrodes were placed as distal as possible
to the incision with their positions having an offset. The minimum center-to-center
inter-electrode distance was 30 mm for a successful electrode function [96] and muscle
excitation [97|. The tentative location for the second electrode determined accordingly

was then optimized with twitch stimuli monitored at KA= 120°, 60°, and 0°.

A custom made, constant current high voltage source (cccVBioS, TEKNOFIL,
Istanbul, Turkey) was used to impose supramaximal muscle stimulation (transcuta-
neous electrical stimulation with a bipolar rectangular signal, 160 mA, 50 Hz): two
twitches were evoked which, after 300 ms, were followed by a pulse train for 1000 ms to
induce a tetanic contraction and a subsequent twitch. Please see Appendix D for exam-
ples of muscle force-time traces showing tetanic contraction and selective stimulation

of spastic ST.

4.2.5 Processing of Data

Gait analysis and musculoskeletal modeling: Modeled limb-specific data for hip

and knee joint angle combinations were used to determine systematically the gait-
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relevant joint angle ranges per each limb, borders of which characterize KA ranges
for the participant group for each HA. Those ranges were narrowed using ensemble-
averaged kinematic and kinetic data for KA ranges that characterize the clinical condi-
tion via exaggerated knee flexion positions and flexor moments. For each limb tested,
the modeled MTU lengths were normalized per stride duration to match within 0-100%
of the gait cycle (GC), and with respect to the participants’ thigh lengths (Table 3.1).

Intraoperative measurements: For each KA tested, FST passive Mmeasured in pas-
sive state and Fgr measured in active state, during a 500ms period (in the middle of
the tetanus for Fgr) were averaged and recorded as muscle passive and total force,

respectively.

Using a least-squares criterion, KA-Fgr data were fitted with a polynomial func-

tion (Eq. 4.1)
Fsr=ag+a -KA+ay - KA*+ ... +a, KA" (4.1)

ag, a; ... a, are coefficients determined in the fitting process.

The lowest order of the polynomials that still added a significant improvement
to the description of changes of KA-Fgr were selected using a one-way analysis of

variance (ANOVA). KA-Fgr passive data were also fitted in the same way.

The fitted data for each condition were used to calculate the mean (SD) of ST
forces per KA. Range-Fgr (operational KA range of Fgr exertion i.e., range between
the KA’s at which, the minimum and peak Fgr is measured) was used as an active

state metric.

Note that the same procedure was repeated to obtain MTU length-Fgr passive
and MTU length-Fgr data.
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4.2.6 Statistics

Two-way ANOVA for repeated measures was used to compare (i) the overall
mechanical characteristics of spastic ST muscle (factors: KA and condition), (ii) nor-
malized MTU lengths (factors: %GC and participants). If significant main effects and
an interaction were found, Bonferroni post hoc tests were performed to further locate
significant within-factor force differences. Shapiro-Wilk test was used to check if the
key active state metrics data are normally distributed. Range-Fgr calculated for each
limb in Condition II, IIT and IV were compared with each other using paired-t test or
Wilcoxon signed-rank test where appropriate. Differences were considered significant

at P< 0.05.

4.3 Results

4.3.1 Gait-Relevant Joint Positions

Musculoskeletal modeling showed that for each limb tested, the KA ranges lie
within 60.9-19.6° and 60.3-0° (for three limbs simulations yield hyperextension up to
2.3°) for HA= 45° and 20°, respectively.

Figure 4.2 shows the ensemble-averaged joint angles and moments in the sagittal
plane. With less than one SD (for HA 11.1° and KA 8.8°) variation, the following parts
of the GC characterize the pathological joint condition of the patients and indicate
gait-relevant KA range per HA tested intraoperatively: (i) Exaggerated knee flexion
occurs for 0-30% GC and 75-100%. For the patients, this indicates that at the start
and end of GC, their knee is highly flexed instead of being typically extended, which
compromises heel strike leading even to toe landing. In the gait data, HA= 45° is
observed for 0-12% and 77-100% GC, and this matches with KA= 17-61°. (ii) The
knee moment is flexor for 16-51% GC instead of being typically extensor and the knee

power indicates absorption for 13-29% GC, which also agrees with the patients’ limited
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Figure 4.2 The patients’ ensemble-averaged gait data (A), (B) and (C) for the knee, and (D),
(E) and (F) for the hip (presented for completeness), showing joint angles, moments, and powers
in the sagittal plane, respectively. Blue curves indicate the patients’ data. The black curves show
the normative data of BTS Bioengineering, Milan, Italy (TD children, n= 40, 5-12 years, 17-36 kg,
0.96-1.46 m evaluated using BTS Motion Analysis System and the Davis protocol in Motion Analysis
Laboratory of San Raffaele Pisana Hospital, Rome, Italy). Flexion (Flx), extension (Ext), power
generation (Gen), and absorption (Abs) are indicated. Shaded areas show gait data represented in
intraoperative testing. Green: loading response (dotted line in (C) marks the beginning of flexor
moment in CP) and terminal swing phases, orange: mid/terminal stance phases. Matching colored
shaded areas indicate corresponding gait-relevant intraoperative data in Figure 4.3. Note that, unlike
what (A) suggests, knee hyperextension was observed in only one of the limbs tested (Limb 10).
This patient (7) showed exaggerated plantar flexion-knee extension couple. The reader is referred to
Appendix A for individual knee joint angle data for each limb tested. (G) Shows anterior (Ant) and
posterior (Pos) pelvic tilt, which indicates that high knee flexor moments are ascribable also to e.g.,
anterior pelvic tilt during gait.
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knee extension condition. In the gait data, HA= 20° is observed for 16-37% GC, and
this matches with KA= 0-33°. Consequently, intraoperative data for KA= 17-61° at
HA= 45° and KA= 0-33° at HA= 20° were determined to represent the pathological
movement during loading response/terminal swing, and mid/terminal stance phases of

the patients’ gait, respectively.

4.3.2 Intraoperative Data

Figure 4.3 shows KA-Fgr and KA-Fgr passive characteristics for the entire KA
range studied with the gait-relevant KA’s indicated. ANOVA (factors: KA and con-
dition) showed significant main effects of both factors on spastic ST forces, and a

significant interaction (P< 0.01).

Spastic ST muscle force (N) B Spastic ST muscle force (N)
180 - 180 -
150 | HA=45° 150 . HA=20° .
t
120 S Y e 120
90 —
ol //\ 60
30 /_\ 30 / | —
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Figure 4.3 The mean (SD) of spastic ST forces of intraoperatively tested limbs per KA across the
conditions tested for both HAs studied. (A) for HA= 45° and (B) for HA= 20°. The spastic ST forces
in the passive state (condition I) are shown as dashed curves. The spastic ST was activated alone
(condition II), simultaneously with its synergists, gracilis (GRA) and biceps femoris (BF) (condition
III), and also with its antagonist rectus femoris (RF) (condition IV). Shaded areas show gait-relevant
intraoperative data. Green: knee positions corresponding to loading response and terminal swing
phases, orange: knee positions corresponding to mid/terminal stance phases. Significant differences
among spastic ST forces at specific knee angles (Bonferroni post hoc test) are indicated: ¢ shows for
Condition I, the significant differences across the two HA tested indicating that spastic ST’s passive
forces for HA= 45° are higher in extended knee positions. * shows for Condition II vs. III, and f
shows for Condition II vs. IV, the significant differences for HA= 20°, indicating that co-activation
of the synergistic and antagonistic muscles elevate spastic ST’s active state forces in extended knee
positions.
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Passive and active state mechanics of spastic ST per se (conditions I € 1)
For both HA: (1) passive forces are low in flexed but increase towards extended knee
positions with their peak equaling 52.2% and 31.4% of the peak active Fgr for HA=
45° and HA= 20°, respectively. Compared to HA= 20°, for HA= 45°, Fsr passive are
significantly higher (e.g., by 124.7% at KA= 20° within the gait-relevant KA-range,
Figure 4.3 indicates specific KA’s showing significant differences). (2) Total forces
attain their minimum in the most flexed knee position, increase with knee extension
till & maximum and decrease towards full knee extension (for HA= 45°, Fgr= 18.6 N,
42.2 N, 31.9 N at KA= 120°, 37° and 0°, and for HA= 20°, Fgr= 13.3 N, 37.9 N, 33.6
N at KA= 120°, 28°, and 0°, respectively). Compared to HA= 20°, for HA= 45°, Fgr
are significantly higher in condition IT (on average by 22.9%).

Effects of co-activation of other muscles (conditions III & V) Compared to
condition II, co-activation of the synergistic and antagonistic muscles caused spastic
ST total forces to increase significantly (P< 0.01) in conditions IIT and IV: (i) For
HA= 45°, on average by 42.0% and 72.5%, (ii) for HA= 20°, maximally by 131.8% and
123.7% (Figure 4.3 indicates specific KA’s showing significant differences), respectively.
Differences between active vs. passive state forces elevate: peak Fst passive €quals
maximally 33.0% (condition III, HA= 45°) and minimally 14.3% (condition IV, HA=
20°) of peak Fgr.

Table 4.1 shows Range-Fgr per each limb and their mean (SD). HA= 45°: no
significant differences in Range-Fgr were found across any condition. HA= 20°: com-
pared to condition I1I, Range-Fgr was significantly narrower in condition IV (by 18.1%,
Wilcoxon signed-rank test, P= 0.018), whereas other comparisons showed no significant
differences. Across different HAs, no significant differences were shown in Range-Fgr
for conditions II and IV but, in condition III, compared to HA= 20°, Range-Fg1 was
significantly narrower for HA= 45° (by 33.2%, Wilcoxon signed-rank test, P= 0.022).
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Table 4.1
Effects of conditions on Range-Fgr for each limb tested.

Range-Fsr (°) Range-Fsr (°)
for KA= 45° for KA= 20°
Lich Condition Condition Condition | Condition Condition Condition
11 111 v 11 111 v
1 120 35 79 120 120 120
2 80 96 95 95 95 91
3 98 98 97 58 112 112
4 120 120 76 120 107 94
) 120 96 44 120 102 81
6 66 87 74 86 108 107
7 66 86 80 90 90 89
8 79 0 73 120 120 120
9 44 81 64 120 120 69
10 20 0 110 0 97 0
Mean (SD) | 81 (34) 70 (43) 79 (18) 93 (39) 107 (11) 88 (35)

4.3.3 Modeled MTU Length Changes and MTU Length-Fgt Characteris-

tics

ANOVA (factors: %GC and participants) showed significant main effects of
both factors on normalized MTU lengths (Figure 4.4), but no significant interaction
(on average 14.1% shorter in the patients). MTU length changes of spastic ST within
the GC are below 14% (mean (SD) 13.4 (2.8)) with the longest lengths attained during

the terminal swing phase.

Figure 4.5 shows per limb, MTU length-Fsr passive and MTU length-Fgr char-
acteristics with the gait-relevant MTU lengths indicated. Condition I: Passive forces
are low in short MTU lengths but increase towards longer ones. Condition II: (i) at the
shortest MTU length modeled, Fgr is maximally 45.0% (limb 8) and minimally 9.1%
(limb 5) of peak Fgr for limbs 1-9, whereas for limb 10, 94.2% of that is encountered.
(ii) At the shortest MTU length encountered during gait, Fgr is maximally 99.2% (limb
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Figure 4.4 Normalized muscle-tendon unit lengths of ST within the GC. Patients’ data for each limb
tested intraoperatively were presented individually and as mean (SD) (black solid line). Reference
participants’ (n = 7, 7-9 years) data were shown as mean (SD) (grey dashed line). MTU lengths were
normalized with respect to the participants’ thigh lengths.

7) and minimally 16.5% (limb 5) of peak Fgr for limbs 1-9, whereas, for limb 10, 96.7%
of that is encountered. (iii) At the longest MTU length, on the other hand, Fgr is high
(minimally 81.2% of the peak Fgr for limb 3 and maximally 95.2% for limb 10), except
for limb 5 (20.5% of the peak Fgr). Conditions III & IV: For limbs 3-8, co-activation
of the synergistic and antagonistic muscles caused spastic ST total forces to increase
(up to several folds for limb 3). However, for limbs 1-2 and 9-10 force changes are not
consistent both in amplitude and direction (also force decreases are observed e.g., for

limb 2 and in condition IIT).
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Figure 4.5 Modeled spastic ST forces of each limb as a function of normalized muscle-tendon unit
lengths. The spastic ST forces in the passive state (condition I) are shown as dashed lines, whereas
those in active states (conditions II-IV) are shown as solid lines. For each limb, the first and the last
data points indicate the shortest and longest MTU lengths determined using the intraoperatively tested
KA and HA combinations, whereas the shaded areas indicate gait-relevant data bound by the longest
and shortest operational MTU lengths encountered within a gait cycle. The percentages indicated
in each panel show the corresponding percent gait cycle as approximated by the musculoskeletal
modeling. MTU lengths were normalized with respect to the patients’ thigh lengths.
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4.4 Discussion

The present study indicates the following: (1) FsT passive cOmprise only a certain
part of Fgp. Therefore, active state forces dominate the tendon force for the entire KA
range including the gait-specific KA range. Note that, the passive forces being higher
in HA= 45° than in HA= 20° is ascribable to ST being longer in the more flexed
hip position. (2) Fgr typically approximates its peak value in the gait-specific KA
range and additionally (3) increases substantially in conditions III and IV, further
establishing the role of active state via co-activation of other muscles. Therefore,
intermuscular mechanical interactions affect spastic ST muscle’s potential contribution
to joint moment. Moreover, a narrower Range-Fg1 shown indicates that this may affect
spastic ST muscle’s contribution to joint movement. Although adverse consequences

are conceivable, implications of these effects on the patients’ gait require specific testing.

In TD children, during the terminal swing, the knee attains an extended po-
sition to prepare the limb for the subsequent stance phase and at initial contact, the
knee attains almost full extension. In the loading response, the knee starts to become
flexed for absorbing the shock of weight transfer and to maintain stability. The ham-
strings act to decelerate the swinging leg and later stabilize the knee in co-contraction
with the RF. Both phases involve the activity of many lower limb muscles including the
present target muscle ST and the other muscles co-activated in this study [89,141-143|.
Terminal-swing knee extension was limited in the present participants (Figure 4.2A).
Although the gait data show no change in the extensor knee moment for part of the
loading response, for the remaining part (approximating 6-12% GC, Figure 4.2B), the
knee moment is flexor. However, our intraoperative data cannot be directly related
to that: (1) Collection of TD data intraoperatively was currently not possible, and
normative TD children data of BTS Bioengineering (Figure 4.2) were utilized. (2)
Externally applied moments to bring the leg in the passive state into the tested joint
positions could not be measured. (3) In the active state, unlike the activation lev-
els occurring during gait, the muscles were activated maximally. (4) Only distal ST
forces were measured. Consequently, the findings are incapable of indicating the pas-

sive resistance at the joint. Besides, it is not known whether the tested co-activation
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A The femur Knee flexion

Proximal Distal

B The femur Knee extension
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Figure 4.6 Schematic illustrating myofascial loads on the ST due to muscle relative position differ-
ences between the GRA, BF, and RF muscles and the ST. Relative position changes in (A) flexed and
(B) extended knee positions are exaggerated for clarity. Actions of the studied muscles: in the knee,
the ST, GRA, and BF are flexors and RF is an extensor; in the hip, the ST and BF are extensors and
GRA and RF are flexors. Relative position differences can occur due to differences in moment arms
and based on the actions of these muscles. This will stretch their mutual epimuscular connections
(solid lines represent epimuscular connections interconnecting the ST to the GRA and BF and dashed
lines represent those interconnecting the ST to the RF). Consequently, myofascial loads acting on the
ST will develop due to its mechanical interaction with its synergists (solid arrows) and its antagonist
(dashed arrows). Note that, if they are directly to be integrated into the force measured at its tendon,
myofascial loads in the proximal direction can elevate the distal force of ST. However, not all of them
are proximally directed suggesting that their mechanism of effects includes manipulation of sarcomere
lengths such that they attain length favoring higher force production.
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conditions increased also other hamstrings’ forces and if a relatively higher force than
the sum of the forces produced by each muscle when activated alone can be exerted at
the knee joint. However, the present intraoperative data do show the target muscle’s
capacity to affect joint mechanics and indicate that compared to condition II, condi-
tions IIT and IV elevated that substantially. The effect of condition IV remarkably
shows that co-activation of an extensor muscle increases the force of a knee flexor and
suggests the relevance of agonist-antagonistic mechanical interaction in CP. For such
epimuscular myofascial force transmission (EMFT) [9,90,144] muscle relative position
changes [13,21] are central. ST’s bigger moment arm than the GRA and BF [108] can
cause different length changes among co-activated synergists. Besides, the GRA is a
hip flexor unlike the ST and BF. Therefore, the ST was conceivably at a longer length
both proximally and distally leading to relative position differences in tested joint po-
sitions. The position difference between the RF and the hamstrings is obvious as knee
extension and its hip flexor function shorten the RF distally and proximally Figure 4.6.
Consequently, epimuscular connections (e.g., neurovascular tracts and compartmental
fasciae) get stretched, become stiffer, and exert forces and/or transmit some of the
forces of the co-activated muscles on spastic ST. Such myofascial loads acting on its
epimysium can impose effects internally via the continuity of intramuscular connective
tissues and multimolecular mechanical linkages between the endomysium and the mus-
cle fibers along their full-peripheral length [91]. Finite element modeling [17,145-147]
and in vivo imaging analyses [102,103, 128, 148] showed effects of this mechanism ma-
nipulating length changes along muscle fibers and force production. Consequently,
conditions III and IV may elevate spastic ST forces via the following mechanisms.
Simple: myofascial loads are integrated into the distal force. In condition IV, the
antagonist operates at longer lengths in flexed knee positions hence myofascial loads
are plausibly distally directed (Figure 4.6A). This should reduce the distal force, but
against the simple mechanism, the opposite was shown. Complex: myofascial loads
impose effects inside the muscle and alter sarcomere lengths, causing them to operate
at lengths favoring higher force production (e.g., those in the descending limb of their
length force curves become shorter and others in the ascending limb become longer

towards maximal myofilament overlap). This is tenable.
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For the mid/terminal stance phase, the present gait data shows knee flexor
moment and consequent power absorption for the mid-stance owing to knee extension
(Figure 4.2B). Unlike the intraoperative testing conditions, this phase involves partial
activity of lower limb muscles including ST [142]|. However, pronounced EMFT effects
are plausible at lower activation levels [149]. The narrower Range-Fgr (Figure 4.3B,
condition IV) indicates again the complex mechanism as such change is associated
with the parallel distribution of sarcomere lengths (i.e., differences in mean sarcomere
lengths of different muscle fibers) [17,50,81,125]. For HA= 20°, the RF is lengthened
proximally, hence can produce higher forces in extended knee positions. Decreased
Range-Fgr suggests that RF activation elevated myofascial loads, which reduced the
heterogeneity of parallel distribution by limiting sarcomere lengthening in concert with

the elevated active state forces.

Note the findings OpenSim analyses show. First, modeling indicates that spastic
ST operates at shorter MTU lengths during gait. The muscle’s length change within the
GC is limited to 14%, which agrees with van der Krogt et al. [150]. It attains the longest
lengths towards the end of the swing phase (Figure 4.4, 95% GC). Although no model
data is available to distinguish the muscle belly and tendon lengths, intraoperatively
measured highest spastic ST forces in extended knee positions don’t support a short
belly length. Second, assessment of intraoperatively measured spastic ST forces as a
function of MTU lengths allows for further elaboration and indicates the following: (i)
for a majority of the limbs for conditions I and II, muscle forces are low in shorter
MTU lengths and increase only at longer MTU lengths. This does not support the
presence of high flexor force exertion in short lengths of spastic ST both in passive
and active states. Additionally, also the MTU length vs. muscle force data do not
support that sarcomeres attain longer lengths non-favorable for active force generation.
(ii) Yet one limb shows the opposite for short and another for long MTU lengths,
indicating patient-specific variable mechanics of spastic ST. Similarly, the effects of
conditions IIT and IV show variability across limbs. Note that, unlike the intraoperative
experiments, the model does not account for the muscles’ intermuscular mechanical
interactions. Intraoperatively shown altered forces and Range-Fgr, therefore, implies

that the mechanism of these effects may be more complex than a shortened muscle
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belly, but maybe ascribed to sarcomere length changes within the muscle. However,

this requires specific testing in new studies.

4.5 Conclusion

Combining intraoperative experiments with gait analyses, the present findings
show that intermuscular mechanical interactions cause elevated active state forces of
the spastic ST, compared to which, the passive state forces remain limited even in
extended knee positions. The increased active state forces of the muscle in hip and
knee joint position combinations representative of the terminal swing, loading response
and mid/terminal stance phases agree with kinematic and kinetic metrics encountered
in the CP patients, particularly with knee flexor moments, which are extensor in TD
children. It has been considered that co-contraction is excessive in CP for reasons of
stability but causes hampered movement due to increased joint stiffness (e.g., [151]).
Our findings show that there is a mechanical reason for the co-activation of muscles
affecting the joint movement adversely. We suggest that intermuscular mechanical
interactions are different in CP patients compared to TD children possibly due to
adaptations of myofascial structures and this leads to an improper influence of particu-
larly antagonistic muscles on knee flexor action. This needs to be studied further with

measurements conducted also in TD children.
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5. THE FORCE-LENGTH RELATIONS OF SPASTIC KNEE
FLEXOR MUSCLES, SEMITENDINOSUS AND GRACILIS

5.1 Introduction

Muscle belly length is a key metric to monitor a muscle’s ability to lengthen and
shorten, hence estimating its changes in vivo is of interest particularly in patients with
cerebral palsy (CP). Much of our knowledge on such kinematics of muscle-tendon unit
(MTU) in CP has been derived using ultrasound techniques. Several studies have fo-
cused on the ankle joint and showed that the spastic gastrocnemius muscle has a shorter
muscle belly compared with that of typically developing (TD) children (e.g., [152]).
Some of the studies [111,153] have attributed that to a reduction in fascicle length in
patients [154-156|, whereas others showed no fascicle length change between CP vs.
TD groups [30,118,157]. A shorter muscle belly has also been attributed to a reduction
in the cross-sectional area of fascicles [158]. Barber et al. [30] showed a reduction in
muscle volume without a reduction in fascicle length, leading to a conclusion that the
main determinant for decreased muscle volume is the cross-sectional area, rather than
a change in fascicle length. On the other hand, examination of length changes in the
tendon component of the MTU is relatively limited. Spastic gastrocnemius MTU has
been shown to exhibit a longer-than-normal tendon [153,159]|, and remarkably, Wren
et al. [153] pointed out that the gastrocnemius recession surgery or Achilles tendon
lengthening does not restore normal MTU architecture, as longer tendon lengths and
shorter muscle fascicles were observed in surgically treated children. As such archi-
tectural metrics affect the muscle’s force-generation capacity, and hence its function,
identification of MTU length changes of commonly surgically treated flexor muscles is

relevant for a better operational outcome in patients with CP.

Although studies do not agree on the alterations observed in the microstructure
of spastic muscles, as in fascicle length and diameter, clinically, spastic muscles of pa-

tients with CP, are considered as shortened (e.g., [34]) which are consequently expected
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to produce high forces in flexed joint positions, hence at shorter muscle lengths. Or-
thopedic surgeries, therefore, aim at reducing the resistance at the joint to extension

by limiting spastic muscle’s resistance to lengthening.

Intraoperative studies in which activated muscles’ forces were measured directly
at the distal tendon and as a function of knee angle showed that spastic semitendinosus
[43] and gracilis [44] muscles produce their peak force in extended knee positions and
only a limited portion of that is measured in flexed positions. However, a relationship
characterizing force production of spastic muscles as a function of changes in their
MTU lengths is lacking. Recent intraoperative studies [160, 161] have obtained such
directly measured muscle force data not only in the muscular activation state, but also
in the passive resting state, and also allowed us to interpret the muscular forces for
functional joint angles related to walking. Still, in addition to showing the relationship
between joint angle and muscle force, revealing the direct relation of a muscle’s force
to its MTU length is meaningful in terms of testing the basic clinical expectation
mentioned above. Therefore, combining intraoperative findings (spastic muscle forces
measured at various muscle lengths by manipulating the joint angles during surgery,
as well as in different conditions) with participants’ musculoskeletal models developed
based on their gait analyses, we aimed to obtain MTU length - muscle force data for
spastic semitendinosus (ST) and gracilis (GRA) to study their muscular mechanics and

EMF'T effects on them concerning muscular lengths.

The following hypotheses were tested separately for the spastic ST and GRA
muscles: within the gait-relevant MTU length range; spastic muscle (i) operates at
short MTU lengths compared to that of TD children, exerts higher (ii) passive and (iii)
active forces at shorter lengths, and (iv) shows increased forces due to co-activation of

other muscles.
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5.2 Methods

5.2.1 Gait and Muscle Force Datasets

Gait data are required for (i) performing patient-specific musculoskeletal mod-
eling so that changes in target muscle lengths can be revealed throughout the gait cycle
(GC), and for (ii) matching muscle forces corresponding to gait-related MTU lengths.
For those purposes, 3D-gait analysis data belonging to the common patient group in our
previously published articles [160,161] were acquired. In those studies, seven patients
(male: mean age 9 years 2 months, range 6-13 years, standard deviation 2 years 10
months) with spastic CP, however no prior remedial surgery were included. The Gross
Motor Functional Classification System (GMFCS) levels were II. Overall pre-operative
clinical examinations have indicated a severely limited knee range of joint motion for
the patients and all of them were undergoing remedial surgery including the release of

hamstrings and hip adductors.

The patients’ pre-surgery 3D-gait analysis data were obtained by using a motion
analysis system (ELITE 2002, BTS Bioengineering, Milan, Italy) with six infrared
cameras and two force plates (Kistler Instrumente AG, Winterthur, Switzerland) and
implementing Helen Hayes Marker Placement Protocol [123]. Kinetic and kinematic
data were collected with the patient standing in an anatomical position and during

walking at a self-selected speed.

Isometric spastic muscle forces were measured intraoperatively by fixing buckle
force transducers (TEKNOFIL, Istanbul, Turkey) over the distal tendons of the ST and
the GRA for a total of ten limbs. The measurement conditions included in the study
were: (i) passive state (no muscular activation representing resting state), (ii) individual
activation (ST or GRA was activated alone), and (iii) simultaneous activation (the ST,
GRA, biceps femoris, and rectus femoris muscles were stimulated endorsing EMFT).
Pairs of gel-filled skin electrodes (Kendall H92SG, Covidien, MA, USA) were placed
over the target muscle bellies, and a custom made, constant current high voltage source

(cccVBioS, TEKNOFIL, Istanbul, Turkey) was used to impose supramaximal muscle
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stimulation. Muscle forces were measured at two different hip angles equaling 45° and
20°, for each of which, the knee angle was changed from 120° to full extension in 30°
increments. Therefore, ST and GRA muscle forces measured in 10 different hip and
knee joint angle combinations and at three different testing conditions were included

in the study.

5.2.2 Musculoskeletal Modeling

Musculoskeletal models were developed for each participant (patients and age-
matched TD individuals) using OpenSim to calculate MTU lengths of the ST and the
GRA muscles corresponding to each hip and knee joint angle combination tested in-
traoperatively and to define patient-specific gait-relevant MTU length ranges, thereby;,
ultimately to analyze patient-specific gait-relevant spastic MTU length - muscle force
data for muscles ST and GRA. The gait 2392 model which comprises 23 degrees-of-
freedom, and 92 musculotendon actuators per leg [140] was used. Each model was
scaled to the participants’ anthropometry using the scale tool, based on body mass
and surface marker locations obtained during a static trial performed during the gait
analysis. The inverse kinematic tool was used to calculate MTU lengths of the target
ST and GRA muscles for each participant within the time frame of gait as well as the
muscles’ MTU lengths corresponding to paired hip and knee joint angles used during

intraoperative testing.

5.2.3 Data Processing and Statistics

For each limb tested, the modeled MTU lengths were normalized per stride
duration to match within 0-100% of GC, and with respect to the participants’ thigh

lengths.

For each certain joint angle combination tested intraoperatively, muscle forces

measured in the passive state and also in response to muscle activations (Fuuscle passive
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and Fiusce, respectively) were matched to the corresponding MTU lengths. Using
a least-squares criterion, MTU length - F e data were fitted with a polynomial

function (Eq. 5.1).
Fruscle = ao + a1 - MTUlength + ag - MTUlength?® + ... 4+ a,, - MTUlength™ (5.1)

ag, a; ... a, are coefficients determined in the fitting process.

The lowest order of the polynomials that still added a significant improvement
to the description of changes of MTU length - muscle force was selected using a one-
way analysis of variance (ANOVA). MTU length - Fiuscie passive data were also fitted

in the same way.

Statistical analyses were performed separately for the ST and the GRA muscles.
Two-way ANOVA (factors: %GC and participant groups) was used to compare the
patients’ normalized MTU lengths to those of the seven age-matched TD children
to test the first hypothesis. To test the second and the third hypotheses, Spearman’s
rank correlation coefficient (p) was calculated to seek a correlation between the muscle’s
operational length (represented by mean MTU length within gait cycle) and muscular
force characteristics (the percent force at shortest MTU length of peak force, either
in passive or in active conditions), within gait-relevant MTU length range. The latest
hypothesis was tested by using the mean percent muscle force increase within gait-
relevant MTU length range calculated between conditions (ii) and (iii) as a metric for,
and p was calculated to seek a correlation between the muscle’s operational length and

EMEFET effects. Differences were considered significant at P< 0.05.
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5.3 Results

5.3.1 Modeled MTU Length Changes

ANOVA showed significant main effects of both factors on normalized MTU
lengths, but no significant interaction. MTU lengths of spastic ST and GRA are shorter
(on average by 14.1% and 15.4%, respectively) compared to those of TD (Figure 5.1),
confirming the first hypothesis.

Normalized Semitendinosus MTU length Normalized Gracilis MTU length
1,57 15
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Figure 5.1 Normalized MTU lengths of the ST and the GRA muscles within the GC. Patients’
data for each limb were presented individually and as mean (SD) (black solid line). Reference data
were shown as mean (SD) (grey dashed line). MTU lengths were normalized with respect to the
participants’ thigh lengths.

5.3.2 MTU Length - Muscle Force Characteristics

Figure 5.2 and 5.3 show MTU length - muscle force characteristics for spastic
ST and GRA muscles per limb, respectively, with the gait-relevant MTU length ranges

indicated.
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Figure 5.2 Spastic ST muscle forces of each limb tested as a function of its normalized muscle-tendon
unit lengths. For each limb, the first and the last data points indicate the shortest and longest MTU
lengths determined using the intraoperatively tested hip and knee joint angle combinations, whereas
the shaded areas indicate gait-relevant data bound by the longest and shortest operational MTU

lengths encount

ered within a gait cycle.
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Figure 5.3 Spastic GRA muscle forces of each limb tested as a function of its normalized muscle-
tendon unit lengths. For each limb, the first and the last data points indicate the shortest and longest
MTU lengths determined using the intraoperatively tested hip and knee joint angle combinations,
whereas the shaded areas indicate gait-relevant data bound by the longest and shortest operational
MTU lengths encountered within a gait cycle.



Table 5.1
The key metrics on MTU length - ST muscle force characteristics for each limb tested.
%FST passive peak | Shortest MTU length = the percent of peak ST muscle passive force exerted at
the shortest MTU length in measurement condition (1); %FsT peak | shortest MTU length = the
percent of peak ST muscle active force exerted at the shortest MTU length in measurement
condition (ii); %FsT change = the percent change of ST muscle active forces and direction of how
the force changed between conditions (ii) and (iii) due to added simultaneous activation of other
muscles. All data were calculated patient-specifically within their gait-relevant MTU length ranges.
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Normalized Condition (i) Condition (ii) | Condition (i) vs (iii)
Lih MTU HFST _passive peak | | 7FST pea | JoFsr
length shortest shortest change
(mean) MTU length MTU length
1 1.282 2.16 73.96 16.38
2 1.238 35.08 75.81 41.50
3 1.148 21.47 39.88 592.70
4 1.013 32.04 47.30 362.61
) 0.999 3.36 81.14 410.23
6 1.175 44.55 48.79 114.27
7 1.070 99.19 99.23 35.85
8 1.107 99.57 56.78 69.25
9 1.064 98.66 65.97 11.05
10 1.086 77.52 97.47 -22.77
Mean (SD) 51.4 (39.2) 68.6 (20.6) 163.1 (212.6)

At the shortest gait-relevant MTU length, the ST and the GRA passive forces

were 51.4 (39.2)% and 55.8 (33.9)% of the peak passive force; and the active forces were
68.6 (20.6)% and 84.6 (13.7)% of the peak active force (Table 5.1 and 5.2, for ST and

GRA muscles, respectively). Passive state forces show an increase at longer lengths,

whereas active state force characteristics vary in a patient-specific way. Spearman’s

rank correlation indicated weak correlations between muscle’s operational length and

muscular force characteristics for the spastic ST (p=

-0.16, P= 0.66, and p=-0.15, P=

0.68), and also for the GRA (p= -0.27 P= 0.45, and p= -0.30 P= 0.40, for passive

and active states, respectively). Therefore, the second and the third hypotheses were

rejected.



Table 5.2
The key metrics on MTU length - GRA muscle force characteristics for each limb tested.
%FGRA passive peak | shortest MTU length = the percent of peak GRA muscle passive force exerted
at the shortest MTU length in measurement condition (1); %FGRrA peak | shortest MTU length = the
percent of peak GRA muscle active force exerted at the shortest MTU length in measurement
condition (ii); %Fgra change = the percent change of GRA muscle active forces and direction of
how the force changed between conditions (ii) and (iii) due to added simultaneous activation of other
muscles. All data were calculated patient-specifically within their gait-relevant MTU length ranges.

7

Normalized Condition (i) Condition (ii) | Condition (ii) vs (iii)
Limb MTU J0FGRA passive peak | | %0FGRA peak | %Fcra
length shortest shortest change
(mean) MTU length MTU length
1 1.223 20.63 100.00 34.02
2 1.144 70.83 64.75 62.49
3 1.114 11.19 85.13 53.88
4 0.954 63.63 100.0 54.44
) 0.912 46.16 96.01 20.22
6 1.117 5.81 72.29 9.18
7 1.042 98.98 89.54 46.33
8 1.073 70.18 83.15 119.37
9 1.015 70.54 91.59 114.20
10 1.037 100.00 63.34 31.66
Mean (SD) 55.8 (33.9) 84.6 (13.7) 54.6 (36.6)
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5.3.3 Effects of EMFT on MTU Length - Muscle Force Characteristics

Simultaneous activation caused the target muscles’ forces to increase signifi-
cantly. The force increases between conditions (ii) and (iii) within the gait-relevant
MTU length ranges were minimally by 11.1%, up to several folds for the spastic ST,
whereas for the GRA the percent change was between 9.2-119.4. A very weak cor-
relation between muscle operational length and EMFT effects was shown (p= -0.16
P= 0.65) only for the spastic ST. No correlation was found between GRA muscle’s
operational length and EMFT effects on its force characteristics. Therefore, the last

hypothesis was rejected for both muscles.

5.4 Discussion

Combining previously published intraoperative muscle force data with newly
performed musculoskeletal modeling, novel MTU length - muscle force relations for

spastic knee flexors, ST, and GRA muscles were obtained.

The modeling showed in concert with the clinical considerations that both spas-
tic ST and GRA may be shortened muscles that produce higher forces in shorter muscle
lengths. However, this possibility implies dwelling on two points: (i) First, we con-
sider that the availability of the peak muscle force at the lowest gait-relevant MTU
length would provide an ideal match between the clinically diagnosed impaired move-
ment and the experimentally determined MTU length - muscle force characteristics
by means of representing pathology. In this regard, %FST_passive peak | shortest MTU
length and %Fst peax | shortest MTU length data are very functional for interpreting
whether the force-generating behavior of the spastic muscles is only in the descending
portion of their MTU length - muscle force curve, exclusively. The ratio of the passive
forces produced by both the spastic ST and GRA muscles of the shortest MTU length
to their maximum passive force is around 50% percent within the gait-relevant GC.
This may lead us to conclude that the passive forces of the spastic knee flexor muscles

tested are high in shorter MTU lengths. However, notably, muscle force measurements
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have not been done under neuromotor blockade anesthesia which disappears the active
muscle tone [131]|, meaning that the presented passive forces may not have isolated
pure passive state properties, and suggesting that the real passive state forces maybe
even smaller than those reported. Moreover, the fact of this ratio is unknown in TD
children prevents us from making a reasonable comparison between healthy and spastic
muscles’ passive force characteristics. Regarding muscle forces measured in response
to selective muscular activation either of the ST or the GRA, a majority of the limbs
exerted most of the maximum force they can produce at the shortest MTU length
within the gait-relevant range. For spastic ST, this ratio is higher than 50% in seven
out of ten limbs (Limbs 3, 4, 6), whereas for spastic GRA, all limbs showed fairly high
percentages with a minimum of 63.34% for Limb 10. Therefore, it is plausible to con-
clude that comparing the forces produced by the muscle in the resting and activated
states, the dominant component of the exaggerated force in shorter MTU lengths is
the active force, rather than passive. Importantly, as the intraoperative force measure-
ment technique applies the maximum muscular contraction to quantify the maximal
capacity of the spastic muscles in limiting muscular extension, this would be wrong to
think that these measured forces will be observed directly during walking. Yet, it can
be clearly stated that force-generating capacity is high for spastic knee flexor muscles,
ST, and GRA even in longer MTU lengths. (ii) Secondly, the present data contrasts in-
traoperative data [43,44| which show only low forces in flexed knee positions. However,
those studies presented joint angle - muscle force characteristics of spastic muscles as
mechanical structures, focusing on all possible knee joint angles, not functional joint
ranges specific to certain movements like walking, and, therefore, made statistical anal-
yses and inferences within the entire joint range to define spastic muscle functioning as
a whole. The present study differs from the previous studies in this respect, as here all
analyses were done within the patient-specific gait-relevant MTU length ranges. Still,
because the model does not distinguish the muscle-belly and tendon lengths, it cannot
isolate shorter muscle-belly lengths and how this compares to the data of TD children

remains unknown.

Most importantly, the absence of a strong correlation between shorter opera-

tional muscle length and higher force production either in passive or in active conditions
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highlights the influence of other factors (i.e., muscle structural proteins, and muscle me-
chanical characteristics including intermuscular interactions) on the pathology rather
than ascribing it solely and/or directly to the length of a spastic muscle itself. Firstly,
in relation to the muscular architecture, the adaptations observed at the muscle tissue
level in patients with spastic CP need to be evaluated, since the muscle’s structural or-
ganization is one of the major determinants of its force-generation capacity. Friden and
Lieber [162], for instance, demonstrated stiffer fibers from contractured muscles than
controls which have been hypothesized to arise from the variations in muscle structural
proteins such as titin and collagen. Although titin is directly considered as the passive
load-bearing protein within the muscle fiber, its role in muscular activation as a part of
the contractile machinery is also presented in the literature (e.g., [163-165|) and what is
the active state titin’s role in spastic muscle function in CP remains to be determined.
Remarkably, the present findings show that the active state muscle forces are elevated
due to co-activating other muscles, compared to which, the passive state forces are
rather limited. This makes it necessary to investigate the structure of active-condition
muscle proteins in detail. Although muscle biopsy studies presenting altered passive
muscle properties after spasticity is common in the literature (e.g., [34]), this is not
the case for activated conditions and in vivo studies are further required. Besides, the
effects of EMFT cause an increase of the spastic muscles’ forces (98,137,138, 160, 161]
are also observed in the present MTU length - muscle force data characterizing gait.
EMFT is evident in healthy human muscles in vivo [106, 148, 166, 167 though, we
suggest that the structures of the intermuscular mechanical pathways through which
force transmission occurs may vary in patients. Since the effects of EMFT is based on
the connective tissue linkages between the muscle fibers and the extracellular matrix
(ECM) along their full peripheral lengths [91] and these linkages are shown to transmit
force [4], altered mechanical characteristics of intermuscular interactions are the key for
the pathology. Such transmission is plausibly more pronounced in patients with spastic
CP, due to their muscle’s relatively higher intramuscular connective tissue [168]. For
the spastic ST and GRA muscles, in particular, higher stiffness of their ECM reported
earlier [34] can partly explain the increased forces of the target muscles in co-activation
conditions shown presently. Hereby, rather than the muscle shortness or altered mus-

cle cross-sectional area in CP, both of which have not been definitively agreed upon in
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the literature, the source of the clinically indicated exaggerated muscle stiffness could
be related to other factors, such as above mentioned intramuscular connective tissue
alterations and related altered myofascial loads of the epimuscular connections of the
spastic muscle with its surrounding muscular and/or non-muscular structures [7]. Pre-
viously, de Bruin et al. [32] reported unchanged myofiber typing and cross-sectional
area for biopsies of control and spastic flexor carpi ulnaris muscles, whereas the con-
nective tissue composition of the spastic muscle altered exclusively by thickening of its
tertiary perimysium (i.e., the intramuscular continuation of connective tissue branches
of the main neurovascular tracts penetrating the muscle), instead of a thickening of
all the muscular connective tissue stroma. As suggested by the authors and we agree,
this creates a conducive environment (i.e., a stiffer path) for transmission of myofascial
loads on the spastic muscle and contributes in a major way to the etiology of limitation
of movement at the joint. This may also apply to spastic knee flexors and needs to be

specifically studied.

5.5 Conclusion

Modeling work showed shorter MTU length for knee flexors, ST, and GRA mus-
cles in patients with spastic CP. However, novel muscle force - MTU length data of
those muscles do not match with the clinical consideration that spastic muscles produce
higher forces in shorter lengths. The absence of a strong correlation between shorter
operational muscle length and higher force production implies the necessity of taking
the composition and organization of the muscle structural proteins and the intermuscu-
lar interactions into account for a better understanding of the muscles’ force-generating
behavior. Besides, our findings on EMFT shed light on how the simultaneous working
of different muscles causes target muscle’s force to increase within the MTU lengths
characterizing gait. Therefore, if indeed spastic knee flexor muscles produce high forces
in short muscle-belly lengths alone, elevated forces due to EMFT may be considered
as a contributor to the patients’ pathological gait. Otherwise, such EMFT effect may

be the main determinant of the pathological condition.
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6. LONG-TERM EFFECTS OF BOTULINUM TOXIN
TYPE-A ON MECHANICS OF MUSCLES EXPOSED

6.1 Introduction

A widely used technique for management of spasticity arising from a wide range
of conditions such as cerebral palsy (CP) [54-56], spinal cord injury [169,170], multi-
ple sclerosis [171,172] and stroke [173,174] is the injection of botulinum toxin type-A
(BTX-A). The toxin temporarily paralyzes muscles by inhibiting the discharge of the
acetylcholine-containing vesicles into the synaptic cleft, and hence transmission of nerve
impulses to the muscle fibers at the neuromuscular junction [61,62,175|. A consequence
is decreased muscle tone [68,69] which mechanically implies a limited muscular force
production capacity. BTX-A treatment aims at improving joint function [53] by re-
ducing the passive resistance of the muscle in the joint [176] and increasing the joint

range of motion [72].

Understanding BTX-A effects on muscular mechanics is of central importance
because the muscle exposed continues to serve as the motor for movement, but this
understanding remains limited. Length-dependent reductions in knee extension torque
[67] and muscle force [74] shown in previous animal experiments indicate complex
effects of BTX-A on joint mechanics. Additionally, experiments in the rat anterior
crural compartment have shown acutely that BTX-A does not improve the muscle’s
length range of force exertion (/,qn4) and elevates passive forces of the injected tibialis
anterior (TA) muscle [74]. In addition, the spread of BTX-A through muscle fascia
was reported [177]. Such spread has been reported to reduce forces [37,75] and cause
changes in length-force characteristics of also the non-injected muscles |74, 76,78, 79|.
Remarkably, those changes in the short-term include effects contradicting treatment
aims (i.e., decreased 44, increased passive forces, and elevated intramuscular collagen
content) [76]. Finite element analyses of that indicated that they do ascribe to a

continuing elevated stiffness in the exposed muscles’ extracellular matrix [81], testing
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of which deserves major attention.

Whether the short-term effects persist in the long term is unknown, but very
important. Therefore, in a rat model, we aimed at testing the following hypotheses.
In the long term, BTX-A (1) maintains [,qn4 and (2) increases the passive forces of
the injected TA muscle, and (3) spreads into non-injected muscles also affecting their

active and passive forces.

6.2 Methods

6.2.1 Assessment of Effects of BTX-A on Muscular Mechanics

Surgical and experimental procedures were approved by the Committee on the
Ethics of Animal Experimentation at Bogazigi University. Male Wistar rats were di-
vided into two groups: control (n= 7; mean + SD: body mass 386.3 + 36.5 g and 406.9
+ 16.8 g for the times of injection and experiment, respectively) and BTX-A (n= 7;
body mass 394.7 + 29.0 g and 404.3 + 34.3 g for the times of injection and experiment,

respectively).

Using intraperitoneal ketamine (1 mg/kg), mild sedation was imposed. Sub-
sequently, a region was shaved, bound within an approximately 15 mm radius from
the center of the patella, where a marker was placed. Bringing the ankle to maximal
plantar flexion and the knee to approximated 90° angle, the TA muscle was located
by palpation. At a point 10 mm distal along the tibia, a second marker was placed.
A line segment was drawn between the two markers and the injection location over
the TA muscle was determined as a point 5 mm lateral to the second marker. At this
location, the depth of the TA and the thickness of the skin approximated 5-5.5 and
0.7-1 mm, respectively. All injections were made exclusively into the TA, to a depth
of 3 mm, therefore into the superficial half of the muscle. 100 U vial of vacuum-dried,
botulinum type A neurotoxin complex (BTX-A) (BOTOX; Allergan Pharmaceuticals,
Westport, Ireland) was reconstituted with 0.9% saline solution. For the BTX-A group,
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the animals received a one-time intramuscular BTX-A injection. The total dose was
0.1 U and the injected volume was 20 pul. For the Control group, the animals received a
one-time intramuscular injection of the same volume of 0.9% saline solution exclusively.
All injections were performed 1-month prior to testing. The animals were kept in stan-
dard cages separately. The animal care room was thermally regulated and maintained
a 12 h dark-light cycle. The animals were free to do their normal activity until the day

of the experiment.

6.2.1.1 Surgical Procedures. The animals were anesthetized using an intraperi-

toneally injected urethane solution (1.2 ml of 12.5% urethane solution per 100 g of body
mass). Additional doses were given if necessary (maximally 0.5 ml). Immediately fol-
lowing the experiments, the animals were euthanized by using an overdose of urethane

solution.

To prevent hypothermia, the animals were kept on a heated pad (Homoeother-
mic Blanket Control Unit; Harvard Apparatus, MA, USA) during surgery and data
collection. The control of the body temperature at 37 °C was obtained by adjusting
the temperature of the heated pad utilizing a feedback system integrated with a rectal

thermometer.

During surgery, the skin and the biceps femoris muscle of the left hindlimb
were removed. After the anterior crural compartment was exposed, only a limited
distal fasciotomy was performed to remove the retinaculae (i.e., the transverse crural
ligament and the crural cruciate ligament). Consequently, the connective tissues of the
muscle bellies within the compartment (i.e., the TA, extensor digitorum longus (EDL),

and extensor hallucis longus (EHL) muscles) were left intact.

A reference position was selected as the combination of knee joint angle of 120°
and ankle angle of 100°. This position matches with a combination of knee and ankle
positions that the rat attains in vivo, during the stance phase of gait [178]. Maintaining

the reference position, the following were done: using silk thread, the four distal tendons
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of the EDL muscle were tied together. On the distal tendons of the EDL, TA, and
EHL muscles, as well as on a fixed location on the lower leg matching markers were
placed. Afterward, the distal EDL tendon complex as well as the TA and the EHL

tendons were cut as distally as possible.

The femoral compartment was exposed for two purposes: (1) to reach the prox-
imal tendon of the EDL and (2) to expose the sciatic nerve. Subsequently, keeping a
small piece of the lateral femoral condyle still attached, the tendon was cut from the
femur. The sciatic nerve was dissected free of other tissues. Once all nerve branches
to the muscles of the femoral compartment were severed, the sciatic nerve was cut as

proximally as possible.
The proximal tendon of the EDL, the tied distal tendons of the EDL, the distal

tendon of the TA, and the distal tendon of the EHL muscles were sutured to four

separate Kevlar threads in order to provide connection to force transducers.

6.2.1.2 Experimental Set-up. To mount the animal in the experimental set-up

(Figure 6.1A) the following procedure was utilized: (1) in order to avoid obstruction of
the Kevlar threads connecting the distal tendons to their force transducers, the ankle
was brought to maximal plantar flexion (180°) in which position, the foot was fixed to
the foot clamp. (2) The femur was fixed to the femur clamp such that the knee angle
was set at 120°. (3) Taking care to ensure their alignments in the muscle’s line of pull,
each Kevlar thread was connected to a separate force transducer (BLH Electronics Inc.;
Canton, MA, USA). (4) The distal end of the sciatic nerve was placed on a bipolar

silver electrode (Figure 6.1B).

6.2.1.3 Experimental Conditions and Procedure. For the duration of the ex-

periment room temperature was kept at 26 °C. To prevent dehydration, muscles and
tendons were irrigated regularly by isotonic saline. The distal and proximal tendons of

the EDL and the distal tendon of the EHL muscles were kept in their reference positions
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Figure 6.1 The animal experimental set-up. (A) The distal tendons of the TA and the EHL
muscles as well as the proximal and the tied distal tendons of the EDL muscle (EDL proximal and
EDL distal, respectively) were each connected to a separate force transducer by Kevlar threads.
Throughout the experiment, the EDL and EHL muscles were kept at constant muscle-tendon complex
lengths. Exclusively, the TA muscle was lengthened (Al Ta) to progressively increasing lengths,
at which isometric contractions were performed. Lengthening (indicated by double-headed arrow)
started from muscle active slack length at 1-mm increments by changing the position of the TA force
transducer. Inset shows relative sizes and positions of muscles of the anterior crural compartment.
(B) The experimental reference condition for joint angles is 120° and 100° for knee and ankle angles,
respectively. The femur and the foot were fixed by metal clamps. The distal end of the sciatic nerve
was placed on a bipolar silver electrode.
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at all times. Therefore, during the experiment, their lengths were not changed. How-
ever, the TA was brought to various muscle-tendon complex lengths, by repositioning
its force transducer. The isometric forces of all muscles were measured simultaneously
at each TA length. The measurement started at an active slack length of the TA and
its length was increased in 1 mm increments until reaching 2 mm over its optimum
length. TA muscle-tendon complex lengths are expressed as deviation from its active

slack length (Al Ta)-

Subsequent to bringing the TA to a target muscle length, all muscles studied
were activated maximally using a constant current of 2 mA (square pulse width 0.1
ms) delivered to the sciatic nerve (STMISOC; BIOPAC Systems, CA, USA) with the
following stimulation protocol: (1) two twitches were evoked. (2) 300 ms after the
second twitch, the muscles were tetanized (pulse train 400 ms, frequency 100 Hz). (3)
200 ms after the tetanic contraction, another twitch was evoked. Each completion of
this protocol was followed by a recovery period of 2 min for all muscles. During the
recovery period, the TA was kept near the active slack length. However, the EDL and
EHL lengths were not altered.

6.2.2 Assessment of Changes in Intramuscular Connective Tissue Content

Due to BTX-A

In a separate set of male Wistar rats, changes in intramuscular connective tissue
content due to BTX-A were assessed. The animals were divided into two groups:
control (n= 6; mean + SD: body mass 404.3 + 31.0 g) and BTX-A (n= 6; body mass
413.3 + 46.2 g).

The collagen amount of each muscle was quantified using a colorimetric anal-
ysis of hydroxyproline content [179] 1-month after the injections. Subsequent to the
above-described surgical procedures to expose the anterior crural muscles, biopsies
were removed rapidly after euthanizing the animal. Purity of the muscle samples was

provided by careful removing of all tendinous materials from the sample. Muscle biop-
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sies were flash-frozen in liquid nitrogen and stored at -80 °C before running the assay
within 4 weeks after removal. In short, each muscle was weighed prior to undergo-
ing hydrolyzation at 130 °C for 12 h in 5 N HCl. Samples of the hydrolysate were
oxidized at room temperature with a chloramine-T solution for 25 min incubation.
Subsequently, the impurities were extracted and discarded by toluene treatment. To
convert the oxidation product to pyrrole, the remaining aqueous layer containing the
hydroxyproline products was heated for 30 min in boiling water. The final pyrrole
reaction product is then removed in a second toluene extraction, and the final solution
was mixed with Ehrlich’s reagent for 30 min. Sample absorbances were read at 560
nm in triplicate using UV-Visible spectrophotometer (UV-1280; SHIMADZU, Kyoto,
Japan).

6.2.3 Data Processing

Muscular tissues’ capacity of mechanical resistance at a tested muscle-tendon
length is characterized by muscle force in an unstimulated state. This is referred to
as passive muscle force (F',). Using the force-time traces obtained experimentally: (i)
F, was determined 100 ms after the second twitch (Figure 6.2). (ii) Muscle total force
was determined as the mean force (for a 200 ms interval, 150 ms after evoking tetanic
stimulation) during the tetanic plateau. Muscle active force (F,) per muscle-tendon

complex length was calculated by subtracting F', from muscle total force.

A least squares criterion was used to fit the data for Fp and Fa, with a polynomial

function (Eq. 6.1):
y=ao+a-r+ay 2>+ .. +a, 2" (6.1)

where y represents isometric muscle forces (i.e., F', or F',), and x represents the muscle-

tendon complex length. ay, a; ... a, are coefficients determined in the fitting process.

Using one-way analysis of variance (ANOVA), the order of the polynomials was

determined [180]. The lowest order was sought after with the criterion that a significant
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Figure 6.2 Typical examples of force-time traces measured at tendons of muscles from both control
and BTX-A groups. Superimposed traces of (upper to lower) the TA force, the distal EDL force, the

proximal EDL force, and the EHL force recorded at the optimum length of TA muscle.
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improvement was still provided to the description of changes in muscle force data as a
function of muscle-tendon complex length. These polynomials were used for calculating
the mean and standard deviations (SD) of data: for each muscle studied, muscle forces
at different TA muscle-tendon complex lengths were obtained. For each TA muscle-
tendon complex length, muscle forces were averaged in order to determine the muscle

force (mean £ SD) of the control and BTX-A groups.

Muscle length-force characteristics were studied using four key determinants
defined as follows: (1) muscle optimal force is the maximum isometric force exerted by
an active muscle. Muscle optimal force is often taken as an indication of a muscle’s
capacity for force production. (2) muscle optimum length is the muscle length at which
muscle optimal force is encountered. (3) muscle active slack length is the shortest length
at which an active muscle can still exert nonzero force. (4) muscle length range of force
exertion is the length range from active slack length to optimum length. Within the
potential joint range of motion, this is considered as a metric indicating movement

capability, with active force exertion.

Also, to process these key determinants, the polynomials obtained were utilized
in order to determine: the optimal TA force (i.e., the maximum active muscle force
value of the fitted polynomial, for each individual TA muscle), the corresponding op-
timal muscle length, as well as TA active slack length. The TA length range of active
force exertion (/,qnge) was determined as the muscle length range between muscle active

slack length and muscle optimum length.

Hydroxyproline analysis was used to quantify changes in intramuscular collagen
content for muscles exposed to BTX-A. Using the measured absorbance values of muscle
samples, hydroxyproline contents of individual muscles were determined based on a ref-
erence (i.e., standard regression curve identifying the paired information of pre-known
hydroxyproline amounts and their measured absorbance values) as pug hydroxyproline
expressed per mg of muscle tissue wet weight. Hydroxyproline content was converted
into intramuscular collagen content using a constant (7.46), which characterizes the

number of hydroxyproline residues in one molecule of collagen [181].
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6.2.4 Statistical Analyses

After using the Shapiro-Wilk test to seek for a normal distribution in l,4g.
data of the TA, unpaired-t or Mann-Whitney U test was used to test for the effects of

BTX-A injection on this metric.

Two-way ANOVA for repeated measures (factors: TA muscle-tendon complex
length and animal group) was performed separately for the forces of each muscle. If
significant main effects were found, Bonferroni post hoc tests were performed to further

locate significant within-factor differences.

Forces of both groups were aligned for their optimum length. Decrease in muscle
active force is calculated per TA muscle-tendon complex length, as the difference in
mean force between the control and the BTX-A groups. This is expressed as a percent-
age of the mean force of the control group. The Spearman’s rank correlation coefficient
(p) was calculated to test if reductions in TA active forces due to BTX-A injection
are correlated with TA muscle-tendon complex length. Correlations were considered

significant at P< 0.05.
Shapiro-Wilk test was used to check if the collagen content data are normally
distributed. The collagen amount calculated for each muscle in the BTX-A group was

compared to those of the control group using unpaired-t or Mann-Whitney U test,

where appropriate. Differences were considered significant at P< 0.05.

6.3 Results

6.3.1 Effects of BTX-A on Muscular Mechanics

TA Force-Length Characteristics: ANOVA (factors: TA length and animal

group) showed both significant main effects on TA active forces, and a significant
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Figure 6.3 Forces of the TA as a function of increasing TA muscle-tendon length. Active and passive
muscle forces are shown as mean and standard deviation values for the control and BTX-A groups.
The TA muscle-tendon complex length is expressed as a deviation from its optimum length (Al Ta).
Significant differences between the TA active force of the control group and BTX-A group (Bonferroni

post hoc test) are indicated by *.
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interaction. Post hoc testing showed significant effects of BTX-A for most muscle
lengths (Al ta> -7 mm). TA active force reductions (e.g., 75.2%, 48.3%, and 52.8%,
respectively, at Al ta= -7 mm, Al ta= 0 mm and Al ta= 2 mm) were inversely
correlated with increasing TA muscle length (p=-0.94, P< 0.001). The [,4n4 of the
BTX-A group (8.56 + 2.05 mm) was significantly narrower compared to that of the
control group (11.10 £+ 1.58 mm) by 22.9%. ANOVA showed significant main effects
also on TA passive forces, but no significant interaction. Compared to the control
group, the passive forces are higher in the BTX-A group on average by 12.3% (Figure
6.3).

EDL Forces: ANOVA showed both distally and proximally, only a significant
effect of animal group on EDL active and passive forces. However, neither significant
effects of TA length nor a significant interaction were found. BTX-A caused significant
active force decreases (on average by 66.8% distally and 55.4% proximally) and passive
force increases (on average by 62.5% distally and more than twice proximally) compared

to those of the control group (Figures 6.4A and 6.4B).

ANOVA also showed significant main effects of both factors on the EDL proximo-
distal active force differences (Figure 6.4C), but no significant interaction. Whereas
for the control group, both positive and negative proximo-distal active force differences
were shown (distal EDL forces were higher than proximal ones for (Al 7a< -7 mm
and vice versa at longer TA lengths), for the BTX-A group, the EDL proximal forces
were higher than the distal forces for most of the TA lengths (Aly; ta> -11 mm).
Bringing the TA to longer lengths changed the proximo-distal active force difference
measured at the shortest muscle length (Al ta= -13 mm) significantly for Al ta>

-8 mm and for Al tao> -9 mm, for the control and BTX-A groups, respectively.

FEHL Forces: ANOVA showed significant main effects of both factors on EHL
active forces, but no significant interaction, and only a significant effect of BTX-A on
passive forces, but no significant interaction. BTX-A caused a significant active force
decrease (on average by 28.8%) and passive force increase (on average by more than

twice) compared to those of the control group (Figure 6.5).
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Figure 6.4 Forces of the EDL as a function of increasing TA muscle-tendon length. Active and
passive forces of the EDL measured from (A) the distal tendon and (B) from the proximal tendon,
and (C) proximo-distal active force differences of EDL (FgpL distal - FEDL proximal)- Isometric muscle
forces are shown as mean and standard deviation values for the control and BTX-A groups. TA
muscle-tendon complex length is expressed as a deviation (Alyg Ta) from its optimum length.
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Figure 6.5 Forces of the EHL as a function of increasing TA muscle-tendon length. Active and
passive muscle forces are shown as mean and standard deviation values for the control and BTX-A
groups. TA muscle-tendon complex length is expressed as a deviation (Al Ta) from its optimum

length.
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Figure 6.6 Collagen contents of the TA, EDL, and EHL muscles shown as mean and standard
deviations for the control and BTX-A groups. Significant differences between the control and BTX-A
groups are indicated by *.

6.3.2 Changes in Intramuscular Connective Tissue Content Due to BTX-A

For both injected TA muscle and non-injected EDL and EHL muscles, were
the intramuscular connective tissue contents (Figure 6.6) significantly higher for the
BTX-A group compared to those of the control group (BTX-A group: 21.61 + 3.56,
14.94 + 4.82, and 14.82 4+ 4.32; Control group: 7.49 + 2.08, 6.55 £+ 2.55, and 7.05 +
3.81 ug collagen/mg muscle; P= 0.005, 0.006, and 0.029 for the TA, EDL, and EHL,
respectively). Note that, muscle masses in the BTX-A group were less than those of
the control group (BTX-A group: 0.35 & 0.04, 0.10 £ 0.01, and 0.01 # 0.003 g; Control
group: 0.65 £ 0.04, 0.16 4+ 0.03, and 0.01 £ 0.01 g; P< 0.001, and P= 0.005, and 0.198
for the TA, EDL, and EHL, respectively).

6.4 Discussion

Rejecting the first hypothesis, the present data indicate a reduced l,4,4. for the
injected TA muscle. The hypothesis was based on our previous short-term experiment

[74], which showed, unlike an expected increase, no significant changes in the /.
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However, the present study showed that in the long-term, BTX-A leads to even a
narrowing of the muscle’s [,4,4.. Elevated passive force of the injected TA muscle
confirms the second hypothesis and is a consistent finding with the short-term effects of
BTX-A shown earlier [74]. Active and passive forces of not only the injected muscle but
all muscles within the anterior crural compartment were altered indicating the spread
of BTX-A into also the non-injected muscles. This confirms the third hypothesis.
Elevated intramuscular collagen combined with the muscle atrophy observed agrees
with the increased muscle passive forces. Therefore, BTX-A-induced changes to the
structure and mechanics of both targeted and untargeted muscles persist and advance

in the long term.

6.4.1 Altered Mechanics of Muscles Exposed to BTX-A

The mechanism of effects of BTX-A on muscular mechanics and in particular
how this reflects on muscle’s 1,44, has been explored using finite element modeling [146].
The characteristic determinant for this mechanism was indicated as the "longer sar-
comere effect" (LSE). In short, the inactivated muscle fibers modeled, which represent
BTX-A-induced partial muscle paralysis do not shorten. This effect is reflected also
in the activated ones via muscle fiber-extracellular matrix (ECM) mechanical inter-
actions [90, 125] yielding overall a limited shortening of sarcomeres in muscle exposed
to BTX-A compared to their counterparts in a BTX-A free muscle. Due to such LSE
(please see Figure 6.7 for an illustration), the sarcomeres reach their maximal force pro-
duction earlier causing the muscle’s optimum length to shift to a shorter length. This
explains the narrowing of l,4ng. Finite element modeling of the time course of BTX-A
treatment further predicted that such an effect of BTX-A may get more pronounced
in the long-term [81]. This was characterized by increased stiffness of the muscle’s
ECM, which, via a more pronounced LSE, was shown to cause sustained and/or in-
creased shifting of muscle optimum length to shorter lengths. This mechanism is likely
to explain the present experimental findings, which in contrast to no significant ef-
fects reported acutely |74] did show a narrowed /4,4 for the TA exposed long-term to

BTX-A. Based on those earlier studies we consider that operation of the sarcomeres at
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Figure 6.7 Illustration of the longer sarcomere effect (based on [146]. (A) The finite element muscle
model consists of combinations of muscle elements arranged in series each of which constructs a
whole fascicle. A combination of model nodes along one side of a fascicle is referred to as a fascicle
interface. For example, the most proximal fascicle interface is a combination of the nodes indicated
by Roman numerals from I to IV. Each fascicle interface is indicated by a number from 1 to 17.
The local length changes along the muscle fiber direction i.e., fiber direction strain are analysed. (B)
Schematic representation of BTX-A models studied. These are achieved by not activating muscle
elements (representing BTX-A-induced partial paralysis) located in the proximal half (PHP), middle
half (MHP), and distal half (DHP) of the muscle: white areas show paralyzed muscle parts whereas,
the darker areas show the parts that are activated maximally. These models are studied vs. a BTX-A
free model (i.e., the entire muscle is activated maximally). (C) The characteristic BTX-A effect i.e.,
the longer sarcomere effect shown earlier [146] exemplified. Mean fiber direction strain is the average of
local length changes in nodes I to IV in each fascicle interface. Therefore, it is a metric characterizing
sarcomere length change per fascicle. The mean fiber direction strain curve for the BTX-A free muscle
is localized below those of the BTX-A models indicating that sarcomeres within muscle exposed to
BTX-A attain longer lengths.
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longer lengths within the BTX-A exposed muscle could plausibly be a mechanism ex-
plaining the present findings. However, specific new tests should be conducted in order
to confirm that. Note that, the significantly higher total collagen content of muscles
exposed to BTX-A is an important present finding. This is in concert with the elevated
muscle passive forces shown and also with the increased ECM stiffness considered in
previous finite element modeling. The hydroxyproline analysis conducted objectively
addresses changes in intramuscular connective tissue content indicating increased col-
lagen in muscle exposed to BTX-A. As collagen is the main load-bearing constituent
of the ECM, this analysis was directly complementary for our aim of assessing the
effects of BTX-A on muscular mechanics. Yet, an assessment of the expression and
orientation of specific collagen isoforms and other elastic proteins such as titin [182]
in future studies can make the analysis of BTX-A-induced structural and mechanical

changes comprehensive.

6.4.2 BTX-A Effects at Large and on Mechanical Interactions Between

Muscles

BTX-A can affect intermuscular mechanical interactions in two ways: (1) As a
highly diffusive toxin, BTX-A can spread beyond the injected muscle through muscle
fascia [177], bloodstream [183], and/or axonal pathways [184]. Mechanical effects of
leakage of BTX-A into a neighbouring muscle |75], into synergistic muscles within a
compartment |74,76-78] and even across antagonistic compartments |79] have been re-
ported in several animal studies. This resulted in at the least a dropped active muscle
force, but also lead to elevated collagen content, stiffness, and passive force as well as a
reduced [,qn4e Of non-injected muscles exposed acutely to BTX-A by diffusion. The ef-
fects of BTX-A investigated presently in the long term confirmed that BTX-A leads to a
decrease in the active forces of all synergistic muscles within the compartment. On the
other hand, BTX-A administration is clinically expected to improve agonist-antagonist
force balance [185,186]. However, assuming that inter-compartmental spread of BTX-
A occurs in patients and is effective in the long term, BTX-A effects on such imbalance

may not be as simple as weakening of the target muscle for a better match with the



100

force of the antagonist. Instead, mechanically this may involve also the weakening of
the antagonist. However, BTX-A may decrease co-contraction of antagonistic mus-
cles, which is exaggerated in children with CP [82]. Nevertheless, this may not be a
controlled effect. More importantly, although positive effects of BTX-A against the
neurological pathology are plausible, the present findings suggest that simultaneously
occurring mechanical effects may not be favorable ones. (2) Muscles are connected
to the joint through the tendons however, their bellies are interconnected via an in-
tegral system of myofascial connective tissue structures (e.g., collagenous connections
providing integrity between the epimysia of adjacent muscles and collagen-reinforced
neurovascular tracts interconnecting bellies of intra- and intercompartmental muscles).
In BTX-A free conditions, epimuscular myofascial force transmission (EMFT) [9,90]
i.e., intermuscular mechanical interactions occurring through those connective tissue
structures impose major effects on muscular mechanics including the following: mag-
netic resonance imaging analyses indicate heterogeneous local length changes (varying
e.g., from 29% lengthening to 13% shortening) along muscle fibers of human medial
gastrocnemius after imposing passive stretch [103]| or submaximal activation [102]. Su-
personic shear imaging analyses show similar local muscle stiffness changes (e.g., the
shear modulus of the TA was higher in the extended knee compared to flexed knee posi-
tion on average by 27%, despite the fact that ankle angle was restrained) [127|. Muscle
mechanics experiments indicate changes in muscle’s length-force characteristics in re-
sponse to altered mechanical conditions within which the target muscle operates: (i) in
animal experiments, those changes due to co-activation of synergistic muscles include
elevated agonist muscle force amplitude (e.g., by 17%) and shift of muscle’s maximal
force production to a different length (e.g., by several mm’s, yielding an increase in
the muscles length range of force production by 24%) [10,17|. (ii) In intraoperative
experiments in CP patients, co-activation of synergistic and antagonistic muscles was
shown to yield similar effects altering force production of the target spastic muscle
compared to that measured after it is activated alone [137,138,160,161]. However,
previously, EMFT has been shown to be affected by BTX-A exposure in the short
term [77]. One characteristic effect of EMFT is the proximo-distal force differences
(i.e., unequal muscle forces exerted at both ends of a biarticular muscle, reaching up

to 35%) [12,16,17]. This represents the net amount of epimuscular myofascial loads
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(i.e., forces arising from stretching of the intermuscular connections due to muscle rel-
ative position changes) acting on the muscle [90]. The present results showed that
exposure to BTX-A does affect proximo-distal force differences for the EDL muscle.
At the shortest TA lengths, for both animal groups, distally exerted EDL active forces
were higher than those exerted proximally. This indicates that proximally directed
epimuscular myofascial loads act on the EDL belly. After imposing TA lengthening,
the direction of those loads changed to become distally directed for both groups, but
the amplitude of the net amount of epimuscular myofascial loads was higher for the
BTX-A group. Previously, BTX-A injected into the TA was shown to acutely re-
move EDL proximo-distal force differences for all TA lengths studied [74]. Moreover,
a specific test involving solely relative position changes of the EDL, which was kept
at constant length showed minimized EDL proximo-distal force differences indicating
diminished EMFT after exposure to BTX-A [77]. Although the latter test was not
conducted presently, the findings (i) in contrast, do not show a diminished EMFT in
the long term, but judging from the elevated distally directed myofascial loads, and (ii)
indicate that intermuscular connective tissue linkages between the TA and the EDL
should be stiffer. This issue is relevant because, for patients with CP, recent intraop-
erative experiments show that inter-synergistic EMFT [137,138,160,161], and also the
inter-antagonistic EMFT [46, 137,160, 161] causes a significant increase in the force of
spastic gracilis and semitendinosus muscles (above 30%, up to 70%). This suggests
that the spastic hamstrings capacity to affect the pathological condition in the joint is
changed by EMFT. Therefore, it is important to assess in new clinical studies if ex-
posure to BTX-A in the long-term sustains or even elevates the stiffness of connective

tissue structures, which provide intermuscular mechanical connections.

6.4.3 Limitations and Implications of the Study

The established time to assess the chosen long-term effects of BTX-A is based
on concepts related to the process of exocytosis. This process allows the release of
acetylcholine into the synaptic cleft at the neuromuscular junction, and any interven-

tion targeting that including exposure to BTX-A yields presynaptic blocking in signal
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transmission, hence muscle paralysis |61, 62,65]. de Paiva et al. [187] showed that
4-weeks after BTX-A injection, no exocytosis occurs at the parent nerve terminals.
However, (i) this changes beyond one-month duration (e.g., at day 63 the authors
showed recovery in exocytosis in the parent terminals) and (ii) formation of a network
of nerve-terminal sprouts takes place after BTX-A injection, showing an increase over
time. Therefore, our choice of assessment of BTX-A effects one-month post-injection
allows avoiding exocytosis in the parent terminals for consistent testing and is in con-
cert with earlier animal studies [67,75,182,188]. However, earlier research such as de
Paiva et al. [187] suggests that due to a dynamic exocytosis process, involving varying
influences of the parent terminals and nerve-terminal sprouts, also further longer-term
BTX-A effects need to be studied for a comprehensive understanding. Nevertheless,
our present study sheds light on such understanding and indicates the presence of novel

mechanical effects that may affect the function of the treated muscle.

Note the differences between the injection protocol, BTX-A dosage, and volume
used in the present animal study and in common clinical practice. The injected TA
muscle was located by the manual placement method using anatomical landmarks and
palpation. However, electrical stimulation, electromyography, or ultrasound-guided
injection of BTX-A is suggested for clinical application in order to improve the accuracy
and specificity of localization, especially for deep and/or very small muscles [60, 189—
191]. Nevertheless, Picelli et al. [192] showed that such guidance does not provide
a better outcome compared to the manual placement method for superficial muscles.
Accordingly, we were confident in localizing the superficial TA muscle presently and also
in standardizing the injection location and depth as bound by the protocol described
in the Methods. On the other hand, the optimal clinical injection dosage per targeted
muscle depends on the muscle volume, the degree of spasticity and the level of the
muscle’s involvement in the patient’s pathological pattern of joint movement [193].
Heinen et al. [60] reported a safe total dose range for children with CP as 1 to 25 U/kg
bodyweight. In lower extremity muscles, clinical BTX-A doses vary between 3 and 6
U /kg [70,80]. However, presently, the BTX-A quantity injected approximates only 0.32
U/kg. Therefore, a direct comparison suggests that the experimentally used quantity is

much less than those typically used in clinical applications. Also, the presently injected
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volume (approximately 64 pl/kg) is less than the clinically utilized volumes (2.5-8
ml/kg) in lower limb muscles |70, 72,80]. However, the findings indicate substantial
drops in the measured forces suggesting effectiveness and therefore, appropriateness
of the present dose for the study purposes. Note also the considerable variability in
the dose and volume injected across animal studies, conducted on different species.
Reported per kg of the animal, those values include 8.3 U and 0.83 ml in the mouse
[194], 1-10 U and 0.1 ml in the rabbit [195] and 3.5 U and 0.23 ml in the cat [75].
Therefore, in terms of the dose and injected volume of BTX-A, a general limitation
for animal studies is the difficulty in building an explicit relationship with the clinical
practice. This applies to the present study as well. Yet, animal studies do reveal major
new phenomena and the present study indicates previously unknown remarkable long-
term effects of BTX-A on mechanics of muscles exposed. However, those effects should

be tested in the clinics.

Being also related to the dose-administered the issue of injection site also re-
quires attention. Contrary to the common clinical practice, which typically involves
multiple injection sites [55,62|, presently only the mid-target muscle belly was injected.
Taking into account high diffusivity of BTX-A [177], dividing the total dose per muscle
between multiple injection sites, can be effective in preventing the spread of the toxin
to other muscles [55,193]. The present injection protocol involving a single site into
which the entire dose was administered may plausibly have facilitated leakage of the
toxin to the adjacent non-targeted muscles. Yet, also for protocols involving multiple
injection sites, the spread of BTX-A was shown to occur beyond the injection site [177].
This makes controlling the effects of the treatment difficult and was considered as a side
effect [55,171]. In contrast, Frasson et al. [80] suggested that the spread of BTX-A they
showed from foot flexors to even antagonists could positively contribute to improving
gait in patients with CP. Overall, such spread, which as indicated in previous animal
studies can take place inter-compartmentally (e.g., [79]) implies at least uncontrolled ef-
fects occurring in non-targeted muscles. This needs to be specifically tested in the long
term. However, taking into account BTX-A effects adversely affecting the mechanics of
the muscles exposed as shown presently, controlling leakage of the toxin appears to be

quite important for controlling the outcome of the treatment. Particularly, the spread
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of BTX-A into a bi-articular muscle has effects on both proximal and distal joints and
hence may even manipulate the movement in a non-targeted joint. Therefore, struc-
tural, and functional effects of BTX-A on muscles exposed also through diffusion are

worth testing in the clinics.

6.5 Conclusion

The present findings show that previously reported acute BTX-A effects to
persist and advance in the long term. A narrower [,,,,. and elevated passive resistance
of the targeted muscle are unintended mechanical effects of BTX-A, whereas the spread
of BTX-A into other compartmental muscles indicates the presence of also uncontrolled
mechanical effects. These findings can be clinically relevant but should be studied in

patients.
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7. GENERAL DISCUSSION

In this thesis, the relationship between mechanical characteristics of spastic
muscles and the impaired joint motion in patients with cerebral palsy (CP) and the
effectiveness of the local application of Botulinum toxin type-A (BTX-A) in the man-
agement of spasticity were investigated. The findings, therefore, provided extensive
knowledge both on better understanding and management of CP. The first part of
the thesis, which aims to reveal the musculoskeletal factors that may contribute to
the movement pathology, a combination of invasive (i.e., intraoperative force measure-
ments) and non-invasive (i.e., clinical measurements, 3D gait analysis, musculoskeletal
modeling) methods were applied in humans. After gaining information about the mus-
cular features relating to the pathology, then in the second part of the thesis, the effects
of the BTX-A on the mechanics of exposed muscles were investigated with animal ex-
periments (i.e., muscle force measurements and histological testing) to reveal possible
implications for the management of spasticity. Both parts indicated the determinant
role of epimuscular myofascial force transmission (EMFT) arising from mechanical in-

teractions between muscles, and its clinical relevance in CP.

7.1 Spastic Muscle Mechanics of Patients with Cerebral Palsy

Because the muscle serves as a motor for movement, recognizing the changes in
its structure and function due to a disease is crucial, so that muscle dysfunction can be
detected, and accurate treatment can be planned later. In vivo evaluation of individual
muscle’s function with its effects on the joint(s), it crosses requires applying specific
methodologies. The routine clinical measures of spasticity used in both diagnosis and
time-course of its therapy are not very close to reflecting the muscular functioning
concerning its strength and stiffness. The most widely used qualitative methods (e.g.,
The Gross Motor Function Classification System, the Modified Ashworth Scale, the

Tardieu Scale, or manual muscle testing) are subjective and can produce imprecise and
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unreliable results. Isokinetic dynamometers might have been sufficient for quantifying
joint function via measuring joint torque (i.e., a required force to move a joint through
a specific range of motion) but are not of clinical use because calculating the force
produced by individual muscles based on joint torque is indirect and requires many
assumptions, and more importantly, cannot reflect individual muscle characteristics
(e.g., its stiffness). Likewise, electromyography is capable of quantifying neuromuscular
electrical activity but does not provide information on direct muscle force. Accordingly,
using the intraoperative approach is very advantageous for a better understanding of
the muscular roots of the pathology, as it allows direct in vivo quantification of human

muscle forces at their tendons.

As being the product of one of the rare groups in the world that can apply
intraoperative force measurement technique and, by analyzing the muscle force-joint
angle relationship in children with CP, this thesis showed that based on the significant
increases in the forces of spastic knee flexors, EMFT does contribute to the joint limi-
tation and is in line with patients’ pathological gait patterns. The novel contribution
of the first article published within the scope of this thesis [138] is that inter-synergistic
EMFT has been shown to affect the forces exerted at the tendon of a primary knee
flexor muscle, semitendinosus (ST), for the whole sagittal plane range of motion of
the knee joint in patients with CP. In the ensuing studies [160, 161], spastic muscle’s
passive forces were directly measured for the first time and combining intraoperative
experiments with gait analyses, the findings showed that inter-synergistic and inter-
antagonistic EMFT cause the active state forces of muscles, spastic ST and the gracilis
(GRA) to elevate, for which the higher amplitudes have been attained within the gait-
relevant joint ranges and compared to which, the passive state forces remain limited
even in extended knee positions. The latest modeling works assembling the intraoper-
atively measured muscle force data and the participants’ gait analyses, demonstrated
the muscle lengthéaforce relationship for spastic ST and GRA, and showed significant
effects of EMF'T specifically in the patients’ gait-relevant muscle-tendon unit length
ranges as well. Within the muscles’ length ranges characterizing gait, the dominant
component of the exaggerated force in the shorter muscle-tendon lengths of spastic ST

and GRA was shown as the active state forces, rather than passive. Further, consistent



107

with the clinical considerations, it was revealed that both spastic ST and GRA may be
shortened muscles producing higher forces at shorter muscle lengths. However, remark-
ably, no strong correlation between shorter operational muscle length and higher force
production was found either in passive or active conditions. This, therefore, indicated
that if indeed spastic knee flexor muscles produce high forces in short muscle-belly
lengths alone, elevated forces due to EMFT may be considered as a contributor to the
patients’ pathological gait. Otherwise, such EMFT effect may be the main determinant
of the pathological condition. Thus, this thesis points out that there is a mechanical
reason for co-working of muscles affecting joint movement adversely, and so, EMFT
in CP has clinical implications. Based on this, one suggestion is that EMFT through
intermuscular mechanical interactions is possibly different in the patients compared to
that in healthy people. Yet, these issues have never been tested comparatively between
healthy and CP people, and how the effect size of EMFT differs between them has not

yet been clarified.

7.2 Botulinum Toxin Type-A in the Management of Spasticity

A better understanding of the effects of BTX-A on muscular mechanics has
high clinical relevance as the usage of the toxin in children with CP is common for
the management of spasticity. Considering the influence of spasticity, limited muscle
lengthening, and restricted range of motion on the growing bones of young children,
postponing orthopedic surgical interventions until the children’s gait has matured is im-
portant, and thus, the combined therapy of physiotherapy and use of orthoses together
with BTX-A injections is widely used in children with spastic CP. The animal part in
which we sought for the therapeutic BTX-A effects on exposed muscle mechanics in-
dicated that as clinically intended, BTX-A is successful through decreasing the muscle
tone (based on the finding of active force reductions we reported within the scope of the
thesis) of the injected tibialis anterior (TA) muscle long-term after injection. However,
this effect is not unique for all muscle lengths studied, rather muscle length-dependent,
meaning that BTX-A has complex effects and is just as hard to control. Moreover,

the findings of the experiments performed within the rat anterior crural compartment
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indicated that 1-month post-injection, BTX-A also yields some unintended (a narrower
range of motion and higher passive force production in resting state, for the injected
TA) and uncontrolled effects (altered mechanics of other compartmental muscles due
to the spread of the toxin). The higher passive forces in the BTX-A group compared
to that of control have been ascribed to the elevated connective tissue stiffness, based
on the increased collagen content measured in the exposed muscles. Those are adverse

effects of BTX-A on muscle function, and thus, have high potential clinical importance.

It is meaningful to comment on the findings, which we obtained and published
[196] within the scope of this thesis, by considering two issues in the literature: First,
a previous study [74] testing the acute effects of BTX-A in rats showed no significant
changes in the TA muscle’s length range of force exertion though, here in this thesis,
BTX-A, in the long term, has been shown to lead to even a narrowing of it. This
means that, unlike an expected widening, the range of motion worsens over time, or
in other words, unintended BTX-A-induced changes to the injected muscle’s function
progress over time. Secondly, recent studies reported diminished, and unaffected EMFT
due to the exposure of rat muscles to BTX-A acutely [77] and 1-month post-BTX-A
injection [197], respectively, and how these effects would be in humans is unknown.
Combining all, one can ultimately suggest that EMFT is more pronounced in children
with CP compared to healthy children, and the short-term efficacy of BTX-A is likely
based on suppression of said EMFT. Testing these deserves major attention and will

inevitably lead to highly effective clinical outcomes.

7.3 Final Remarks and Future Directions

This thesis has achieved quite successful outputs by investigating the features of
spastic muscles as mechanical structures and revealing that connective tissue interac-
tions between spastic muscles have significant effects on the function of these mechan-
ical structures, and, by showing that BTX-A is worthy of research in humans, based

on the striking effects it leads on muscular mechanics showed with animal studies.
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The methodological limitations should be acknowledged. The intraoperative
force measurement methodology, used in this thesis, is ideal for characterizing the
capacity of a muscle to produce force and to determine its contribution to restricted
joint mobility though, intraoperative approaches are very rare, not only because of the
impossibility to perform them in clinical routine due to limited access to the tendons
and technical challenges of measuring the tendon force but also because they preclude
voluntary muscle activities. Moreover, performing such intraoperative measurements
in aged-matched healthy people who do not undergo surgery is not possible. Therefore,
the main study limitation is the lack of a control group but testing in an aged-matched

healthy group depends on the enhancement of different methodologies.

As muscle stiffness is a common clinical symptom and its management is critical
during therapeutic interventions, the alterations in the mechanical (strength, stiffness)
characteristics of muscles, and in the effect size of EMFT due to the disease and the
BTX-A exposure need to be studied in patients. Fairly recent studies established the
reliability of ultrasound shear wave elastography in children and for gastrocnemius mus-
cle and demonstrated greater passive muscle stiffness in children with CP [198-200].
Therefore, ultrasound shear wave elastography has recently been presented as a useful
tool for the study of muscle spasticity by assessing muscle stiffness through the cal-
culation of a shear modulus. In a pilot study [201] quantifying the effects of BTX-A
on passive muscle properties in children with CP, a temporary, but statistically sig-
nificant, improvement in passive gastrocnemius muscle stiffness at some specific ankle
joint positions between 1 and 3-months post-BTX-A was found, with no significant
improvement in ankle passive range of motion or spasticity. This, therefore, suggests
that BTX-A-induced changes in passive muscle stiffness may not lead to clinically
meaningful improvements in the patients’ mobility and indicates a condition of clinical
importance. Related to the assessment of the effects of intermuscular mechanical in-
teractions in the patients’ mobility, as the muscle shear modulus is linearly related to
muscle force [202] ultrasound shear wave elastography can be used to study EMFT as
well. Utilizing shear wave elastography, Ates et al. [127] have recently quantified the
localized changes in the shear modulus of lower limb muscles during ankle rotations

performed at two different knee angles and demonstrated the existence of EMFT via
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intermuscular mechanical interactions for healthy adults. However, all these studies

focused on the lower leg muscles and /or investigated only passive muscle properties.

Future studies are needed to examine both passive muscle properties and active
muscle properties that would represent the patient’s voluntary movement and to work
with different muscle groups in other parts of the limbs. For investigating whether
intermuscular mechanical interactions differ in patients with CP compared to healthy
individuals and in patients before and after BTX-A exposure, applying ultrasound
shear wave elastography in clinical practice can potentially be a useful tool, for both
understanding of CP and monitoring the muscular changes during the time-course of
therapeutic interventions, all of these will undoubtedly lead to findings that will have

a great clinical repercussion.
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APPENDIX A. INDIVIDUAL KNEE JOINT ANGLE DATA
FOR EACH LIMB TESTED
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Figure A.1 Gait data showing knee joint angles in the sagittal plane per each limb tested.The blue
curves show the patients’ data, whereas the black curves provide the reference for typically developing
children (from the database of the BTS Bioengineering system). Knee flexion (Flx) and extension
(Ext) are indicated. The limbs 7-9 which show the greatest deviations from an extended knee position
at the start of the gait characterize the most severe pathological movement. Note that hyperextension
was observed in only one of the limbs tested (Limb 10). The patient was diagnosed with a plantar
flexion-knee extension couple leading to a decision of hamstring as well as gastrocnemius release

surgery.
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APPENDIX B. CORRELATION ASSESSMENT BETWEEN
THE SEVERITY OF THE PATHOLOGICAL GAIT AND
EFFECTS OF EPIMUSCULAR MYOFASCIAL FORCE
TRANSMISSION ON SPASTIC GRACILIS MUSCLE

The present data indicated that the active state forces of spastic GRA muscle
elevate significantly after the added activation of other muscles. Based on that finding,
here we sought a correlation between the severity of the patients’ pathological gait and
the increase in spastic GRA force amplitude via co-activation of other muscles. For
the former, the deviation of knee angle from an extended position at the start of the
gait cycle was considered as a metric that characterizes pathological movement. For
the latter, the maximal percent spastic GRA force increase in condition IV compared
to that in condition II, within the gait-relevant joint positions were considered as a
metric that represents the peak EMFT effect. Spearman’s rank correlation coefficient

was calculated to test for the correlation sought after.

Figure A.1 shows knee joint angle data per each limb tested during a gait cycle.
Based on the deviation of knee angle from an extended position at the start of the gait
cycle, the limbs showing the most severe pathological movement are limbs 7-9. Table
B.1 shows the amplitudes of those deviations as well as the corresponding maximal
percent increase in spastic GRA force due to co-activation of other muscles. The
Spearman’s Rank correlation coefficient calculated was 0.745 (P= 0.013) indicating
that there is a strong correlation between the severity of the pathological movement
and the effects of added activation of synergistic and antagonistic muscles. Therefore,
we conclude that the present data support the influence of EMFT in the pathological

gait of patients with spastic cerebral palsy.
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Table B.1
Metrics used for a correlation assessment between the patients’ pathological gait and spastic GRA
force increases.

Lih Knee angle at the start of GC as deviation | Maximal increase of spastic GRA force due
from knee extended position (°) to added activation of other muscles (%)
1 18.06 36.07
2 24.90 109.14
3 26.79 71.39
4 27.77 63.96
5 27.04 50.62
6 23.67 35.36
7 37.48 90.80
8 34.51 204.33
9 29.83 151.44
10 22.90 45.90
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APPENDIX C. CORRELATION ASSESSMENT BETWEEN
CLINICAL AND INTRAOPERATIVE MEASUREMENTS
FOR SPASTIC SEMITENDINOSUS MUSCLE

C.1 Clinical and Intraoperative Measures

The mean of popliteal angle (PA) measurements according to the Modified
Tardieu Scale per fast and slow-sustained stretch was considered as a representative

metric of the patients’ clinical condition in the knee joint.

On the other hand, data obtained based on intraoperative experimental condi-
tions and in the tested knee angle (KA) and hip angle (HA) positions were considered

in two groups:

Group A

The data collected in conditions I and II were considered to characterize spastic

ST’s mechanical behavior through the following metrics:

1. Metrics based on force (i) %Fsr passive peak | 120° (percent of peak passive state
force at KA=120°), (ii) %Fsr peax | 0° (percent of peak active state force at KA—=
0°), (iii) %Fsr peax | 120° (percent of peak active state force at KA—= 120°).

2. Metrics based on the range of force exertion (iv) Range-Fsr (operational KA
range of Fgr exertion in active state i.e., joint angle range between the KA’s at

which, the minimum and peak Fgr is measured).

Note that all metrics were studied both for HA= 20° and HA= 45° (Table C.1).

Group B
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The data collected in conditions IIT and IV were considered to characterize the
influence of spastic ST’s mechanical interaction with other muscles on its mechanical

behavior through the following metrics:

1. Metrics based on force (i) %Fsr peax | 0° (percent of peak active state force at

KA= 0°), (ii) %Fsr peax | 120° (percent of peak active state force at KA— 120°).

2. Metrics based on the range of force exertion (iii) Range-Fgr (operational KA
range of Fgr exertion in active state i.e., joint angle range between the KA’s at

which, the minimum and peak Fgr is measured).

Note that all metrics were studied both for HA= 20° and HA= 45° (Table C.2 for
condition III and Table C.3 for condition IV).

C.2 Clinical and Experimental Measures Compared

Spearman’s rank correlation coefficient was calculated to test if mean PA values
are correlated with the key representatives of intraoperatively measured spastic ST

forces. Correlations were considered significant at P< 0.05.

C.3 Results

Group A

1. Metrics based on force: None of the metrics showed a significant correlation
with the mean PA, but %Fsr passive peak | 120° at HA= 20° (Spearman’s rank
correlation coefficient= 0.72, P= 0.02).

2. Metrics based on the range of force exertion: None of the metrics showed a sig-

nificant correlation with the mean PA.
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Clinical measures characterizing patients’ clinical condition and intraoperative measures (Group A).

PA= mean popliteal angle; %Fst peak | 120° = percent of peak force at KA= 120°; %Fst peak | 0°
= percent of peak force at KA= 0°; %Fgr passive peak | 120° = percent of peak force at KA= 120°;
Range-Fgr = operational KA range of Fgr exertion in active state i.e., joint angle range between

the KA’s at which, the minimum and peak Fgr is measured.

Experimental data (HA= 45°)

Clinical data

SFST peak | %FST peak |  %FST passive peak |  Range-Fgr Mean PA
Limb 120° 0° 120° ©) ©)
1 92.3 100.0 0.0 120 62.5
2 36.2 64.8 0.0 80 67.5
3 8.0 21.7 1.3 98 60
4 20.0 100.0 15.2 120 57.5
) 30.3 100.0 0.0 120 55
6 4.2 46.0 1.3 66 65
7 8.1 59.2 92.3 66 80
8 49.0 91.5 98.2 79 80
9 32.3 53.3 93.9 44 70
10 90.6 72.7 0.0 20 72.5
Experimental data (HA= 20°)
NFST peak | NFST peak | %FST passive peak |  Range-Fgr
Limb 120° 0° 120° )
1 40.5 100.0 0.0 120
2 0.0 80.0 0.0 95
3 0.0 22.4 2.3 58
4 5.7 100.0 0.0 120
5 32.5 100.0 7.6 120
6 19.6 7.8 26.6 86
7 49.2 65.0 96.8 90
8 32.7 100.0 100.0 120
9 19.6 100.0 98.1 120
10 100.0 22.1 35.8 0
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Table C.2
Clinical measures characterizing patients’ clinical condition and intraoperative measures (Group B,
condition IIT). PA= mean popliteal angle; %FsT peax | 120° = percent of peak force at KA= 120°;
%FsT peak | 0° = percent of peak force at KA= 0°; Range-Fgp = operational KA range of Fgp
exertion in active state i.e., joint angle range between the KA’s at which, the minimum and peak
Fgr is measured.

Experimental data (HA= 45°) Clinical data

Limb | %Fst peak | 120°  %Fst peak | 0°  Range-Fgr (°) | Mean PA (°)

1 96.3 84.5 35 62.5
2 25.6 45.4 96 67.5
3 20.7 85.8 98 60
4 0.0 100.0 120 57.5
) 0.0 79.2 96 %)
6 0.0 29.7 87 65
7 42.0 42.6 86 80
8 100.0 93.0 0 80
9 15.5 50.4 81 70
10 100.0 32.8 0 72.5

Experimental data (HA= 20°)

Limb %FSTipeak ‘ 120° %FSTipeak | 0° Range-Fgr (o)

© 00 N O Ut ke W N

—
o

36.7
0.0
12.4
0.1
8.6
18.5
31.8
97.7
12.4
70.6

100.0
71.3
99.1
82.3
73.7
97.5
64.1
100.0
100.0
58.5
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107
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108
90
120
120
97
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Table C.3
Clinical measures characterizing patients’ clinical condition and intraoperative measures (Group B,
condition IV). PA= mean popliteal angle; %Fst peax | 120° = percent of peak force at KA= 120°;
%FsT peak | 0° = percent of peak force at KA= 0°; Range-Fgp = operational KA range of Fgp
exertion in active state i.e., joint angle range between the KA’s at which, the minimum and peak
Fgr is measured.

Experimental data (HA= 45°) Clinical data

Limb | %Fst peak | 120°  %Fst peak | 0°  Range-Fgr (°) | Mean PA (°)

1 86.2 90.5 79 62.5
2 0.0 91.6 95 67.5
3 34.1 90.6 97 60
4 0.0 66.7 76 57.5
) 26.6 57.3 44 %)
6 24 21.8 74 65
7 50.6 43.5 80 80
8 16.1 49.8 73 80
9 12.0 52.0 64 70
10 56.4 98.2 110 72.5

Experimental data (HA= 20°)

Limb %FSTipeak ‘ 120° %FSTipeak | 0° Range-Fgr (o)

1 16.1 100.0 120
2 0.0 7.5 91
3 13.2 98.8 112
4 0.5 77.6 94
5 11.9 62.5 81
6 17.0 97.9 107
7 22.4 66.9 89
8 45.5 100.0 120
9 15.3 98.5 69

—
o

100.0 78.0 0
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Group B

1. Metrics based on force: %0Fst peak | 120° at HA= 45° (condition III) and %Fsr peax
| 120° at HA= 20° (condition IV) showed a significant correlation with the mean

PA (Spearman’s rank correlation coefficients= 0.71, P= 0.02)

2. Metrics based on the range of force exertion: Range-Fgr at HA= 45° (condi-
tion III) showed a significant correlation with the mean PA (Spearman’s rank

correlation coefficient= -0.72, P= 0.02).

C.4 Discussion

The previous studies we have conducted showed consistently no significant cor-
relation between clinically measured metrics characterizing the patients’ condition in
the passive state and intraoperatively measured metrics characterizing the targeted
spastic muscles’ mechanics [43-45]. In contrast, the present study showed a signifi-
cant correlation for Group A, which indicates a potential diagnostic value of clinically
measured metrics, in the passive state. Note that the previous studies were capable of
quantifying only the active state mechanics and passive state mechanics of the spas-
tic ST muscle were quantified for the first time presently. This made the particular
correlation analysis possible. In addition, the present experiment involved flexed hip
positions, unlike the previously extended reference hip position. This elevated relevance
of the tested joint positions for the patients’ gait, but more importantly, for the present
correlation assessment, for the joint positions employed during the assessment of the
PA. Remarkably, the present study also showed significant correlations for Group B.
Therefore, in sum, a typical clinical pre-surgical assessment may be representative of
spastic ST muscle’s passive state mechanics regarding the muscle’s intrinsic properties
(conditions I and II). However active state mechanics show relevance if the muscle’s

mechanical interaction with other muscles (conditions III and IV) is taken into account.
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APPENDIX D. MAXIMAL AND SELECTIVE
STIMULATION TO THE TARGET SPASTIC MUSCLE

In the first study in which the developed intraoperative methodology was pre-
sented [42], the success of our stimulation methodology to activate the muscles was
tested in anterior cruciate ligament (ACL) reconstruction patients and reported. In
short, it was shown that a randomized use of current amplitudes of 130, 140, 150, and
160 mA yields no systematic force increase as a result of increasing current ampli-
tude, and no appreciable force variation. This indicates that the stimulated muscle is
tetanized, which allows measuring the peak force of the muscle as a consistent exper-
imental condition across different participants. In our previous studies reporting the
mechanical behavior of individually activated spastic GRA [44], ST [43], and SM [45],
a similar assessment led to choosing a current amplitude of 160 mA in order to ensure

maximal activation of the target spastic muscle. This is also used presently.

Figure D.1 shows examples from one participant of force-time traces of the
spastic ST measured in the three experimental conditions (i.e., the spastic ST was
stimulated (condition II) alone, (condition III) simultaneously with its synergists GRA
and biceps femoris, and (condition IV) also with its antagonist rectus femoris). This
indicates that the muscle was maximally activated (i.e., tetanized) in each different

test condition of the present study.

On the other hand, selective activation of the target muscle was also studied with
specific tests in patients: before the actual test protocol was conducted, an additional
buckle force transducer was mounted over the GRA distal tendon and in response to
exclusive stimulation of either the spastic ST or the GRA using the protocol described,
forces of both muscles were measured simultaneously to ensure the success of our
stimulation methodology in isolating the stimulation and also maximally tetanizing

the targeted muscle only (see Figure D.2 for an example to that).



121

Spastic ST muscle force (N)
120 -

—~Condition Il
—Condition Ill

90 -
Condition IV

60 -

30 -

0 0.5 1 15 2 25 3
Time (s)

Figure D.1 Examples of typical force-time traces of spastic ST muscle in the three experimental
conditions superimposed (knee angle=30°, hip angle=20°). Note that this was a consistent finding
also for other knee joint angles tested in both hip joint positions.

In that example (left panel in Figure D.2), the force-time traces of spastic GRA
show no change in its forces, indicating a lack of activation of this muscle in response to
individual stimulation of the ST. Similarly, the force-time traces (right panel in Figure
D.2) show no change in ST forces in response to selective stimulation of the GRA.
Note that, this is valid also for other knee positions at hip angles of 45° and 20°. Note
also that, the routine incisions performed in the surgery are not modified at all for the
intraoperative experiments. Therefore, direct force measurements from the muscles
that are not the targets of the surgical procedure (biceps femoris and rectus femoris
muscles in the current study) are not possible. However, these are distant muscles to
the ST and the tests exemplified above indicate selective activation can be achieved
even for muscles in proximity. Therefore, they are not activated, unless stimulated
directly and in conditions involving their added activations, the muscle stimulation

protocols described above are used.
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Figure D.2 Examples of typical force-time traces of spastic ST (left) and GRA (right) muscles
obtained during the individual stimulation of the ST and the GRA, respectively (knee angle=30°, hip
angle=45°). Note that, to determine the muscle force at each joint angle, muscle force values within
the middle of the tetanus are averaged.
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