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Abstract

MECHANICS OF SPASTIC MUSCLE AND EFFECTS OF
TREATMENT TECHNIQUES: ASSESSMENTS WITH
INTRA-OPERATIVE AND ANIMAL EXPERIMENTS

Present thesis is focused on mechanics of spastic human muscles and the e�ects

of widely used treatment methods in the context of the determinant role of epimuscu-

lar myofascial force transmission (EMFT). A novel intra-operative method was devel-

oped to measure human Gracilis (GRA) muscle isometric forces with respect to knee

angle. In healthy subjects, GRA was shown to have very large operational length

range. For spastic cerebral palsy patients on the other hand, GRA muscle did not

show �abnormal� mechanical characteristics: (i) Length range was not narrowed and

(ii) high �exion forces were not available. Such abnormality occurred if its antago-

nist vastus medialis is activated simultaneously. Therefore, EMFT mechanism through

inter-antagonistic interaction was suggested to determine human muscle characteristics

in spasticity. E�ects of treatment methods were investigated in animal experiments:

(1) Muscle lengthening surgery was shown to a�ect (i) proximal and distal sides di�er-

entially and (ii) non-operated neighboring muscle as well. (2) Botulinum Toxin Type-A

(BTX-A) administration was shown to change the mechanics of not only the injected

but also non-injected muscles in conditions close to in vivo. Additional to active force

reductions (i) the narrowed length range of force exertion and (ii) pronounced passive

force increase contradictory to the aim were shown. EMFT mechanism was concluded

to be determinant for the treatment methods as well.

Keywords: Epimuscular myofascial force transmission, spastic cerebral palsy,

intra-operative human experiments, rat anterior crural compartment, muscle length-

ening surgery, aponeurotomy, botulinum toxin type-A.



vi

ÖZET

SPAST�K KAS MEKAN���N�N VE TEDAV�
YÖNTEMLER�N�N ETK�LER�N�N �NTRA-OPERAT�F

DENEYLER VE HAYVAN DENEYLER� �LE �NCELENMES�

Bu tez, epimüsküler miyoba§dokusal kuvvet iletimi (EMK�) çerçevesinde spastik

kas mekani§ine ve yayg�n kullan�lan tedavi yöntemlerine odaklanm�³t�r. �nsan gracilis

(GRA) kas� izometrik kuvvetini diz aç�s�n�n fonksiyonu olarak ölçmek üzere yeni bir

yöntem geli³tirilmi³tir. Sa§l�kl� deneklerin GRA kas�n�n geni³ bir operasyonel boy ar-

al�§� oldu§u gösterilmi³tir. Spastik serebral palsili hastalar�n GRA kas�n�n ise anomali

göstermedi§i bulunmu³tur: (i) kas�n boy aral�§� daralmam�³t�r ve (ii) yüksek �eksiyon

kuvvetleri gözlenmemi³tir. Bu tür bir anomali antagonisti vastus medialis ile e³ zamanl�

uyar�ld�§�nda ortaya ç�km�³t�r. Bu nedenle, EMK� mekanizmas�n�n inter-antagonist

etkile³im üzerinden spastisite durumunda insan kas� karakteristi§ini belirleyici oldu§u

önerilmi³tir. Tedavi yöntemlerinin etkileri ise hayvan deneyleri ile incelenmi³tir: (1)

Kas uzatma ameliyat�n�n (i) proksimal ve distalde de§i³ken etkileri oldu§u ve (ii) opere

edilmeyen kom³u kaslar� da etkiledi§i gösterilmi³tir. (2) Botulinum Toksin Tip-A

(BTX-A) uygulamas�n�n in vivo ya yak�n ko³ullarda hem enjekte edilen hem edilmeyen

kaslar� etkiledi§i gösterilmi³tir. Aktif kuvvet dü³ü³lerinin yan� s�ra uygulaman�n hede-

�yle çeli³en (i) aktif kuvvet etkime boy aral�§�nda daralma ve (ii) belirgin pasif kuvvet

art�³� görülmü³tür. EMK� mekanizmas�n�n tedavi yöntemlerinde de belirleyici odu§u

sonucuna var�lm�³t�r.

Anahtar Sözcükler:Epimüsküler miyoba§dokusal kuvvet iletimi, spastik beyin felci,

insanda intra-operatif deneyler, s�çan anterior krural kompartman�, kas uzatma op-

erasyonu, aponevroz gev³etme, botulinum toksin tip-A.
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1. GENERAL INTRODUCTION

1.1 Muscle Force-Length Characteristics and Transmission of

Forces

Forces generated by skeletal muscle �bers and transmitted to the bones cause

joint motion. Force-length characteristics representing the maximal force with respect

to the length shows functional potential of muscle independent from velocity and ac-

tivation parameters such as stimulation frequency or amplitute [e.g. 1]. One of the

determinants of such potential is muscle architecture de�ned with muscle length, �ber

length, pennation angle, �ber type distribution, and number of sarcomeres in series and

in parallel [2]. Muscle length denoting muscle excursion determines the joint range of

motion [3-4] and it is typically associated with �ber length [5] i.e., number of sarcom-

eres in series mostly related with velocity of movement with pennation angle and �ber

type distribution [6-8]. Number of sarcomeres in parallel on the other hand translates

to the muscle cross sectional area and it is directly related to force production capacity

with also pennation angle [4, 9-11].

Additional to such architectural properties, as part of structural and morpholog-

ical features of muscles, transmission mechanisms of the forces are other determinants

of muscle function. Myotendinous junctions having specialized morphological features

are one of the paths of force transmission [12]: forces generated by sarcomeres in a

muscle �ber are transmitted to the bone through aponeurosis and tendon attached to

the bone. Myotendinous connections are very important for joint motion; however,

they are not exclusive pathways. Force transmission shown to have more complicated

mechanism includes also lateral pathways: transmission of forces from sarcomeres to

the extracellular matrix via special proteins [13-14]. Considering the continuity of

extracellular matrix with epimysium and collagen rich fascial structures, such lateral

pathways transmit forces to the neighboring �bers, muscles, and non-muscular struc-

tures.
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1.2 Myofascial Force Transmission

Transmission of forces from myo�ber to its extracellular matrix composed of

collagen �bers is called intramuscular myofascial force transmission (MFT) [15-17].

Such transmission may occur along the endomysial perimeter of muscle �ber having

tightly arranged collagen layers [18]. In addition to intramuscular MFT, forces are also

transmitted from extracellular matrix of a muscle to the adjacent muscle's extracellu-

lar matrix. It is referred to as intermuscular MFT [19-20] if it is through the direct

connections between the muscles. Transmission of force from the extracellular matrix

of a muscle to surrounding non-muscular structures and bone is referred to as extra-

muscular MFT [15, 20-22]. Since inter- and extramuscular connections constitute an

integral system and cannot be distinguished they are de�ned as epimuscular myofascial

force transmission (EMFT) [23].

Myofascial loads representing the amount of EMFT were quanti�ed as the dif-

ference between muscle forces measured from proximal and distal tendons at speci�c

muscle lengths. Such myofascial loads shown to be prominent [15, 22, 24] indicates

the important role of inter- and extramuscular connections. If a muscle is not isolated,

shape of the force-length curve representing its characteristics changes drastically due

to EMFT [23, 25]. Another indicator of myofascial loads are force alterations measured

due to the relative positional di�erences between muscles even their lengths are �xed

[26-27]. The muscle model developed with �nite element modeling (FEM) method

[28] also revealed the e�ects of intra-, inter-, and extramuscular connections: Sarcom-

ere length heterogeneity with stress distribution along �ber bundles was shown as an

evidence of EMFT determining muscle force production capacity [25].

Consequently, muscles do not act as independent actuators. These previous

�ndings showing how EMFT modi�es muscle force-length characteristics did suggest

the functional role of this transmission mechanism in health and also in pathology.
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1.3 Mechanics of Spastic Muscle

Cerebral palsy (CP) is a neuromuscular disorder caused by damage of the devel-

oping brain. Most of the cerebral palsy patients su�er from spasticity which is a form

of hypertonia [29-31] characterized by velocity dependent exaggerated re�exes [31-34].

Continuously activated muscles remain at low lengths and adapt to the immobiliza-

tion at shortened position [35-37]. Thus, in long term, contracture formation [38-42]

with muscle and soft tissue shortening [39] accompanies to spasticity even anti-spastic

treatments are applied [43-44]. Contracture as a reason or a consequence is associated

with decreased joint range of motion thus impaired function such as �exed hips, knees

and equines deformity at the ankles [40, 45-48].

Many architectural changes due to spasticity were reported: muscle shortening

[49-51], decrease in muscle volume [51-54] and cross-sectional area [52, 55-56], increased

sti�ness [57-59], �ber type alterations and increased amount of extracellular collagen

[59]. Even many structural changes for spastic muscles were found and the impaired

function is known to be related with these changes, no previous study revealed the

relationship between joint range and speci�c muscle function.

On the other hand, EMFT occurs also for CP patients [60-61] and known to

have important role for spasticity [62-63] in consistent with the increased sti�ness,

implications of this knowledge needs further examinations.

1.4 Clinical and Surgical Interventions to Correct Impaired

Joint Function

There are various methods for the treatment of spastic cerebral palsy from

physical therapy to neuromuscular surgical interventions applied depending on the

severity of the symptoms. To reduce spasticity injection of botulinum toxin type A

(BTX-A) causing muscle paralysis by inhibiting acetylcholine release [64-65] is used.



4

The e�ects of BTX-A have been widely studied by quantifying the area of paralysis [66],

compound muscle action potential [67] and electromyography [68]. However, reports

on mechanical parameters, e.g., twitch and tetanic force have been limited to selected

muscle lengths or joint positions [e.g. 67, 69]. Even it is well known that BTX-A

injected to the muscles spread through the fascia [70] and a�ects neighboring muscles

[71-72], the e�ects of BTX-A on the mechanical characteristics of targeted and non-

targeted neighboring muscles are not known.

Surgical interventions are performed on the patients having severe impairments

due to contracture formation. Remedial surgery known as muscle recession [73-74],

muscle release [75], muscle lengthening [76-80], and aponeurotomy (AT) [81] involves

cutting of an intramuscular aponeurosis transversely to its longitudinal direction. Lim-

ited e�ects of aponeurotomy per se were shown previously even a discontinuity oc-

curring. However, subsequent rupturing of intramuscular connections denoting the

removal of intramuscular MFT had major e�ects on force-length characteristics [82].

Following studies pronounced the altering role of extramuscular MFT on the e�ects of

AT [83-84]. Such results evoke a question if most of the epimuscular connections are

intact similar to in vivo condition how aponeurotomized muscle and its neighbors are

a�ected.
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1.5 Goals and Overview of Dissertation

Present thesis is focused on spastic muscle mechanics and the treatment methods

used in the context of the determinant role of epimuscular myofascial force transmission

(EMFT). The goals of the study and the publications addressed in sequence in the

following chapters are

Chapter 2 aimed at developing an intra-operative method to measure human

muscle isometric forces directly with respect to joint angle and measure human gracilis

(GRA) muscle characteristics in health. It is published as

Yucesoy, C.A., Ate³, F., Akgün U., Karahan M., "Measurement of human gra-

cilis muscle isometric forces as a function of knee angle, intraoperatively," J Biome-

chanics, Vol. 43, p. 2665-71, 2010.

Chapter 3 aimed at measuring the forces of activated spastic GRA muscle as

a function of knee joint angle and to test the following hypotheses: (i) The muscle's

joint range of force exertion is narrow and (ii) High muscle forces are available at �exed

joint positions. It is published as

Ates, F., Temelli, Y., and Yucesoy, C.A., "Human spastic Gracilis muscle iso-

metric forces measured intraoperatively as a function of knee angle show no abnormal

muscular mechanics," Clin Biomech (Bristol, Avon), 2012

Chapter 4 aimed at measuring spastic GRA muscle characteristics during si-

multaneous stimulation with its antagonist and to test (i) if the joint range of force

exertion is narrow and (ii) if GRA muscle has higher force exertion capacity at low

lengths.

Chapter 5 aimed at revealing the e�ects of muscle lengthening surgery on rat

muscles and test the following hypotheses: (i) E�ects of AT on the target muscle are

di�erent at distal and proximal tendons, (ii) forces of non-targeted synergistic muscles
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are a�ected as well, and (iii) preparatory dissection performed to reach the target

aponeurosis is responsible from some of these e�ects. It is submitted as

Ate³, F., Huijing P.A., Yucesoy, C.A., 2013. Muscle lengthening surgery causes

di�erential acute mechanical e�ects in both targeted and non-targeted synergistic mus-

cles, Journal of Electromyography and Kinesiology, in revision.

Chapter 6 aimed at testing the e�ects of BTX-A on (i) not only the injected

but also the non-injected rat muscles and also (ii) EMFT mechanism. It is published

as

Yucesoy, C.A., Ar�kan Ö.E., Ate³ F., 2012. BTX-A Administration to the Target

Muscle A�ects Forces of All Muscles Within an Intact Compartment and Epimuscular

Myofascial Force Transmission, Journal of Biomechanical Engineering, 134:111002-1-9.

Chapter 7 aimed at testing the e�ects of BTX-A on (i) the active contribution

of bi-articular neighboring muscle as well as (ii) the passive forces for both proximal

and distal joints it spans. It is submitted as

Ate³, F., Yucesoy, C.A., 2013. E�ects of BTX-A on non-injected bi-articular

muscle include a narrower length range of force exertion and increased passive force,

Muscle & Nerve, in revision.
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2. INTRAOPERATIVE MEASUREMENT OF HUMAN

GRACILIS MUSCLE ISOMETRIC FORCES AS A

FUNCTION OF KNEE ANGLE

2.1 Introduction

Muscle force-length characteristics comprise one of the most important elements

of muscular mechanics. Such characteristics have been widely studied using highly

standardized experimental procedures in numerous animals [e.g., 85, 86]. In contrast,

although to an appreciable extent, the main goal of the research conducted is to under-

stand the function of human muscles, data available are mostly obtained from indirect

approaches including cadaver studies [87], joint torque measurements [88-89], modeling

[89] and use of dynamometry and ultrasound [90]. In only a limited number of studies,

direct measurement of human muscle forces was performed during activities in vivo

[91]. Direct measurements of isometric force-length characteristics in human muscles

were also rare and limited to the upper extremities [60, 92-93]. Improved understand-

ing of human muscle functioning in health and disease necessitates collection of data

that relates isometric muscle force to joint angle, directly.

Recent experiments in the rat have shown that previous activity at high (over

optimum) muscle lengths causes considerable active force changes (predominantly a

decrease) at lower lengths [15, 62]. Such length history e�ects present importance:

they comprise a distinct muscle mechanics phenomenon with unclear mechanisms and

implications. However, their occurrence has not been shown in human muscle.

The goals of this study were (1) to measure intraoperatively the previously

unstudied isometric forces of activated human Gracilis (GRA) muscle as a function of

knee joint angle and (2) to test our hypothesis that length history e�ects substantiate

also in human muscle. Experiments were conducted during anterior cruciate ligament

(ACL) reconstruction surgery.
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2.2 Methods

Surgical and experimental procedures, in strict agreement with the guidelines of

Helsinki declaration were approved by a Committee on Ethics of Human Experimen-

tation at Marmara University, Istanbul.University, Istanbul.

2.2.1 Subjects

Seven male and one female patients (mean age 25 years, range 19-32, standard

deviation 4.7 years) undergoing ACL reconstruction surgery; however, with no former

musculoskeletal pathology were included in the study. Prior to surgery, (1) after a full

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

their informed consent and (2) subject anthropometric data were collected.

2.2.2 Methods

Subjects were under general anesthesia but no muscle relaxants were used. All

intraoperative experiments were performed after routine incisions to reach the distal

GRA tendon and before any other surgical procedures of ACL reconstruction.

Using a scalpel blade (number 10), 2 cm oblique skin incision was made parallel

to the GRA tendon palpated 1 cm below the tuberosity of the tibia and 3 cm below

the medial joint gap. Sartorial fascia covering hamstring tendons was cut to expose

the GRA tendon with two incisions: (i) parallel to GRA tendon and (ii) parallel to

longitudinal axis of the tibia. Subsequently, a buckle force transducer (NK Biotechnical

Engineering Co., Minneapolis, Minnesota, USA, for further details [94] was mounted

over the tendon. Note that prior to each experiment, the force transducer was (i)

calibrated using bovine tendon strips (with rectangular cross section, dimensions ap-

proximating 7 x 2 mm, similar to human GRA distal tendon) and (ii) sterilized (using

dry gas at maximally 500 C).
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Table 2.1

Anthropometric data, peak GRA forces and peak GRA tendon stresses

Isometric GRA force was measured at various muscle lengths imposed by manip-

ulating the knee joint angle. Starting at 120° (i.e., knee joint at maximal experimentally

attainable �exion, as limited by the surgery table), GRA length was increased progres-

sively by extending the knee with 30° increments, until full knee extension (i.e., GRA

force was measured at 120°, 90°, 60°, 30° and 0°). An apparatus with two functional

components (Figure 2.1) was designed: (1) knee angle adjustor allows setting the knee

angle and restraining it during the contractions. This component is a compound struc-

ture including i) an ankle foot orthosis (AFO), ii) a spatial locator and iii) a height

adjustor. A �xture with adjustable tightness interconnects all there elements at the

ankle. The spatial locator at the other end �ts in the slot of the surgery table which

allows a horizontal position adjustment when not restrained fully with a separate �x-

ture. (2) leg holder (also �ts in the slot of the surgery table) allows �xing the hip angle

(to 0° both in the sagittal and frontal planes) and restraining the upper leg.

A pair of gel-�lled skin electrodes (EL501, BIOPAC Systems, CA, USA) were

placed on the skin, over GRA muscle belly. Using a custom made constant current high

voltage source (cccVBioS, TEKNOFIL, Turkey) the muscle was stimulated supramaxi-

mally (transcutaneous electrical stimulation with a bipolar rectangular signal, 140 mA,
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Figure 2.1 Apparatus for intra-operative muscle mechanics experiments in the lower extremities.
Setting of the knee angle and restraining it during the contractions is achieved using the knee angle
adjustor, a compound structure including i) an ankle foot orthosis (AFO), ii) a spatial locator and
iii) a height adjustor. The leg holder allows �xing the hip joint angle (to 0° both in the sagittal and
frontal planes) and restraining the upper leg. Note that the spatial locator and the leg holder were
manufactured to �t in the slot of the surgery table.

50Hz): two twitches were evoked (100 ms apart) which after 300 ms were followed by a

pulse train for 1000 ms to induce a tetanic contraction (see Figure 2.1 for superimposed

examples of force-time traces for GRA muscle at �ve knee angles).

Note that: (1) a pilot study (n=1) had con�rmed that 140 mA ensures a maximal

activation: randomized use of current amplitudes of 130 mA, 140 mA, 150 mA and

160 mA at knee angles of 90° and 60° yielded (i) no systematic force increase as a

result of increasing current amplitude and (ii) no appreciable force variation (standard

deviations of forces measured were limited to 5.2% and 8.9% of the mean GRA force for

knee angles of 90° and 60°, respectively). (2) Active GRA forces measured during a 500

ms period in the middle of the tetanus were averaged to obtain the muscle force.A data

acquisition system (MP150WS, BIOPAC Systems, CA, USA, 16-bit A/D converter,

sampling frequency 40 KHz) was used with an ampli�er for each transducer (DA100C,

BIOPAC Systems, CA, USA). After each contraction, the muscle was allowed to recover

for 2 minutes at a �exed knee posture.
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Subsequent to collection of a complete set of knee joint angle-force data, control

measurements were performed at lower GRA length (corresponding to 90° knee angle)

in order to test if previous activity at high length (imposed by full knee extension) had

any e�ect on the force exerted. All experimental preparations and data collection were

completed within 20 min, the maximal study duration allowed by the ethical commit-

tee. Diagnostic upper leg MRI images of the subjects were used to determine GRA

muscle tendon cross-sectional areas: using the built in software of the Picture Archiv-

ing and Communication System, area of tendon cross-section marked in an image slice

located distally, approximately where force transducers were mounted were determined

as number of pixels in the marked area x pixel area.

2.2.3 Processing of Data

(1) Peak GRA forces as well as GRA tendon stresses (Peak GRA force/tendon

cross-sectional area) and the corresponding optimal knee angles were studied. Pearson's

correlation coe�cient was calculated to quantify inter-subject variability between the

peak force and stress values and subject (i) weigh ii) mid-upper leg perimeter and (iii)

upper leg length. Correlations were considered signi�cant at p<0.05.

(2) Knee joint angle-GRA muscle force characteristics were studied separately

for each subject: operational portion of the force-length characteristics were character-

ized.

(3) E�ects of previous activity at high length on muscle force exerted at lower

lengths were assessed: control force for each subject measured at 90º knee angle was

compared to the force measured at identical knee angle during collection of knee angle-

GRA muscle force data. Existence of a correlation between optimal knee angle and

history e�ect was assessed: Pearson's correlation coe�cient was calculated using abso-

lute values of % force changes. Correlation was considered signi�cant at p<0.05.
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2.3 Results

2.3.1 Peak GRA forces and inter-subject variability

Table 1 shows the key anthropometric parameters of the subjects as well as the

magnitude and the corresponding knee joint angle for the peak GRA forces measured.

Peak GRA forces show a sizable inter-subject variability: peak force (mean = 178.5 ±

270.3 N) ranges between 17.2 N and 490.5 N. Mean peak GRA tendon stress equals 24.4

± 20.6 MPa. Optimal knee angles (mean = 67.5 ± 41.7°) include all angles studied.

Only a limited correlation was found between peak GRA force and subject mass

as well as mid-thigh perimeter (correlation coe�cient equals 0.34 and -0.17, respec-

tively) whereas, almost no correlation was found between peak GRA force and thigh

length (correlation coe�cient equals 0.02). None of these correlations were statistically

signi�cant. Similarly, correlations between peak GRA tendon stress and subject mass,

mid-thigh perimeter and thigh length (correlation coe�cient equals 0.14, -0.24, and

-0.06, respectively) were insigni�cant.

2.3.2 Knee joint angle-GRA force characteristics

Knee joint angle-GRA force characteristics (Figure 2.3) for only two subjects

(E and H) indicate that GRA muscle may operate in the descending limb of its force-

length characteristics. In contrast, for a majority of the subjects, such operational

range includes parts of both ascending and descending limbs. Nevertheless, even for

those subjects Figure 2.3 shows sizable inter-subject variability presenting itself as

shape di�erences in knee joint angle-GRA force characteristics.

An important �nding is that for none of the knee angles studied, GRA muscle

was at active slack length indicating that this length corresponds to a knee �exion over

120°.
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Figure 2.2 Typical examples of force-time traces for GRA muscle. Superimposed traces recorded
for GRA muscle at �ve knee angles studied are shown. Note that the negative forces measured
after the tetanus was ceased originate from the buckling of the tendon during unloading and are not
representative of the passive state of the muscle.

2.3.3 Length history e�ects

Figure 2.4 shows that previous activity during collection of a complete set of

knee angle-force data caused G force at reference joint angle to change considerably:

a signi�cant correlation was found between optimal knee angle and % force change

(correlation coe�cient equals 0.88). Note that except for two of the subjects (B and

F) GRA muscle control forces were than those measured during collection of knee

joint-force data (minimally 12.4% for E and maximally 42.3% for G).

2.4 Discussion

2.4.1 Intraoperative experiments and our present approach

Studies measuring directly human isometric muscle force are very rare: (1)

Ralston et al. [95] reported force-length data of human arm muscle. (2) Freehafer et al

[92] and Lacey et al [96] measured intraoperatively force-length characteristics of human
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Figure 2.3 The isometric GRA muscle knee angle-force characteristics. Data is shown separately
for each subject (panels A to H). Isometric GRA muscle forces were measured at �ve knee angles: 0°
i.e., knee extended maximally, 30°, 60°, 90° and 120°.
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Figure 2.4 E�ects of previous activity at high length on muscle force. Data shown separately for
each subject compares the control forces measured at knee angle = 90º with the force measured
at identical knee angle during collection of knee angle-GRA muscle force data. Note that percent
di�erences shown for each subject in gray characters indicate a force increase (for subjects B and F)
whereas; the remainder indicate a force decrease.

lower arm muscles. Despite such pioneering contributions, the experimental setup of

those authors was not capable of avoiding all movement artifacts of the arm. (3) A

systematic set of studies reporting intraoperatively measured human �exor carpi ulnaris

muscle force-length data were published recently by Smeulders, Kreulen and colleagues

[e.g. 61, 93, 97]. Using well designed experimental procedures and setup, these authors

were able to remove limb movement artifacts and standardize their approach. They

therefore, made a major contribution not only to intraoperative experimentation but

also to our understanding of human muscle mechanics.

Our present intraoperative approach features to the same capacity, the ability

to ensure the isometric nature of experiments. Moreover, data, more representative of

the situation in vivo can be obtained: the buckle force transducers allow measuring (1)

after minimal tissue interventions and (2) muscle force directly as a function of joint

angle. The latter yields simultaneous length changes of all muscular and non-muscular

structure as it occurs in vivo.
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2.4.2 Functional joint range of motion

Our results show that human GRA muscle is capable of producing non-zero

active forces even for the shortest length studied hence, at least for a joint range between

0° to 120°. This �nding is in concert with those of Ward et al. [98] who showed that G

is among the lower extremity muscles that feature the greatest excursion. Note that,

for fundamental motions like walking and sit-to-stand, maximal knee �exion was shown

to equal 110° [99] and 103° [100], respectively. Our results show that GRA muscle is

capable of contributing to knee �exor moment also for such joint positions.

In isometric experiments performed in animal [e.g. 23] and human muscles [e.g.

61], in situ data produced include typically both ascending and descending limbs of

muscle force-length characteristics. However, studies inferring to in vivo condition

have reported that muscle functional joint range does not correspond fully to such in

situ length range of active force exertion. For example, Lieber and coworkers [101-103]

showed that synergistic extensor carpi radialis brevis and longus muscles function in the

descending limb of their force-length characteristics. In contrast, human gastrocnemius

muscle was reported to operate within the ascending limb [89, 104]. Our present

results suggest in agreement with these studies that human GRA muscle does not

operate within the entire length range of force exertion. However, for a majority of

the subjects (except subjects E and H) it appears to function in both of the ascending

and descending limbs. Nevertheless, even for those subjects inter-subject variability

is considerable: the knee angle-muscle force curves show shape di�erences as well as

di�erent optimal knee angles. Moreover, data of subjects E and H indicate that their

GRA muscles operate within the descending limb, exclusively. Therefore, we conclude

that the functional joint range of motion for human GRA muscle is at least as wide as

full knee extension to 120° of knee �exion, however; the portion of the knee angle-muscle

force relationship operationalized is not unique but individual speci�c.
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2.4.3 Length history e�ects do occur in human muscle

Our results con�rmed our hypothesis that length history e�ects [e.g. 15, 105]

do occur also in human muscle. The exact mechanism is not immediately apparent;

however, due to the cyclic testing nature (increasing muscle lengths and shortening

before control measurements), one may consider hysteresis as a determinant. Our

recent �ndings do indicate such viscoelastic intra- and epimuscular tissue role [106]:

(i) a second control contraction after a longer recovery period (15 min) showed even

greater history e�ects however, (ii) interfering surgically with the fascial connections

of muscle caused history e�ects to decrease.

Nevertheless, such energy dissipation mechanism is expected to cause a force

reduction. Although, for a majority of the present and previously reported data this

is the case, there are remarkable exceptions with possibly important messages: (1)

Previous activity of a muscle at high length was shown to cause a certain force increase

in its restrained synergistic [106] or even antagonistic [107] muscles. (2) For two of

the present subjects, our results show such force increase also for the target muscle.

Activity speci�cally over muscle optimum length has been argued to cause force reduc-

ing length history e�ects [62]. Accordingly, knee angle-force characteristics of subject

F (Figure 2.2 F) suggest that GRA muscle was not activated over optimum length

even for maximal knee extension. However, the considerably increased control force for

subject B is clearly exceptional: knee angle-force characteristics indicate strongly that

for maximal knee extension, GRA muscle was at a higher length than optimum length.

Note that unlike the previous animal experiments reporting such history e�ects, mus-

cle lengths were manipulated presently by altering the joint angle. Moment arms that

could vary among subjects and di�erences in position of the target muscle relative to

its neighboring muscular and nonmuscular structures (nontargetted muscles were re-

strained in animal experiments) may a�ect the lengths of the tissues involved. Muscle

relative position reported as a key determinant of epimuscular myofascial force trans-

mission [26-27, 108-109] was shown to alter muscular mechanics substantially [e.g. 27,

108]. Nevertheless, the exceptional results discussed here suggest that time dependent

material properties may not be the exclusive cause for the history e�ects indicating
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more complex mechanisms involving also the contractile elements. Possible history

dependent role played by the active and passive components of muscle tissue [e.g., 110]

should be considered and addressed in speci�cally planned new studies.

2.4.4 Limitations and implications

2.4.4.1 Lack of passive force data. Both prior and subsequent to the tetanus,

measurement of passive force was not possible: (1) the amplitude of the twitches evoked

before the tetanus appears to be not high enough to remove the GRA tendon slack. (2)

Since the tendon buckles during unloading, the force transducers working on a principle

of torque measurement [94] measure negative forces, not representative of the passive

state after the tetanus was ceased. In new studies, successful passive data collection

could be possible by either increasing the twitch current amplitude or by measuring

passive force-joint angle relationship separately.

2.4.4.2 Implications of EMFT . Our research groups have shown that due to

myofascial force transmission [111] occurring epimuscularly [23] forces produced in

neighboring synergistic rat muscles can be integrated with the force of the agonist and

exerted onto the bone from its tendon [22]. Moreover, experimentally manipulating

such force transmission pathways (e.g., dissection of connective tissues at muscle bellies

or removal of synergistic muscles) has been shown to change the magnitude of muscle

force exerted at the same lengths, explained by sarcomere length changes [23, 25].

Therefore, due to epimuscular myofascial force transmission, the shape of the muscle

length�force characteristics was shown to change as a function of di�erent mechanical

conditions in which the muscle functions.

We expect important implications of this mechanism:

(1) Harvesting the distal tendon of GRA muscle often together with semitendi-

nosus (ST) muscle is a common technique in ACL reconstruction. Although, such direct
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impairment of the myotendinous force transmission path implies post-operative knee

�exion de�ciency, several studies reported only a small reduction in peak knee �exion

moment after recovery, if any [e.g., 112, 113-115]. Accordingly, such post-operatively

unchanged peak knee �exion moment may be ascribable, at least in part, to epimus-

cular myofascial force transmission from GRA and ST muscles to the knee joint via

neighboring hamstrings muscles.

(2) Epimuscular myofascial force transmission may be an important factor re-

sponsible at least in part with the inter-subject variability shown presently: (i) plausible

di�erences in the mechanical properties of the muscle's epimuscular connections among

di�erent subjects are conceivable to cause shape di�erences in their knee angle-muscle

force relationships and hence, lead to functional portions of this relationship to be indi-

vidual speci�c. Smeulders et al. [61] reported data indicating e�ectiveness of myofascial

force transmission in human muscles and ascribed apparent inter-subject variability to

such mechanism additional to spasticity related di�erences in muscle properties. (ii)

Note that although care was taken presently to stimulate the targeted GRA muscle

exclusively, unintentional marginal stimulation of also the neighboring hamstrings was

not completely impossible due to the surface electrodes used. In such a situation, addi-

tional force transmitted via myofascial pathways from a neighboring muscle onto GRA

muscle may also be responsible with some of the inter-subject variability.

For a broader consideration of muscle-tendon biomechanical function and inter-

subject variability, tendon stress is a valuable parameter. Addressing bone, muscle

and tendon stresses across species, importance of biomechanical consequences of scal-

ing was reviewed extensively by Biewener [116]. In speci�c studies e.g., on kangaroo

rat locomotion [117-118] determining how stress scales with force yielded important

insights allowing relating animal size and motion strategies. It should be noted that

presently much less inter-subject variability was shown for peak GRA tendon stresses.

Nevertheless, a surprising �nding was that tendon cross-sectional area of subject F was

the largest and tendon of subject H was not oversized. Therefore, there was no fully

consistent scaling of tendon size and force. This suggests that certain inter-subject

variability should originate from di�erential force production capacity of the muscle
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which implies much higher contribution of the GRA muscle to knee �exion moment for

some individuals which is likely to have consequences post-operatively. New studies

are indicated to study simultaneously the knee angle-force characteristics of also other

hamstrings in order to (1) assess the e�ects of epimuscular myofascial force transmission

and (2) determine the relative contribution of GRA, ST and e.g. semimembranosus

muscles to knee moment. The lack of correlation shown between typical subject anthro-

pometrics and peak muscle force and even stress indicates the di�culty of estimation

of the contribution of human muscles to joint moments for di�erent individuals using

such indirect measurements.

In conclusion, mean peak GRA force, mean peak GRA tendon stress and optimal

knee angle equaled 178.5 ± 270.3 N, 24.4 ± 20.6 MPa and 67.5 ± 41.7°, respectively.

A substantial inter-subject variability was found and our results indicate that typical

subject anthropometrics cannot be used as predictors. The functional joint range of

motion for human GRA muscle was at least as wide as full knee extension to 120° of

knee �exion. However; the portion of the knee angle-muscle force relationship oper-

ationalized by GRA muscle is not unique but individual speci�c. Previous isometric

activity of a human muscle at high length was shown for the �rst time to a�ect muscle

forces measured at lower lengths causing for most of the subjects a decrease.



21

3. HUMAN SPASTIC GRACILIS MUSCLE ISOMETRIC

FORCES AS A FUNCTION OF KNEE ANGLE SHOW NO

ABNORMAL MUSCULAR MECHANICS

3.1 Introduction

Cerebral palsy is a movement disorder caused by damage of the developing

brain. Skeletal muscle spasticity is the central aspect of such disorders associated with

exaggerated stretch re�exes caused by diminished inhibition [32, 34]. Due to that, if

the spastic muscle is stretched rapidly, it will resist lengthening actively and, therefore,

remain at low length. Such increased resistance to stretch leads to a long lasting,

shortened condition of the muscle often followed by structural changes [e.g., 39, 119].

Contractures [38-39, 42] and muscle hypertonicity [29-31] that commonly occur in the

lower extremities cause children su�ering from spastic cerebral palsy to walk with the

hips and knees �exed and with equines deformity at the ankles.

We should be able to show that the mechanics of the spastic muscle are repre-

sentative of the functional de�ciencies clearly apparent in the joints. The limited joint

range of motion of the patients suggests that spastic muscle may not be capable of

exerting force for the entire range of joint angles attainable from a �exed joint position

to full extension. The fact that the joint is forcefully kept in a �exed position sug-

gests that the spastic muscle should be capable of exerting high forces at lower muscle

lengths. In order to demonstrate such characteristics, it is necessary to collect data

that relate isometric muscle force to joint angle, directly. Measurements of spastic

muscle forces of this nature are rarely done in the upper extremities [61, 93] and, to

our knowledge, never in the lower extremities.

In the present study, using our recently developed methods [120], we measured

the forces of activated spastic Gracilis (GRA) muscle as a function of knee joint angle

during remedial surgery. Our goal was to test the following hypotheses: (1) the muscle's
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joint range of force exertion is narrow. (2) High muscle forces are available at �exed

joint positions corresponding to low muscle lengths.

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.

3.2.1 Patients

Seven patients (four male and three female: at the time of surgery, mean age 8

years, range 5-18, standard deviation 4.6 years) diagnosed with spastic cerebral palsy,

however with no prior remedial surgery, were included in the study.

The Gross Motor Functional Classi�cation System (GMFCS) [121-122] was used

to classify the mobility of the patients. Those who were included in the study attained

scores of level II or higher, indicating the severity of their limited mobility (Table 1).

In short, all patients tested were in need of physical assistance for walking (in order to

avoid a fall and rapid buildup of fatigue) and also a support was necessary for sitting

and standing (level II). For some patients, additional aids including a wheelchair or a

body support walker were needed for mobility (level III and IV). Additional patient

classi�cation was done based on popliteal angle [the angle between hip and knee at hip

in 90° �exion, see 123] and hip abduction angle measured when the hip is in extended

position [124] (Table 2). Clinical tests led to a decision that all patients required

remedial surgery including release of hamstrings and hip adductors.

All patients were operated on bilaterally. For three of the patients, separate

experiments were performed on both legs, whereas for the remainder, only one leg was

experimented on due to time limitations imposed by subsequent multilevel surgery.
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Figure 3.1 Usage of buckle force transducer and the apparatus for intra-operative muscle mechanics
experiments in the lower extremities. Illustrations of how the buckle force transducer is mounted
over (a) tendon strips, and (b) over the GRA distal tendon for measurements of muscle force are
shown. (c) The apparatus designed is comprised of three components. (i) The Upper leg component
incorporating a leg holder allows �xing the hip angle (to 0° both in the sagittal and frontal planes).
This component is secured to the slot of the surgery table. (ii) The Lower leg component incorporating
an ankle holder supports the lower leg. (iii) The knee angle adjustor that links together the upper
and lower leg components and allows setting the knee angle and �xing it during a contraction.
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Therefore, a total of ten knee angle-GRA muscle force data sets were collected. Prior

to surgery, (1) after a full explanation of the purpose and methodology of the experi-

ments, the patients or their parents provided their informed consent, and (2) patient

anthropometric data were collected.

3.2.2 Methods

The patients received general anesthesia and no muscle relaxants or tourni-

quet was used. All intraoperative experiments were performed after routine incisions

to reach the distal GRA tendon and before any other surgical procedures of muscle

lengthening surgery.

Using a scalpel blade (number 18), a longitudinal skin incision of 2.5cm was

made immediately above the popliteal fossa. After cutting the adipose tissue and the

fascia lata, the distal GRA tendon was exposed. Subsequently, a buckle force trans-

ducer (S-shape, dimensions: width=12mm length=20mm and height=9mm, TEKNOFIL,

Turkey) was mounted and �xed over the tendon. Note that prior to each experiment,

the force transducer was (i) calibrated using bovine tendon strips (with rectangular

cross section, dimensions 7x2mm2 representative of that of the GRA distal tendon)

and (ii) sterilized (using dry gas at maximally 500 C). See Figure 3.1a and b, respec-

tively, for illustrations of how a buckle force transducer is mounted over tendon strips

and over the GRA distal tendon for measurements of muscle force.

An apparatus comprised of three components (Figure 3.1c) was designed: (1)

the upper leg component was secured with two �xtures to the slot of the surgery table

and the leg holder, which had an adjustable position on it that allowed supporting the

upper leg and �xing the hip angle (to 0° both in the sagittal and frontal planes); (2)

the knee angle adjustor combining the upper and lower leg components allowed setting

the knee angle and �xing it during the contractions; (3) the lower leg component with

an ankle holder that had an adjustable position on it allowing support of the lower leg.

Isometric spastic GRA muscle force was measured at various muscle lengths imposed



25

Table 3.1

Patient parameters

by manipulating the knee joint angle. Starting at a highly �exed knee (120°), muscle

length was increased progressively by extending the knee by 30° increments, until full

knee extension (i.e., muscle force was measured at 120°, 90°, 60°, 30° and 0°). Seven

patients (four male and three female: at the time of surgery, mean age 8 years, range

5-18, standard deviation 4.6 years) diagnosed with spastic cerebral palsy, however with

no prior remedial surgery, were included in the study.

A pair of gel-�lled skin electrodes (EL501, BIOPAC Systems, CA, USA) was

placed on the skin, over the GRA muscle belly. Using a custom made, constant current

high voltage source (cccVBioS, TEKNOFIL, Istanbul, Turkey) the muscle was stimu-

lated supramaximally (transcutaneous electrical stimulation with a bipolar rectangular

signal, 160 mA, 50Hz): a twitch was evoked which after 300 ms was 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 the �ve

knee angles). The GRA muscle forces measured during a 500 ms period in the middle

of the tetanus were averaged to obtain the muscle force.

A data acquisition system (MP150WS, BIOPAC Systems, CA, USA, 16-bit A/D

converter, sampling frequency 40 KHz) was used with an ampli�er for each transducer

(DA100C, BIOPAC Systems, CA, USA). After each contraction, the muscle was al-
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lowed to recover for 2 minutes in a �exed knee posture.

All experimental preparations and data collection were completed within 30

minutes, the maximal study duration allowed by the ethics committee.

3.2.3 Processing of data

3.2.3.1 Clinical Measures. The popliteal and hip abduction angles for each limb

were normalized for the values of these angles representing the most severe limitations

to joint motion among our patients using equations (1) and (2):

PAnormalized = PA
PAmax

(1)

where, PA and PAnormalized are the actual and normalized popliteal angle for

a particular limb, respectively. PAmax is the maximal popliteal angle value measured

among the limbs studied.

HAAnormalized = HAA
HAAmax

(2)

where, HAA and HAAnormalized are the actual and normalized hip abduction

angle for a particular limb, respectively. HAAmax is the maximal hip abduction angle

value measured among the limbs studied. The GRAmuscle is a �exor of the knee as well

as an adductor of the hip. Therefore, summed PAnormalized and HAAnormalized

represented a limb score for limited range of motion (ROM) (Table 2).

3.2.3.2 Experimental measures. Using a least squares criterion, data for total

GRA muscle force (FGRA) in relation to knee joint angle (KA) were �tted with a

polynomial function

FGRA= a0 + a1KA+a2KA2 + ... + anKAn
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Table 3.2

Clinical measures characterizing motion limitation and experimental measures

a0, a1. . . an are coe�cients determined in the �tting process. The lowest order of

the polynomials that still added a signi�cant improvement to the description of changes

of KA and FGRA data were selected using a one-way analysis of variance (ANOVA)

[125]. The �tted KA-FGRA characteristics of the patients were studied separately for

each limb for characterization of the mechanics of the spastic GRA muscle.

Experimentally obtained measures were used for an objective assessment of our

hypotheses based on (i) joint range of muscle force exertion and (ii) availability of high

muscle force at low muscle length. We considered that a narrow joint range together

with the availability of the peak muscle force at the lowest muscle length studied would

provide an ideal match between the clinically diagnosed impaired joint motion and the

experimentally determined KA-FGRA characteristics. Therefore, we �rst studied our

data to see if the spastic GRA muscle operates within the descending portion of its

KA-FGRA curve, exclusively. For KA-FGRA curves other than that, the following

procedures were followed.

Measures based on joint range of muscle force exertion

If the peak GRA muscle force (FGRApeak) was attained within the knee joint
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range studied such that the increase trend of the force ceased before full knee extension,

the spastic GRA muscle was concluded to operate within both the ascending and

descending portions of its KA-FGRA curve. Therefore, the joint range of muscle force

exertion is not as narrow as for the ideal match. The proximity of the KA at which FGRA

peak was exerted (KAFGRApeak
) to the maximal knee �exion angle studied indicates

how narrow the joint range of force exertion of each limb is. If, on the other hand,

FGRApeak was attained only at KA=0°, such that the increase trend of the force was

not ceased, the spastic GRA muscle was concluded to operate exclusively within the

ascending portion of its KA-FGRA curve. Therefore, such curves were considered not

to represent a narrow joint range, and hence not representative of the compromised

joint motion regarding this measure. In order to distinguish those limbs, the slope

of the KA-FGRA curve for KA=5° to 0° range was calculated. The steepest slope was

considered to represent the widest joint range of force exertion among the limbs studied.

Additionally, KA-FGRA curves were extrapolated to determine the KA corresponding

to muscle active slack length (i.e., the shortest length at which the muscle can still

exert non-zero force).

Measures based on the availability of muscle force

Even for the limbs that do not show a narrow knee joint range of GRA muscle

force exertion, we considered that the availability of high muscle force at knee �exion

represents characteristics of spastic muscle. In order to quantify that, the percentage

of FGRApeak exerted at KA=120° (%FGRApeak/120º) was calculated. Additionally, the

availability of high muscle force at full knee extension was assessed. In order to quantify

that, the percentage of FGRApeak exerted at KA=0° (%FGRApeak/0º was calculated.

3.2.3.3 Clinical and experimental measures compared. Spearman's Rank cor-

relation coe�cient was calculated to test if limb scores for limited ROM are corre-

lated with the key determinants of KA-FGRA characteristics, i.e., (i) KAFGRApeak, (ii)

%FGRApeak/120º and, (iii) %FGRApeak/0º. Correlations were considered signi�cant at

P<0.05.
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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 �ve knee angles studied are shown

3.3 Results

3.3.1 Clinical Measures

Table 2 shows popliteal angle mean 75.50° (SD 13.01°) and hip abduction angle

mean 27.50° (SD 10.87°) values for the limbs tested. Limb scores for limited ROM

showed that limb F and limb C, respectively, are the ones that have the most and least

pronounced e�ects of limitations in joint motion.

3.3.2 Experimental measures

Figure 3.3 shows the KA-FGRA characteristics. FGRA peak (mean 41.59N (SD

41.76N)) range between 10.4N (limb B) and 126.9N (limb A).

Remarkably, for none of the limbs studied, did the spastic GRA muscle operate

within the descending portion of its KA-FGRA curve, exclusively. This shows that for

none of the limbs studied is there an ideal match between the clinically diagnosed
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Figure 3.3 The isometric KA-FGRA characteristics for spastic GRA muscle. Data are shown
separately for each limb (panels A to J) experimented. Isometric GRA muscle forces were measured
at �ve knee angles: 0° i.e., maximal extension of knee, 30°, 60°, 90° and 120°.
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decreased mobility and the experimentally determined KA-FGRA characteristics.

Measures based on joint range of muscle force exertion

For all limbs and for all the knee angles studied, non-zero muscle forces were

measured. This indicates that the GRA muscle's operational joint range of muscle

force exertion includes the entire joint range studied. Therefore, the muscle's active

slack length corresponds to a knee �exion of over 120° (minimally 134° for limb A, as

determined using extrapolated data). For only 6 limbs (A, B, C, E, F and I), was it

possible to determine the KAFGRA peak within the knee joint range studied (Table

2). The operational joint range of force exertion for limb E (KAFGRApeak = 66°) was

found to be the narrowest. For the remaining 4 limbs (D, G, H and J), the operational

joint range of force exertion was shown to include exclusively the ascending portion of

their KA-FGRA curves. The steepest slope at KA=0°of these curves was calculated for

limb D, indicating the widest operational joint range of force exertion.

Measures based on availability of muscle force

Table 2 shows that as much as 79.1% and 74.6% of FGRApeak are available at

the lowest muscle length studied respectively for limbs F and E. For the remainder of

the limbs, maximally 66.2% (limb I) and minimally 22.4% (limb D) of FGRApeak were

available at such low length. The GRA muscle was capable of exerting high forces even

at the highest length studied: minimally for limb E %FGRApeak/0º =61.6 (Table 2).

3.3.3 Clinical vs. experimental measures

No signi�cant correlations were found between limb scores for limited ROM

and the key determinants of KA-FGRA characteristics: Spearman's rank correlation

coe�cients were only 0.03 (p = 0.93), 0.24 (p = 0.48), and 0.02 (p = 0.96), respectively,

for a comparison with respect to KAFGRApeak, %FGRApeak/120ºand, %FGRApeak/0º.
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3.4 Discussion

3.4.1 The intraoperative measurement method

Clinical measures of the GMFCS as well as popliteal and hip abduction angles

indicated decreased mobility of all of our patients requiring multilevel surgery involving

lengthening of the GRA muscle. The purpose of this study was to test our hypotheses

to demonstrate that the mechanics of the spastic GRA muscle are representative of

such impaired joint motion.

Prior to any routine surgical procedures, except for the incisions required for

exposing the distal GRA tendon, the muscle forces were measured using buckle force

transducers. This avoids any dissection of the muscle belly and therefore any potential

damage to innervation and blood supply to the muscle. An important advantage of our

methods is that the di�culty of matching muscle forces and corresponding joint angles

is eliminated by measuring muscle forces directly as a function of knee joint angle.

Therefore, the experimental conditions were the closest possible to those attainable in

vivo. To our knowledge, such data for spastic GRA muscle are presented for the �rst

time.

Before discussing the implications of the results obtained, it is important to

consider some of the limitations of this study: (I) Measurement of passive force was

not possible: (1) prior to the tetanus, the twitches did not always remove the GRA

tendon slack entirely; (2) After the tetanus was ceased, since the tendon buckles dur-

ing unloading, the force transducers working on a principle of torque measurement

[94] measure negative forces, not representative of the passive state. Due to that, our

results are not capable of re�ecting on high passive tissue sti�ness considered to char-

acterize spastic muscle in general [57-58] and spastic GRA muscle in particular [59].

(II) Although the availability of muscle force data per joint angle allows for making

clinically relevant interpretations, because the moment arm lengths of muscles vary

with varying joint angles [e.g. 126, 127], relating the changes in knee joint angle to ac-

tual muscle length change is not possible. To our knowledge no study is available that
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reports such relationship for spastic GRA muscle. Therefore, presenty the arguments

on spastic GRA forces measured are based on our assumptions that �exion of the knee

joint causes GRA muscle length to decrease. Intuitively, this is a tenable assumption.

However, the measurement of muscle force-length characteristics can allow for a more

direct addressing of muscle length related issues, e.g., the availability of high muscle

force at low muscle length. After being modi�ed, our methods can be used for such

measurements, e.g., by attaching a regular force transducer to the tendon and measur-

ing isometric muscle forces subsequent to altered position of the transducer as done in

anmimal experiments [e.g. 23]. However, in order for this to be possible, the distal

GRA tendon has to be transected, which is not included in the allowable procedures

of muscle lengthening surgery. Medical imaging modalities may be used in relating the

changes in knee joint angle to actual muscle length change. New studies are indicated

to address this issue.

3.4.2 Experimental data show no abnormal mechanical characteristics for

spastic GRA muscle

Spasticity is a motor disorder characterized by a velocity-dependent resistance

to stretch [31]. The feature central to spastic muscle is hypertonia [39, 128]. Such

increased muscle tone originates in part from increased stretch re�ex activity [34].

However, methods (e.g., injection of botulinum-toxin) to suppress the problem are

not fully e�ective [44]. Therefore, this is not likely to be the sole cause of increased

muscle tone due to which spastic muscle tissue is considered typically as sti�ened. A

suggestion is that there is a passive component to the sti�ening of spastic muscle tissue

[30, 58]. Chronic activation of the a�ected muscle causes acute muscle shortening [39],

and an adaptation to such state is referred to as contracture. Contractured muscle in

the clinics is considered to limit the ROM around a joint even in the absence of any

active force exertion [129].

Presently, we evaluated for each limb the outcome of clinical examinations per-

formed in the passive state. A popliteal angle greater than 50° in age groups of 5
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years and older was shown to indicate abnormal knee �exor tightness [123]. For all

limbs studied presently, this limit was exceeded. Also hip abduction of less than 40°

was shown to indicate abnormality [75, 130]. Limb C was at the limit of such abnor-

mality, which was exceeded for all other limbs. Therefore, the pre-operative clinical

examinations performed presently did indicate a severely limited range of knee and hip

joint motion suggesting strongly an occurrence of muscle contracture. However, our

experimental results show for all limbs tested that the activated spastic GRA muscle

is capable of exerting non-zero forces at all of the joint angles studied. This shows

that the functional joint ROM for spastic GRA muscle is at least as wide as a full

knee extension to 120° of knee �exion. Using the same methods, we tested recently the

GRA muscle of healthy adults undergoing anterior cruciate ligament reconstruction

surgery [120]. Obviously, at least because those patients were of a di�erent age group,

sizable di�erences in muscle force data are to be expected. Yet, there is full qualita-

tive agreement between our present and previous results that functional joint ROM

is as wide for spastic GRA muscle as for healthy GRA muscle. Our present �nding

suggesting that muscle optimum length corresponds to a high muscle length does not

show any particular dissimilarity to the mechanical characteristics of healthy muscle.

Therefore, we conclude that the KA-FGRA characteristics of spastic GRA muscle are

not representative of the limited ROM the patients are su�ering and reject our �rst

hypothesis. Moreover, our results showed that the limb scores for limited ROM and the

key determinants of KA-FGRA characteristics are not correlated. Therefore, although

muscle contracture alone is known to limit joint ROM, our present �ndings indicate

that it may not a�ect joint angle-muscle force characteristics for activated muscle.

During daily life, joint ROM may be limited by the muscle's active resistance

capacity, rather than by its passive resistance. A parameter that could objectively char-

acterize this was the availability of high force at low length: even if the spastic muscle

was capable of exerting muscle force for a ROM that appears wide enough for daily

activities, high muscle forces exerted at low length may prevent the operationalization

of the remainder of the ROM and cause movement disorder.

Our results show that for none of the limbs tested was the highest muscle force
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available at the lowest muscle length studied. For limbs E and F, a sizable portion

of the peak muscle force (as high as 79%) was measured at low GRA muscle length.

This suggests for these limbs that the shape of the KA-FGRA curve may be in rea-

sonable agreement with an expected shape for spastic muscle. However, for limbs B

and I approximately 66%, and for the remainder of the limbs less than only 50% of the

peak muscle force was available at low length. Moreover, muscle forces for some limbs,

including E and F, appear to be low. Our methods were con�rmed to stimulate the

muscle maximally [120]. However, a decrease in neuronal drive in cerebral palsy pa-

tients [131-132] is possible. A decreased muscle size is also likely [51, 53]. Such factors

may have caused the muscle to be �weakened�. In sum, no supreme active resistance

capacity of spastic GRA muscle to stretch was shown presently. This contradicts an ex-

pectation that spastic muscle is a source of high forces that cause movement limitation

at the joint. Therefore, also our second hypothesis can be rejected.

3.4.3 Mechanisms which may be responsible with the present �ndings

In a recent study on the muscles important for propulsion in hemiplegic subjects,

Riad et al. [133] reported that muscle volumes assessed using magnetic resonance

imaging (MRI) analyses were decreased compared to the noninvolved side, with an

exception for the GRA muscle. This may suggest that the GRA muscle is relatively

spared in hemiplegic cerebral palsy. However, in another recent study, Smith et al. [59]

reported increased collagen content and increased sti�ness for the extracellular matrix

of GRA muscle of subjects with cerebral palsy. The existence of such adaptation of

intramuscular connective tissues indicates that this muscle also is a�ected in children

with spastic cerebral palsy. Yet, two issues should be considered: GRA muscle (1) in

healthy subjects was shown to have long �bers [134] and large excursion [98], and (2) is

not a primary knee �exor. The former suggests that this muscle may operate over very

large joint �exions even if it su�ers from contracture secondary to cerebral palsy. This

could be responsible for the lack of the narrow operational joint range of force exertion

shown presently. The latter suggests that the dominant source of high forces that cause

movement limitation at the joint may be the hamstrings. It was shown that the �ber
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length of the semimembranosus and biceps femoris muscles are three to four times

shorter than that of the GRA muscle [134]. Therefore, it may be more likely to �nd a

relationship between contracture magnitude and active force-joint angle relationships

in such muscles with shorter �bers. Note that Makihara et al. [134] showed that also

the semitendinosus muscle has long muscle �bers comparable to those of the GRA

muscle. However, in children with cerebral palsy, the results of Oberhofer et al. [51]

obtained by using MRI analyses and anatomically-based modeling techniques are not

in full agreement with the expectations related to muscle architecture in relation to

tissue adaptation: these authors showed that the semimembranosus was shortened

together with the much longer �bered semitendinosus, whereas the biceps femoris was

not shortened signi�cantly. Additionally, after analyzing crouch gait with a graphic-

based model accompanied by 3D kinematic data, Delp et al. [135] showed that only

for a minority of their subjects were the lengths of hamstring muscles shorter than

normal. These �ndings do not seem to indicate univocally that the present �ndings are

due to the particular muscle architecture of the GRA muscle. However, new studies

are indicated in which hamstrings are tested.

Adaptation to a prolonged shortened state of muscle is considered as a charac-

teristic spasticity-related e�ect yielding a reduction in the number of sarcomeres within

muscle �bers and shortened muscle �bers [136]. Studies using ultrasound imaging [50,

137] show no evidence for fascicle length change in spastic gastrocnemius muscle. Nev-

ertheless, it is believed that sarcomere numbers within fascicles may change in the

spastic muscle even though fascicle lengths may not change [59]. Therefore, one pa-

rameter which has been used to assess the e�ects of a contracture is increased sarcomere

length. Dr. Lieber's group developed elegant measurement techniques and reported

that sarcomere lengths are indeed higher in spastic muscle [59, 138-139]. Smith et al.

[59] concluded that the increased sarcomere length shown for spastic GRA muscle is an

indicator of spastic muscle being under higher passive stress, and hence plays an impor-

tant role in contracture formation. However, an additional consequence of increased

sarcomere length is that this would favor the production of active force at shorter

muscle lengths. The present �ndings are not capable of showing whether spastic GRA

muscle forces measured at the �exed knee position are higher than those of typically



37

developing subjects. Nevertheless, the data showing that no particularly high muscle

force is measured at knee �exion do not strongly support the expectation of favored

production of active force at shorter muscle lengths. On the other hand, increased

sarcomere length of spastic muscle also suggests that at high muscle lengths, sarcom-

eres should be overstretched. Presently, even at full knee extension, the spastic GRA

muscle was capable of exerting high forces (on average 87.7% of FGRA peak). This

implies that sarcomeres are not at very high lengths, unfavorable for force production.

However, due to the unavailability of passive muscle forces, studying active muscle

forces and hence inferring sarcomere lengths at high muscle length is not possible.

Nevertheless, Smeulders et al. [97] did show a contrasting �nding to the expectation

of existence of overstretched sarcomeres indirectly: a majority of the maximum active

force of the spastic �exor carpi ulnaris muscle was available at maximal extension of

the wrist, indicating abundant overlap of the sarcomeres at high muscle length and

hence no sarcomere overstretching. Moreover, these authors also reported that at high

�exor carpi ulnaris lengths, the passive force measured was not exceptionally high.

Therefore, considering increased sarcomere length as a determinant for the e�ects of a

contracture does not seem to explain the present �ndings consistently.

The present experiments were performed at hip angle �xed to 0°. As the GRA

muscle is also a hip �exor, any added �exion of the hip to the test position plausibly

would have caused the muscle to be shortened proximally. This suggests that the spas-

tic GRA muscle may have been tested at even lower lengths than presently studied for

the same maximal knee �exion tested. As one of the key goals of the present study was

to assess the muscle's force at lower muscle lengths, this may be seen as a limitation.

However, an added proximal shortening imposed with a �exed hip position is expected

to lead to even lower %FGRA peak | 120° values to be measured. In contrast, introduc-

ing certain added hip extension to the test position may allow measurement of higher

%FGRA peak | 120° values. It is important to note that both modi�cations were not

feasible due to limitations by the surgery table as well as the surgical procedures. On

the other hand, the testing of hamstrings in the present experimental conditions may

have caused these hip extensors to be tested at lower lengths for the same maximal

knee �exion tested. If possibilities can be created, these alternatives should be tested
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in new studies.

Based on our �ndings and the mechanisms considered above, considering the

question �what could be the origin of high forces within the spastic paretic limb?�

posed recently [62] may contribute to this discussion. This question was posed because

in the characteristic joint positions (e.g., �exed knee) of cerebral palsy patients, the

spastic muscle is at low length. For healthy muscle, this means a low capacity for active

force exertion. Con�rming Huijing's implicit assumption, our results showed that this

is not particularly di�erent for spastic muscle. Dr. Huijing proposed that the source of

forces high enough to generate moments that keep the joint in the particular position is

the antagonistic muscles which are at higher length, favorable for higher force exertion.

He hypothesized that forces generated within sarcomeres of an antagonistic muscle by

epimuscular myofascial force transmission (EMFT) [for a review of key concepts see

63, 140] can be exerted at the distal tendon of the spastic muscle.

Note that unlike the animal experiments on healthy muscles [e.g. 107], there is

no direct evidence for antagonistic EMFT to occur in cerebral palsy. However, Kreulen

et al. [60] did show that epimuscular connections (i.e., EMFT pathways) comprised of

e.g., neurovascular tracts and compartmental boundaries [for pictures, see 20, 63] play

a mechanical role in spastic muscle: subsequent to the tenotomy of �exor carpi ulnaris

muscle, they tested whether dissecting the muscle's epimuscular connections a�ects

the muscle length: i) in the neutral wrist position and ii) on passively moving the

wrist. In the neutral wrist position, tenotomy alone (no dissection of the epimuscular

connections done) caused a minor shortening of the passive muscle and only a limited

further shortening was found after the muscle was tetanized. In contrast, after partial

dissection of the muscles' epimuscular connections its shortening increased substantially

in both passive and active conditions. On passively moving the wrist, the authors

showed that muscle excursions measured in intact condition and after tenotomy alone

were very similar. However, dissection caused a dramatic decrease in the muscles'

excursion. These results suggest that the EMFT mechanism plays a role in muscle

spasticity.
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In the present experimental conditions, epimuscular connections were intact.

However, among others, an important di�erence of the test conditions to those of

daily activities in which several muscles are activated simultaneously is that solely the

target GRA muscle was activated. Therefore, although the mechanical interaction of

the spastic GRA muscle with its surrounding structures was probable, no EMFT of

active antagonistic force was possible. This may be responsible at least in part for

the �normal� function of the spastic muscle shown presently, and supports Huijing's

hypothesis implicitly.

On the other hand, myofascial loads acting on the muscle �bers are expected to

make the force balance determining the length of a sarcomere much more involved than

that determined solely by the interaction of the sarcomeres arranged in series within

the same �ber [141]. This can cause distribution of lengths of sarcomeres [22, 25, 109],

a major e�ect of EMFT. Using MRI, such loads that may originate from stretching

epimuscular connections were shown to cause substantial deformations within length-

ened as well as restrained human calf muscles, in vivo [142]. In the case of the si-

multaneous activation of muscles within a limb, much enhanced myofascial loads are

conceivable to cause sizable sarcomere length heterogeneity. This may have two rel-

evant implications: (1) overstretched sarcomeres may be found locally, but this may

not necessarily be a general e�ect within the entire spastic muscle, (2) major shape

changes shown to occur in muscle force-length characteristics [23, 25] due to altered

sarcomere length heterogeneity may yield joint angle-muscle force characteristics that

are more representative of the movement disorder.

In conclusion, the knee angle-muscle force characteristics of the spastic GRA

muscle are not representative of the pathological condition occurring at the joint, in-

dicating no abnormal muscular mechanics. An explanation for this may be activation

of the muscle alone.
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4. SIMULTANEOUS AGONISTIC-ANTAGONISTIC

STIMULATION CAUSES PARALLELISM BETWEEN

MECHANICS OF SPASTIC GRACILIS MUSCLE AND THE

PATIENTS' MOVEMENT LIMITATION

4.1 Introduction

Many cerebral palsy, multiple sclerosis, and stroke, patients su�er from spasticity

which is a form of hypertonia characterized by velocity dependent exaggerated re�exes

[31, 33]. In long term, even anti-spastic treatments are applied [43-44] contracture

formation with muscle and soft tissue shortening [39] accompanies spasticity [40-41].

Decreased joint range of motion and impaired function [40, 45-48] is associated with

contracture.

Due to spastic CP, previous studies showed muscle shortening for gastrocnemius

[49-50], for semitendinosus, semimembranosus [51], and a decrease in muscle volume for

gastrocnemius [54], hamstrings [51], adductors [53], and anterior muscles [52]. However,

such changes in muscles and muscle groups shown with ultrasound (US) or magnetic

resonance imaging (MRI) modalities were not linked with the joint function. On the

other hand, Smith et al. [59] reported increased collagen content and sti�ness for the

extracellular matrix for the spastic gracilis (GRA) muscle whereas an MRI study [133]

showed that in contrast to other muscles, the decrease in GRA muscle volume was not

signi�cant.

Our previous study [143] reporting spastic GRA muscle's isometric forces as a

function of knee joint angle for the �rst time in the literature showed no abnormality

for GRA muscle characteristics: in contrast to the clinically pathological function of

the knee joint, spastic GRA muscle (i) showed no narrow operational joint range of

force exertion and (ii) active resistance capacity of this muscle was not supreme at low
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lengths. Such results showing qualitative similarity with previous ones we reported

for healthy GRA [120] suggest that stimulation electrically of solely the target GRA

muscle in the experiments and in contrast to the typical in vivo conditions which

involve simultaneous contraction of several muscles may be the reason of such normal

mechanics. This condition limits epimuscular myofascial force transmission (EMFT)

[62, 107], which has been shown to change the magnitude of muscle force and how it is

related to muscle length [16, 111, 140-141]. Therefore, we hypothesized that the knee

joint angle-muscle force curves of spastic GRA muscle activated simultaneously with

its antagonist vastus medialis (VM) show abnormal mechanics representative of joint

movement disorder.

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.

4.2.1 Patients

Six patients (four male and two female: at the time of surgery, mean age 10.7

years, range 6-16, standard deviation 3.6 years) diagnosed with spastic cerebral palsy,

however with no prior remedial surgery, were included in the study. The Gross Motor

Functional Classi�cation System (GMFCS) [121-122] was used to classify the mobility

of the patients. Those who were included in the study attained scores of level II to

IV, indicating the severity of their limited mobility (Table 4.1). Additional patient

classi�cation was done based on popliteal angle [the angle between hip and knee at

hip in 90° �exion, see 123] and abduction angle measured when the hip is in extended

position [124] (Table 4.2). Clinical tests led to a decision that all patients required

remedial surgery including release of hamstrings and hip adductors.
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All patients were operated on bilaterally. For four of the patients, separate

experiments were performed on both legs, whereas for the remainder, only one leg was

experimented on due to time limitations imposed by subsequent multilevel surgery.

Therefore, a total of ten knee angle-GRA muscle force data sets were collected. Prior to

surgery, (1) after a full explanation of the purpose and methodology of the experiments,

the patients' parents provided their informed consent, and (2) patient anthropometric

data were collected (Table 4.1).

4.2.2 Methods

The patients received general anesthesia and no muscle relaxants or tourni-

quet was used. All intraoperative experiments were performed after routine incisions

to reach the distal GRA tendon and before any other surgical procedures of muscle

lengthening surgery. Using a scalpel blade (number 18), a longitudinal skin incision

of 2.5cm was made immediately above the popliteal fossa. After cutting the adipose

tissue and the fascia lata, the distal GRA tendon was exposed. Subsequently, a buckle

force transducer (Figure 4.1A) (S-shape, dimensions: width=12mm length=20mm and

height=9mm, TEKNOFIL, Turkey) was mounted and �xed over the tendon. Note that

prior to each experiment, the force transducer was (i) calibrated using bovine tendon

strips (with rectangular cross section, dimensions 7x2 mm2 representative of that of

the GRA distal tendon) and (ii) sterilized (using dry gas at maximally 50°C).

Two pairs of gel-�lled skin electrodes (EL501, BIOPAC Systems, CA, USA)

were placed on the skin, over the GRA and VM muscle belly (Figure 4.1B). Using a

custom made, constant current high voltage source (cccVBioS, TEKNOFIL, Istanbul,

Turkey) the muscles were stimulated supramaximally (transcutaneous electrical stim-

ulation with a bipolar rectangular signal, 160 mA, 50Hz): two twitches were evoked

which after 300 ms was followed by a pulse train for 1000 ms to induce a tetanic

contraction and a subsequent twitch.

During isometric force measurements, subject's hip was �xed to 0° both in the
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Figure 4.1 Usage of buckle force transducer and stimulation electrodes. Illustrations of how (A) the
buckle force transducer is mounted over tendon strips, and (B) the skin electrodes are mounted over
the GRA and VM muscles are shown.

sagittal and frontal planes and the ankle was immobilized. GRA muscle isometric forces

were measured (i) at 120° and 90° of knee angle by stimulating GRA muscle exclusively,

afterwards (ii) from 120°, a highly �exed knee, to full extension with 30° increments (at

120°, 90°, 60°, 30° and 0°) by stimulating GRA and VM muscles simultaneously. Note

that, some patients were not capable of extending their knee fully (0°). Therefore,

for the limbs that full KA range was not feasible, the last force measurement was

performed at the most possible extended position of knee. A data acquisition system

(MP150WS, BIOPAC Systems, CA, USA, 16-bit A/D converter, sampling frequency

40 KHz) was used with an ampli�er for each transducer (DA100C, BIOPAC Systems,

CA, USA). After each contraction, the muscle was allowed to recover for 2 minutes in a

�exed knee posture. Data collection was completed within 30 min, the maximal study

duration allowed by the ethics committee.

A data acquisition system (MP150WS, BIOPAC Systems, CA, USA, 16-bit A/D

converter, sampling frequency 40 KHz) was used with an ampli�er for each transducer

(DA100C, BIOPAC Systems, CA, USA). After each contraction, the muscle was al-

lowed to recover for 2 minutes in a �exed knee posture. Data collection was completed

within 30 min, the maximal study duration allowed by the ethics committee.
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Table 4.1

Patient Parameters

4.2.3 Processing of Data

Clinical Examination Data Since the GRA muscle is a �exor of the knee as well

as an adductor of the hip, the sum of popliteal and hip abduction angles normalized

for their most severe case among our patients with the equation (1) represented the

limb score for limited range of motion (ROM).

Limb Score for Limited ROM = PA
PAmax

+ HAAmin

HAA
(1)

where, PA and HAA are the actual popliteal and hip abduction angles for a

particular limb, respectively. PAmax is the maximal popliteal angle and HAAmin is

the minimum hip abduction angle measured among the limbs studied. Both represent

the most severe cases.

Experimental data Each raw GRA force-time data was �ltered with Savitzky-

Golay smoothing �lter (see Figure 4.2 for superimposed examples of �ltered force-time

traces for spastic GRA muscle at the �ve knee angles).
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The GRA muscle forces measured during a 100 ms period in the middle of the

tetanus were averaged to obtain the muscle total force. Using a least squares criterion,

data for total GRA muscle force (FGRA) in relation to knee joint angle (KA) were

�tted with a polynomial function

FGRA= a0 + a1KA+a2KA2 + ... + anKAn

a0, a1. . . an are coe�cients determined in the �tting process. The lowest order

of the polynomials that still added a signi�cant improvement to the description of

changes of KA and The lowest order of the polynomials that still added a signi�cant

improvement to the description of changes of KA and FGRA data were selected using a

one-way analysis of variance (ANOVA) [125]. The �tted KA-FGRA characteristics of the

patients were studied separately for each limb for characterization of the mechanics of

the spastic GRA muscle. Experimentally obtained measures were used for an objective

assessment of our hypotheses based on (i) joint range of muscle force exertion and (ii)

availability of high muscle force at low muscle length.

Joint range of muscle force exertion If the peak GRA muscle force (FGRApeak)

was attained within the knee joint range studied such that the increase trend of the force

ceased before full knee extension, the spastic GRA muscle was concluded to operate

within both the ascending and descending limbs of its KA-FGRA characteristics. If a

local minimum de�ned as the minimum force measured inside the range of KAs scanned

appeared, maximum force measured before that point was considered as Fpeak.

The proximity of the KA at which FGRA peak was exerted (KAFGRApeak) to

the maximal knee �exion angle studied indicates how narrow the joint range of force

exertion of each limb is. Therefore, the curves including local minimum or KAFGRApeak

closed to �exion were considered to represent a narrow joint range, and hence repre-

sentative of the compromised joint motion.

The availability of muscle force The availability of high muscle force at knee

�exion was considered to represent a typical characteristic of spastic muscle. In order to
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Figure 4.2 Typical examples of force-time traces for spastic GRA muscle. Superimposed traces
recorded for GRA muscle at the �ve knee angles studied are shown.

quantify high forces, the following were done: (i) The percentage of FGRApeak exerted at

KA=120° (%FGRApeak/120º) was calculated. (ii) The percentage of FGRApeak exerted at

KA=0° or at local minimum if occurred (%FGRApeak/0ºor min) was calculated. (iii) GRA

muscle isometric forces measured at KA=120° and 90° (1) after stimulation of GRA

muscle exclusively and (2) after stimulation of GRA and VM muscles simultaneously

were compared.

4.3 Results

4.3.1 Clinical Data

Table 4.2 shows popliteal angle (mean ± SD = 85.50° ± 7.98°) and hip abduction

angle (mean ± SD = 31.00° ± 6.58°) values for the limbs. Limb scores for limited ROM

showing values between 1.39 and 2.00 indicated that all the limbs tested have severe

knee �exion and hip abduction limitations.
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4.3.2 Experimental Data

Figure 3 shows the KA-FGRA characteristics. FGRA peak (mean ± SD = 47.92N

± 22.08N) ranges between 12.70N (limb 2) and 84.61N (limb 4).

Joint range of muscle force exertion

Limbs with full KA range feasible: For six of the limbs (limbs 1-4, 7, and 9)

non-zero muscle forces were measured for all KAs studied. This suggests that GRA

muscle's operational joint range of muscle force exertion includes the entire joint range

studied. However, although for limbs 1, 7 and 9 this seems to hold true, the remainder

of the limbs deserves further attention. Limbs 2-4 show a very notable property that

the KA-FGRA curves include a local minimum (KAFmin at KA= 74°, 22°, and 55° for

limbs 2, 3 and 4, respectively), which is followed by an increase of GRA total force. For

limbs 3 and 4, the KA-FGRA curves include an ascending and a subsequent descending

portion, and KAFmin is attained after the descending portion. A tenable explanation

for this is that with knee extension, the muscle is stretched to a length unfavorable

for active force exertion and that the total muscle force increase shown is ascribable to

increasing passive force. For limb 2, KAFmin appears to succeed only the descending

portion of the KA-FGRA curve.

Limbs with full KA range not feasible: For four of the limbs, muscle force mea-

surements had to be ceased at certain knee extension position (for limbs 5-6 at KA=

30°, for 8, and 10 at 10° and 20°, respectively) as full knee extension could not be

achieved.

For limb 5, also KAFmin was attained (KA= 75°). KA-FGRA curves of limbs 6

and 10 include both ascending and descending portions whereas, that of limb 8 appears

to have only the former.

Availability of muscle force For two of the limbs (2 and 5), were the highest

muscle forces available at the maximal knee �exion angle studied. For limbs 6, 7 and
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Figure 4.3 The isometric KA-FGRA characteristics of spastic GRA muscle. Data are shown sep-
arately for each limb (panels 1 to 10) experimented. Isometric GRA muscle forces were measured
during exclusive stimulation at 120° and 90°, and simultaneous stimulation with VM at 120°, 90°, 60°,
30°, and 0° of knee angles. Arrows indicate existence of a local minimum point within the curve as a
remarkable �nding. Hollow circles show higher forces, dark grey circles show lower forces, and light
grey circles show higher forces only for one of the angles studied.
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Table 4.2

Clinical measures characterizing motion limitation and experimental measures

10, the percentage of FGRApeak exerted at KA=120° (%FGRApeak/120º) was quite high:

84.8%, 69.0%, and 78.3%, respectively. For limbs 3-4, %FGRApeak/120º was lower (60.1%

and 44.5%, respectively). However, the proximity of the KA at which FGRApeak was

measured to 120° (92° and 104°, respectively for limbs 3 and 4) suggests that active

resistance capacity of the GRA muscle to stretch is still substantial at �exed joint

angles. In contrast, for the remainder of the limbs (1 and 8-9) availability of force

at �exed knee positions is not appreciable. At high lengths, the GRA muscle was

capable of exerting high forces only for the limbs 5 and 8 (87.99% and 100% of its

%FGRApeak/0ºor min, respectively). For the remainder of the limbs, maximally 54.05%

(limb 9) and minimally 10.15% (limb 1) of FGRA peak were available (Table 2).

Exclusive vs simultaneous stimulation at low lengths Simultaneous stimulation

of VA muscle caused GRA muscle isometric forces to increase for the limbs 2, 5, 7, and

8 both at 120° and 90° of knee angles (Fig. 2). Force enhancement due to simultaneous

stimulation occurred only at maximal �exion (120°) for the limbs 4 and 6. For the

limbs 3 and 9, such e�ects were shifted to a less �exed knee position (90°). For the
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limbs 1 and 10 on the other hand, simultaneous stimulation did cause force reduction

at both positions.

In conclusion, (i) local minima for the limbs 2, 3, 4, and 5, (ii) the proximity

of the KA at which FGRA peak was measured to 120° for all of the limbs except 1,

8, and 10, (iii) low forces at extended knee positions, and (iv) force enhancement at

�exion for most of the limbs showed that simultaneous stimulation caused length range

of GRA muscle to be narrowed and active resistance of muscle to increase at �exed

knee positions. Therefore, our hypothesis is con�rmed for the majority of the limbs

tested.

4.4 Discussion

EMFT de�nes the transmission of muscle forces to the neighboring muscular

and non-muscular structures through the epimysium. This is because the muscles'

epimysium is continuous with myofascial structures [23, 140]. Such transmission of

force was shown with earlier animal experiments to occur between antagonist muscles

[107, 144]. Moreover, its functional role in vivo was also proved for human lower leg

muscles [142]. Such mechanism is important also for surgical treatments [83]. On the

other hand, there is no direct evidence for occurrence of inter-antagonistic EMFT for

spastic muscles. However, Kreulen et al. [60] did show that the epimuscular connections

for �exor carpi ulnaris muscle of cerebral palsy patients play a substantial mechanical

role. Since an increase in sti�ness of the spastic muscles [30, 57-58] and their connective

tissues [59] have been reported, we may expect that the role of EMFT mechanism for

the spastic limbs may even be more pronounced than in health. Our previous results

showing no abnormal mechanics for spastic GRA muscle which was stimulated alone

may support that idea implicitly because even though the muscle compartment with

almost all of its connective tissues was intact, no other muscle was activated. In this

study, we tested whether the spastic GRA muscle characteristics change to represent

better a characteristic that can be expected from a spastic muscle if it is stimulated

simultaneously with its antagonist VM. Our hypotheses on both narrowing length range
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and higher force exertion at �exion are con�rmed for the majority of the limbs tested.

Before discussing the probable mechanisms causing such results, it should be

noted, in the present study, the pre-operative clinical examinations showing (i) CP

patients had GMFCS values indicating decreased mobility and causing a decision for

lengthening surgery on GRA muscle as well and (ii) popliteal angles greater than 50°

[123] and hip abduction angles lower than or equal to 40° [75, 130] indicated severe

knee joint problem. Since the popliteal angle measures under anesthesia were shown

not to di�er from clinic [145], we may accept that these limbs have permanent and

prominent contractures in daily life. Additionally, (iii) four of the limbs tested (5, 6, 8,

and 10) showed lacking full knee extension. Therefore, all the limbs experimented had

GRA muscle contracture and severe joint impairment passively.

4.4.1 Joint range of motion

Present results showed a narrowing for length range of spastic GRA muscle.

Healthy GRA has long �bers [134] and large excursion [98], thus its length range of

force production is expected to be wide comparably. Our previous results showed that

the operational joint range was at least as wide as 120° from the most �exed position of

the knee tested to the full extension for both healthy [120] and spastic GRAmuscle [143]

if they are stimulated alone. Presently, mean KAFGRA peak value was 78° and 7 of the

limbs tested produced their peak forces at more �exed position than 80°. Compared

to the previous results [143] showing peak forces produced between 66° and 0° of knee

angles (mean 29°) for exclusive stimulation of spastic GRA, the proximity of the KA at

which FGRA peak was measured to 120° and thus, a shift of KAFGRA peak to more

�exed positions occurred. Therefore, such present results indicated that if stimulated

simultaneously with VM, spastic GRA muscle operational range is narrowed.

Two of the limbs (2 and 5) operational only at the descending portion and three

of the remaining limbs (6, 7, 10) mostly at the descending portion of their KA-FGRA

characteristics indicated that at least for half of the limbs, simultaneous stimulation
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of antagonist VM changed the characteristics of spastic GRA majorly and supported

our hypothesis on narrowing range as well. Considering that the maximum ankle

torque previously shown to be at more plantar �exion for CP patients than normal

children [146] our results indicate that narrowed range of GRA muscle represents the

abnormality at the joint.

Additionally, %48 shown for mean %FGRA peak | 0°or min indicated a major

force reduction for most of the limbs at knee extension. This ratio relating peak

forces to the forces produced at high muscle lengths was about half of the previous

ones shown for the exclusively stimulated GRA muscle [143]. More interestingly, the

increasing trend of the KA-FGRA curve shown after decreasing for four of the limbs

(2, 3, 4, and 5) resembles to the ideal force-length characteristics of a muscle having

all sarcomeres at high lengths and no extra capacity for active force production. Thus,

the passive force increase being responsible from such high forces is compatible with

the narrowing of length range with simultaneous stimulation.

No previous study reported the force production capacity of VM with respect

to its length or knee joint angle. However, for stable standing and walking, it is

probable that VM with other quadriceps produces quite amount of forces at extended

knee positions. Compromised force production with general weakness due to cerebral

palsy is also probable [147-148]. Nevertheless, considering that the spastic GRA having

increased sti�ness with its extramuscular structures due to CP may serve a probable

path for inter-antagonistic force transmission.

4.4.2 Availability of high muscle force

Our results showing (i) active resistance capacity of the GRA muscle at �exion

with the exception of limbs 1, 8-9 and (ii) force enhancement during simultaneous

activity of VM with the exception of limbs 1 and 10 indicated availability of high �exion

forces. It should be noted that antagonistic muscle activity occurs at many multi-joint

movements in daily life [149-150]. Such co-contraction is reported to be even higher in
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spasticity [151-153]. Thus, the e�ects of antagonistic muscle activation not only for joint

function but also for spastic �exors are conceivable. On the contrary, joint weakness

[147-148, 154] as well as changes causing muscle weakness [50, 52, 54] were reported

for spastic CP. Therefore, lower forces produced and transmitted by either �exor or

its antagonist corresponding to such low joint torques may be expected. Nevertheless,

our results reported considerable e�ects due to inter-antagonistic interaction with high

�exion forces for most of the limbs.

In conclusion, simultaneous stimulation of antagonistic VM muscle causes (i)

spastic GRA muscle peak forces to shift to the more �exed positions, (ii) operational

range of GRA muscle to be narrowed and (iii) operational portion of knee angle-muscle

force curve to shift to the �exion. Thus, our hypothesis on narrowed joint range of

motion is veri�ed. High �exion forces measured due to simultaneous activity con�rmed

our second hypothesis as well. It is suggested that inter-antagonistic interaction im-

poses myofascial loads on muscles through epimuscular connections sti�ened due to

spasticity. Such loads cause intramuscular alterations on spastic GRA muscle: Sar-

comeres are lengthened at �exion and thus, excessive lengthening occurs at knee ex-

tension. Therefore, �exion forces increase and length range decreases. Such probable

mechanism should be tested with spastic muscle model and also by adding histological

examinations to our experimental method improved to measure passive forces.
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5. MUSCLE LENGTHENING CAUSES DIFFERENTIAL

ACUTE MECHANICAL EFFECTS IN BOTH TARGETED

AND NON-TARGETED SYNERGISTIC MUSCLES

5.1 Introduction

In remedial surgery, known under various names (muscle recession [73-74], mus-

cle release [155], muscle lengthening [76-80], aponeurotomy (AT) [81] involves cutting

of an intramuscular aponeurosis transversely. Preparatory dissection (PD) is performed

�rst to reach the target muscle [156], AT is used for correction of problems of range

of movement and joint position in spastic paresis. The most important acute e�ect

allowing lengthening of muscle is creation of a gap within the muscle. Enhancing the

compromised joint range of motion is a primary goal [157], but reduction of muscle

force to correct imbalances of force between antagonistic muscles [158] are additional

clinical aims.

The myotendinous junction is widely considered as the main [159] or implicitly

even the sole site [many studies in biomechanics e.g. 160] for transmission of forces

generated within sarcomeres onto the tendon and from there to bone. However, force

transmission is possible also via trans-sarcolemmal proteins connecting muscle �bers

along their full periphery of their length to the collagen reinforced extracellular matrix

(ECM) [for a review see 161]. As a consequence, muscle �bers have been shown to in-

teract mechanically with the ECM and with each other with a bundle [162-163]. Later,

for whole muscle, such transmission has been named, myofascial force transmission

(MFT) [111].

Moreover, muscle functioning within its normal context of connective tissues is

connected to surrounding muscles and non-muscular structures and epimuscular my-

ofascial force transmission (EMFT) occurs via such connections [e.g. 63, 140]. EMFT

has been shown to cause asymmetric e�ects at muscle's origin and insertion and depen-
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dency of muscle characteristics on mechanical conditions within which it functions [140,

164]. Evidence for EMFT is accumulating for human muscles in vivo [142, 165-167].

It is quite conceivable that PD (e.g. opening of the compartment) may a�ect

MFT within a compartment and because of mechanical interaction between muscles,

also acute mechanical e�ects of AT could be present in muscles other than those on

which the main surgical intervention was performed. Post operative e�ects of AT were

investigated at the joint level by using e.g., gait analysis [157, 168]. However, e�ects

on the target and non-targeted muscles were not studied explicitly.

Therefore, we designed the present study to test for such e�ects of MFT and

test the following hypotheses for muscles within the anterior crural compartment of

the rat: (1) e�ects of muscle lengthening surgery on the target muscle are di�erent at

distal and proximal tendons, (2) forces of non-targeted synergistic muscles are a�ected

as well, and (3) PD is responsible from some of these e�ects.

5.2 Methods

5.2.1 Surgical procedures and preparation for experiments

Surgical and experimental procedures were approved by the Committee on

Ethics of Animal Experimentation at Bo§aziçi University. Young adult male Wis-

tar rats (n = 8, mean body mass 327.0 g (SD 18.4 g)) anaesthetized using intraperi-

toneal injection of urethane (1.2 ml/100 g body mass). Additional doses were given,

if necessary (maximally 0.5 ml). The animals were placed on a heated pad (Harvard

Apparatus) during surgery and data collection. Left hind limb skin and biceps femoris

muscle were removed and the anterior crural compartment, containing extensor digito-

rum longus (EDL), tibialis anterior (TA) and extensor hallucis longus (EHL) muscles

was exposed. Only limited distal fasciotomy was performed to remove the retinaculae,

leaving fully intact connective tissues at the muscle. At a reference position selected

(knee and ankle joint angles of 90° and 100° respectively), the four distal tendons of
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EDL muscle were tied together using silk thread. Matching markers were placed on

distal tendons of EDL, TA and EHL muscles, as well as on the lower leg. Subsequently,

the distal tendons of EDL, as well as TA and EHL were cut as distally as possible.

The proximal EDL tendon was cut from the femur, with a small piece of the lateral

femur condyle still attached. To allow connection to force transducers, Kevlar threads

were sutured to all cut tendons. Within the femoral compartment, the sciatic nerve

was dissected and cut as proximal as possible. All its branches to muscles of that

compartment were cut.

5.2.2 Experimental conditions and procedure

The rat was mounted in the experimental set-up (Fig. 1). The femur and foot

were clamped, such that the knee was kept at 90° and the ankle in maximal plantar

�exion (180°) to allow for free passage of Kevlar threads. Each Kevlar thread was

connected to a force transducer (BLH Electronics Inc., Canton MA). The distal end

of the sciatic nerve was placed on a bipolar silver electrode. Room temperature was

kept at 26° C. Muscle and tendon tissues were irrigated regularly by isotonic saline to

prevent dehydration during the experiment.

Markers on EDL proximal tendon and distal tendons of TA and EHL were kept

in their reference positions at all times. EDL length was changed by moving its distal

force transducer (in steps of 1 mm), until 2 mm over distal optimum length, and EDL

length-force data were collected at proximal and distal EDL tendons. Distal forces of

TA and EHL were measured.

Muscles were activated maximally by supramaximal stimulation of the sciatic

nerve at a constant current of 2 mA (Biopac Systems stimulator, STMISOC: square

pulse width 0.1 ms, pulse train 400 ms, stimulation frequency 100 Hz). After setting

EDL to a new length, two twitches were evoked and the muscles were tetanized 300 ms

after the second twitch. At 200 ms after cessation of stimulation, another twitch was

evoked. After these contractions, muscles were allowed to recover for 2 min. (EDL at



57

low length, others at lref ).

5.2.3 Experimental protocol

Before acquiring data, muscle-tendon complexes and their epimuscular connec-

tions were preconditioned by isometric contractions, alternatingly at high and low EDL

lengths, until forces at low EDL length were reproducible (i.e. e�ects of previous ac-

tivity at high length [169] are removed).

Three conditions were studied: (1) Control with an intact anterior crural com-

partment. (2) After preparatory dissection (Post PD), performed to gain access to

the target muscle. Laterally, a probe was inserted from proximally into the anterior

crural compartment between EDL and TA until the middle of the compartment was

reached by the probe tip (i.e., approximately for 12 mm). Using a micro scissor, half of

the anterior crural compartmental fascia was cut (partial fasciotomy). Intermuscular

connections between EDL and TA along half of EDL length were removed by blunt

dissection (using a cotton swab). (3) Post-AT EDL proximal aponeurosis was tran-

sected at its middle, perpendicular to its longitudinal direction using a scalpel blade

(Surgeon, number 11).

Subsequently, muscles were activated with EDL at optimum length (of control

condition). This causes tearing of the ECM along muscle �bers located below the site

of AT. E�ects of PD, AT and subsequent tearing of the ECM together are referred to

as cumulative e�ects of muscle lengthening surgery.

5.2.4 Processing of experimental data and statistics

Muscle passive isometric forces were measured at 100 ms after the second twitch

before the tetanus. The mean total force during the tetanic plateau was calculated for

an interval of 200 ms starting after 150 ms of tetanic stimulation.
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Figure 5.1 Schematic view of the experimental setup. (A) The following tendon (-groups) were
connected to a separate force transducer (FT): (1) proximal EDL tendon, (2) the tied distal tendons
of the EDL, (3) the distal tendon of TA (4) the distal tendon of EHL. Throughout the experiment, TA
and EHL muscles were kept at constant muscle-tendon complex lengths. Exclusively, the distal force
transducer of EDL was repositioned to progressively increase EDL length, at each of which isometric
contractions were performed. (B) The femur and foot were �xed by metal clamps. The sciatic nerve
was placed on a bipolar silver electrode. Kevlar threads (hatched lines) were sutured to tendons (solid
lines) to provide connection to their respective FT.
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Mathematical functions were least square �tted to the experimental data for

further treatment and averaging [e.g. 169]. Passive length-force data were �tted using

an exponential function and active muscle force was calculated by subtracting the

measured passive force from total force during muscle activity. Active length-force

data were �tted (polynomial function). The degree of the polynomial function that

most adequately described a particular set of length-force data was selected using an

analysis of variance (ANOVA) [125]. Optimal EDL force is de�ned as the maximum

of the polynomial, and its corresponding length as optimum length. One-way ANOVA

was also used to test for cumulative e�ects of muscle lengthening surgery on EDL's

length range of active force exertion i.e., the range between muscle active slack length

and optimum length. Two-way ANOVA's for repeated measures (factors: EDL length

and surgical condition) were used to analyze e�ects of the interventions on EDL length-

force characteristics and on forces of non-targeted TA and EHL. If signi�cant e�ects

were found, post hoc tests were performed using the Bonferroni procedure for multiple

pair wise comparisons to locate di�erences. p values < 0.05 were considered signi�cant.

5.3 Results

Target muscle-distal force ANOVA (factors: EDL length and condition) showed

signi�cant main e�ects on EDL distal active forces, and signi�cant interaction. Com-

pared to control condition (Fig. 2A), post hoc tests showed signi�cant cumulative

e�ects of AT causing EDL distal active forces to decrease (e.g., by 26.3% at optimum

length), in contrast to increases at the lowest muscle lengths. Note that no signi�-

cant e�ects of PD are found for distal EDL active force. Cumulative e�ects of muscle

lengthening surgery cause EDL distal length range of active force exertion to increase

signi�cantly (from mean 9.1 mm (SE 1.1 mm) to mean 10.7 (SE 0.9 mm)). For EDL

distal passive force, ANOVA (factors: EDL length and condition) showed signi�cant

main e�ects, and signi�cant interaction. Compared to the control condition, post hoc

tests showed (i) signi�cant cumulative e�ects of muscle lengthening surgery causing

EDL distal passive forces to increase (e.g., by 40.7% at optimum length). This increase

is explained by higher stretch of EDL epimuscular connections in proximal direction.
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(ii) No signi�cant e�ects of PD were found for EDL distal passive force.

Target muscle-proximal force ANOVA (factors: EDL length and condition)

showed signi�cant main e�ects on EDL proximal active force and signi�cant inter-

action. Compared to control condition (Fig. 2B), post hoc tests showed signi�cant

cumulative e�ects of muscle lengthening surgery causing EDL proximal active forces to

decrease (e.g., by 44.5% at optimum length, note that this is more than the decrease

of its distal counterpart Fig. 2A). However, no signi�cant e�ects of PD were found

for EDL proximal active force (post hoc test). In contrast to e�ects found distally,

cumulative e�ects of muscle lengthening surgery caused no signi�cant change in length

range of active force exertion at the EDL proximal tendon. ANOVA (factors: EDL

length and condition) showed signi�cant e�ects of length on EDL proximal passive

forces; but neither signi�cant e�ects of condition nor of interaction.

Non-operated TA ANOVA (factors: EDL length and condition) showed signif-

icant main e�ects on TA active forces, but no signi�cant interaction. Compared to

control condition (Fig. 3A), post hoc tests showed signi�cant cumulative e�ects of

muscle lengthening surgery (mean decrease for EDL lengths studied equaled 11.9%).

Note that post hoc tests also indicate that PD causes TA active forces to decrease

(mean decrease for EDL lengths studied equaled 4.9%). ANOVA (factors: EDL length

and condition) showed signi�cant e�ects of condition on TA passive forces; but no sig-

ni�cant e�ects of length or a signi�cant interaction. Compared to control condition,

post hoc tests showed signi�cant cumulative e�ects of muscle lengthening surgery caus-

ing TA passive forces to decrease (the mean force decrease for the EDL lengths studied

equaled 11.6%). However, no signi�cant e�ects of PD were shown (post hoc test).

Non-operated EHL ANOVA (factors: EDL length and condition) showed sig-

ni�cant main e�ects on EHL active forces, but no signi�cant interaction. Compared

to control condition (Fig. 3B), post hoc tests showed signi�cant cumulative e�ects of

muscle lengthening surgery causing EHL distal active forces to decrease, despite its

constant muscle tendon complex length (for EDL lengths studied, mean force decrease

equals 8.4%). However, no signi�cant e�ects of PD on EHL active force were found
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Figure 5.2 The isometric muscle force-length curves of target EDL muscle. (A) Distally EDL force.
(B) Proximally EDL force. Active and passive isometric EDL forces were plotted for the following
conditions: (1) control, (2) after preparatory dissection (post PD) and (3) after aponeurotomy (post
AT). Note that the post AT condition represents the cumulative e�ects of muscle lengthening surgery.
EDL muscle-tendon complex length is expressed as a deviation (∆lmt-EDL) from its optimum length.
All force values are shown as mean (SE). EDL active force reductions and EDL passive distal force
increase were signi�cant as cumulative e�ects of muscle lengthening surgery, but not after PD.
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(post hoc test). ANOVA (factors: EDL length and condition) showed only signi�cant

e�ects of EDL length on EHL passive force, despite its constant muscle tendon complex

length; but neither signi�cant e�ects of condition nor of interaction.

It is concluded that the cumulative e�ects of muscle lengthening surgery on the

target muscle operating with most of its normal connective tissue environment intact

are di�erent distally and proximally. In contrast to the increase in target muscle distal

length range of active force exertion, no such e�ect was found proximally, but force

reduction e�ects were much more pronounced proximally. An important �nding is that

cumulative e�ects of muscle lengthening surgery cause considerable force reductions

also for non-operated muscles of the compartment. Only TA is a�ected to a limited

extent by PD.

5.4 Discussion

One characteristic e�ect of EMFT is exertion of unequal forces at proximal

and distal tendons [63, 140]. The presence of proximo-distal force di�erences indicate

net epimuscular myofascial loads acting on the muscle and the source of such loads is

stretching of muscle's epimuscular connections upon changes in muscle relative position

[164]. Forces of isometric synergistic and also antagonistic muscles were shown to

change with altered muscle relative positions [23, 107, 170]. However, recently, actuator

independence of cat muscle was studied [171]. At constant ankle and hip joint angles, a

robot manipulated knee and hip joint angle, and changes of muscular relative positions

of passive gastrocnemius and plantaris muscles were imposed with respect to partially

activated m. soleus. Based on lack of signi�cant changes in m. soleus ankle moment,

a generalizing conclusion was drawn that mechanical interaction between muscles does

not occur under physiological circumstances in vivo. However, MRI analyses in human

lower leg muscles in vivo [142, 172] show that at constant ankle angle, knee angle

changes cause major heterogeneous deformations not only within m. gastrocnemius,

but also within all other lower leg muscles despite their globally isometric condition.

This indicates that mechanical interaction between muscles is characterized by local



63

Figure 5.3 Forces exerted by non-operated TA and EHL muscles. (A) Distal TA force. (B) Distal
EHL force. Active and passive isometric TA and EHL forces were plotted for the following conditions:
(1) control, (2) after preparatory dissection (post PD) and (3) after aponeurotomy (post AT). Note
that the post AT condition represents the cumulative e�ects of muscle lengthening surgery. EDL
muscle-tendon complex length is expressed as a deviation (∆lmt-EDL) from its optimum length. All
force values are shown as Non-operated TA ANOVA (factors: EDL length and condition) showed
signi�cant main e�ects on TA active forces, but no signi�cant interaction. Compared to control
condition (Fig. 3A), post hoc tests showed signi�cant cumulative e�ects of muscle lengthening surgery
(mean decrease for EDL lengths studied equaled 11.9%). Note that post hoc tests also indicate that PD
causes TA active forces to decrease (mean decrease for EDL lengths studied equaled 4.9%). ANOVA
(factors: EDL length and condition) showed signi�cant e�ects of condition on TA passive forces; but
no signi�cant e�ects of length or a signi�cant interaction. Compared to control condition, post hoc
tests showed signi�cant cumulative e�ects of muscle lengthening surgery causing TA passive forces to
decrease (the mean force decrease for the EDL lengths studied equaled 11.6%). However, no signi�cant
e�ects of PD were shown (post hoc test).
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epimuscular myofascial loads on those muscles with variable magnitude and direction.

If the net e�ect of EMFT on forces exerted at the tendon would be small, a mechanical

balance of counteracting epimuscular myofascial loads rather than their absence can

explain this. Therefore, in contrast to the conclusion of Maas and Sandercock [171], a

mechanical interaction of muscles is tenable in most conditions. We expect that this

plays a role in surgery as well.

In the control condition, the anterior crural compartment was not interfered

with, hence epimuscular connections were intact. PD performed in our experiment

to gain access to the AT site, as in clinical practice [156], was minimized to limit

interference with the compartment. We showed that even for a deeper target mus-

cle and its synergistic muscle, it does not contribute to cumulative e�ects of muscle

lengthening surgery. Present dissection was performed exclusively within the proximal

compartment half, leaving intact distal parts of fasciae. Meijer et al. [144] concluded

that these tissues are particularly sti� if TA and EHL are shortened which imposes a

stretch on them causing increased distally directed net epimuscular myofascial loads

acting on EDL. High sti�ness of connections is likely in our conditions as TA and EHL

are kept at lower lengths. Therefore, e�ects of PD on epimuscular myofascial loads

acting on deeper located muscles are likely to remain small. However, for TA, PD

alone, independent from EDL length, reduced its contribution to the moment exerted

at the distal joint. Therefore, e�ects of PD are con�ned to super�cial muscles, conceiv-

ably due to a reduced sti�ness of its epimuscular connections (e.g., the TA branch of

the neurovascular tract) creating conditions unfavorable for force exertion. In general,

more compartmental disruption is expected to cause reduction in muscle force [173],

additional to that caused by AT. If PD remains limited, remaining integrity of EMFT

pathways is likely to cause e�ects similar to those shown presently.

Previous studies on isolated muscle [82-83] allowed improvement of our under-

standing of mechanisms of AT a�ecting intramuscular mechanics. Although a discon-

tinuity within the aponeurosis directly prevents myotendinous force transmission for a

part of the muscle �bers, this intervention per se was shown to have only minor e�ects,

but subsequent rupturing of intramuscular connective tissues below the AT location
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yields major e�ects on muscle length-force characteristics [82]. Therefore, a central

issue is interference with MFT, which e�ectively causes manipulation of myofascial

loads (i.e., forces exerted onto muscle �bers by the ECM and via that by sarcom-

eres located in the neighboring muscle �bers). This causes characteristic sarcomere

length distributions within the aponeurotomized muscle yielding changes in muscle

length-force characteristics. Enhanced sarcomere length heterogeneity within the tar-

get muscle causes an acute increase in muscle length range of force exertion. Therefore,

in addition to causing acutely a lengthening of muscle, AT facilitates exertion of active

force for an enhanced range of joint angles also. In addition to contributing to that

e�ect, major shortening of sarcomeres occurs within muscle �bers without myotendi-

nous connections to bone. This is responsible for most of the force reductions due to

AT.

An important present �nding is that e�ects on forces exerted at proximal and

distal tendons of the target muscle are not equal. This in accordance with the presence

of proximo-distal force di�erences indicating net epimuscular myofascial loads acting

on the muscle. Such loads were shown to change in vivo muscular mechanics substan-

tially [142] and a�ect local sarcomere lengths, forces exerted, as well as length range

of active force exertion [25]. Epimuscular myofascial loads plausibly cause sarcomeres

in the proximal ends of �bers of the target muscle located proximally to the AT site to

attain lengths less favorable for force exertion which explains the e�ect of higher force

reductions proximally. Lack of an increased proximal length range of active force exer-

tion indicates that such loads also diminish sarcomere length heterogeneity within the

target muscle. This may not only explain the asymmetry in e�ects of muscle length-

ening surgery for joints spanned by the target muscle, but also suggest that integrity

of the EMFT network limits acute e�ects of AT, also in clinical practice. Previous

modeling study [84] con�rmed that epimuscular myofascial loads present in conditions

representing removal of muscles, other than the target muscle from the compartment,

will cause diminished sarcomere shortening within the population of muscle �bers dis-

tal to the location of AT, and less pronounced sarcomere length heterogeneity within

the muscle. We conclude that acute cumulative e�ects of muscle lengthening surgery

on mechanics of the target muscle are a�ected to a large extent by EMFT.
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For clinicians it is important to realize that surgically correcting functional prob-

lems at a distal joint may alter muscle mechanics at the proximal joint as well. This

suggests that care is indicated when considering the overall surgical outcome, partic-

ularly if the target muscle is bi- or poly-articular. For example, in combined equinus

and crouch gait [157], AT of m. gastrocnemius may improve gait because contribu-

tions to both plantar �exion and knee �exion moments may decrease. However, for

combined crouch and hip �exor tightness, AT of the semimembranosus [168] may dete-

riorate conditions at the proximal joint due to reduced contributions to hip extension

moment. The asymmetry shown for decreased contribution of the target muscle to mo-

ments exerted at the joints it spans is due to EMFT, since for truly isolated muscle this

would not occur. Note that, AT on the distal aponeurosis would prevent myotendinous

force transmission for a di�erent population of muscle �bers and may change acute

e�ects of the intervention. However, these muscle �bers are exposed also to EMFT.

This will also a�ect asymmetry e�ects shown presently only for a proximal AT. Also

note that imposed distal muscle length changes of the present study mimic movements

exclusively of the distal joint. Therefore, our results are not direct indicators of how

proximal length range of force exertion is a�ected. However, identical lengthening

imposed distally or proximally of intact EDL yielded asymmetric proximal and distal

length ranges of active force exertion [174]. This implies that, lengthening surgery of

a target muscle with most of its connective tissues intact should not be expected to

yield symmetrical lengthening e�ects for joints spanned.

A key �nding is that cumulative e�ects of muscle lengthening surgery involve

considerable reductions also of distal force exerted by non-operated synergistic mus-

cles. These results indicate that the surgeon should be aware of possible other and

unintended acute e�ects, in addition to those for the target muscle.

It should be noted that synergistic muscles will change lengths simultaneously

during joint movement and in similar direction as the agonist muscle. This may limit

changes of relative position of synergistic muscles. However, even after lengthening of

the whole anterior crural group, increased e�ects of EMFT were reported compared

to single EDL lengthening [144]. Note that such equal and simultaneously imposed
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muscle length changes may di�er from in vivo conditions, as di�erences in moment

arms of synergistic muscles are present [175] contributing to relative movement of

muscles. Moreover, di�erences in number of joints spanned by synergistic muscles will

contribute also to relative movement of muscles and movement of muscle with respect

to bones. Joint angle changes in vivo have been shown to indicate e�ects of EMFT

such as interactions between �nger forces [176-177], as well as local displacements [166]

or deformations [142] within muscles remaining globally isometric. Therefore, acute

e�ects of muscle lengthening surgery on non-operated synergistic muscles, similar to

those shown presently, are plausible also for in vivo function.

Although motor control plays no role in our experiments, one should be aware

that surgical interventions may have important e�ects on the a�erent sensory machin-

ery. Firstly, PD alone may cause some of fascial a�erents [e.g. 178] to be disrupted

or may also a�ect sensory machinery via modi�ed sti�ness of compartmental connec-

tive tissues. Therefore, PD, even though we �nd it to have relatively small e�ects on

muscle length-force characteristics, in vivo may still cause neuromotor changes. In ad-

dition, within the aponeurotomized muscle, populations of muscle �bers, which loose

their myotendinous connections, shorten considerably subsequent to rupturing of in-

tramuscular connective tissues [82, 179]. Mechanical unloading of the intrafusal �bers

and reduced a�erent response was reported in conditions causing shortened extrafusal

�bers [180-181]. Therefore, for this shortened part of the aponeurotomized muscle, the

tonic stretch re�ex threshold may shift to higher values. Skeletal muscle spasticity is

characterized by exaggerated stretch re�exes [e.g. 34]. Therefore, this is regarded as a

positive e�ect of treatment. However, muscle �bers between the location of interven-

tion and the tendon attain in general higher lengths, which may cause opposite e�ects.

Modeling studies showed that an aponeurotomy closest to the tendon dominates the

e�ect and enhances intended mechanical e�ects [83]. This e�ect is so important that

additional aponeurotomies performed on the same model muscle do not further im-

prove the outcome considerably [182]. These arguments suggest that modi�cation of

the proprioceptive input may also be optimized by a choice of intervention location.

On the other hand, e�ects at a higher level of organization than the target muscle

are quite conceivable. Force reductions shown presently for synergistic muscles suggest
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that their muscle �bers attain lower lengths as an e�ect of the surgical interventions.

Therefore, PD and AT may cause threshold of the tonic stretch re�ex of also these

muscles to shift to higher values. Similar e�ects of mechanical unloading of spindles of

co-contracting intact muscles were reported previously [183]. However, after tenotomy

of gastrocnemius and plantaris muscles, opposite �ndings were reported for a�erents

of soleus muscle [184]. This implies that, similar as for AT, tenotomy is not interfering

solely with myotendinous force transmission and that manipulation of mechanical in-

teractions between muscles may change a�erent sensory machinery in a complex way,

even if no damage were done to the sensory system.

Note that threshold of the tonic stretch re�ex (represented by lambda) is re-

garded as a key control variable in motor control studies based on Equilibrium-Point

Hypothesis [185-186]. According to this viewpoint, for a single muscle, surgical mod-

i�cation of muscle length may shift the equilibrium point of the system leading to a

change in lambda. This theory was elaborated and extended to be linked to the idea

that motor synergies and bodily movement is controlled at much higher levels of or-

ganization than the level of individual muscles [187-188]. Our results suggest that the

whole synergistic interaction is a�ected by modifying mechanics of one muscle compo-

nent within the synergy. The issues argued in the preceding paragraph may be relevant

for agreement of the present �ndings with motor control theories. In our view, intra-

and epimuscular MFT provides coupling between neuromuscular mechanisms suggest-

ing that it is an important determinant for the changes to occur in lambda. Muscle

sti�ness is a component of this and is important also for intended remedial e�ects of

muscle lengthening surgery. As AT causes a part of the muscle to shorten and PD

disrupts integrity of the connective tissues, an expected e�ect for most of the com-

partment is reduced sti�ness of muscular and non-muscular tissues. Compared to its

untreated properties, after healing, the aponeurosis was shown to be more compliant

and longer [189]. Therefore, e�ects of muscle lengthening surgery on mechanical, as

well as a�erent sensory machinery of the target muscle are likely also for the long-term.

Long-term adaptations in neuromotor properties due to potential changes in epimus-

cular connections need to be considered as well. Only partial or no neural adjustments

were found to occur after tendon transfer surgery [190-191]. Rectus femoris muscle,
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transferred to a �exor insertion was reported not to move as a knee �exor [192]. This

in agreement with its epimuscular mechanical interaction with the knee extensors and

may explain absence of such adjustments. However, after AT, substantial neuromotor

adaptations were reported [193-194]. Those studies focused either on the target muscle

or a selected antagonist muscle, but not on synergistic muscles. As multilevel surgical

treatment is common [78, 195], systematic testing of neural control of relevant muscles

including non-targeted synergistic muscles is indicated.

In summary, e�ects of muscle lengthening surgery performed to improve im-

peded joint mechanical function are dominated by e�ects of EMFT causing (i) di�er-

ential e�ects at the proximal and distal tendons of a poly-articular target muscle, and

(ii) sizable e�ects also at unintended sites via non-operated muscles. These di�eren-

tial and unintended e�ects on muscle forces may yield additional favorable e�ects for

the target joint, but also contrasting e�ects particularly for the non-targeted joint. It

is therefore important to consider the role of EMFT in order to enhance control of

the surgical outcome of the operation. New speci�c studies are indicated to assess

neuromotor changes acutely as well as in the long-term.
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6. BTX-A ADMINISTRATION TO THE TARGET MUSCLE

AFFECTS FORCES OF ALL MUSCLES WITHIN AN

INTACT COMPARTMENT

6.1 Introduction

Botulinum toxin type A (BTX-A) is a chemical denervant that acts at motor

nerve endings to block acetylcholine release [65], which causes paralysis of muscle �bers

[64], hence, muscle weakness (i.e., decreased ability for force production). Due to its

e�ectiveness in avoiding the development of contractures [196], BTX-A is used widely

in patients with cerebral palsy as an alternative treatment to surgery [197-199].

The e�ects of BTX-A have been widely studied by quantifying the area of paral-

ysis [66], compound muscle action potential [67] and electromyography [68]. However,

reports on mechanical parameters, e.g., twitch and tetanic force have been limited to

selected muscle lengths or joint positions [e.g. 67, 69]. Herzog et al. made a major

contribution to �lling this gap in the literature by measuring joint torques in a range of

joint angles [200-202]. Experiments on the rabbit quadriceps musculature showed that

BTX-A causes more pronounced reductions in knee extension torque at more �exed

knee positions [202]. This suggests that the e�ects of BTX-A on muscle forces and

increasing muscle length may be negatively correlated.

Recently, Yaraskavitch et al. showed that the force-length characteristics of

both injected soleus and non-injected plantaris muscles of the cat are a�ected by the

poison [71]. BTX-A has been shown to spread through muscle fascia [70], and its

e�ects beyond the injection site are plausible [72]. As these e�ects may not be con�ned

only to a neighboring muscle, an experimental model that involves measurement of

forces of mono- and biarticular muscles of an entire muscle compartment can allow for

a comprehensive assessment of the e�ects of BTX-A both at and beyond the injection

site.
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Collagenous connections between adjacent muscles and extramuscular connec-

tive tissues such as collagen-reinforced neurovascular tracts and compartmental bound-

aries provide connections between the muscular and non-muscular structures of an

intact compartment [20, 63, 86]. These epimuscular connections feature complex me-

chanical properties. Similar to other connective tissue structures, these connections

have nonlinear force-deformation characteristics [203-205]. In addition, they have been

shown to be pre-strained [23] and to have inhomogeneous mechanical properties (e.g.,

the proximal parts of the neurovascular tracts of the anterior crural compartment of

the rat are sti�er than the distal parts [22]. Previous studies have shown the occur-

rence of epimuscular myofascial force transmission (EMFT) via these structures [23,

140-141]. Such EMFT is characterized by the interplay of sti�ness of muscular tissues

and epimuscular connections and it is determined by changes in the position of mus-

cle relative to its neighboring structures [e.g. 27, 109]. Recently it has been shown

that due to such force transmission, the global length changes of human gastrocnemius

muscle and local strains within the muscle can be very di�erent and despite its global

isometric condition, local and heterogeneous deformations were found also within the

soleus muscle [142].

BTX-A exposure changes the sti�ness of muscular tissues because it causes

paralysis of muscle �bers within parts of the muscle belly [66]. Therefore, compared to

the no BTX-A injected condition, identical changes in relative position globally of the

muscle-tendon complex is expected to lead locally to di�erent interactions between the

muscular tissues and their epimuscular connections. Consequently, the epimuscular

connections can operate at di�erent segments of their complex mechanical proper-

ties and cause the EMFT mechanism to change. Note that previously, the e�ects of

BTX-A on the non-injected adjacent muscle were explored after the intactness of the

compartment and the connections of the muscles with surrounding structures had been

disrupted and the two muscles' forces were not measured simultaneously [71]. There-

fore, the e�ects of BTX-A on the forces of muscles operating in an intact compartment

as well as on EMFT mechanism remain unknown. We hypothesized that BTX-A af-

fects (1) the forces of not only the injected but also the noninjected muscles of an

entire intact compartment, and (2) EMFT. The goal of this study was to test these hy-
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potheses. Additionally, it was to assess the existence of a correlation between injected

muscle's length and the e�ects of BTX-A. These goals were addressed by measuring

the force-length properties of the injected muscle as well as the isometric forces of the

restrained non-injected muscles of the intact anterior crural compartment of the rat

simultaneously, and in conditions close to those in vivo.

6.2 Methods

Surgical and experimental procedures were approved by the Committee on the

Ethics of Animal Experimentation at Bogaziçi University. Male Wistar rats were di-

vided into two groups: (1) Control (n = 8, mean ± SD body mass = 318.5 ± 12.5 g).

(2) BTX (n = 8, mean ± SD body mass = 312.5 ± 14.6 g).

After imposing a mild sedation with an intraperitonal dose of 1mg/kg ketamine,

a circular region of approximately 15 mm radius from the center of the knee cap was

shaved. The tibialis anterior (TA) muscle was located by palpation when the ankle was

in maximal plantar �exion and the knee angle approximated 90°. After marking the

center of the knee cap, a second marker was placed at a point 10 mm distal to that,

along the tibia. The injection location was 5 mm lateral (along the direction normal to

the line segment drawn between the two markers) to the second marker and over the

TA muscle. All injections were made exclusively into this muscle, to a depth of 3 mm.

Note that at the site of injection, the diameter of the TA approximates 5 to 5.5 mm,

whereas the thickness of the skin approximates 0.7 to 1mm. Therefore, the injections

were made into the super�cial half of the TA muscle.

For the BTX group, each 100 unit vial of vacuum dried, botulinum type A

neurotoxin complex (BOTOX, Allergan Pharmaceuticals, Ireland) was reconstituted

with 0.9% sodium chloride. The animals received a one-time intramuscular BTX-A

injection at a total dose of 0.1 units. The injected volume equaled 20μl. The control

group was injected with the same volume of 0.9% saline solution exclusively. All

injections were performed �ve days prior to testing. The animals were kept separately
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until the day of the experiment in standard cages and in a thermally regulated animal

care room with a 12h dark-light cycle.

6.2.1 Surgical procedures

The animals were anesthetized using an intraperitoneally injected urethane so-

lution (1.2 ml of 12.5% urethane solution/100 g body mass). Additional doses were

given if necessary (maximally 0.5 ml). Immediately following the experiments, the

animals were sacri�ced by the administration of an overdose of urethane solution.

During the surgery and data collection, the animals were kept on a heated pad

(Harvard Apparatus, Homoeothermic Blanket Control Unit) to prevent hypothermia.

A feedback system utilizing an integrated rectal thermometer allowed for the control

of body temperature at 37 °C by adjusting the temperature of the heated pad.

The skin and the biceps femoris muscle of the left hind limb were removed and

the anterior crural compartment including the extensor digitorum longus (EDL), the

TA, and the extensor hallucis longus (EHL) muscles were exposed. Only a limited

distal fasciotomy was performed to remove the retinaculae (i.e., the transverse crural

ligament and the crural cruciate ligament). The connective tissues at the muscle bellies

within the anterior crural compartment were left intact.

The speci�c combination of knee joint and ankle angles (120º and 100º, respec-

tively) was selected as the reference position. In the reference position, the four distal

tendons of the EDL muscle were tied together using silk thread. Matching markers

were placed on the distal tendons of the EDL, the TA and the EHL muscles, as well

as on a �xed location on the lower leg. Subsequently, the distal EDL tendon complex

as well as the TA and the EHL tendons were cut as distally as possible. The proximal

EDL tendon was cut from the femur, with a small piece of the lateral femoral condyle

still attached. In order to provide connection to force transducers, Kevlar threads were

sutured to: (1) the proximal tendon of the EDL muscle (2) the tied distal tendons of
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the EDL muscle, (3) the distal tendon of the TA muscle, and (4) the distal tendon of

the EHL muscle.

Within the femoral compartment, the sciatic nerve was dissected free of other

tissues, during which process all nerve branches to the muscles of that compartment

were cut. Subsequently, the sciatic nerve was cut as proximally as possible.

6.2.2 Experimental set-up

The animal was mounted in the experimental set-up (Figure 6.1). The femur

and foot were �xed with metal clamps such that the ankle was in maximal plantar

�exion (180°) to allow for the free passage of the Kevlar threads to the distal force

transducers. The knee angle was set at 120º. Each Kevlar thread was connected to

a separate force transducer (BLH Electronics Inc., Canton MA). Care was taken to

ensure the alignment of the Kevlar threads were in the muscle line of pull. The distal

end of the sciatic nerve was placed on a bipolar silver electrode.

6.2.3 Experimental conditions and procedures

Room temperature was kept at 26ºC. For the duration of the experiment, muscle

and tendon tissues were irrigated regularly by isotonic saline to prevent dehydration.

The distal and proximal tendons of the EDL and the distal tendon of the EHL

muscles were kept in their reference positions at all times during the experiment. The

isometric TA force was measured at various muscle=tendon complex lengths. Starting

at muscle active slack length, the TA length was increased by moving its force trans-

ducer (in increments of 1 mm), until it was 2 mm over the length at which the highest

TA force was measured. TA muscle tendon complex length is expressed as deviation

(Δlmt TA) from its active slack length. Simultaneously, the proximal and distal EDL

forces and the distal EHL force were measured.
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Figure 6.1 The experimental set-up. (a) Distal tendons of the tibialis anterior muscle (TA) and the
extensor hallucis longus muscle (EHL) 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
(FT). Throughout the experiment, the EDL and EHL muscles were kept at constant muscle-tendon
complex lengths (Δlmt = 0). Exclusively, the TA muscle was lengthened (Δlmt TA) to progressively
increasing lengths, at which isometric contractions were performed. Lengthening (indicated by double
arrow) started from muscle active slack length at 1 mm increments by changing the position of the
TA force transducer. (b) Experimental condition for joint angles: knee angle = 120º and the ankle is
at maximal plantar �exion. The femur and the foot were �xed by metal clamps and the distal end of
the sciatic nerve was placed on a bipolar silver electrode.
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All muscles studied were activated maximally by supramaximal stimulation of

the sciatic nerve (Biopac Systems stimulator, STMISOC) using a constant current of

2mA (square pulse width 0.1ms). After setting the TA muscle to a target length, two

twitches were evoked and 300 ms after the second twitch, the muscles were tetanized

(pulse train 400 ms, frequency 100 Hz). At 200 ms after the tetanic contraction, another

twitch was evoked. After each application of this stimulation protocol, the muscles were

allowed to recover for 2 minutes. For the TA muscle, recovery was allowed to occur

near the active slack length, whereas the lengths of the other muscles were not altered.

6.2.4 Processing of experimental data and statistics

Muscle passive isometric forces were determined 100 ms after the second twitch,

and muscle total isometric forces were determined during the tetanic plateau (the

mean force for a 200 ms interval, 150 ms after evoking tetanic stimulation). Data for

total muscle force (Ft) in relation to muscle-tendon complex length were �tted with a

polynomial function using a least squares criterion

y=b0+b1x+b2x2 + ... + bnx
n (1)

where x represents muscle-tendon complex length. b0, b1. . . bn are coe�cients

determined in the �tting process. Data for passive muscle force (Fp) in relation to

muscle-tendon complex length were �tted with an exponential function using a least

squares criterion

y=ea1+a2x (2)

where x represents passive muscle-tendon complex length and a1 and a2 are

coe�cients determined in the �tting process.

Polynomials that best described the experimental data were selected by using

one-way analysis of variance (ANOVA) [30]: the lowest order of the polynomials that
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Figure 6.2 Typical examples of force time traces measured at tendons of muscles of the anterior
crural compartment. Superimposed traces recorded at 5 TA muscle lengths (a) the TA force, (b) the
distal EDL force, (c) the proximal EDL force and (d) the EHL force.



78

still added a signi�cant improvement to the description of changes of muscle-tendon

complex length and muscle force data were selected. These polynomials were used

for two purposes: (1) Averaging of data and calculation of standard deviations. Per

each muscle studied, muscle forces at di�erent TA muscle-tendon complex lengths were

obtained by using these functions. Per each TA muscle-tendon complex length, forces

were averaged and standard deviations (SD) were calculated to determine the muscle's

force (mean ± SD). (2) Determining the maximal TA force and the corresponding

muscle length. For each individual TA muscle, the maximal TA force is de�ned as the

maximum value of the �tted polynomial for total muscle force and the corresponding

TA length is determined. One-way ANOVA was also used to test for the e�ects of BTX-

A injection on the TA muscle's length range of force production, i.e., the range between

muscle active slack length and the length at which maximal force is measured. Two-

way ANOVA for repeated measures (factors: TA muscle-tendon complex length and

animal group) was performed separately for the forces of each muscle. Di�erences were

considered signi�cant at p<0.05. If signi�cant main e�ects were found, Bonferroni post-

hoc tests were performed to further locate signi�cant force di�erences within the factors

[30]. Spearman's Rank correlation coe�cient was calculated to test if reductions in TA

total forces due to BTX-A injection are correlated with TA muscle-tendon complex

length. Reduction in force is calculated as the di�erence in mean force between the

control and the BTX animal groups at each TA muscle-tendon complex length and

expressed as a percentage of the mean force of the control group. Correlations were

considered signi�cant at p<0.05.

6.3 Results

Figure 6.2 shows superimposed examples of force�time traces for muscles of the

anterior crural compartment at 5 sample TA lengths selected from the range of 13 TA

lengths tested between muscle active slack length and the length 2 mm over the length

at which the highest TA force was measured.

TA force-length characteristics ANOVA (factors: TA length and animal group)
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Figure 6.3 The e�ects BTX-A injection to TA muscle on its isometric muscle force-length charac-
teristics. Absolute total and passive isometric forces are shown as mean values ± SD for the control
group and the BTX injected group of animals. The TA muscle-tendon complex length is expressed as
a deviation (Δlmt TA) from the active slack length of BTX group. The reference position corresponds
to Δlmt TA = 4 mm. Signi�cant di�erences between the TA force of the BTX group and the control
group (Bonferoni post hoc test) are indicated by * (total force) and by � (passive force).

showed signi�cant main e�ects on TA total forces, as well as a signi�cant interaction.

Post hoc test located signi�cant major e�ects of BTX-A injection at most muscle

lengths (Δlmt TA > 4 mm). A signi�cant negative correlation was found between

reductions in TA total force with increasing TA length. Spearman's rank correlation

coe�cient was -0.94 (p=0.0049). BTX-A caused TA total force to decrease by, e.g.,

55.9% at Δlmt TA = 4 mm, by 47.3% at Δlmt TA = 10 mm (i.e., the length at which

the maximum TA force was measured) and by 46.6% at the highest muscle length

studied (i.e. Δlmt TA = 12 mm). The length range of force production for the BTX

group (9.46 ± 1.45 mm, mean ± SD) was not signi�cantly di�erent from that of the

control group (10.35 ± 1.42 mm, mean ± SD). ANOVA showed signi�cant main e�ects

also on TA passive forces, as well as a signi�cant interaction. Post hoc test showed

signi�cant e�ects of BTX-A injection at higher lengths (Δlmt TA > 10 mm): passive

forces were higher for the BTX group (maximally by 43.9%) (Figure 6.3).
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EDL forces Both distally and proximally, ANOVA showed only a signi�cant

e�ect of BTX-A injection on EDL total forces; but no signi�cant e�ects of TA length

or a signi�cant interaction. The mean force decreases BTX-A caused for the TA

lengths studied were 67.8% distally and 62.9% proximally (Figure 6.4a, b). In contrast,

ANOVA showed only a signi�cant e�ect of TA length on EDL passive forces, thus nei-

ther signi�cant e�ects of BTX-A injection nor a signi�cant interaction. ANOVA also

showed signi�cant main e�ects on the EDL proximo-distal total force di�erences (Fig-

ure 6.4c) and a signi�cant interaction. For the control group, the EDL distal forces

were higher than proximal forces for Δlmt TA < 5 mm and vice versa at higher TA

lengths. Increasing the TA length was shown to change the force di�erence measured

at Δlmt TA = 0 mm signi�cantly for Δlmt TA > 6 mm. For the BTX group, the

EDL proximal forces were higher than the distal forces for all TA lengths; however, no

signi�cant e�ect of increasing TA length was shown. Post hoc test located signi�cant

e�ects of the BTX-A injection on the EDL proximo-distal total force di�erences for

Δlmt TA < 5 mm.

EHL forces ANOVA showed signi�cant main e�ects on EHL total forces, but

no signi�cant interaction. The mean force decrease BTX-A caused for the TA lengths

studied was 9.2% (Figure 6.5). For both animal groups, the increased TA length caused

the EHL forces to decrease signi�cantly (by 34%) within almost the entire length range

(Δlmt TA > 2 mm) compared to EHL force measured at Δlmt TA = 0 mm (post hoc).

Regarding EHL passive forces, ANOVA showed neither signi�cant main e�ects nor a

signi�cant interaction.

In summary, the present results make it evident that BTX-A administration

causes the forces of not only the injected but also the non-injected muscles of an

entire intact compartment to decrease. This con�rms our �rst hypothesis. The results

did show the existence of a signi�cant correlation between injected muscle's length

and the e�ects of BTX-A such that the force reductions decrease as the length of the

muscle increases. The results also support the second hypothesis and show that BTX-A

exposure has e�ects on the EMFT mechanism.
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Figure 6.4 The e�ects of BTX-A injection to TA muscle on the EDL forces as a function of increasing
TA muscle length. (a) Absolute total and passive forces exerted at the distal EDL tendon. (b) Absolute
total and passive forces exerted at the proximal EDL tendon. (c) Normalized proximo-distal EDL total
force di�erences. The EDL forces measured from the control group and the BTX group of animals,
plotted as a function of TA length, are shown as mean values ± SD. The TA muscle-tendon complex
length is expressed as a deviation (Δlmt TA) from the active slack length of BTX injected group. The
reference position corresponds to Δlmt TA = 4 mm. Forces in (c) are normalized with respect to the
EDL peak total distal force of the corresponding animal group (i.e., 1.27 ± 0.22 N and 0.44 ± 0.48 N,
respectively for the control and the BTX group). Note that a positive force di�erence indicates that a
net epimuscular myofascial load is exerted on the EDL in the proximal direction and a negative force
di�erence indicates a distally directed net epimuscular myofascial load.
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Figure 6.5 The e�ects of BTX injection to TA muscle on the EHL forces as a function of increasing
TA muscle length. Absolute total as well as passive forces exerted at the distal tendon of the EHL
muscle measured from the control group and the BTX group of animals are shown as mean values
± SD. The TA muscle-tendon complex length is expressed as a deviation (Δlmt TA) from the active
slack length of BTX group. The reference position corresponds to Δlmt TA = 4 mm.
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6.4 Discussion

E�ects of BTX-A on the forces of the injected and the non-injected muscles of

the compartment An important �nding is that force decreases caused by BTX-A are

muscle length dependent such that the increased length of the injected muscle and the

reduction in force are negatively correlated. Similar results were shown in the study of

Yaraskavitch et al. [71] for the cat soleus muscle and were inferred from their torque-

joint angle data by Longino et al. [13] after testing the quadriceps musculature of

the rabbit. These �ndings obtained from di�erent muscles suggest that muscle length

dependency of the e�ects of BTX-A are important to consider. This may have clinical

implications some of which are discussed in a successive paragraph.

Yaraskavitch et al. [71] based their explanation for the observed change in the

force-length curve, i.e., a less steep ascending limb, on adaptation in the number of

in-series sarcomeres, which could occur 4 weeks post-injection. However, in the present

study, only 5 days postinjection, the occurrence of such adaptation is less likely. Dener-

vation of adult mice muscle was shown to have no e�ect on the sarcomere number [206].

Therefore, the present results suggest that length dependent e�ects of BTX-A may not

be due exclusively to changes in the number of in-series sarcomeres within the muscle.

Instead, a mechanism that involves changes in lengths of in series sarcomeres may be

responsible. For such mechanism, the fact that BTX-A causes paralysis of muscle �bers

within parts of the muscle belly [66] is central. Due to that, BTX-A injection may lead

to di�erences in two types of mechanical interactions occurring among the structures

comprising the muscle-tendon complex: (1) Muscle-tendon interactions Tendon tissue

has nonlinear force-deformation characteristics [205], and under lower magnitudes of

forces, it has been shown to be more compliant [207-208]. For the BTX-A injected

muscle, a general expected e�ect of the resulting reduction of muscle force is less ex-

tension of the tendon for the same muscle-tendon complex length. Therefore, a muscle

tendon complex length dependent shifting of the sarcomere lengths to higher lengths

is plausible. (2) Muscle �ber-extracellular matrix interactions Muscle �bers and the

extracellular matrix (ECM) are mechanically connected not only at the ends of the

muscle �bers, but also along their full peripheral length [161, 209-210]. Consequently,
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muscle �bers can interact with the ECM and hence with each other mechanically [111,

162-163, 211]. In tetanized muscle, this mechanism has been shown to limit shorten-

ing of muscle �bers after tenotomy [111] and aponeurotomy [82, 179]: although some

muscle �bers lost their myotendinous connection to the insertion of the muscle, the

ECM connected to the muscle �bers via transsarcolemmal molecules [161] prevents the

sarcomeres within these muscle �bers from shortening to their active slack length. In

BTX-A injected muscle due to a lack of stimulation, the paralyzed muscle �bers do not

shorten as activated muscle �bers of a non-paralyzed muscle would do. Therefore, the

interaction mechanism described is expected to cause a resistance to the shortening of

the sarcomeres within the activated muscle �bers. A common indicated e�ect there-

fore appears to be the shifted lengths of the sarcomeres within the activated muscle

�bers. Recently, Turkoglu et al. [212] studied the principles of e�ects of BTX-A on

muscular mechanics by extending a �nite element model of rat muscle [28, 213]. They

activated only selected parts of the muscle, and the remainder parts were considered

to represent paralyzed muscle �bers. The model results show in agreement with [71]

the arguments posed above that sarcomeres do attain higher lengths. Consequently,

if the active sarcomeres of the partially paralyzed muscle are at the ascending limb of

their force length curve, they can produce more force compared to their counterparts

in the nonparalyzed muscle. This suggest that a net muscle force reduction e�ect of

BTX-A originates exclusively from the presence of paralyzed muscle �bers, as the ac-

tive ones may have even an enhanced potential of active force production. Note that

the model results [212] indicate that compared to lower muscle lengths, this potential

compromising the e�ectiveness of BTX-A is greater at intermediate muscle lengths be-

cause there is relatively more resistance to sarcomere shortening. On the other hand,

if the active sarcomeres are at the descending limb of their force-length curve, the op-

posite is valid, i.e., as they attain higher lengths, they produce less force. Note that in

conditions similar to the present ones i.e., for muscle with epimuscular connections to

its surrounding structures, previous model studies suggest heterogeneity of sarcomere

lengths within muscle �bers [23, 84, 109]. Particularly at higher muscle lengths, sar-

comere length heterogeneity may include sarcomeres at both ascending and descending

limbs of their force-length curves within the same muscle �bers [22, 25]. Therefore, for

such lengths, a more complex mechanism may determine the e�ectiveness of BTX-A
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in force reduction. Recall that the present results show a decrease in the force reduc-

tion e�ect of BTX-A at higher muscle lengths. According to the mechanism proposed,

this suggests that most active sarcomeres may have been shifted to lengths favorable

for force production. It is important to note that the mechanisms considered here to

explain the length dependency of the e�ects of BTX-A are theoretical ones and they

should be elaborated and veri�ed in new studies. Medical imaging may be a feasible

method to test these e�ects. Recently in no BTX-A injected condition has magnetic

resonance imaging analyses shown the occurrence of local and heterogeneous muscle

tissue deformations as caused by joint angle changes in human muscles in vivo [142].

Such deformations involve variable magnitudes of local lengthening occuring simulta-

neously with local shortening at other locations and indicate that distribution locally

of lengths of muscle tissue is possible. Coupled with di�usion tensor imaging, such

analyses may allow for quanti�cation of length changes speci�cally along the muscle

�ber direction [214].

BTX-A is used in treating patients with cerebral palsy, e.g., in the management

of spastic equines gait [198-199] as well as in upper limb spasticity [215]. In these

patients, spasticity is responsible for movement disorders and functional disability that

can be characterized by a limited joint range of movement [38]. An improved un-

derstanding of how BTX-A a�ects the force production of muscle for di�erent muscle

lengths may be clinically relevant. However, the moment arm lengths of muscles vary

with varying joint angles [126-127], which make it di�cult to relate such understanding

directly to joint movement. Therefore, based on the present results, it cannot be con-

cluded that the e�ects of the treatment are variable for di�erent joint angles. Muscle

hypertonicity in spasticity [29-31] causes the joint to be forcefully kept in typically a

�exed position in which the muscle is expected to be short. It may be important that

a more pronounced muscle weakening e�ect is found for shorter muscle lengths. How-

ever, due to the indicated di�culty in relating muscle force-length properties to joint

movement, it cannot be concluded that more pronounced e�ects are available for the

joint positions that may correspond to short muscle lengths. Nevertheless, the �ndings

of Longino et al. [201] may support this expectation because these authors showed that

muscle weakness e�ects of BTX-A cumulatively on the rabbit knee extensors are knee
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joint angle dependent, and are more pronounced for more extended knee positions.

More importantly, the results of the present study show that potentially all muscles

within a compartment can determine how BTX-A administration a�ects the mechanics

at the joint, even though only one of them is injected. A noteworthy implication of this

�nding is that the non-targeted muscles may have unintended e�ects also at the other

joints that they span. These �ndings are expected to have clinical relevance and the

experimental approaches developed are suitable for addressing them in new studies.

These studies should also impose muscle length changes for the non-targeted muscles.

Injection protocol employed in relation to the e�ects on muscle forces

[67] showed that the compound muscle action potential amplitude and the force

exerted by lower hind limb �exors of the rat decreased predominantly in the �rst four

days, with the decreases leveling o� by the �fth day. Presently, the aim was to assess

the short-term e�ects of BTX-A after stabilization. Therefore, all injections were

performed �ve days prior to testing. Note that the present BTX-A injection protocol

di�ers from common clinical practice: (1) the injected dose (0.1 U i.e., approximately

0.32 U/kg) was less than that used in patients for lower limb muscles (3-6 U/kg),

including children with cerebral palsy [216-218]. (2) A single injection was made to

the mid-belly of the target muscle instead of using multiple injection points [65, 70,

216, 219]. However, although they are not capable of showing whether an e�ective

distribution of toxin is achieved, the present results strongly suggest that a considerable

paralysis did occur within the target muscle. Shaari and Sanders showed that for the

rat TA muscle, even a dose of 0.02U (a �fth of the dose used presently) injected to the

mid-belly causes approximately a �fth of the total cross-sectional area to be paralyzed

only 24 hours following the injection [66]. Shaari and Sanders also reported that an

e�ective distribution of toxin is possible. Therefore, the quantity of BTX-A injected

does not represent a low dose for the rat TA muscle as the di�erence with respect to

the clinically used quantities would suggest and the present injection protocol was a

suitable one for studying the e�ects of BTX-A on this muscle. On the other hand, BTX-

A is reported to be highly di�usive [70]. Although it binds with high a�nity to local

targets within the muscle, a larger volume, single injection may cause that site to be
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saturated and thus allow the spread of toxin to neighboring structures [216]. Therefore,

the present injection protocol may have promoted toxin leakage to the adjacent EDL

and EHL muscles. Yaraskavitch et al. explained their results with leakage of BTX-A

into the noninjected muscle [71]; additionally, it is possible that partial paralyzation

of these muscles is responsible for the presently measured force decreases. Note that

the spread of BTX-A beyond the injection site is considered to be a side e�ect [16, 56]

and has been argued to occur not only after localized injections [14-15], but may be

determined by the dose and concentration of injection [216]. New studies are indicated

to test for the role of di�erent injection protocols beyond the injection site within an

intact compartment.

BTX-A has e�ects on EMFT

After imposing length changes to a muscle, EMFT previously has been shown to

cause changes in forces of restrained muscles [e.g. 23, 141]. The present results showed

similar e�ects for the control group: (1) The increased TA length caused signi�cant

changes in EDL proximo-distal force di�erences. Note that such force di�erences [15,

22, 25] are characteristic e�ects of EMFT [26] and represent the resultant of epimuscu-

lar myofascial loads acting on the EDL muscle. These forces originate from stretching

epimuscular connections, which include direct collageneous connections between adja-

cent muscles as well as structures such as collagen-reinforced neurovascular tracts and

compartmental boundaries.

They also include forces generated within the sarcomeres of neighboring muscles

that are transmitted onto the EDL muscle via these structures [for a detailed discussion

see 107]. Initially, the present EDL proximo-distal force di�erences were in favor of the

distal force indicating that a resultant epimuscular myofascial load was acting on the

muscle in the proximal direction. At the initial TA length, the length of the EDL muscle

restrained at the reference position was conceivably higher causing interconnecting

epimuscular connections between these muscles to be stretched as a source of such

proximally directed loads.
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However, the e�ect was reversed at higher TA lengths. (2) The increased TA

length also caused EHL force to change signi�cantly. No such EMFT e�ect on EHL

muscle has been reported since in the previous studies, forces of this muscle were mea-

sured together with the forces of TA muscle via their tied tendons [25, 170]. However,

EMFT between EHL and EDL muscles was shown previously to occur after impos-

ing EHL length changes [23]. In those experiments, prior to testing, anterior crural

compartment was opened and the TA muscle was removed. Therefore, only certain

epimuscular connections of EHL muscle were left intact. In contrast, presently signif-

icant EMFT e�ects of TA length changes in a fully intact compartment were shown,

which caused EHL forces to decrease approximately by a third. The results showed

that similarly to the control group, increased TA length caused signi�cant changes in

the EHL force such that the EMFT e�ects remained as profound in the BTX group.

This �nding can be interpreted as BTX-A did not a�ect EMFT between EHL and TA

muscles. However, like all muscles within the compartment, a muscle weakening e�ect

was found for the EHL muscle, indicating that its sti�ness in the active state decreased.

Yet, the length changes of the TA muscle yielded the same relative decrease in EHL

force for both groups. Therefore, the results indicate two �ndings: (1) the epimuscu-

lar connections between EHL and TA muscles remained su�ciently sti� to allow the

occurrence of EMFT. (2) BTX-A causes manipulation locally of their sti�ness, opera-

tionalized for the changes of muscle relative positions imposed. This is in agreement

with our expectation that BTX-A administration changes the interplay of sti�ness of

muscular tissues and their epimuscular connections, and con�rms that BTX-A a�ected

EMFT between the EHL and the TA muscles.

On the other hand, BTX-A exposure did a�ect EDL proximo-distal force dif-

ferences such that the e�ect of force di�erences initially in favor of the distal EDL

force disappeared. This is an indicator that the epimuscular myofascial loads acting on

the EDL muscle were manipulated by BTX-A. Also this result indicates that BTX-A

administration changes the interplay of sti�ness of muscular tissues and their epimus-

cular connections. Although it is not immediately apparent which component plays a

dominant role, it is plausible that the epimuscular connections between the EDL and

the TA muscles were less e�ective in EMFT after BTX-A administration.
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A noteworthy e�ect presently shown is that at higher muscle lengths of the

BTX-A injected TA muscle, the passive forces were signi�cantly higher than those of

the control group. A tenable explanation for this e�ect is an increased sti�ness of the

intramuscular connective tissues of the TA muscle and its epimuscular connections in

combination. In agreement with this, the slope of the passive force-length curve of

the BTX-A group was at least 86% higher than that of the control group for ∆lmt

TA = 10 mm. Note that, in the passive state, any di�erence between the control

and BTX groups in terms of existence of paralyzed muscle parts vanishes. Therefore,

the increased passive TA forces cannot be ascribable to manipulated myofascial tissue

sti�ness, solely due to muscle relative position changes. Instead, it should also be

considered that structural changes possibly occurred in these tissues. Within the �rst

week following the denervation, atrophy of rat muscles was reported [220]. Also BTX-

A was shown to cause atrophy [221-222]. Billante et al. showed that BTX-A causes

decreased muscle �ber diameters as well as density [68]. Only for very high doses of

BTX-A, even existence of �brosis was observed by these authors within the muscle.

However, no evidence is available whether passive muscle force increases accompanied

such e�ects.

Moreover, these e�ects are limited to the intramuscular tissues exclusively. The

lack of direct data to show if tissue structural changes occurred presently is a limita-

tion of this study. However, increased passive force of BTX-A injected muscle with

intact epimuscular connections is an interesting �nding, implications of which on tissue

adaptation should be addressed in new speci�c studies.

The results show that BTX-A has e�ects on EMFT. However, these e�ects are

not uniform within the anterior crural compartment for the conditions studied and

they imply that EMFT is a�ected not only by muscle weakening but also by manipu-

lated mechanical properties of the connective tissues comprising the EMFT pathways.

EMFT has been regarded to play an important role in the mechanics of spastic paretic

muscle [62] and surgical treatment techniques of the related functional de�ciencies [63].

Such concepts are likely to have clinical implications also for the treatment of these

conditions using BTX-A. New studies are indicated to explore further the relationship
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between the e�ects of BTX-A and those of EMFT.

6.5 Conclusions

The results show that exposure to BTX-A does a�ect the forces of all muscles

operating in an intact compartment: (1) length dependent force decreases were found

for the targeted TA muscle such that increased muscle length and the reduction in

muscle force are negatively correlated. However, no change in the muscles' length range

of active force production was found. (2) The simultaneously measured forces of the

non-injected synergistic EDL and EHL muscles also decreased signi�cantly, suggesting

the presence of unintended additional e�ects both for the targeted distal joint and

for the non-targeted proximal joint. The results also show that BTX-A exposure has

e�ects on the EMFT mechanism. However, these e�ects are not uniform within the

anterior crural compartment.
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7. EFFECTS OF BTX-A ON NON-INJECTED

BI-ARTICULAR MUSCLE INCLUDE A NARROWER

LENGTH RANGE OF FORCE EXERTION AND

INCREASED PASSIVE FORCE

7.1 Introduction

Botulinum toxin type A (BTX-A) causes muscle paralysis by inhibiting acetyl-

choline release into the presynaptic cleft in the neuromuscular junction [e.g., 65]. This

chemodenervant is applied to spastic muscles of cerebral palsy (CP) patients to de-

crease muscle tonus [223-224]. A consequence of decreased hyperactivity is increased

joint range of motion [225-227]. Therefore, it is aimed at improving joint function

[228] and gait [218, 229-230]. BTX-A is also used to treat spasticity from several other

origins such as stroke [231-232] and multiple sclerosis [233].

The e�ects of BTX-A have been widely studied by quantifying such parameters

as the area of paralysis [66], electromyography [234] and compound muscle action

potential [235]. Reports on twitch and tetanic force have been limited to selected

muscle lengths or joint positions [e.g., 235, 236]. The di�culty of relating muscle

force-length characteristics directly to joint movement due to moment arm lengths

varying with joint angles [237-238] is apparent. Yet, such data have more potential

for an improved understanding of e�ects of BTX-A on joint mechanics. For example,

reduction of active force was shown to be variable as a function of muscle length instead

of being constant [239].

BTX-A has been shown to spread through muscle fascia [70], and its e�ects

beyond the injection site have been reported [240-242]. Therefore, it is also necessary

to measure the e�ects not only on the target muscle but also on others that are af-

fected. Recently, Yaraskavitch et al. [243] showed that the force-length characteristics
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of both injected soleus and non-injected plantaris muscles of the cat are a�ected by the

poison. Exposure exclusively of the tibialis anterior (TA) muscle of the anterior crural

compartment of the rat a�ects the forces of also all other muscles i.e., m. extensor

digitorum longus (EDL) and m. extensor hallucis longus (EHL) within the compart-

ment [239]. On the other hand, it was reported to our knowledge for the �rst time

that passive forces of muscle exposed to BTX-A increase [239]. As by using BTX-A

in CP patients, an important goal is also to reduce passive resistance of the muscle at

the joint [244-247], this �nding is interesting.

For a bi-articular muscle, proximal and distal moment arms may di�er, causing

its contribution to mechanics of the joints it spans to be not symmetric. However,

this may not be the exclussive source of such asymmetry. In BTX-A free conditions

it was shown that the e�ects on muscle force-length characteristics of equal proximal

and distal lengthening of bi-articular EDL muscle of the rat are not symmetric: e.g.

distal lengthening yielded a lower distal optimal force than the proximal optimal force

measured after proximal lengthening [174]. This e�ect is acribable to mechanical in-

teraction of muscle with its surrounding muscular and non-muscular tissues via its

myofascial connections to those structures [63, 140-141]. Such mechanical interaction

is feasible in an intact muscle compartment, as it is in vivo [142, 165]. Based on

this, BTX-A may be expected to a�ect mechanics of a bi-articular muscle di�erently

proximally and distally. However, this has not been tested.

We aimed at testing the hypothesis that BTX-A administration to the TA mus-

cle of the rat a�ects the synergistic EDL muscle and causes changes to this muscle's

active as well as passive contribution to mechanics of the joints it spans. This goal

was addressed by measuring the force-length characteristics of the EDL muscle after

proximal as well as distal lengthening. Key parameters studied were active force reduc-

tion, length range of active force exertion and passive muscle forces. For completeness,

isometric forces of the TA and EHL muscles of the intact compartment were measured

simultaneously.
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7.2 Methods

7.2.1 Assessment of the e�ects of BTX on muscular mechanics

Surgical and experimental procedures were approved by the Committee on the

Ethics of Animal Experimentation at Bo§aziçi University. Male Wistar rats were di-

vided into two groups: Control (n = 8, mean ± SD body mass = 300.0 ± 6.9 g) and

BTX (n = 8, mean ± SD body mass = 315.0 ± 6.3 g).

After imposing a mild sedation with an intraperitonal dose of 1mg/kg ketamine,

a circular region of approximately 15 mm radius from the center of the knee cap was

shaved. The tibialis anterior (TA) muscle was located by palpation when the ankle was

in maximal plantar �exion and the knee angle approximated 90°. After marking the

center of the knee cap, a second marker was placed at a point 10 mm distal to that,

along the tibia. The injection location was 5 mm lateral (along the direction normal to

the line segment drawn between the two markers) to the second marker and over the

TA muscle. All injections were made exclusively into this muscle, to a depth of 3 mm.

For the BTX group, each 100 unit vial of vacuum dried, botulinum type A neu-

rotoxin complex (BTX-A) (BOTOX, Allergan Pharmaceuticals, Ireland) was recon-

stituted with 0.9% sodium chloride. The animals received a one-time intramuscular

BTX-A injection at a total dose of 0.1 units. The injected volume equaled 20μl. The

control group was injected with the same volume of 0.9% saline solution exclusively.

All injections were performed �ve days prior to testing. The animals were kept sepa-

rately until the day of the experiment in standard cages and in a thermally regulated

animal care room with a 12h dark-light cycle.

7.2.2 Surgical Procedures

The animals were anesthetized using an intraperitoneally injected urethane so-

lution (1.2ml of 12.5% urethane solution/100g body mass). Additional doses were given
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if necessary (maximally 0.5ml). Immediately following the experiments, the animals

were euthanized by the administration of an overdose of urethane solution.

During the surgery and data collection, the animals were kept on a heated pad

(Harvard Apparatus, Homoeothermic Blanket Control Unit) to prevent hypothermia.

A feedback system utilizing an integrated rectal thermometer allowed for the control

of body temperature at 37 °C by adjusting the temperature of the heated pad. The

skin and the biceps femoris muscle of the left hind limb were removed and the anterior

crural compartment including the EDL, the TA, and the EHL muscles were exposed.

Only a limited distal fasciotomy was performed to remove the retinaculae (i.e., the

transverse crural ligament and the crural cruciate ligament). The connective tissues at

the muscle bellies within the anterior crural compartment were left intact.

The combination of knee joint and ankle angles (120° and 100°, respectively)

was selected as the reference position. In the reference position, the four distal tendons

of the EDL muscle were tied together using silk thread. Matching markers were placed

on the distal tendons of the EDL, the TA and the EHL muscles, as well as on a �xed

location on the lower leg. Subsequently, the distal EDL tendon complex as well as the

TA and the EHL tendons were cut as distally as possible.

The femoral compartment was opened for two purposes: (1) to reach the prox-

imal tendon of the EDL. After reaching it, this tendon was cut from the femur, with

a small piece of the lateral femoral condyle still attached. (2) To expose the sciatic

nerve. After this was done, the sciatic nerve was dissected free of other tissues, during

which process all nerve branches to the muscles of the femoral compartment were cut.

Subsequently, the sciatic nerve was cut as proximally as possible.

In order to provide connection to force transducers, Kevlar threads were sutured

to: (1) the proximal tendon of the EDL muscle (2) the tied distal tendons of the EDL

muscle, (3) the distal tendon of the TA muscle, and (4) the distal tendon of the EHL

muscle.
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Figure 7.1 Schematic view of the experimental setup. (a) The proximal and the tied distal tendons
of the EDL muscle (EDL prox and EDL dist, respectively) as well as the distal tendons of the tibialis
anterior muscle (TA) and the extensor hallucis longus muscle (EHL) were each connected to a sepa-
rate force transducer (FT). Throughout the experiment, the TA and the EHL muscles were kept at
constant muscle-tendon complex lengths. Exclusively, the EDL muscle was lengthened either proxi-
mally or distally to progressively increasing lengths, at which isometric contractions were performed.
Lengthening (indicated by double arrow) started from muscle active slack length at 1mm increments
by changing the position of the target EDL force transducer. During the proximal lengthening condi-
tion, FTEDL dist, and during the distal lengthening condition, FTEDL prox was kept in its reference
position. (b) Experimental condition for joint angles: knee angle=120° and the ankle is at maximal
plantar �exion. The femur and the foot were �xed by metal clamps and the distal end of the sciatic
nerve was placed on a bipolar silver electrode. Kevlar threads (hatched lines) were sutured to tendons
(solid lines) to provide connection to their respective FT.
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7.2.3 Experimental set-up

The animal was mounted in the experimental set-up (Fig. 1A). The femur and

foot were �xed with metal clamps such that the ankle was in maximal plantar �exion

(180°) to allow for the free passage of the Kevlar threads to the distal force transducers.

The knee angle was set at 120°. Each Kevlar thread was connected to a separate force

transducer (BLH Electronics Inc., Canton MA). Care was taken to ensure the alignment

of the Kevlar threads were in the muscle line of pull. The distal end of the sciatic nerve

was placed on a bipolar silver electrode (Fig. 1B).

7.2.4 Experimental conditions and procedures

Room temperature was kept at 26°C. For the duration of the experiment, muscle

and tendon tissues were irrigated regularly by isotonic saline to prevent dehydration.

The distal tendons of TA and EHL muscles were kept in their reference positions at

all times during the experiment. The isometric forces of all muscles were measured

simultaneously at various muscle-tendon complex lengths of the EDL either by mov-

ing its proximal force transducer in the proximal direction (i.e., proximal lengthening

condition) or by moving its distal force transducer in the distal direction (i.e., distal

lengthening condition): starting from its active slack length, the EDL length was in-

creased in increments of 1 mm, until it was 2 mm over the optimum length. EDL distal

tendon was kept in its reference position.

EDL muscle-tendon complex lengths are expressed as deviation from the related

optimum length (i.e., ∆lma EDL proximal or ∆lma EDL distal).

All muscles studied were activated maximally by supramaximal stimulation of

the sciatic nerve (Biopac Systems stimulator, STMISOC) using a constant current of

2mA (square pulse width 0.1ms). After setting the EDL muscle to a target length, two

twitches were evoked and 300ms after the second twitch, the muscles were tetanized

(pulse train 400ms, frequency 100Hz). At 200ms after the tetanic contraction, another
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twitch was evoked. After each application of this stimulation protocol, the muscles

were allowed to recover for 2 minutes. For the EDL muscle, recovery was allowed to

occur near the active slack length, whereas the lengths of the other muscles were not

altered.

Subsequent to isometric force measurements, a glycogen depletion process was

carried out in the BTX group: the peroneal branch of sciatic nerve was stimulated

(20 Hz) continuously for 15 min [66, 70]. The anterior crural muscles were removed

immediately after the animal was euthanized and their mid portions were prepared

for histological assessment: �xation was followed by processing (Leica TP1020) and

para�n embedding (Leica EG1150H). 8µm sections were cut (Leica RM2255) for every

100µm. Glycogen staining was performed using periodic acid-Schi� (PAS) (Sigma-

Aldrich, USA). Photographs of stained sections were taken under microscope (Leica

DM2500, 10X magni�cations). E�ectiveness of PAS staining technique was assessed

(Fig. 2A) in the control group (n=1, with glycogen depletion and n=1, with no glycogen

depletion).

7.2.5 Assessments of the e�ects of BTX-A on intramuscular connective

tissue content

Changes in intramuscular connective tissue content were assessed histologically

in a separate set of male Wistar rats, again divided into two groups: Control (n =

6, mean ± SD body mass = 321.7 ± 29.3 g) and BTX (n = 6, mean ± SD body

mass = 319.3 ± 8.1 g). After the injection protocol described above was employed,

the animals were kept for �ve days in identical conditions with the previous set. TA,

EDL, and EHL muscles were removed. Total wet muscle mass was measured using

a scale (Precisa XB 320M) with high resolution (0.001 g). Subsequently, the muscles

were prepared for histological assessment, cut into sections and photographed using the

equipment described above. However, for this set, a detailed and quantitative analysis

was carried out: 5μm cross-sections were cut for every 20μm. The sections were stained

using Gomori's Trichrome (Bio-Optica-30-30110, Italy), which stain has been used in
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distinguishing intramuscular collagen e.g., in neuromuscular diseases [248-249].

7.2.6 Data processing and statistics

Muscle isometric forces were determined 100ms after the second twitch. Force

in such inactivated state represents the mechanical resistance potential of the muscular

tissues at a particular muscle length tested and is referred to as passive muscle force

(Fp). Muscle total isometric forces were determined during the tetanic plateau (the

mean force for a 200ms interval, 150 ms after evoking tetanic stimulation). Data for

active muscle force (Fa) calculated by subtracting the measured passive force from

total force in relation to muscle-tendon complex length were �tted with a polynomial

function using a least squares criterion

y=b0+b1x+b2x2 + ... + bnx
n (1)

where y represents Fa, x represents muscle-tendon complex length. b0, b1. . . bn

are coe�cients determined in the �tting process. Data for passive muscle force in

relation to muscle-tendon complex length were �tted with an exponential function

using a least squares criterion

y=ea1+a2x (2)

where y represents Fp and x represents passive muscle-tendon complex length

and a1 and a2 are coe�cients determined in the �tting process.

Polynomials that best described the experimental data were selected by using

one-way analysis of variance (ANOVA) [125]: the lowest order of the polynomials that

still added a signi�cant improvement to the description of changes of muscle-tendon

complex length and muscle force data were selected. These polynomials were used for

averaging of data and calculation of standard deviations. Per each muscle studied,

muscle forces at di�erent EDL muscle-tendon complex lengths were obtained by using
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these functions. Per each EDL muscle-tendon complex length, forces were averaged

and standard deviations (SD) were calculated to determine the muscle's force (mean

± SD).

The major determinants of muscle length-force characteristics are muscle opti-

mal force (the maximum isometric force exerted by an active muscle), the corresponding

muscle length, and muscle active slack length (the shortest length at which the muscle

can still exert nonzero force). Muscle optimal force often is taken as an indication of a

muscle's capacity for force production, and the range from active slack length to length

at which optimal force is exerted is taken as an indicator of movement capability with

active force exertion within the potential range of motion of a certain joint.

In order to account for these issues, the polynomials obtained were used also for

the following purposes: determining (i) the optimal EDL force (i.e., for each individual

EDL muscle, the maximum value of the �tted polynomial for active muscle force) as

well as the corresponding muscle length and (ii) EDL active slack length. EDL muscle's

length range of active force exertion (lrange) was determined as the range between the

muscle's active slack length and the length at which optimal force is measured. Assessed

were the proximal lrange in proximal lengthening condition and distal lrange in distal

lengthening condition.

One-way ANOVA was also used to test for the e�ects of BTX administration

on EDL muscle's lrange and to compare changes to lrange in proximal lengthening vs.

distal lengthening conditions. Two-way ANOVA for repeated measures (factors: EDL

muscle-tendon complex length and animal group) was performed separately for the

forces of each muscle. Di�erences were considered signi�cant at p<0.05. If signi�cant

main e�ects were found, Bonferroni post-hoc tests were performed to further locate

signi�cant force di�erences within the factors [125].

Forces of both groups were aligned for their optimum length. Reduction in

active force is calculated as the di�erence in mean force between the control and the

BTX animal groups at each EDL muscle-tendon complex length and expressed as
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a percentage of the mean force of the control group. Spearman's Rank correlation

coe�cient (ρ) was calculated to test if reductions due to BTX-A administration in (i)

EDL proximal active forces are correlated with EDL proximal muscle-tendon complex

length and (ii) EDL distal active forces are correlated with EDL distal muscle-tendon

complex length. Correlations were considered signi�cant at p<0.05. Glycogen staining

was assessed qualitatively to show that BTX-A causes partial paralysis for the muscles

of the anterior crural compartment.

Intramuscular connective tissue staining on the other hand was assessed quanti-

tatively to test whether BTX-A causes changes in the collagen content for these muscles.

Using a self programmed code (MATLAB, R2012a) section images were analyzed to

distinguish pixels stained in light green color (showing intramuscular connective tissue)

from pixels stained in dark blue (showing contractile material). For both control and

BTX groups (i) percentage of intramuscular connective tissue content in the sections

studied was quanti�ed and (ii) summed anterior crural muscle mass was normalized

for the body mass. One-way ANOVA was performed to test for the e�ects of BTX

administration. Di�erences were considered signi�cant at p<0.05.

7.3 Results

Glycogen staining shows that BTX-A administration causes partial paralysis for

all muscles of the anterior crural compartment (Fig. 2).

7.3.1 E�ects of BTX-A on the TA and EHL muscles

Signi�cant main e�ects of only BTX-A injection on forces of restrained TA and

EHL muscles were found. The mean active force decreases BTX-A caused for the EDL

lengths studied were 82.8% for proximal lengthening and 74.8% for distal lengthening

conditions, for the TA muscle (Fig. 3A, C) and 43.7% for proximal lengthening and

53.5% for distal lengthening conditions, for the EHL muscle (Fig. 3B, D). Passive EHL
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force increased for both conditions (4 folds for distal lengthening condition); whereas,

TA passive force increased signi�cantly only for distal lengthening condition (by a

sixth).

7.3.2 E�ects of BTX-A after proximal lengthening of the EDL

Proximal forces ANOVA (factors: EDL length and animal group) showed sig-

ni�cant main e�ects on EDL proximal active forces, as well as a signi�cant interaction.

Post hoc test showed signi�cant major e�ects of BTX-A at all muscle lengths (Fig.

4A). EDL active force reductions (e.g., 90.1%, 84.3% and 83.3%, respectively at ∆lma

EDL = -6 mm, ∆lma EDL = 0 mm and ∆lma EDL = 2 mm) were shown to be in-

versely correlated with increasing EDL muscle length (ρ = -0.98, p < 0.0001). The

proximal lrange of the control group (8.47 ± 0.98 mm) decreased signi�cantly after

BTX-A injection (6.57 ± 1.40 mm) (Fig. 4A). ANOVA showed signi�cant main e�ects

also on EDL proximal passive forces, as well as a signi�cant interaction. Post hoc test

showed signi�cant e�ects of BTX-A (∆lma EDL ≥ 1mm): e.g., at ∆lma EDL = 2mm

the passive force increased about 8 folds (Fig. 4A).

Distal forces ANOVA (factors: EDL length and animal group) showed signi�-

cant main e�ects on EDL distal active forces, as well as a signi�cant interaction. Post

hoc test showed signi�cant major e�ects of BTX-A for most muscle lengths (∆lma EDL

> -5 mm) (Fig. 4B). Minimal active force reduction was 85.0% (∆lma EDL = 0 mm).

ANOVA showed signi�cant main e�ects also on EDL distal passive forces, as well as

a signi�cant interaction. Post hoc test showed signi�cant e�ects of BTX-A injection

(∆lma EDL ≥ 1mm): e.g., at ∆lma EDL = 2mm, the passive force increased about 9

folds (Fig. 4B).
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Figure 7.2 Sample histological sections of anterior crural muscles stained using PAS for glycogen.
Retained glycogen in paralyzed muscle �bers appears dark after PAS stain. Control group: (A) Sec-
tions from the TA muscle subjected to glycogen depletion (left panel) and with no glycogen depletion
employed (right panel). Glycogen in the contractile material is consumed after glycogen depletion.
BTX group: Sections showing parts of (B) the TA muscle, (C) the EHL muscle and (D) the EDL mus-
cle include retained glycogen entirely (left panels) or partially (right panels) indicating that muscles
of the anterior crural compartment are all a�ected from BTX-A injection to the TA muscle.
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Figure 7.3 Forces of the TA and EHL muscles as a function of increasing EDL muscle length. Active
as well as passive isometric muscle forces are shown as mean values ± SD for the control and BTX
groups. (A) TA and (B) EHL forces obtained after EDL proximal lengthening. (C) TA and (D) EHL
forces obtained after EDL distal lengthening. EDL muscle-tendon complex length is expressed as a
deviation from its optimum length.
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Figure 7.4 EDL force-length characteristics obtained after proximal lengthening. (A) Proximally
and (B) distally exerted active as well as passive isometric EDL forces are shown as mean values ± SD
for the control and BTX groups. EDL muscle-tendon complex length is expressed as a deviation from
its optimum length. Part (A) shows a representation of the signi�cant decrease found for proximal
length range of active force exertion after BTX-A injection: for the control group lrange control =
8.48 ± 0.98 mm, whereas for the BTX group lrange BTX = 6.57 ± 1.40 mm.
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7.3.3 E�ects of BTX-A after distal lengthening of the EDL

Distal forces ANOVA (factors: EDL length and animal group) showed signi�-

cant main e�ects on EDL distal active forces, as well as a signi�cant interaction. Post

hoc test showed signi�cant major e�ects of BTX-A injection for most muscle lengths

(∆lma EDL > -5 mm) (Fig. 5A). However, EDL active force reduction (e.g., 82.8%,

85.6% and 83.7%, respectively at ∆lma EDL = -5 mm, ∆lma EDL = 0 mm and ∆lma

EDL = 2 mm) was not signi�cantly correlated with increasing EDL muscle length (ρ

= 0.19, p = 0.65). The distal lrange for the control group (8.24 ± 0.55 mm) decreased

signi�cantly after BTX-A injection (6.09 ± 1.36 mm) (Fig. 7.5A).

ANOVA showed signi�cant main e�ects on EDL distal passive forces, but no

signi�cant interaction. The mean passive force increase was about 3 folds (Fig. 7.5A).

Proximal forces ANOVA (factors: EDL length and animal group) showed sig-

ni�cant main e�ects on EDL proximal active forces, as well as a signi�cant interaction.

Post hoc test showed signi�cant major e�ects of BTX-A injection at all muscle lengths

(Fig. 7.5B). Minimal active force reduction was 83.7% (∆lma EDL = -6 mm).

ANOVA showed signi�cant main e�ects also on EDL proximal passive forces,

as well as a signi�cant interaction. Post hoc test showed signi�cant e�ects of BTX-A

injection (∆lma EDL ≥ 1mm): e.g., at ∆lma EDL = 2mm the passive force increased

about 12 folds (Fig. 7.5B).

7.3.4 Distal vs. proximal lengthening condition

An indicator of asymmetry of e�ects of BTX-A was that EDL active force re-

duction was inversely correlated with increasing EDL muscle length in the proximal

lengthening condition, whereas no such correlation was found in the distal lengthening

condition. However, decrease in distal lrange due to BTX-A injection was not signi�-

cantly di�erent than that in proximal lrange.
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Figure 7.5 EDL force-length characteristics obtained after distal lengthening. (A) Distally and (B)
proximally exerted active as well as passive isometric EDL forces are shown as mean values ± SD for
the control and BTX groups. EDL muscle-tendon complex length is expressed as a deviation from its
optimum length. Part (A) shows a representation of the signi�cant decrease found for distal length
range of active force exertion after BTX-A injection: for the control group lrange control = 8.24 ±
0.55 mm, whereas for the BTX group lrange BTX = 6.09 ± 1.36 mm.
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Figure 7.6 Sample histological sections of anterior crural muscles stained using Trichrome Gomori
for collagen. The sections presented show parts of (A) the TA, (B) the EHL, and (C) the EDL
muscles of Control group (upper panels) and BTX group (lower panels). Trichrome Gomori staining
allows distinguishing intramuscular connective tissue (appear light green in the sample sections) from
contractile material (appear dark blue in the sample sections). For a quantitative analysis indicating
increased intramuscular connective tissue content after exposure to BTX-A, see text.

7.3.5 E�ects of BTX-A on intramuscular connective tissue content

Fig. 7.6 shows sample histological sections for intramuscular connective tissue

staining. Percentage of intramuscular connective tissue content values for muscles of

the BTX group (mean ± SD = 1.5% ± 0.6%, 6.3% ± 1.3% and 4.6% ± 1.2% for the

TA, EHL and EDL, respectively) were signi�cantly higher than those for muscles of

the control group (mean ± SD = 0.5% ± 0.2%, 3.2% ± 1.0% and 1.3% ± 0.5%for the

TA, EHL and EDL, respectively). BTX-A caused a signi�cant decrease in muscle mass

(9.9% ± 4.7%).

7.4 Discussion

Among a wide range of doses of BTX-A from 0.02U to 20.0U injected into the

TA muscle of the rat, even the smallest dose was shown to cause approximately a �fth

of the total cross-sectional area to be paralyzed only 24 hours following the injection

[66]. This dose is a �fth of the dose used presently and the injection was performed to
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the mid-belly of the TA as it was done in the present study. Misiaszek and Pearson

[250] demonstrated that the peak e�ectiveness of the BTX usually occurred around

day �ve and Cichon et al. [67] reported occurrence of most force decreases of the

lower hind limb �exors of the rat in the �rst four days after the injection and level

o� by the �fth day. On the other hand, remodeling of the neuromuscular junctions

may occur [250]. Nerve sprouting was observed after the �rst week [251]. Based on

these studies we determined the present injection protocol and aimed at assessing the

short-term e�ects of BTX-A. Our choice of conducting the experiments �ve days after

the injection conceivably allowed for testing after force decreases reach a steady state

and before remodeling of the neuromuscular junctions may become profound.

However, di�erences between the present protocol and common clinical practice

should be discussed for which, the following three issues appear to be important: (1)

Doses used in lower limb muscles of children with cerebral palsy range between 3 to

6U/kg [218, 240], whereas, the quantity of BTX-A injected presently equal approxi-

mately 0.32U/kg. (2) A single injection was made to the mid-belly of the target muscle

instead of using multiple injection points [216, 252]. (3) Electrical stimulation guidance

is often used in injection of BTX-A in the clinical practices [253-254], whereas such

guidance was not used presently.

Although the �rst issue suggests that in a direct comparison, the present dose

is much smaller than typical clinically used doses, substantial muscle force reductions

were shown indicating that it was quite e�ective in the rat muscles studied. We used

histological assessment to show existence of paralyzed muscle parts, which sustains

the above judgment. Shaari and Sanders [66] showed with more detailed histological

assessments that for the rat TA muscle, an increase of 10-25 fold of the dose (0.2U to

2.0U for 10µl and 0.2U to 5.0U for 25µl) was needed to double the area of paralysis.

However, at constant dose, they showed that it takes much more (100 fold) increase in

volume to achieve similar increase in the area of paralysis. These �ndings suggest that

the volume injected is also a key determinant however it is relatively less important in

determining the e�ects of BTX-A compared to the dose. On the other hand, although

it is in the same order of magnitude with what was used by Shaari and Sanders [66],



109

also the present volume injected (approximately 64µl/kg) appears very low in a direct

comparison with volumes used in lower limb muscles (2.5-8ml/kg) of children with

cerebral palsy [227, 240]. Other examples of dose and dilution volume values per kg

of the di�erent animals tested include 8.3U-0.83ml in the mouse [255], 3.5U-0.23ml

in the cat [71], 1 to10U-0.04ml in the rabbit [219]. Therefore, there is considerable

variability among the injection protocols used in di�erent species as well. The points

discussed here imply that an explicit relationship between animal studies and clinical

practice cannot be easily built. This is a general limitation and hence a limitation of

the present study as well. We suggest that new speci�c studies are necessary to bridge

the doses used in clinical and fundamental studies and a consideration of muscle size

and body mass is necessary in order to achieve a useful scaling of BTX-A doses and

volumes injected.

With regard to the second issue, a single injection as done presently has a higher

potential of saturating the local binding sites within the injected muscle and facilitat-

ing spread of BTX-A to neighboring structures [216]. Therefore, the present injection

protocol may have promoted toxin leakage to the adjacent EDL and EHL muscles.

Note however that the spread of BTX-A beyond the injection site was shown to oc-

cur also after multiple injections [70]. Such spread is considered as a side e�ect [216,

256-257] and hence it presents a challenge to control of the e�ects of the treatment.

On the other hand, studies with conclusions not in concert with these points were

also reported. Frasson et al. [240] showed recently that in children with hemiplegic

CP, BTX-A spreads from foot �exors to even antagonistic extensors. These authors

argue that such spread may be responsible in part for improving gait of the patients.

Although in animal studies e�ects of possible BTX-A spread were shown among syner-

gistic muscles [71, 239], Misiaszek and Pearson [250] showed in the cat that injection of

BTX to lateral gastrocnemius, soleus and plantaris muscles causes their EMG activity

to decrease whereas, that of the non-injected medial gastrocnemius increases. These

authors suggested that the non-injected muscle remains quite active and functional and

it compensates for the paralysis in the other muscles. Remarkably, the dose of BTX-A

injected was as high as 20 to 80U per muscle. This challenges the common clinical

expectation that BTX-A may di�use to adjacent muscles. Despite the fact that asso-
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ciation of increased EMG signals with increased activity in the medial gastrocnemius

is a tenable one, no data directly showing absence of reduced force of this muscle is

available. These points indicate that spread of BTX-A to neighboring structures is a

complex and important issue. Therefore, its e�ects deserve to be understood well. Our

study helps improving such understanding in terms of muscular mechanics. However,

the mechanism of how such spread occurs remains unknown. Evidence was shown for

local di�usion [70] to cause such spread. E�ects of BTX-A injection were detected

even in the contralateral limb [258] suggesting that vascular di�usion is also likely.

Presently, both mechanisms may have played a role. In order to distinguish those,

new speci�c studies should be performed. Another limitation is that e�ects of possible

spread to antagonistic muscles are not assessed. This could be studied by extending

our experimental procedures.

Regarding the third issue, electrical stimulation guidance for BTX-A injection

was shown to improve the localization for deep-seated muscles [254]. Also, if the

target muscles are very small or adjacent to muscle groups that have similar functions

[253, 259], it is suggested for enhancing accuracy and speci�city. On the other hand,

such guidance was shown not to be superior to the manual placement method using

anatomical landmarks and palpation for a super�cial muscle such as gastrocnemius

muscle [260]. We studied presently e�ects of an injection to the TA muscle on force-

length characteristics of its bi-articular synergistic EDL muscle. It was not di�cult

to locate the super�cial TA using palpation and care was taken to standardize the

injection location and depth. However, if a deeper lying muscle is to be tested after

being injected, electrical stimulation guidance may improve speci�city considerably.

In the light of the discussion above, new studies are indicated to test for the role

of di�erent injection protocols at and beyond the injection site. Animal models are good

approaches to improve our understanding of fundamental phenomena regarding the

e�ects of BTX-A on muscular mechanics because of their controlled nature of testing.

Studying the e�ects directly on muscle forces and for a wide range of muscle lengths may

facilitate an improved understanding. The present �ndings obtained employing such

an approach con�rm our hypothesis and show that data measured from the bi-articular
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EDL's tendon relocated to impose muscle length changes include decreased active forces

(muscle length dependent for the proximal lengthening condition) accompanied by a

narrower lrange both proximally and distally. Moreover, EDL passive forces were higher

in the BTX group. These �ndings include new viewpoints for a muscle a�ected by BTX-

A, with potentially important implications addressed in the subsequent paragraphs.

However, as discussed above the animal experiments do not directly represent a typical

scenario for human treatment.

An important �nding, which to our knowledge has not been reported before is

that BTX-A administration causes a decrease in the lrange of a muscle a�ected. Recent

experimental [239] and model data [212] imply that BTX-A causes sarcomeres of the

a�ected muscle to shift to longer lengths. The muscle is paralyzed partially and on

excitation, the paralyzed muscle �bers do not shorten as they would do in a BTX-A

free muscle. Due to that, the less sti� muscle can take up a greater portion the muscle-

tendon complex length. Moreover, interaction of muscle �bers with the extracellular

matrix (ECM) [28, 111, 162] can limit sarcomere shortening in the activated muscle

�bers. Modeling shows that this e�ect becomes more pronounced with increasing sti�-

ness of the ECM and hence it becomes increasingly important with increasing muscle

length [212]. In contrast, at very low muscle lengths it is not e�ectual. Occurrence of

such �longer sarcomere e�ect� can cause the muscle's optimum length to shift to a lower

length, which can be responsible for narrowing of lrange shown presently. Another ten-

able explanation is shifting of the muscle's active slack length to a higher length. Note

that since the BTX and control data were obtained from separate groups of animals,

a comparison of only the lrange can be done and it is not possible to distinguish if the

shifting of one of the characteristic muscle lengths dominates the other. Therefore, we

will consider the potential e�ects of both shifts in addressing the clinical implications

of narrowing of the lrange in the successive paragraph. On the other hand, the data

also show that length dependency of the force reductions is a possibility. This �nding

sustains the previous results that more pronounced active force reductions are likely at

lower muscle lengths [71, 239] or at joint angles that may correspond to short muscle

lengths [202].
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Muscle hypertonicity in spasticity [29-30, 40] causes the joint to be forcefully

kept in typically a �exed position in which the muscle is expected to be short. Shifting

of the muscle's active slack length to a higher length and the possible occurrence

of more pronounced active force reductions at lower muscle lengths may mean that

a more pronounced muscle weakening is available for shorter muscle lengths. This

implies that after exposure to BTX-A, contribution of an a�ected muscle to the joint

moment in �exed joint positions is compromised more, which may be a preferable

e�ect. On the other hand, spasticity typically causes the joint range of motion to

be compromised [39-40, 261-262]. lrange is considered as an indicator of movement

capability with active force exertion of a muscle within the potential range of motion

of a certain joint. Compromised lrange indicates that the muscle may exert active

force for a smaller portion of such joint range i.e., the joint movement may be limited

before being limited by ligaments or bony constraints. Our present results show that

after exposure to BTX-A, occurrence of such compromised contribution of an a�ected

muscle to joint movement is also likely. It should be noted that we don't know whether

the lrange determined experimentally is fully functional in vivo. Although this may

be unlikely, narrowing of the lrange does not seem to agree well with an intention of

improving joint range of motion. Therefore, it may be regarded as an inferior e�ect.

It has been argued that in spasticity, muscle weakness itself is a primary source

of the functional problem [32, 52, 154, 244, 263] and that BTX-A treatment involves

a paradox of weakening the muscle to achieve better functionality [244]. Excessive

muscle weakening has been reported as an adverse e�ect [216, 231, 257, 264-266].

Awareness of potential e�ects of BTX-A on muscle lrange in addition to a variable force

reduction for di�erent muscle lengths may be important for a good clinical judgment

which was indicated as necessary [e.g., 244] to control the produced weakness. A

situation occurring frequently is that spasticity a�ects both distal and proximal joints

[224]. The present �ndings indicate that that the e�ects shown are conceivable for

both joints a bi-articular a�ected muscle spans. This may have clinically relevant

implications, which need to be tested in new studies. For example, in combined equinus

and crouch gait, contributions of m. gastrocnemius to both plantar �exion and knee

�exion moments may decrease. This appears to agree with the intended improvement
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in gait. However, for combined crouch and hip �exor tightness, reduced contributions

of e.g., semimembranosus to hip extension moment may deteriorate conditions at the

proximal joint. A decreased lrange on the other hand, does not appear to be a favorable

e�ect for neither of such conditions. It should be noted that whether direct injection

of BTX-A into a bi-articular muscle or its di�usion from an injected muscle to such

muscle leads to the same e�ects remains unknown. Therefore, our results may be

representative of conditions in which such a muscle may be a�ected through leakage

of BTX-A only. It should also be noted that in the present conditions, asymmetry of

e�ects of proximal or distal length changes on muscle force-length characteristics remain

limited. Additionally, e�ects of BTX-A on the TA and EHL muscles were not a�ected

from changing EDL length. This shows in contrast to our previous animal experiments

performed in BTX-A free conditions [e.g., 25, 107] that mechanical interaction of muscle

with its surrounding muscular and non-muscular tissues plays a smaller role. Certain

e�ects of such epimuscular myofascial force transmission mechanism were reported in

our previous experimental study also after exposure to BTX-A but they were less

pronounced compared to those shown for the control group of animals [239]. This

may be due to the presence of paralyzed parts within the muscles of the compartment

i.e., due to reduced active force production as our results show that passive forces can

increase. The exact mechanical mechanism is not immediately apparent and needs to

be studied e.g., using muscle modeling [e.g., 25]. However, if partial muscle paralysis

is responsible for this e�ect, epimuscular myofascial force transmission is plausible to

a�ect muscular mechanics in long term after the discontuniation of BTX-A treatment.

The present results show that BTX-A changes the passive properties of the

muscular tissues as well. The slope of EDL passive force-length curves of the BTX-A

group was higher than that of the control group (e.g., for ∆lma EDL proximal ≥ 1

mm by approximately 9 folds). This is a positive indicator of increased sti�ness of

muscular connective tissues after exposure to BTX-A. Increased passive forces suggest

more speci�cally that sti�ness of the ECM may have increased. Such elevated ECM

sti�ness was reported recently for isolated rat muscle �ber bundles after BTX-A in-

jection [267]. Increased intramuscular connective tissue content shown for the BTX

group may explain this. Note that our histological assessment con�rms an increased
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proportion of the ECM rather than a net increase of the ECM. Denervation leads to

atrophy of rat muscles within the �rst week [220]. Also BTX-A was reported to cause

atrophy [221-222]. Similarly our results indicate occurrence of atrophy as muscle mass

normalized to body mass was shown to decrease. Biliante et al. [68] showed that such

atrophy involves decreased muscle �ber diameters as well as density. Therefore, a net

increase of the ECM is tenable.

However, ruling out the possibility that the muscle's epimuscular connections

may have also become sti�er is not possible. One reason for this is that increased passive

forces were shown not only at higher muscle lengths at which the ECM is stretched, but

also at lower. Passive distal EDL forces measured after distal lengthening were higher

after BTX-A administration for all muscle lengths including short ones. Moreover, the

increased passive forces of the TA and EHL muscles were measured at lower lengths at

which they were restrained. These results indicate occurrence of an increased sti�ness

of also the epimuscular connections, which should be tested speci�cally.

The possibility that BTX-A causes an increase in the sti�ness of muscular con-

nective tissues does not seem to be in concert with the intended reduction of passive

resistance of spastic muscle at the joint [232, 246, 256, 268-269]. It should be noted

that the clinical �nding that BTX-A causing decreased passive resistance to stretch

[232, 270-271] is mainly ascribable to decreased hypertonicity of the spastic muscle i.e.,

a reduced spasticity [272]. Even in non-spastic mouse muscle, large doses of BTX-A

were shown to cause reduced tone and disrupted stretch re�ex, leading to decreased

passive resistance during stretching [273]. The present experiments were conducted

also on normal muscles however, the measurements do not include a passive stretching

with movement as used in the evaluation of spasticity, and no re�ex loop was active.

Therefore, a modulation of muscle tone is not a part of our �ndings, and the present

increase in muscle passive force re�ects enhanced muscular tissue sti�ness. The term

�sti�ness� is used interchangeably with �passive resistance to stretch� [272, 274]. We

consider that the latter involves the former, which characterizes mechanical resistance

of non-contractile muscular structures to increased length. Based on the present and

previous �ndings, we suggest the following. Decreased passive resistance to stretch af-
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ter BTX-A injection is a net e�ect of decreased hypertonicity and may be compromised

by increased tissue sti�ness. On the other hand, the present �ndings were obtained

only �ve days after BTX-A injection. However, similar e�ects on passive mechanical

properties shown by Thacker et al. [267] were obtained 1 month after, suggesting their

continuation in time. These authors argued that the e�ects of BTX-A on normal muscle

and on spastic muscle may be di�erent. Recently, we have shown that human spastic

Gracilis muscle tested intra-operatively shows no abnormal mechanics [143]. However,

passive muscle force was not available together with data from healthy subjects. Given

the lack of data allowing for a direct comparison, also Thacker et al.'s suggestion may

explain the di�erence between �ndings obtained from conditions in health and spas-

ticity. Nevertheless, we believe whether BTX-A causes increased muscular connective

tissue sti�ness also in spasticity may be an important question that needs to be ad-

dressed in new speci�c studies. BTX-A injections are usually combined with additional

techniques such as strengthening exercises [275-276], exercises performed to improve

joint range of motion [277] as well as stretching and splinting [278-279]. The functional

bene�t expected by using BTX-A may depend largely on these techniques and our

�ndings may be relevant for them.

In concussion, our results indicate that the e�ects of BTX-A on muscular me-

chanics are more complex than just weakening of the a�ected muscle characterized

by a reduction in its active force. They also include a potential length dependency

of reduction of the active force and narrowing of the muscle's length range of active

force exertion. Moreover, not only the active properties but also the passive properties

may change featuring increased passive muscle forces. Therefore, BTX-A may lead to

compromised joint movement due to both a narrower active movement range and an

increased passive resistance. Spread of BTX-A to a bi-articular muscle may cause both

joints the muscle spans to be a�ected. Such e�ects may be clinically relevant because,

as some are additional to the intended ones, others may even be unintended.
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8. GENERAL DISCUSSION AND CONCLUSIONS

In this thesis, the e�ects of spastic cerebral palsy on muscle mechanics were

investigated with human experiments and the e�ects of botulinum toxin administra-

tion as a conservative therapy applied to spastic muscles, and aponeurotomy (AT) as

a surgical method to correct impaired joint function were investigated with animal

experiments. Myofascial force transmission was addressed as a key concept both to

understand the etiology of the disease and treatment methods widely used.

8.1 Mechanics of Human Spastic Muscles, Limitations, and Fu-

ture Directions

The knowledge on the mechanics of human muscles is very important for under-

standing locomotion in health and also in disease. Most of the information gained from

the studies on muscle architecture by investigating cadavers [87] or by using modeling

[89] or imaging methods such as ultrasound [49-50] and magnetic resonance imaging

[51-53] did not give direct data on force production capacity of muscles. Other indirect

approaches used dynamometry [90] or torque measurements [88-89] were targeted the

joints. However, there has been a lack of information on relating the force production

capacity of speci�c muscles and the joint angle which is associated with functional

joint problems. One of our studies presented in chapter 2 [120] showed a capability to

close such gap for human GRA muscle with a novel intra-operative force measurement

method developed.

Healthy GRA muscle isometric forces with respect to knee angle measured

showed substantial inter-subject variability: the values of muscle forces, stress over

tendons, and the knee angle where the maximum force generated were di�erential for

the subjects. This study suggested that typical subject anthropometrics cannot be

used as predictors due to these experimentally obtained data not being correlated with

subject anthropometrics. It was also shown for the �rst time that GRA muscle in
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health has very large operational length range at least it spans 120° of knee �exion to

full knee extension. This is consistent with its architectural features with long �bers

[134] and large excursion [98].

Additionally, this study [120] showed the occurrence of history e�ects at �rst

time for healthy human muscles. History e�ects de�ned as force changes at lower mus-

cle lengths due to muscle activity at high lengths should be taken into consideration

if consecutive measurements are performed since they interfere with the results. In

the Appendix-A, to ensure such measurements, a certain preconditioning method was

suggested. In chapter 5, this method was used in the animal experiments since con-

secutive measurements were performed: We tested the e�ects of aponeurotomy (AT)

following force-length data collections in the intact condition and after preparatory

dissections (PD)). On the other hand, for the human experiments presented at chapter

2-4, and also for the animal experiments using di�erent groups of animals to compare

the applied conditions such as BTX-A (presented at chapter 6 and 7) no isometric force

measurements were performed subsequent to activity at high length. Therefore, pre-

conditioning was not needed. It should be noted that if similar experiments including

consecutive data collection are planned in human, muscles should also be precondi-

tioned by activating at high and low lengths until the same amount of isometric force

was measured at low lengths.

In spastic cerebral palsy, treatments are mostly applied to particular muscles or

muscle groups such as administration of BTX-A or lengthening surgery performed on

knee �exors to correct crouch gait or on gastrocnemius or Achilles tendon to correct

equines deformity. However, the contributions of the speci�c muscles on the joints

they span are not well known. One of our present intra-operative studies on CP pa-

tients [143] revealed the contribution of spastic GRA muscle on knee joint. The main

outcome of this study was that the spastic GRA muscle did show no abnormal charac-

teristics. Even muscles were diagnosed with spasticity, (i) GRA did not have a narrow

joint range of force exertion and (ii) at low length, higher forces presumably causing

knee joint to stay in �exed position were not available. In the experiments, although

most of the neighboring structures were intact, the synergistic or antagonistic mus-
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cles were not activated. Considering the experimental conditions including exclusive

stimulation of GRA, the possibility of Dr. Huijing's hypothesis [62] to be valid was

suggested: The source of high forces observed in the �exed joint positions should be

due to activation of antagonistic muscles at high lengths. Such approach should include

epimuscular myofascial force transmission mechanism to be held between antagonists

[107, 170]. We improved that approach and test if spastic GRA characteristics change

with simultaneous stimulation of its antagonist vastus medialis (VM) in the context

of (i) narrowed joint range and (ii) availability of high force at knee �exion. In this

study presented at Chapter 4, operational range of spastic GRA muscle was found to

be narrowed and peak GRA forces shifted to more �exed position due to simultane-

ous activity of VM. Also, comparably higher forces were measured at �exion. This

indicates the determinant role of inter-antagonistic force transmission due to sti�ened

epimuscular pathways.

Our results on human spastic muscles indicated that impeded joint motion is

not due to abnormal function of each muscle but simultaneous activation of agonist-

antagonists. It should be noted that our data are limited with a single muscle and the

e�ects of activating its antagonist. To understand the knee joint function in spastic

CP other muscles crossing the knee should be investigated. It may be critical to dis-

criminate the characteristics of long �bered GRA from that of the short �bered biceps

femoris since they are known to di�erentiate in function, they may also di�erentially

adapt to spasticity. Functional map for all knee �exors and extensors seems to be cru-

cial for also understanding the myofascial pathways which are presently shown to have

a major and determinant role. Another important limitation of our intra-operative

method is the lack of capability of measuring passive forces since the force transducers

work on a principle of torque measurement [94]. Therefore, our results do not re�ect

passive tissue sti�ness presumably high for spastic muscles [57-59].

In conclusion, our results suggesting the key role of inter-antagonistic force trans-

mission should be further investigated with spastic muscle model to reveal such mecha-

nism in detail and also by adding histological examinations to our experimental method

improved to measure passive forces.
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8.2 Treating Spastic Cerebral Palsy, Limitations, and Future

Directions

Animal experimentation facilitates collecting speci�c information in a more con-

trolled manner even the limitations such as di�culty to re�ect the results to the clinics

should be considered. Experimental protocols have been highly standardized for nu-

merous animals to study muscle force-length characteristics. However, many protocols

included measuring forces at one muscle length or from only one tendon of a bi-articular

muscle and assumed that such measurements represent the isometric muscle function.

Moreover, treatment methods for neuromuscular disorders are determined according

to such approaches neglecting length e�ects and also not considering myofascial force

transmission. Our experimental protocols considering the intactness of most of the

epimuscular connections did show that the e�ects of some treatment methods are not

limited with the target muscle. Present studies on animals revealed that EMFT deter-

mines not only the etiology but also the treatment methods of spasticity.

8.2.1 Muscle lengthening surgery

Aponeurotomy (AT) i.e. cutting of the aponeurosis transversely aimed at length-

ening the contractured muscles. In surgery, it is applied after preparatory dissection

(PD) to reach the targeted area. Our experimental procedure mimicking PD and

subsequent AT on anterior crural muscles of rat (presented at chapter 5) showed (i)

di�erential e�ects at proximal and distal tendons of target muscle and (ii) substantial

force decrease for the non-operated neighboring muscle. Therefore, EMFT mechanism

was suggested to dominate the e�ects of muscle lengthening surgery. Since these dif-

ferential and unintended e�ects on muscle forces may yield additional favorable e�ects

for the targeted joint, but also contrasting e�ects particularly for the non-targeted

joint, we conclude that EMFT should be taken into account to improve the functional

outcome of the surgery planned to correct the impeded joint.

The importance of such e�ects was also shown for other treatment methods
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such as tenotomy and tendon transfer surgery. For instance, Kreulen et al. [60] showed

for �exor carpi ulnaris muscle that distal tenotomy caused only a minor e�ect how-

ever, subsequent dissection of epimuscular connections of the muscle caused substantial

changes in both muscle shortening and activation. Also, previous studies [192, 280-281]

showed that e.g. �exor muscle whose tendon was transferred to support extension still

produces �exor moment. It was suggested that muscle connected to its origin with

epimuscular connections caused such unexpected outcomes. To further investigate the

implications of this approach, e.g. tendon splitting surgery or other conservative treat-

ments for musicians arm or repetitive strain injury should be tested with controlled

experimental methods like the ones presented in this thesis.

8.2.2 BTX-A Application

It is aimed at reducing muscle spasticity with the injection of BTX-A that

inhibits acetylcholine release into the presynaptic cleft in the neuromuscular junction

[e.g., 65]. Such treatment on the other hand creates a dilemma with its weakening e�ect

contrary to the need of CP patients to improve joint function. To prevent joint from

excessive weakening while reducing spasticity concurrently, it is essential to understand

the e�ects of BTX-A on the whole compartment. BTX-A injection has known to a�ect

the muscles beyond the injection site [70, 72]. However, such e�ects on the neighboring

muscles have not been studied systematically. A novel animal experimental model

[239] presented at chapter 6 was developed to investigate acutely the e�ects of BTX-

A on force-length characteristics not only of the injected but also of the non-injected

muscles of an entire intact compartment in conditions close to those in vivo. Additional

to the major active force reductions due to BTX-A, length dependency of the e�ects

(i.e. correlation between injected muscle's length and the e�ects of BTX-A) and in

contrast, passive force increases were shown. The following study focusing on bi-

articular muscle characteristics presented here at Chapter 7 showed (i) the narrowed

length range of force exertion that BTX-A caused even acutely and (ii) pronounced

passive force increase for all the muscles in the compartment which is in contrast to

the general aim of the treatment. Furthermore, the length dependency of the e�ects
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was shown to be not valid for every experimental condition.

These studies focused on the acute e�ects of BTX-A suggested that to improve

the overall function unintended force reductions shown (i) for non-targeted joint due

to the di�erential e�ects on bi-articular target muscle and also (ii) for neighboring

muscle should be taken into account. One of the most important outcomes of this

study was to �nd a passive force increase due to BTX-A injection. Such passive force

enhancement was explained with increased and possibly sti�ened collagen content in

contrast to the atrophy occurs even at �fth day of BTX-A administration. In any

condition, passive force increase due to BTX-A shown in our present studies at �rst

time should be considered when determining additional treatments such as physical

therapy or strengthening exercises.

On the other hand, our studies showed that BTX-A caused a prominent reduc-

tion in proximo-distal force di�erences which are direct measures of myofascial loads.

Such disappearing of EMFT may be an important part of the BTX-A treatment mech-

anism. If the therapy with this toxin is e�ective since it diminishes the e�ects of

connections even the amount of ECM increases. Then, such mechanism should further

be revealed with new studies investigating how (i) the toxin cause collagen content

increase and (ii) epimuscular loads changes in the presence of other muscles than the

targeted. Experimental and modeling methods should both be used for that. More-

over, the changes in passive force, interaction of muscles, and accordingly the amount

of collagen are needed to be examined in long term.



122

Appendix A. PRECONDITIONING REMOVES LENGTH

HISTORY EFFECTS AND ENSURES SUCCESSIVE

FORCE-LENGTH MEASUREMENTS

A.1 Introduction

Previous activity at high (over optimum) muscle lengths a�ects muscular me-

chanics at lower lengths [15] causing typically a reduction in the force measured at

the same low length again. Such length history e�ects were shown to occur for tib-

ialis anterior [170], deep �exors [107], and extensor digitorum longus (EDL) [15, 282]

muscles of the rat, a commonly used species for an animal muscle mechanics model.

However, sizable length history e�ects were also reported for human gracilis muscle

[120] suggesting that they are not restricted to the rat.

Testing the e�ects of di�erent conditions with successive measurements of muscle

force-length (FL) characteristics is an important and common practice [24, 27, 92,

283-284] for muscle mechanics experimentation. In order to isolate the role of the

condition tested, length history e�ects need to be removed. A method proposed for

that purpose was preconditioning of the muscle to be lengthened [20]: subsequent

isometric contractions at high and low lengths to be performed prior to the experiment

until the force reduction at low length vanishes. These alternating contractions were

reported to eliminate length history e�ects for a set of FL data [20, 62, 174, 285-286].

However; the outcome of such preconditioning for successive FL measurements is not

known. The goal of this study was to test if such preconditioning is a safe method for

three consecutive FL measurements for both lengthened and restrained muscles.
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A.2 Methods

A.2.1 Surgical procedures

Surgical and experimental procedures were approved by the Committee on

Ethics of Animal Experimentation at the Bo§aziçi University.

Male Wistar rats (n=8, mean body mass 325.5±13.7g) were anaesthetized using

intraperitoneally injected urethane solution (1.2 ml of 12.5% urethane solution/100 g

body mass). Additional doses were given if necessary (maximally 0.5 ml). Immediately

following experiments, animals were sacri�ced by using an overdose of urethane solu-

tion. After surgery needed to expose EDL, tibialis anterior (TA) and extensor hallicus

longus (EHL) muscles (Figure A1 a) the rat was mounted in the experimental setup

(Figure A1 b).

A.2.2 Experimental conditions and procedure

All muscles studied were activated maximally by stimulation of the sciatic nerve

(Biopac Systems stimulator, STMISOC) with a constant current of 2mA (0.1ms pulse

width, 100 Hz). After setting EDL to a target length, two twitches were evoked, 500 ms

after the second twitch, the muscles were tetanized and 400 ms subsequently, another

twitch was evoked. During the tetanic plateau, muscle total forces were measured and

averaged at an interval of 150 ms subsequent to 25 ms after evoking tetanic stimulation.

After each application of this stimulation protocol, the muscles were allowed to recover

at low muscle length, for 2 minutes.

Isometric forces were measured simultaneously from EDL proximal and TA+EHL

distal tendons (kept at their reference position at all times during the experiment) and

from the distal tendon of EDL which was repositioned (in 1 mm steps until 2 mm over

distal optimum length, starting at active slack length) to quantify FL characteristics.
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Subsequent to a full measurement of each FL data, control contractions (CC)

were performed at EDL reference low length (lref, i.e., 3 mm over distal active slack

length) in order to determine the e�ects of previous activity at high length (over opti-

mum length) on forces exerted by the experimental muscles at lower lengths.

Preconditioning Isometric forces at low (lref) and high (lopt+2) lengths of EDL

muscle distally were measured sequentially until the force di�erence between succes-

sively measured forces at identical lengths were less than 3%. Each experiment involved

collection of a complete set of FL data and subsequent control measurements. The �rst

experiment (FL-1 and CC-1) was performed without any preconditioning. Therefore,

the data was prone to length history e�ects. Prior to the subsequent three experiments

(FL -2 to 4 and CC-2 to 4) however, a preconditioning was performed. Therefore, it

was tested (i) if such preconditioning does remove length history e�ects acutely and

(ii) if its e�ects are reliable for subsequent two experiments.

A.2.3 Processing of data and statistics

Data for muscle total forces (F) in relation to muscle-tendon complex length

(lmt) were �tted with a polynomial function using a least squares criterion

y=b0+b1x+b2x2 + ... + bnx
n (1)

where y represents F and x represents lmt. b0, b1. . . bn are coe�cients deter-

mined in the �tting process. Polynomials that best described the experimental data

were selected by using one-way analysis of variance (ANOVA) [125]: the lowest or-

der of the polynomials that still added a signi�cant improvement to the description of

changes of muscle-tendon complex length and muscle force data were selected. These

functions were used for determining mean forces, standard errors (SE), and EDL opti-

mum length distally. One-way ANOVA was used to test for the history e�ects within

each experiment: di�erences between EDL forces exerted at lref (i) during collection

of FL data and (ii) after CC were considered signi�cant at p<0.05.
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Figure A.1 The experimental set-up. (a) Distal tendon of the tibialis anterior muscle (TA) with the
distal tendon of extensor hallucis longus muscle (EHL) was tied to a force transducer (FT). Proximal
and the tied distal tendons of the EDL were each connected to a separate FT. Experimental condition
for joint angles: knee angle = 120° and the ankle is at maximal plantar �exion. The femur and the
foot were �xed by metal clamps and the distal end of the sciatic nerve was placed on a bipolar silver
electrode. (b) Schematic representation of distal lengthening condition. Throughout the experiment,
the TA+ EHL (tied to FT3) and EDL proximal (tied to FT1) tendons were kept at constant lengths.
FT2 tied to EDL distal tendon was exclusively lengthened to progressively increasing lengths, at which
isometric contractions were performed. Lengthening (indicated by double arrow) started from muscle
active slack length at 1 mm increments by changing the position of the FT2.
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Two-way ANOVA for repeated measures (factors: EDL muscle-tendon complex

length (lmt) and experiment) was performed to test for the e�ects of preconditioning

across experiments on EDL muscle distal and proximal FL characteristics and TA+EHL

distal forces. Bonferroni post-hoc tests were performed to further locate signi�cant

di�erences.

A.3 Results

A.3.1 EDL

For experiment 1 and for both proximal and distal EDL forces, ANOVA showed

signi�cant di�erences (drops of 48.0% and 33.4%, respectively) between forces measured

at lref during collection of FL data and after CC. In contrast, after preconditioning

no such signi�cant force di�erences were shown indicating that preconditioning can

remove length history e�ects occurring at lower muscle lengths within three successive

experiments.

Both distally and proximally, ANOVA (factors EDL lmt and experiment) showed

signi�cant main e�ects, but no signi�cant interaction. Signi�cant e�ects were located

only between experiment 1 and 2 (post-hoc test) indicating that preconditioning re-

moves length history e�ects also across experiments. Lack of a signi�cant interaction

indicates that e�ects are similar for FL data at four experiments for all length range

spanned. On the other hand, if EDL forces collected during experiment 1 to 4 are

tested for each EDL length (one-way ANOVA), signi�cant e�ects of the experiment

were shown only for a few lengths around lref distally (Figure A.2a) and proximally

(Figure A.2b). The same test showed no signi�cant e�ects of experiments at any length

if FL -1 was excluded. Therefore, these analyses indicate that length history e�ects

are limited to lower muscle lengths and disappear after preconditioning.
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Figure A.2 Force-length characteristics of (a) EDL distal, (b) EDL proximal, and (c) TA+EHL
muscles obtained after distal lengthening. Total isometric forces are shown as mean values ± SD for
FL1, FL2, FL3, and FL4 conditions. Muscle-tendon complex length is expressed as a deviation from
EDL optimum length (Δl EDL=10mm) at FL1.
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A.3.2 TA+EHL

ANOVA showed no signi�cant di�erences between forces measured at lref during

collection of FL data and after CC within each experiment. Therefore, TA+EHL forces

are not a�ected by previous activity of its synergistic muscle at high length.

On the other hand, ANOVA (factors EDL lmt and experiment) showed only

a signi�cant e�ect of experiment thus neither signi�cant e�ects of EDL length nor a

signi�cant interaction. Signi�cant e�ects were located only between experiment 1 and

2 (post-hoc test). These �ndings of analyses performed across experiments indicate

that preconditioning of EDL muscle does a�ect the forces of TA+EHL similarly for all

EDL lengths and it also stabilizes forces of TA+EHL for three successive experiments

performed subsequently.

A.4 Discussion

The size of length history e�ects characterized by force depression particularly

at low muscle lengths following the activity at high lengths [15] was suggested to

be determined by CC at low reference length [62]. In previous studies [107, 170,

282], di�erences between the force measured during FL data collection and CC at

identical low length were used to quantify such e�ects. Our present results showing

length history e�ects for EDL before preconditioning con�rm previous �ndings. Also,

signi�cant e�ects across experiments shown for low lengths around lref indicate that

control measurements (in our case 3 mm over active slack length) performed after

collecting a set of FL data do re�ect the e�ects of previous activity and con�rm that

quantifying method used.

Mechanism of length history e�ects is not exactly apparent; however, viscoelas-

tic properties of muscle and fascial tissues presumably having major role suggest that

considering the experimental protocols particularly include lengthening, there is poten-

tial for systematic changes that may interfere with the results. With the intention of
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collecting reproducible data, preconditioning of viscoelastic materials known to mini-

mize variability is performed [287-289]. Loading and unloading is a widely used method

for various biological tissues such as tendon [290], ligament [291], spinal cord [292], or

skin [293]. With same principle, by applying stretch and release on passive muscle

�bers of rat soleus with constant velocity were shown to stabilize sarcomere lengths

and forces after third cycle [294]. Basic warm-up and stretching exercises performed

mostly to prevent damage [295-296] also aimed to precondition muscles isometrically.

In our case, EDL was preconditioned by isometric contractions at high and low muscle

lengths to principally mimic the following FL data collection. Such preconditioning

tested systematically at our present study for the �rst time is shown to serve the pur-

pose of generating the same amount of force with non-signi�cant deviation at the same

length for identical conditions.

Additionally, our present study showed history e�ects for the restrained muscles

before preconditioning. Such e�ects may be ascribed to previously stretched inter- and

extramuscular connections with muscle lengthening. Thus, it suggests the substantial

role of connective tissue on history e�ects. Our previous results indicating the impor-

tance of both intermuscular connections and compartmental fascia are consistent with

present results: compartmental fasciotomy and subsequently dissecting the intermuscu-

lar connections of anterior crural muscles of rat caused history e�ects to decrease [231].

Therefore, passive tissues having a partial role on history e�ects should be considered

for preconditioning.

In conclusion, our present study showed that preconditioning removes history ef-

fects and ensures at least three consecutive force-length measurements for both length-

ened and restrained muscles. History e�ects limited with lower muscle lengths are

dependent on the activity of muscle at high lengths since major force reductions before

preconditioning were shown for the lengthened muscle. On the other hand, minor but

signi�cant e�ects shown for the restrained muscles due to being adjacent to the length-

ened muscle with stretched fascial connections during lengthening preconditioning was

also shown to stabilize the neighboring restrained muscles.
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