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~, This study reports on a biomechanical analysis of the 

vertical standing posture of normal human subjects and muscular 

dystrophy patients. The compensatory raIes of lordosis and 

equinus in stabilizing the knee joint were studied using a force 

plate, cinephotographic and electromyographic methods. 

The results indicate that both lordosis and equinus 

stabilize the knee in extension. These compe~satory mechanisms 

are pr~gressive~y negated by' progressive knee flexion contractures, 

resulting in inability to stand when the quadric~ps muscles are 

~enely weakened. An expl~1~~n is offered for the significant 
'4"~ 

clinical observations of lordosi's which disappears with knee 

~, 
bracing, requirement for knee br$s~g follQwing heel cord 

~ --...4~ .. 

lengthening, and of work hypertrophy of the calf muscles, wh~ch 

occut in muscular dystrophy • 
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equinus in stabilizing the knee joint were studied using a force 

plate, cinephotographic and electromyographic methods. 

The resùlts indicate that both lordosis and equinus 

stabilize the knee in extension. These compensatory mechanisms 
p 

are progressively negated by progressive knee flexion contractures, 

resulting .in inability to stand when ~~~uadriceps muscles are 

'" 
severely weakened. 
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An explanation is offered for the significant 

-··cHnical 

bracing, 

observations of lordosis which disap~s with knee 

requirement for knee bracing following heel cord 

lengthening, and of work hypertrophy of the calf muscles, which 

occur in muscular dystrophy. 

. \ 
1 

( 



, ., 

A BIONECHANICAL ANALYSIS OF THE 

POSTURE OF NUSCULAR DYSTROPHY. 

THE CO~œENSATORY ROLE OF LORDOSIS AND EQUlNUS. 

) 

BY 

D.L. BURKE 

A thesis submitted to the Faculty of 

Graduate Studies and Reseârch in 
, .' 

partial .ulfillment of the require~ents 

for thé degree of Haster of Science. 
a • 0( 

-/ . 
. 

Department of Surgery, 

(Division of Surgical Research), 

McGill University, 

Montreal, Quebec, Canada. 

/ 

@ D. L. Burke 1974-

19ï3 

l 

. 
J 



" 

f, 

i 

ACKNOHLE~GEHENTS 

l wish ta express my appreciation' to my supeniiso:rs, Dr. J. 

E. ~fllier and Dr. J. R. Hilsum, for the1r advice and encouragement 

in the work reported,in this thesis. 

l gratefully acknowledge the collaborative effQr~s of Mr.cR. 

E. Kearney in the design, of the force plate and for his technical 

assistance in carrying out~he exper~ments. The deséription of the 

force plate in Chapter V and derivation of force plate equations in 

u 

Appendix A, are fommon to this thesis and to the M.Eng. thesis of 

Mr. Kearney entitled "Modeling the Postu.ral Control Sy$t,em of the 

Exoskeletally Restrained Ruman" (July 1971). 
'J ..,) ., 

Thanks are also due to the experimental subjects, Dr. J.E. 

Miller. Thomas Kearney, Fredrick Miisum, Gaetan Chayer and Gerard 

1 ./ 
Chayer. V~.t; l,lhose cooperation these studiES would have been 

impossible. 

l wish ta acknowledge the assistance given ta me by my wife, 

Susan,~in cinephotographic ana1ysis and for her extreme tolerance 

during the research and writing of this manuscript. 
.. 

The facil1ties provided by the BioMedical Engineering Unit 

at McGill University \Yere greatly appreèiated. 

Special thanks go ta Janet Cooper for typing~this thesi~. 

This research was supported under Medical Research Couneil 

Grant }~3806 and a Medical Research Council Fel1owsh1p. 



\ 
l 

e 

" ,''\ 
-

, ' 

) 

'-e' 

\. 

TABLE~OF CONTENTS 

Acknowledgements 
, 

Table of Contents 1 

CHAPTER l 
Introduction 

,CHAPTER II 
Huscular Dystrop-hy 

Definition '2.1 
<'" 2.2 

2.3 
Etiology and Classificatioi 
Patholcgy 

2.4 

ClIAPTER II 

2.3.1 Histology 
,2.3.2 Pseud'ohypértrophy, 
Clinical Manifestations 

Human Standing Posture 

3.1 Introduction 
3.2 Historical Review , 

3.2.1 Centr~ of Gravit y Determinations 
" 3~·2. 2 Centre of Foot Pressure and 

Postural Sway 
3.2.3 Electromyography 

3.3 Anatomi~l and Biomechanical Aspects of 
Knee and'~nkle Joints 

\ :3.3.1 Knee Joint ., 
3.3.2 ~nkle Joint 

t CHAPTER IV ' , 
Leg Model o.f .Lower Extremity for Evaluation of the Role 
of Lordosis and Equinus in Knee Stabilization , 

, 

4.1 Introduction 
4.2 Role of Lord6sis a~d Equinus in -, 

Stabilization of the Knee '\ 
4.3 Le~ Node! 

~- - ~ 

? CHAPTER V 
, Experimental Apparatus 

'.1 -,-' Introduction 
'5.2 Force Plate 

5.2.1 Int;roduction 
5.2.2 Design and Construction 
5.2.3 Load Cell E1ectronics 
5.2.4 Analog Preprocessing 
5.2.5 Calibration 

/ 

i 1., -

i 

ii 

1 

3 

3 
3 
4 
4 ;, 

7 
7 

14 

14 
15 
15 
16 

19 
22 

~ 

22 
23 

26 

26 
26 

': 

33 

45 

45 
45 
45 
47 
49 
50 
52 



5.3 

5.4 

5.S 

5.6 

CHAPTER VI 

Cl 

Cinephotography and Backgro~nd Grid 
5.3.1 Camera and Grid 
5.3.2 Synchronization Pulse 
Electromyography CE.M.G.) 
5.4.1 Electrodes 
5.4.2 Amplifiers 
5.4.3 Rectification ~and Filterilll.. 
5.4.4 Electrode Placement 
Data Recording 
5.5.1 FM Tape Recorder 
5.5.2 Visicorder 
5.5.3 IBM 360 Computer 
Radiology Equipment 

Experimental Methpd and Protocol 

6.1 ,Introduction 
6.2 Experimental Hethod 
6.3 Experimental Subjects 
6.4 Experimental Protocol 
6.S Relationshlp of Achilles Tendon to 

Hindfoot Segment 
6.6 Gastrocnemius and ~oleus ~uscle Cross­

Sectional Areas and Weights 

CHAPTER VII 
Data Processing and Results 

7.1 
7.2 
7.3 

7.4 

7.S 
7.6 
7.7 

CHAPTER- VIII 

Introduction 
Cinephotograph Analysis 
Radiographie Analysls 
7.3.1 Axis of Knee and Ankle 
Magnetic Tape Record Conversion to 
Strip tha~t and Analysis 
7.4.1 Magnetic Tape to Strip 

Conversion 
7.4.2 Strip Chart Ana1ysis 
Computer Analysis 
Data Presentation and Averaging 

Chart 

Results 
7.7.1 
7.7.2 
7.'7.3 

N.S.M. CNet~lizing Moment) 
Centre of Foot;ptessure CC.F.P.) 
Tendoachi1lcs (Tension 

Discussion, Conclusions and Recommendations 

B.1 
B.2 
B.3 

Discussion 
Concl usions 
Recommendations 

59 
59 
59 ~ 
60 
60 ' 
60 

'61 
-61 
61 
61 
63 
63 
64 

65 

65 
65 
67 
72 
72 

73 

75 

75 
76 
77 
77 
83 

83 

85 
86 
86 
87 
87 
93 
94 

95 

95" 
99 

QI00 

iii. 

, 
l 

1 
\. J' 

\, l ' 
" / 

( 



iVe 

\ 
j' 

Appendix A - Derivation of the Force Plate Equations 101 

Appendix B -fDerivatjon of Para1lax Correctjon for 104. 
u -;} 

Cinephotographic Data 

Appcndix C Results of Cadaveric Leg Dissect1on- 105 

Appendix D - Computer Programs 106 

Appendix E Computer Output 112 

Appendix F -. Compilation and Averaging of Data 136 

Bib1iography 138 

" 



v. 

LIST OF ABBREVIATIONS 

.) 

C.F.P. centre of foot pressure 

C of G centre of gravit y 

N.S.N. net stabilizing moment 

. \ 

a, _ 

{) 
• 1 

. ' 

o 
, . -. 



Th1s study reports on a biome~hanical analysis of the ~ 
vertical standing posture of normal hurnan subjetts and reuscular 

dystrophy patien~. The corn~fnsatory roles of ~ordosis and 

equinus in stabilizing the knee joint were studied using a force 

plate, cinephotographic and electrornyographic rnethods. 

The results indicate that both lordosis and equinus 
. 

stabilize the knee in extension. These compensatory mechanisms 

are progressively negated by progressive knee flexion contractures, 

resulting in inability to stand when the quadriceps muscles are 

severely weakened. An explanation is offered for the significant 

clinical observations of lordosis whioh disappears with knee 

bracing, requirement for knee bracing followipg heel cord lengthe~ing, 

and of work hypertrophy of the calf muscles, which occur in rnuscular 
1 

dystrophy. 
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CHAPT ER l 

/ 

I~TRODUCTION 

The erect standing posture of man has attractcd systematic study 

from a variety of viewpoints fer almost a century. In 1887 Muybridge J45 ) 

d " I88Q B d F" h (10) bIt' h cl h"" ". f an 1n _ raun an 1SC er pu 1S € t é1r 1nvest1gat1on 0 cine-

photographie recorded body form and the centres of gravit y of body 

se&rents. Since that time the mechanics of standing, measurement of 

postural deformities and neu{O~CUlar functions have becn investigated 

~y several branches of the basic sciences, Medicine, surgery, and, more 

reeently, the bio~edical engineer. The literature is extensive and 

includes the respotl'Ses of various organ, syste:us ta postural variations. 

Precision quantitative deviees have abeen used comparatively 1 i ttle, 

however, by the orthopaedic specialist in th~ ~xamination of postural 
o ~ 

disorèers of the ~usculo-skeletal system. An understanding of the 

function of the loeomotor apparatcs in the upright or 

is essential to research into d)~amics of the body as 

position in the trans~tion to dynamic function. 

orthograde POS.i~.ion } 

it ls the start1n~ 

Until the present time, most~of the investigations have dealt 

pri~arily with statie measurement of the centre of gravit y of the body, 

measurement of the support ive forces of the body and the pressure 

distribution undcr the [eet in standing and during walking. 

There is grm.;ring interest not only in normal posture and gait, bUlt 

~ 1 

also in how it mny be al tered by disease. The mnnner in "hich various 

diseases al ter pos tural mQchanics are of interes t to the trea ting physician 
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) 

for several reasons. ~uch studies can Ica to a more rational approach 
'---- ./-

to selectio~ 'ef ap~ropriate surgical and (rehabilitative measures, assist 

in evaluating the results of surgery, and ald in cstablishing prognostic 

criteria. 

This study was undertaken ta investigate the characteristic posture 

'. 
of the childhood forro of muscular dystrophy. The posture is characterized 
" 
by lordosis, equinus and large calf wuscles •. Traditionally, these alter-

ations have been ~xplained empirically by attributing the lordosis to 

weak abdominal muscles and hip flexion contractures, and the equinus and 

calf hypertrophy ta so-called "pseudohypertrophy". A unified explanation 

of these findings is proposed in the belief that they repr~~nt a co~plex 

compensatory substitution pattern, which provides stability to thE;!, lower 
~ . . 

1...'" II 

limbs in the presence of muscle wcakness. This study represents the 
) 

first tiwe that either normal subjects or subjects with pathological 
JO 

~usculo8keletal conditions have been studied on a force plate to determine 

the'influence o! equinus.ard lordosis on the stabilizing moment at the 

knee joint. 

i~ 

'<--
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CHAPTER II 

MUSCULAR DYSTROPHY 

: 

2.1 DEFINITION 

The term muscu1ar dystrophy is reserved for those forrns of 

genetica11y determined myopathies in which a degenerative process 

deve10ps primari1~ the muscle fibres themse1ves. Muscu1ar 

dystrophy may therefore be defined as a genetical1y deterrnined 
G 

primary degenerative myopathy. 

2.2 ETIOLOGY AND CLASSIFICATION 

On th~ basis of e1assica1 clinical-anatomica1 description, 

pure muscu1ar dystrophies have been divided into the fo11owing 

categories: 

(i) Pseudohypertrophic (Duchenne 1868; Gowers 1879) 

(ii) Pe1vic gird1e atrophie (Leydon 1876; Mobias 1869) 
, 

(Hi) Fas~seapulo-Hume~ (Landouzy and 

JUVeni1~capulo-Hu~ero (Erh 1884) 

Dej erine 1884) 

(iv) 

Cv) Distal (Gowers 1902) 
') 

" , 
(vi) Late lite' (Nevan 1936) 

(vii) Barnes type (Barnes 1932) 

(viii) Ocul'àr forms (Hutchinson 1879; Fuchs 1890) 

This classification, however, has created a"good dea1 of 

confusion concerning the mode of Àheri tanee of the various forms of 

the disease. Examp1es of autosomal recessive, dominant and sex 

linJced reccssive inheritance were found in each of the cHnica! 
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varieties by Milhorat & Wolf(46) and Bell(6). 

According to t1alton (60) a more acceptable classification is as 

fo1101.1s: 

1. Duchenne Type NuscularDystrophy 

a) sex linked recessive variety 

b) autosomal recessive variety 

2 •. Limb Girdle Huscular Dystà,phy 

a) autosomal recessive 

b) sporadic 

3. Fascio-Scapulo Humero Muscular Dystrophy 

(Autosomal dominant or rarely recessive variety) 

4. Distal Variety , 
5. Ocular Myopathy 

6. Congenital Muscular Dystrophy 

2.3 PATHOLOGY 

2.3.1 Histology 

Clinical1y, cases of muscular dystrophy can be loosely divided 

into the categories previously outlined, but pathologically it i5 much 

more difficult to define these group5(7,49). 
.,., 

In general, lipomatosis 

is most likely to be found in the childhood (Duchenne) form 1.1hich oecurs 

predominantly in young boys in conjunction with pseudohypertrophy. 

-Fibrosis is more common in the adult slowly progressive v~rieties. 

Once clinical weakness is evident, the changes are ~n general similar 

in aIl forms. The histologieal picture(49) is characterized by a random, 

hapha~ard involvement of individual ~usfle cells so that injured, dead 
-J 

and dying cells are mixed in with normal cells and with cells that have 

undergone compcnsatory hypertrophy. 

.... 



s. 

In early cases described by Pearson(47,48) which were found by 

analyzing levels of various serum enzymes which are elevated through 

the preclinical and most of the clinical stages of the childhood forro 

of the disease, so~e of the earlier ev~nts have been studied histolog-

ically. These studies have sho"~ that myopathie les ions exist in the 

first few moments of life, ,though weakness may not appear until more 

than two years later. Horeover, it may be necessary for the dystrophie 

proeess to involve and affect to a significant degree about fifty percent 

of the fibres of a muscle before elinical weakness ean be detected in tHe 

usual activities of daily living. Another feature of the pathology af 

early dystrophy is active regeneration of damaged muscle fibres. As the 

disease progresses, this feature becomes less evidenc. These studies 

also show that even in fully developed dystrophy, the muscle fibres retain 

the capacity to regenerate after induced in jury. 

The gross appearance of the muscles varies depending ~ the type, 
u 

duration and intensity of the d~sease process and the extent of replacement 

of th~ muscle fibres by fat and fibr~us connective tissues. In the earliest 

stages, when clinical evidence is bare1y evident, only s1ight 1055 of the 

red-brown coloration is noted. Certain muscles, notably tq~ calf, which 

undergo pseudohyper~rophy are of normal coloration early, and later wh en 

the muscle is replaced with fat, the muscle resembles a yello~ fatty 

tumor. Atrophic muscles in which condensation or overgrowth of fibrpus 

connective tissue predominates',are small in size, grayish white and 
() 

tough in cans1str~ncy. 

The typical biopsy fram a weakened proximal muscle in the average 

case of childhood dystrophy about one or t~ .. o years àfter clinical 
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recognition of weakness will usually reveal fairly typica~ histo-

pathological findings. 

These features are: 

1) variability in di~êter of individual fibres, 

2) 

3) 

:entral nUCle~ 
splitting of parent fibres, 

4) a variety of degenE~ative changes, 

(a) vacuolization 

(b) hyalinization 

(c) homogenization 

5) atrophie fibres, 

6) hypertrophied fibres scattered at random, sorne being 

hyalinized~ These ~ave been interpreted as true com-

pensa tory hypertrop~y of sound fibres iq an otherwise 

weakened muscle, 

7) regenerating fibres, 

"8)' fatty. infiltration of an active and passive nature, 
'. 

~ fibros~which can ~e found as a la te event in most 

vari~ties of dystrc?hy. In advanced childhood dystrophy 

it occurs as a partial replacement factor along with fat, 

but sorne of,the increase may merely represent a conden-

sation of the previous supporting connective tissue elements. 

In early symptomatic dystrophy, at least one half of the muscle 

fibres must be involved, and.at least partial!y functionally incompetent, 

before any strength i5 compromis~d for normal daily living activities(7). 
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In the advanccd stages the histopathologic features are: 

(1) variation in diameter of muscle fibres, 

(2) reduction in nurnber of recognizable muscle fibres, 

(3) replacement by fat or fibrous connective tissue, and 

(4) increased degenerative changes in the remaining fibres. 

2.3.2 Pseudohypertrophy 

The mechan~~m of enlargement ofrthe calf muséles in the childhood 

form of the disease and its true nature i_.still controversial. For this 

reason the term "pseudohypertrophy" is wiûely used for descriptive pur-

poses. It was postulated by Erb(l7) that the fibre hyp,ertrophy represented 

the initial and essential process in dystrophy, and that it was later 

followed by splitting, degeneration, atrophy, and fatty replacement. 

(47 48) . 
Pearson's • preclinical observat10ns have made this hypothesis ques-

tionable. He states that the hypertrophy i9 not a true work enlargement of 

fibres, since it occurs randomly and often scantity throughout "the muscle 

and an accompanylng inerease in the number of myofibrils ls not consistently 

found. Other authorities, notably Shy(S2) and Greenfield(20) accept the 

concept of true hypertrophy but frankly admit their inability to explain 

it. Undoubtedly the fatty infiltration makes up a percentage of the calf 

bulk, but there is strong histologieal evidence for true muscle fibre 

hypertrophy. 

2.4 CLINICAL MANIFESTATIONS 

The clinical manifestations of the various forms of mtiscular dystrophy 

depend upon the pattern of muscular weakness and wasting which occurs as the 

disease progresses. 
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• 
It i5 generally accepted that ~eakne5s of the pelvic girdle 

muscles accounts for: 

(1) inability of the quadriceps to stabilize the knee joint, 

(2) difficulty in climbing stairs and in rising from low 

~hairs or from the floor, 

(3) accentuation of the lu=bar lordosis, and 

(4) a typical waddling gait. 

The pelvic girdle weakness results in a typical "climbing up the legs" 

or Gower's Sign when the affected inGiv~ual attempts to stand up'from 

the floor. Weakness of the shoulder girdle muscles gives a character-

istic sloping appearance to the shoulders with difficulty in raising the 

arms above the head. As the disease advances, patients utilize trick 

movements to overcome the weakness. 

As a general principle, a joint with weakness of one group of ~ 
.~ 

muscles and not of its antagonist has a tendency for contractures of the 

antagonist te develop, and muscular contractures may in turn lead ta 

secondary skeletal distortion. Muscular inactivit~ will lead to skeletal 

atrophy, a feature which is particularly seen in the Duchenne variety of 

the disease. The earliest manifestations of the Duchenne type muscular 

dystrophy may be detectable by only a closely associated family member 

who becomes awar~~of a very subtle decrease in motor skil!. 

Walton(60) characterized muscular dystrophy of the Duchenne type 

by the following: 

1) Expression usually in the male but occasionally in the femal~. 
2) Onset in the first three years of life or occasionally as late 

as the third decade. 

r'" 



9. 

3). Transmission usually as a sex ljnked ~e~essive character 

with a high mutation rate but in under 10% of cases is an au~osomal 

recessive. 

4) Symmetrical involvement, first of the pelvic girdle rnuscu-
) 

lature and later of the shoulder girdles. 

5)/ Pseudohypert~ophy particularly of the calf muscles but some-
oJ 

times the quadriceps and de1toids oeeur in over 80% of cases. 

6) ,Abortive ~rtially affected cases do not oc-cur. (.i," 

7) Steady 4p rapid ~rOgreSSiOn y7hich lead to inability to walk 

wi thin 10 years o'{ ,9Tlset. 

8) In progressive deformity with'muscular contractures, skeletal 
" 

distortion and atrophy oecur. 

9~ Death from inninatioD, respiratory infection, and cardiac 

failure occur usually in the second decade but sometimes not ~l middle 

life. 

Mi11er(39,40) made particular note of the abnormal posture of these 

dystrophie children, characterized by lordosis, equinus and large calf 

muscles (Fig. 2.1). These observations had previously been explained 

empirically by attributing the lordosis to weak abdomin~l muscles and 

hip flexion contractures, and the equinU$ and calf hypertrophy to so-

oolled "pseudohypertrophy", the mysterious infiltration of the muscle 
\ 

by fat. 
, 

He made the following clinical observations: 

1) Children who walk fairly weIl with equinus contractures 

are totally disabled by heel cord lengthening. They promptly require 
, 

application of long leg braces not only to restore ambulation but also 

J 
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Fig. 2.1 
",\ or, 

, . 
Characteristic posture of muscular dystrophy 

" 

. -\, 
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to reduce the lordosis to a considerable degree. The effect of such 

surgery and subsequent bracings is illustrated in Fig. 2.2. These 

incidental observations raised doubt in his mind about the usuai theories 

and suggested that the posture of pseudohypertrophic muscular dyst~ophy 

... " 
15, in fact, cOmpensatory in nature. 

The following additional observations and data were accumulated 
1 

',tiy Miller(40) in the Muscular Dystrophy Clinic, University~of Illinois, 

and tend to support this theory. 

2) Observed hip flexion contractures" in the ambulatory patient 

are too small to explain the lordosis. 1hey progress slowly if at aIl 

as long as the child i5 able to walk. The average hip flexion contrac-

tures of 58 children studied measured on the first visit to the cl~nic 

was less than 10°. The increase over an average of 20 mo~ths was less 

than 5°. 

3) AlI patients hap marked weakening of~the quadriceps and hip 
~ 

extensor muscles - even children who walked fairly weIl. These muscles 

usually graded 1ess th an 4, that 15 not strong enough to extend~the 1imb 

fully igainst gravit y, 

4) 
, 

( 

In cont~~st to the weakening hip and knee muscles, the 

gastrocnemius and soleus retain a relatively large proportion of their 

strength. They appear to be the most pow~rfui muscles in the Iower limb. 

,Even very late in the disease when hardly a finger or a toe can be moved 

voluntarily, the calf contains histologi~ally recognizable muscle and can 

produce active plantar flexion. The enlargem~nt of the calf muscles 

appears to be the result of a true hypertrophy in response to a functional 

demand (not to pseudohypertrophy). 
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Fig. Z.2 

Effect of knee bracing in rnuscular dystrophy 

1'. 
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5) Equinus deformities are a consistent cornponent of the "late 

posture of these patients, but ear1y in the disease it appears elec-

tively, that is the patient ernploys equinus only in moments of 

apprehension or uneven footing apparently to increase the stability 

of the 10wer 1imb. 

6) The cessation of independent wa1king is preceeded by fairly 

rapid increase in equinus and deve10pment of small but obvious knee 

flexion contractures . 

• ' 7) In the University of Illinois series, no children with, knee 

flexiop contractures of greater than 150 had independent ambulation 

without the benefit of bracing. 

., o () 

.' 

..,." 

o _ 
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CHAPTER III 

IH.:rIAN STANDING POSTURE 

3.1 INTRODUCTION 

The human body can be c;onsidered to be a multisegmental' 

structure consisting of body segments with several degrees of 

freedom at the articulations. The maintenance of the upright 

stance is achieved by maintaining the'segmental centres of gravit y 

in such relacionship that the projected whole body centre of gravit y 

lies within the base of support. Control and stabilization of the 

segments is provided by ligaments, Jlftiscles and gravitational forces 

acting across the joints. Movement about any of the joints 

allowing movement of the body segment in-a sagittal plane will 

obviously result in a shift of the centre of gravit y in that p~ane. 

The relationship of the projected line of gravit y to a particular 

-joint axis will change the stabilizing moment du~ to grav~tational 

forces. In this study related to the stab11izing effect of lordosis 

an~ equinus on knee stability, the primary concern was the relation-
11 

ship of the centre" of gravit y of the body segments and their projected 

line of gravit y with respect to the knee joint axis. Muscle forces 

which are acting across the knee joint have either a posi~ve or 

negative effect on the stabl11zing moment of the knee. The historical 

biomechanical and anatomie aspects of posture havlng relevancy to this 

study are discussed in the subsequent sections. 
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3.2 

~ 

HISTORICAL REVIEW 

3.2.1 Centre of Gravit y Determinations 

15 

1 

Theomean position of the body centre of gravit y is located at 

the approximate level of the first sacral vertebra and anterior to it 
7 

when ~ the stance is vertical'. 
, 
There i5 slight variation reported in 

various investigations ranging from the level of the second sacral 

vertebra to the fifth 1urebar vertehra. The contribution of the effect 

of gravitational forces ta knce ~tability is a function of the relation-

ship of "the projected 1ine of gravit y of the body mass to the transverse 

axis of the knee joint'. In the chi1d who is learning to stand, the, 

angle bet~een th~,leg and the thigh i5 considerably 1ess than 180°. , " , 

Smith(5S) stated that it is apparent that the body weight te to f1ex 

the knee joint. Thus, in the infant as in the experimenta1 animal, the 

muscles which are potentially capable of affecting stability at the knee 

\ . 

joint du ring standing are the extensor group. On the other hand, in the ~ 

stance of the adolescent and adu1t, ~s is now generally accepted (Johnson 

& Wil1is(30) and Brash(9» ,the centre of gravit y of the body falls in 

front of the axis of the knee joints and the angle between the leg and 

the thigh exceeds 1800
• Consequently, in these age groups, the quad-

riceps muscle cannot control the position of the knee joint as has been 

suggested by Denny Brown (16). On the contrary, the ability to perform 

this îunction is necessarili transf~rred ~o a flexor muscle group. 
t 

Conditions existfng in the adult human knee joint appear to be peculiar 

to ~an, and there 1s considerable evidencc to suggest ~hat they are 

(42) (27) 
peculiar ta modern man (Horton and Hooton ) • It has therefore 

been postu1~ted thnt the developmental change in the posture of the knee 

\ 

, 1 
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~J~, 
joint duringfitanding and consequcntly in the identity of the ~nti-

gravitation21 muscles is ,a recapitulation of the philogenic change • . 
In a pathological state (such as muscular dystrophy) charac-

r tcrized by knee flexion c~ntractures, the stabilazing force at the 
1> 

knee must then revert ta the quadriceps muscles or to gravitational 

on th~ ,upper body mass. ~ .. 
of Foot Pressure and Postural Sway 

The stabilizing base provided by the feet during standing has 

(43 44) :)' (21 22 23) 
been stu ied by Morton ' and by Hellebrandt and co-workers ' , • 

Toe stud~s ere largely concerned with the anatomy of the feet and 

measurement of the distribution of pressure over the contact area of 

• the feet with the ground when an a~tempt was made to stand quite still • 

These studies were restricted to a standardized stance with the heels 

closely approximated. 
" b (44) 

}1orton considered the effective foot ba$e to 

extend from the posterior heel margin anteriorly ta include the heads bf~_, 

the'metatarsals, and that the centre of gravit y of the pody weight plumbs 

1 

ta a point midway between these margins during normal standing., Helle-

brandt(23) found 40% of the "under prop diarneter" to be posterior to the 

gravit y line. ~nitney(61) investigated the anteroposterior stability 

of the body during standing, observing the maximum displacement of the 
\ 

cent~e of foot pressure which is possible during three manoeuvcrs; 

those of heeling and toeing, forced repeated sways and sustai~ed 

leaning forwards and backwards. The anteroposterior distance between 

-
the centre of foot prèssüre limits for a given ~anoeuver was te~ed by 

him the effective foot base for the manoeuver. 

Normal standing, however, 1s not a static posture. 
. (58) 

V1erordt 
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in 1862 established experimentally that the body is in continuous 

motion, even when the attémpt was made to stand quite still. Subse-
l 

quent investigations of this postural sway, predominantly as a test 

of psychomotor funëtion have assess~~ the degree of sway chiefly by 

recording movements of the head in the horizontal plane (Miles(37,38), 

Baro~~) and Morgan(41). Hellebrandt(23) record~d movements of the 

centr~ of foot pressure on the ground with'the implication that these 

moveroents were directly related to movements of the vertical projection 

of t1\e centre of "gravit y of the whole body. Smith (55) recorded antero-
- ; 

posterior movements at approximately the hip le~el. The expre~sion of 

variation between 'subjects in the extent of postural sway has commonly 

been restricted to recording of the distanèe between the extreme limits 

of sway during a specified standing period, of the horizontal area of 

the limits for anteroposterior and lateral sway combined, or the total 

distance traversed by a fixed point on the body (usually of the head) in 

the por~~~tal plane. This type of data is not generally"amenable ta 
r 

further mecha~ical analysis. The available data is not geometrically 

related to the knee joint axis and hence it is impossible to further 

analyse the gravitational forces with respect to the extending moment 

exerted at the knee ~oint. The measure of postural sway provided has 

been frequently empirically dependent on the details of construction 

of the recording apparatus. 

Thomas and Whitney(57) in 1959 attempted to describe sorne of 

the events of postural sway in a more objective and mechanical manner 

'-
using a specially constructed force platform ta obtain a continuous 

record of horizontal forces of rcaction a~ the ~ect, and the coordinates 

1 _ 
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\ 
of the centre of foot pressure on the horizontal surface of the plat-

forme They concluded that aIl forros of postural activity investigated 

were cyc1ical in nature and included both a high and low frequency 

component. The frequency of components of movement of the centre of 

foot pressure and change of trunk inclination was always very irregular 

with respect both ta dùration and amplitude. Average frequency of bath 

movements varied between subjects from 0.12 - 0.39 Hz. with amean of 0.21 

Hz. The amplitude of the low frequency movements varied from 0.56 to 

1.13 cm between subjects. For dynamic reasons, movements of the centre~~ 
of foot pressure must exaggerate the acc~anying movements of the centre 

of gravit y of the body mass l the degree of exaggeration i~creasing with 

the frequency of the movement. The frequency component of trunk displace-

ment showed great irregularity both as regards cyclic duration and ampli-

tude in the corresponding low frequency components. The frequency of the 
() 

disp1acement varied between subjects from 9.2 to 13.4 cycles per sec. 

with an average amplitude of the"displacement at these frequencies from 

2.8 - 15 microns or~about 1/1000" of the correspond1ng 10w frequency 

displacements of the trunk at the ~bilical 1evel. No simple relation-

ship could be found between the variation of the two components for 

different subjects. 

Qualitative agreement i5 found in the literature on the following 

points. 

(i) Some sway is always present during quiet standing. The 

(33 54 57) 
largest component of this sway 1s at a frequency of about 0.2 Hz ' , 

with a small tremor of approximately 10 Hz superimposed on it. 

(ii) Sway in the anteroposterior (a-p) plane tends to be larger 

than in the coronal plane. 
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(iii) Sway tends to be la·rger with the feet together than with 

the feet apart. 

(iv) (51) 
Sway is signifieantly inereased by e10sing the eyes 

while blind people sway about as mheh as sighted people with their 

(25) . (3 25) 
eyes elosed . .Baron e Flllizot ' showed that the content 

of the field of vision can affec.t the sway pattern. 

(v) Sway is not constant for an individual subject. 

(vi) Neurologica1 disorders, fatigue, sleep1essness, aleohol, 

(41) 
and certain drugs cause an increase in postural sway • 

A1though the sway is affeeted by many factors, there do not 

appear to be any patterns of swayeeharacteristie of specifie individual 

o 
disorders. 

The significance of these sway characteristics to a study of a 

statie posture is that no single value of the position of the ground 

reaction force on the feet will be representative of the sway range. 

A mean of several positions and their range over a full cycle of sway 

is ~ore representative of the postural state. The inertial effeets of 
~ 

body sway cause a slight diserepaney of the position of the ground 

reaction force relative to the position of the whole body centre of 

gravity. Assumdng symmetrieal sway forward and backward, the mean 

value of position of the ground reaetion force will be identical to 

the ~ean position of the whole body centre of gravity. 

3.2.3 Electro~ography 

Electromyographic studies of postural control by muscular 

activity has supplanted the technique of palpation of musele~ and 
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D 

tendons. The advent of electronic amplifiers made possible this 

technique which ~llO\"S monitoring of è11fctrica1 activity in muscles 

using various types of electrodes. 

Although e1ectromyographic techniques were applied to man for 

diagnostic and clinical reasons prior to the 1940's, it was not until 

then that they were used to unravel the functions of individual muscles 

and groups of muscles. 
(28) 1 

In 1944 Inman et al applied the technique 

ta study the func~ion of the shoulder joint. Since that time almost 

every muscle in the body has been studied during quiet standing. 

Initially. disagreements as to degree of activity presented themselves 

due ta variation in technique and electronics. 

Reviews of electromyogtaphic studies of the postural muscles by 

Basnajian(S) and Joseph(3l) summarize currently accepted views. 

(i) HiE Muscles - The activity in these muscles is suprisingly 

siight. ·(S) 
The iliospoas appears to h~ve slight constant activity and 

-hip stability is maintained to a large degree by ligamentous structures ~ 

such as the iliofemoral, pubofemoral and ischiofemoral·ligaments. 

Car1soo(l2) found the quadriceps to be completely inactive in loaded 

subjects. The hamstring muscles showed individual variation from very 

active to complete inactivity. Forward swaying of 50 and backward 

swaying of SO produced alternate hamstt"ing and quadriceps activity (31) • 
. 

(ii) Leg Muscles- - The greatest amount of postural activity 

occurs in the soleus. gastrocne~ius and tibialis anterior muscles. 

Carlsoo(12) found activity regularly in the soleus in quiet standing 

but never in the tibialis anterior •. Activity in the tibialis anterior 

was round to be periodic. Activity in the soleus muscle is almost a 
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constant finding, while gastrocnemius and tibialis anterior activity 

is cyclic. The discrepancy of findings with respect to soleus and 

gastrocnemius aetivity may be explained by the fact that the soleus 

is -tonie while the gastrocnemius is phasic. 

(iii) Other Muscle Groups - Intermittent reflex aetivity has 

also been detected in posterior vertebral, thoracic, abdominal, 
" -

peroneal and intrinsic muscles of the feet. 

, 
In summary, it appears that the calf muscles of the leg are 

primarily responsible for postural stability, and although other 

muscles are ,active, they appear to aet in conjunction with other 

passive elements to resist gravitational forces. 

Force-EMG Relationships 

Basmajian(5) reviewed the relationship of EMG to fQrce and 

tension. There i5 evidence that: 

(1) There is no direct quantitative relationship between a 

muscle's inherent power and the EMG. , 
(2) Isometrically an~ isotonieally contracting muscle shows -

a direct relat10nship between mechanical tension and integrated EMG. 

(3) The integrated aiG potentials vary directly with a simple 

count of motor unit spikes. 

(4) The integrated output of different muscles should not be 

compared. 

(5) Only under restricted conditions can force, speed and' 
-/-

work output be judged from EMG data either recorded as spikes or 

integrated. 

--
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3.3 ANATOHICAL AND BIOMECHANICAL ASPECTS OF mE ANf)- MUE JOINTS 

3.3.1 Knee Joint 

The mechanisms involved in maintaining passive and active 

resistance to extension at the knee joint are (55) 

(1) postural contraction of flexor muscles, and 

(2) passive resistance of the tissues of the joint consisting 

of (a) articular resistance, and 

(b) extra-articular-resistance • 
.... 

The muscles involved in the P?stural muscle contraction are the ham-

strings, to a slight degree, and also the gastrocnemius by virtue of 

its origin on the femoral condyles behind the centre o~ rotation. 

The nature of the articular resistance to extension was first 

described by Goodsir(19) in 1868, who showed in an osteoligamentous 

preparation of the knee joint that extension is limited by 'a mechanism 

which involves tightening of joint ligaments and simultaneous locking 

of paired articular surfaces with logarithmic spiral curves; that is, 

by tensile- forces in joint ligaments, agd by compressi~e forces in 

the tissues deep to the articular surfaces. This was interpreted by 

Walmsl~y(59) to be an abrupt limit and that the tissues involved are 

prac~ica1ly unchanged in their dimensions by the applied forces. In 

normal standing, however, the maximum extension is usually slightly 

short of full extension and the exact lim1t of extension at the knee 

joint varies with the magnitude of the extending force and 'the tissues 

(1 26 55) are appreciably distort~d by stress of normal magnitude.' , • 

Smith(SS) studied ~he extra-articular and intra-articular 

resistance of the knee to extension using a simple balance platform 
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and Iateral photograpns of a subject with a knee joint position marker 

applied to the knee at a point determined by a crude instant centre 

record from photograpqs. He calculated the extending torque on the knee 

, ° ci j oint in symmetrical standing to be 5.1 lb. ft. with the knee 6 short 

of full extension for a body weight of 161 lbs. He determiped the 

passive resistance to be 0.9 lb. ft. from the articular mechanism and 

2.7 lb. ft. from the extra-artlcular mechan'ism making a total passive 

resistance to extension of 3.6 lb. ft. This required 1.5 lb. ft. of 

flexing torque from the postural activity of the flexor muscles. ln 

other words, of the total flexing torque which Is required to counter-

Ret the force of gravit y and stabilize the knee joint in symmetrical . 
~~nding, about 50% is derived from passive resistance of the extra-

a~ticular tissues, about 30% from the postural activity of the flexor 

mU~les and about 20% from the passive resistance of the articular 

tleCh~sm. 
The transverse axis of rotation of the knee joint cannot be 

determined from surface anatomical'landmarks alone. Kinematic principles 

which require locat1on"of the instant centre (by radiographie examin-, 
, 

ation) of the joint in the range of flexion under study is an accepted --
technique (18) • The knee joint has a polycentric transverse axis which 

i5 described as circoid by Steindler (56) • 

3.3.2 Ankle Joint 

As at the knee, it is generally accépted that the ankle joint 

ls stabilized by two forces operating in harmony(13,54). The forces 

are those of the posterior crural muscles and the passive resistance 
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to dorsiflexion exerted by periarticular tissues and articular 

surfaces. A very large measure, if not aIl of the activity 1s in 

the triceps surae muscles (53) • Soith (54) determinêd that the 

passive resistance at the ankle opera tes only over the terminal 

3 degrees of dorsiflexion. In a young adult of average physique, 

a passive torque of constant value of 2.5 lb. ft. was found, but 

severai assumptions made appear to be unreasonable and the validity 

i8 questionable. The tension in the calf muscles in an adult of 

average physique was found to range between 60 and 180 lbs. with a 

variation of ±35 pounds over a period of one second. Joseph et al (32) 

found that in a man of 140 lbs. the tissue tension, both active ana 

passive had a value of about 35 lbs. at the ankle. 

The axis of the tibio-talar joint varies considerably both in 

location and inclination to the horizontal. Sorne investigatois have' 

stated that the joint has a changing axis as the foot proceeds from 

(2 24 34) (11 36) dorsiflexion,to plantar flexion ' , • Others ' infer a 

, (29) 
single axis concept. Isman and Inman report a detailed study 

attempting to define easily identifiable skeletal landmarks and 

clarify the single axis concept. They concluded that the tibio-, 
talâr joint could be considered a Single axis joint for purposes of 

bracing, that the use of certain skeletal land~rks to de termine the 

axis aeern feasible, but no accurate method was found for the living 

subject. {In that study no correlative radiographs were utilized. A 

general description of the position of the axis ls that the trochlea 

of the talus is actually , portion'of a truncated cone with its base 
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located medial ta the ankle(14). The lateral profile ls alrrost always 

an arc of a true circle und in aIl positions of the talus the axis of 

t i h h h f h . l (2) ra at on must pass t roug t e centre 0 t e C1rc e • The mediai 

profile is compounded of the arcs of two circles 'of differing radi!. 

The axis is concluded ta be a changing one since the medial point 

1 
related ta the talus shifts, causing the axis to be pointed downward 

and laterally during dorsiflexion and downwards and mediaIIy during 

• 
plantar flexion. On the basis of the foregoing info,rmation, 

correlation of a lateral surface marker with a laterai radiograph of 

the ankle joint ta correspond with the geome~ric centre of the lateral 

aspect of the trochlea, would give an accurate surface mark for that 

point on the axis. 

.' 

/l' 
1) 
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CRAPTER IV '. 

LEG MODEL OF LOHER "EX1REl-lITY FOR EVALUATION 
, J 

OF THE ROLE OF MRDOSIS A~"D EQUINUS IN 

lŒEE STABILlZATION 

4.1 INTRODUCTION 

In this chapter the postulated stabilizing effect of lordosis 

and equirius is introduced. A leg model to evaluate their effect on 

the stabilizing moment at the knee is described. 

4.2 ROLE OF LORDOSIS AND EQüI~~S IN STABILIZATION OF THE KNEE 

In review of the clinical observations outlined in Chapter II 

relating to the clinical observations of posture in muscular dystrophy, 

,,-e have: 

(1) small hip flexion contractures. 

(2) marked lordosi~ which is decreased by bracing the knees 

in extension, 

(3) equinus foot deformities which initially appear ftlectively 

(4) 

(5) 

(6) 

" and later become'fixed contractures, 
! 

consistently weak quadriceps and knee extensor muscles. 

pseudohypertrophy of the calf muscles, and 

1 'knee flexion contractures'prior to cessation of ambu1ation. 

No unified exp1anation of these findings has been proposed. 

Figure 4.1 i11ustrates the 1ine of gravit y passing !n fro~t of the 

transverse knee joint axis and ~he transverse~ankle axis, just anterior 

to the Iateral ma11eolus. The ground reaction force is i11ustrated as 

.. 
... 



e e .. 

f-

11 t 

.. 
w::\~ 

(J 

Fig. 4.1' Relationship of wh~le body centre of gravit y to 10wer extremity joints 
'- 1 li 

G 

J 

.. 
e 

'" 

... 

N 
...... 



28. 

a vector acting vertically at thé intersection of the downward 

projection of the Hne of gravitf and the floor. 

" 
In the presence of knee flexion contractures (Fig. 4.2); the 

line of the projected whole body centre of gravit y (C of G) now 

passes posterior to the knee joint axis. To px::event the knees from 

collapsing into flexion a strong extension force at the knee is 

required from quadriceps muscle activity. In the dystrophie child 

the quadriceps are, ho~ever, weakened and in moderately severe forms 

of the disease patients would be unable to prevent the knee' from 

collapsing into flexion (Fig. 4.3). For a dystrophie child to main-

taincupright stance, knee stability wou Id have to be accomplished by 

use of other muscle groups to re,üign the body segments such that the 

knee joint axis fell behind the line of gravity. How could this be 

accomplished? 

The first 'Cethod is by adopting equinus to move the b'ase of 

support forward to the metatarsal heads, as shown in Fig. 4.4 and 4.5. 

The line of ~ravity must also shift forward to be aligned over the 
C1,l.; 

base of support and the knee joint axis is displaeed posterior to the 

line of gravity. 

Secondly, flexing the pelvis would again aàvance the line of 

gravit y of the whole body C of~ G (Fig. 4.6). This maneuver also 

displaces the knee axis posterior to the line of gravity. 

The combination of these two cOILpensatory movements 1s illustrated 

in Fig. 4.7. The resulting posture is thus one of equinus ànd 'lordosis. 

A normal adult volunteer is shown in the composite photograph (Figf~4.8), 
, ( 
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from left ta right standing normally, in equinus, in lordosis, and 

in a eombination of the two. It is evident that the knee is cons id-

erably further behind the line of gravit y in the last stance th an in 

the left hand posture. 

It appears that'the dystrophie child must eompensate for weakening 

knee extensor muscles and progressive knee flexion contractures. In 

~rder to do so he assumes a lordotie posture ~nd emplof~ the relatively 

strong triceps surae muscles of the calf to adopt an equinus'position. 

The progressive knee fl~xion ~ontractures would eventually neutralize - ,-~ , 
..... ;~~ ... ,.,. ~~ 

the advantage gained by moving the line of gravit y forward, and the 

resulting stabilizing' effeet on the knee. The mechanism described 

would explain the major features of the dystrophie posture:rtsponse 

ta heel cord lengthening, and possibly the mechanism responsible for 

hypertrophy of the calf muscles. 

4.3 LEG MODEL 

Consider the sagittal plane of a standing persan with schematic 

representation of muscular, so'ft tissue and gravitational forces 
, 

existing at the knee and ankle joints, ~nd their relationship ta the 

knee and ankle axes (Fig, 4.9). For static equilibrium at the knee 

joint, the summation of moments about the knee joint axis must equal 

zero (i.e. the flexing moments at the knee must equal the extending 

moments), or 

~ neg ~ pos (4.1) 

'" 
where ~ neg flexing or clockwise moment 

Ha pos extending or eounterclockwise moment 

, 
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Fig. 4".9 Muscle relations in the ~<)._gittal leg plane 
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moment due to passive tissue elements 

lirniting hyperextension of the joint + 
moment due to active knee flexor muscle 

contraction {a} gastrocnemius muscle 

{b} hamstring muscles 

(c) popliteus muscle 

moment due to the extending moment of the 

force of gravit y acting on the body mass 

above the knee joint axis + moment due ta 

extensor muscle contraction 

(a) quadriceps muscle 

Consider these elements ind1vidually: 

Mowent due ta passive tissue elements 

The moment.is exerted by passive tissue forces in the ligaments, 

capsule and intra-articular structures and is qependent on the degree 
-... 

of joint extension in relationsh1p to their elastic propert1es and 

mechanical configuration of the knee joint. The magnitude 1s equal to 

the extending moment on the knee which is not restricted by activity 

in the flexor muscle groups. 

Moment due to active knee flexor muscle contraction 

Hamstring Muscle. The hamstring funetion at the knee in standing 

15 ta limit the forces which the passive elements must resist. On the 

basis of EMG data, the activity 15 on a cyclic basis related ta forward 

and backward swaying. Smith(3) attributed 207. of total force at 6 degrees ... 

short of full extension ta be due ta flexor muscle activity. 

Gastrocnemius r-:uscle. On the basis of EHG data most of the flexor 

muscle activlty ls in the triceps surae muscle, of which only the gastroc-

nemius muscle crosses the knee joint and produces flexing moments. 

\ • 
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Popliteus Muscle. The popliteus muscle functions as a lateral 

rotator of the femur on the tibia and retractor of the lateral menis­

cus, and according ta Last(35) is not even a weak flexor of the knee. 

l-le can therefare consider the active flexor moment to be due to gas-

trocnemius muscle forces and express the flexing moment by the 

equation, 

where 
\ 

~ neg = MB passive + ~ ga~, 
" 

(4.2) 

~~ passive = moment due ta passive tissue elem~nt~ 

resisting hyperextension of the knee 

and hamstring activity. 

MB gas = moment due to gastrocnemius muscle activity. 

The extension moment due to quadriceps activity is considered 

negligible in normal standing posture in the absence of knee flexion 

contractures requiring augmentation of the normal gravitational 

forces to maintain knee stability. This is confirmed by ElfG data 

which shows activity similar to hamstring activity of a cyclic nature 

related to backward sway. The extending moment is then expressed ~ 

the equation, 

By substitution: 

or 

M
B 

pos = ~ grav (4.3) 

~ grav = extending moment at the knee due to 

gravitational forces acting on the bQdy 

mass ûbove the knee joint. 

(4.4) 

}~ passive =~ grav - ~ gas. (4.5) 
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\ 
If we define the net stabilizing moment (N.S.M.) as being 

. 
equal ta the magnitude of the extending moment due to gravit y 

(M
B 

gray) minus the flexing torque due to gastrocnemius activity 

(t1
B 

gas») then 

N. S • }1. ' = ~ gr av - ~ gas (4.6) 

In this derivation minimal activity specifie ta the hamstring 
" , -..,. 

activity Is considered ta be lumped with M passive. The value of 

M grav can be eaieulated by determining the lever arm from the axis 

of knee rotation ta the effective line of action of the body mess 

~ 

ab ove·. the ~nee joint and multlplylng it by the net body weight W . 
. ' n 

The value of Mean be calculated by determining the lever arm . gas 

from the axis of rotation of the knee to the line of action· of the 

gastrocnemius muscle and multiplying it by th~ force exerted by the 

gastrocnemius. The force in the gastrocnemiu$ must, however, be 

J 

calculated indirectly by considering the forces aetin~at the ankle 

joint. \ 
, . 

Referring again to the schematic representatio~ ia Fig. 4.9, 

for statlc equilibrium about the ankle~ the summation of moments 

about the ankle axis must be equal to zero (i.e. the plantar flexing 

moments of the ankle must equai the dorsi flexing moments), or 

where 

M rt~ = MApos 
A, ) 

(4.7) 

MAneg = plantar flexing moment or clockwise 

moment at the snkle axis A. 

MApos = dorsiflexing or counterclockwise moment at 

ankle axis A. 
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, 
~~neg = moment due to passive tissue Elements 

limiting dorsiflexion at the ankle + 
moment due ta active ankle flexor muscle 

contraction 

(a) Triceps surae muscles 

~) Peroneu$ brevis and longus muscle 

(c) Tibialis posterior muscle 

(d) Flexor haIIueis longus muscle 

Ce) Flexor digitorum longus muscle 

MApos = moment due to the ground react!on force on 
, 

the foot + m0ment due to passive tissue 

elements limiting plantar flexion of the 

ankle + moment due to active ankle dorsi 

flexor function of: 

(a) tibialis anterior muscle 

(b) extensor hallucis longus muscle 

(c) extensor digitorum communis muscle. 

Consider these moments individually: 

Passive tissue elements limiting plantar and dorsiflexion. The passive 

. (54) 
tissue element forces are considered by Smith to be significant 

only in the last few degrees of dorsiflexion. In the analysis in 

approximately neutral ankle positions and in plantar flexion, these 

forces can be considered negligible. 

Momîtfit dùe to active'ankle flexor contraction. The peroneus brevia 
, 

and longus, tibialis posterior, flexor hallucis longus and flexo~ 

digitorum communis muscles are aIl very weak plantar flexors of the 

ankle by virtue of their comparatively small bulk (compared to soleus 

and gastroenemius muscles) and the close proximity to the transverse 

axis of the ankle joint. Their relative contribution to plantar 
t 

flexion at the snkle has not been'q~antitatively determined, but the 

great majerity of plantar flexion force 15 attributed te the tension 
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exerted by the triceps surae muscles. 

Noment due to active ankle dorsi'fl'èxor function. The muscles acting 

across the dorsum of the ankl~ have very minimal activity in nor~l 

stance except under conditions of perturbation such as repeated 

forced backwa~~ sway. 

Mooent due to ground reaction forces. The ground reaction·force is 

no~a1ly located in front of the ankle axis and ls the major force 
. 

which is resisted by the triceps surae muscle. T~us, by attributing 

aIl plantar flexor activity to the tricep\ surae muscle and aIl 

dorsiflexing activity to the ground reactian force, 

MAneg = moment due to triceps surae activity 

and 
MApos = moment due to ground reaetion force. 

Consider the free body diagram (Fig. 4.10) with the coordinate 

system as shown for the foot: 

MAneg =TL 
2 

Sin B 

MApos 
Fz 

(X - ~) =--

2 
A 

substituting in (4.7) 

T Sin B ~ 

\ 

and~s~lving for T the tension in the tendoachi11es 

T= 
F 

z 

2 L2 Sin B 
o 

(4.8) 

(4.9) 

(4.10) 

(4.11) 

In this analysis of the ankle joint the weight of the foot being 

1.3% of total body weight is igno~cd in view of its close proximity to 

the ankle axis (Dempster(lS». 

r.. 
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Let the ratio of the tension in the gastrocnemius to the total 

tendoachillcs t~sion T be defined by the term ( +gas
l

). Thè gas so 

tension in the gastrocn~mius is then,( !as 1)T. gas 50 J 

Consider ncw th~ free body diagram of the leg (Fig. 4.11). 

Using Dernpster's tables (IS) " the positio~ of t~~ C,of G.of foot and 

shank is determined to be at a point 0.567 from the ankle to knee 
• 

joint axis and W 
s 

• 059 W/2. The X coordinate ,of W/2 (one half of 

total body weight) equals the X coordina~e of the rcactive ground 

force Fz/2 and is denoted by ~. ~ To determdne the coordinate of the 

1ine of ~ction (X
W 

) of the body weight acting to stabi1ize the knee 
N 

(WN), the ~oment equation of~the segmental body weights can be written 

about the coordinate XF (Fig. 4.12). 

but 

substituting 

simplifying to 

Consider the free body d1sbram of the 1eg (Fig. 4.11). . '" 
due to M . is then grav 

and the flexing mo~ent due tq gastrocncmius activity i5 , 

HBgas = ( !as 1) T L4 gas 50 

. 
l' 

(4.12) 

(4.13) 

(4.14) 

.; 

(4.15) . 

The moment 

(4.17) 
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Substituting (4.16) and (4.17) into (4.6) 
\ . 

( ) ( gas ~) T 
N.S.H. = WN XB-~ - gas + sol • L4 

N 
(4.18) 

But 
W = F /2 - W N :z. S 

(4.19) 

and 
Ws = 0.059 F/2 (Dernps ter) (4.20) 

and (4.21) 

and simp1ifying 

W = 0.470 F N z 
(4.22) 

. 
Therefore by svbstituting (4.22), (4.15), (4.11) and (4.20) into (4.18) 

.G567(XAr-j}B~ - ~ \) 
0.470Fz - )J N.S.M. 

siroplifying 

N.S.M. 

factoring 

N.S.M. 

O.470Fz (l1l~ x,.. - .05~Fz /~ -

( gas ) Fz ~A - ~) 
- gas + sol 2 L

2 
sin 6 

--- --

( gas ) 
gas + sol 

Fz (XA-:- _~) L4 
; 

2 L2 sin B 

~-
( 4.23) 

\ . 

(4.24) 

( 
( 

XA - 0.567 (XA -~) - Y-y ) 
Fz 0.470(XB-~) + .059 -----=-2-----

_ ( gas, ') (XA - J).) L4) (4.25) 
gas + sol 2 L sin B 

2 

This analysis app1ies to positions of equinus stance as weIl as to 

flat-footed stancé. In equinus positions the angle B formed by the tendo-

achilles and hind-foot segment is not a constant. The relationship of the 

(J 
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angle B must therefore be determined as a function of the degree of 

equinus. The experimental determination ~f angle Band analysis 

are deta:t~ed in Sec. 6.5 and Sec. 7.3. 

" 

\\ 

o 

.' 

o 
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, .' 
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CHAPTER V 

EXPERHŒNTAL APPARATUS 
...P-
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The schematic diagram in Fig. 5.1 indicates the experimental 

<Î apparatus used to investigat~the postural stability of the knee. 

The apparatus will be described in this chapter and consists of: 

(1) A force plate to measure the coordinates of the center of 

foot pressure and ground reaction force. 

(2) A 16 mm movie camera to record the surface markings of the 

4It ankle and knee joint axes and postural alterations. 

(3) A background grid to determine the horizontal and vertiçal 

(x and Z) coordinates of the-joints. 

\ 
(4) Electromyographic apparatus for assessment of muscu1ar 

activity in t~e triceps surae muscles. 
" 0 

(5) Radiological equipment. 
, 

(6) Data recording and processing equipment. 

5.2 FORCE PLATE 

5.2.1 Introduction 

~ general purpose force analysis p1atform was designed and built 

. ;by the author in collaboration wi th Mr. R. E. Kearney. This force plate 

was envisioned as a general purpose biomechanical research teo! and 15 

therefore sOfiewhat reore sophisticated than necessary for the investi-

gation deseribed here. 



..... 1 . , 
'," 

.... 

Beaulieu ~ 
16 mm movie camera 

~p=~ -=--­
.... ,J 

Cinephotographic 
Analysis and 
Parallax 
Correction , 

parallax 
correction 

.~ 

Radiog't8.~hic 

Analysi9' 

• 
Leg 
and 

Foot 
Constants 

-

fi 

- " 

Joint 
Coordinate 

and 
Angles 

Computer 

t 

~ 

Tectronix 
Amplifiers 
Model 122 

46. 

+z ~ 

Il ." ,. 1 

F. .M.r. 

" 
grid 

S.E. Lab 
Model 4000 
Amplifiers 

, 
Philbrick 
Operational 
Amplifiers and 
Dividers 

Svnc. nulse 

E.M.G. 
!Rectification 

and 
Filtering • 

1 
1-

Ampex 
Model 300 

r+-- Tape Recorder 

., - ~ 

Force plate Honeywell 
~ 

and Visicorder 

E.H.G. data Hodel 210-6 

Fig. 5.1 ~xperimental apparatus and instrumentation 

~ 

0 



': 

\ 
) 

47. 

5.2.2 Design and Construction 

The force plate (see Fig. 5.2) consists of a three-foot square 

plate supported by six load cells which are in turn mounted on another 

plate. Both plates are made of 3/4" thick ptagnesium to which a tri­
• 

angular frame of alum;inium l beams has been bolted to provide added 

stiffness. Magnes~um and aluminium were used in arder to minimize 
:) 

the weight of the Jpper plate and hence keep the plate natural fre-

quency as high as ·possible. 

The load cells are arranged in a triangular array with the three 
, 

vertical cells at-,,-the vertices and the three horizontal cells forming 
t 

the sides of an equilateral triangle. The cells are aIl mounted on 
,:,~~ 1'~ t 

flexure rads, which aré stiffaxi~lly but very flexible in bending. 

) to:. .. ' 
The flexures ~~e to eliminate cross coupling between·the vertical 

1-

,1 

and horizOntal cells due to bending moments. The flexures were 

designed 50 that less than 1% of the force perpendicular to -the flexure 

axis i8 taken up by bending of the flexures. Moments of this size will 

not alter the output from the cells used. Since the flexures are 11near, 

the forces that they do absorb can easily be accounted for during cali-

bration. BLH la ad cells were selected; 1000 lb. capacity for the 

vertical cells and 500 lb. capacity for the horizontal cells. The high 

capacity load. cells were selected for the vertical measurement as a 

protection against shock overloads and to obtain a stiff support for 

the plate. The stiffness of the plate mounting combined with the mass 

of the upper plate determines its natural frequency. Note, that while 

semi-conductor load cells are much stiffer, they were not used due to 

their non-linear output and temperature dependence. 

More sensitive cells were used for the horizontal measurements 
o 
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Fig. 5.2 T~e rc~ce Plate 
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~ 

because the size of these forces .a~ e~d to be much smaller 

than that of the vertical forces. 
[, 

5.2.3 Load Cell Electronics 

The load cells are of the :011 strain gauge type* and have a 

low output so that amplification ~s needed,to give outputs suitable 

for further analog processing. 

The S.E. Labs 4000 carrier amplifier system was selected for 

use. This system energizes therlcad cells with, a 3 kHz carrier signal. 

The amplitude modulated load cell outputs are amplified by six A.C. 

amplifiers and this signal is the~ demodulated in a phase sensitive 

manner to give a D.C. output in t~e range 1.4 volts. The amplifiers 

ar~ sensitive enough to give a full scale output for a 0.01% bridge 

unbalance and have Infinite gain .ariability up to this level. The 

amplifiers also contain circuitry to allow both resistance and induc-

tive unbalances to be removed. 

The S.E. system also conta~ns calibration and monitoring 
l 

circuitry which allows the amplif~ers to be balanced and their gains 

set easily. 

The amplifiers have an opt~um frequency response (fIat from 

0-1750 Hz) when feeding a 10k loaè. The amplifier outputs were there-

fore buffered from the variable i=pedance analog computation circuits 

by means of six operational ampli:ler follo~ers with a fixed IOk input 

Impedance. 

The amplifiers in combinat~on with the least sensitive load 

celis are capable of producing a :JII scale (1.4 volt) output for a 

*1n a full bridge circuit 
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load of less than 5 pounds and a 

This sensitivity is far in excess of anything required for these 

studies but could be of use in other studies - for example, balisto-

cardiographie studies. 

5.2.4 Ana log Preprocess ing 
() 

The amplified load cell outputs are not directly useful until 

they have been re1ated to the plate geometry. The reference axis 

se1ected is shawn in Fig. 5.3 where the origin (0) is near the centre 

of the'p1ate. The variables of interest which ~ust be calculated 

from the load cell outputs are: 

(i) F = total force in x direction, 
x 

(ii) F = total 
y 

force in y direction, 

(iii)" F = total force z in z direction (total vertical force) , 

(iv) M = net moment about x axis, 
x 

(v) ~f = net moment about y axis, 
y 

(vi) M = net 
z 

moment about z axis. 

At times it may be useful ta express M and M respective1y in the ,y x 

slightly different farro of } 

(vii) X = effective -x coordinate of F ,~ 
P z 

(viii) Y = effective coordinate of F , 
P z 

whcre X and Y are defined by the relations 
p p 

x 
p 

y 
p 

M 
J.. 
F 

z 

M x 
F 

z 

(5.1) 

(5.2) 
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The detailed derivation of the equation relating these variables to 

-
the load cell outputs i5 found in Appendix A. These algebraic 

relations have been implemcnted by me ans of simple operational ampJi­

fier circuits which are patched together oJPhilbrick-Nexus operational 

manifolds, using Philbrick P85AU ,operational amplifiers. The divisions 

required to calculate X and Y are done by two Philbrick SP~11A multi-
p p 

plier-divider ~nits. 

5.2.5 Calibration 

Static calibration of the systèm ~as necessary to account for 

any forces absorbed by flexures and to ensure that the system is both 

linear and repeatable. This was done by first setting the amplifier 

gains at about the correct level, d(:llibrating the plate and the re-

setting the amplifier gains to give a convenient output scale. 
\ 

Calibration loads were fitst applied in graduaI steps and then 

removed in the same steps to provide a check on b?th the linearity and 

the repeatability of the system. 

The vertical ealibration loads were eas~ly applied by u5~ng 

dead weights since only positive loads were of interest. The hori-

zontal loads were ~pplied in both directions through à lever arrange-

ment. 

~ ~~ile the plate was being calibrated in one direction, the 
;a 

, '-
other two force outputs were monitored to check for cross coupling 
1 
, j 

effects. In aIl cases these effects were co~letely negligible. 

Calibration curves fJr F , F ,F are shown in Figures 5.4, x y z 

5.5 and 5.6. 
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No attempt,~s made to calibrate the other outputs since they 

are dcrived from the same variables which were calibrated through F , 
x 

F , F~, and s~ do not need direct calibration. 
y / 0 

Th,e momen t ou tpu ts wer,e" of course. checked" in an approxima te 

mannar to ensure that ther'e were no wiring errors. , 

Dynull1}c ca1ibrati~ .. of the plate was êt'tempted by -a~plying an 
J. ~ 

impulsive load and observing the response. Typical response curves 

are shov."'1l in Fig. 5. 7, 5.8 and 5.9 for shocks applied in the x, y, z 

" -' directions. These complex responses were treated as damped second 

order responses ta provide approxirr.ate values for natural frequency 

and damping ratios. The values obtained were: 

r-
J 

Direction Natural Freguency(W ) Damping Ratio(ô) 
n 

x 168 Hz .20 

y 105 Hz .60 

z 200 Hz '" .19 

These figures apply for the plate supporting a 200 lb. man but 

the differences b€tween the loaded and unloaded plates were small prob-

ably as a result of the loose coupling between the man and plate. 

These natural frequencies are weIl above any expected postur21 fre-

quencies requircd for accurate measurements. However they do imply 

that sone cautio'n is TIf.ces's<!ry in, studying impulsive type of loading 

as in fast walking or running. 

The forceJplate electronics were set up ta have the lo11o~ing 

• output s,cal#s for l-... ork dcscribed in the thesis. 

/ 

" 
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Variable Scale Noice Level AccUI'acy 

D F 
x IOmv/N 5mv ±l/2N 

F 
Y 

10mv/N 5mv ±l/2N -

F 
z IOr.lv/N 5mv ±1/2N 

~ X lv/cm - 50mv ±.5mm p 

y lv/cm 50nv ±.5mm p 

M IOv/N-m z 50mv 15N-cm '\ 

The noise levels quoted '\o]ere observed experimentally. 

5.3 CINEPHOTOGRAPHY AND BACKC-ROt~D GRID 

5.3.1 Camera and Grid 

The camera selected was a Beaulieu RIG "Sync" 16 mm elect<ric 

cine-camera. The variable spee& capability '\olas fron 1 to 64 frames 

per second. The camera \Vas mounted 25 feet from the plane of the 

subject and 26.5 feet ~rom the background grid. Using a 75 mm lens, 

a view of a standing subject's lowcr extremity was obtainable. The 

cine-film ~as projected using a Bell & HowelJ 16 mm projector with 

manual frame advapce against a background grid matching the photo-

graphie gr id to an accuracy of ±l mm. Parallax error was reduced by 

lens to subject . maintaining the ratio of the distances, .d,as hlgh as subj cet to gn 

o possible in theeavailable working space The narallax error is 

calculated in ~ppendix Band is determined for horizontal displace-. 

ments to be 6 mm for object placed 10 cm from the lens axis. Camera 

speEd used in this study was 16 fromes per second. 

5.3.2 Synchronization Pulse 

The call1era WélS equipped with an alternator attached to the 

film transport rDcchanisT'l. It generatcd 23 cye.les of a sinusoldal 
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, 
wave for each frame taken. A counting circuit was designed to emit 

a pulse for each 2! cycles of the camera generator pulse. By correct 

phasing of the counting circuit it was possible to have this pulse 
" 

emitted at the tiœe the shutter opening occurred. The circuit there-

fore produced a pulse ~hich would allow the cinephotographic infornation 

\ on each frame to be correlated with other variables.' 

, 
r' 

5.4 ~LECTROHYOGR."'PHY (E .11. G. ) ? 
5.4 l Electrodes 1 

Beckman surface electrodes were used to record the clectrical 

activity in tqe gastrocnemius and soleus muscle~. Two sets of electrodes 
J 

~ere utilized on the sarne leg in an attempt to evalua~ the relative 

activity. Surface electrodes were used to enable signaIs to be recorded 
, 

froD a larger nuscle bulk than possible with wire electrodes and since 

these ~uscles are superficial, they could easily be identified. 

Application te~hnique involved sh9ving and ~ashing the skin with 

aleohol and applying the electrodes with conducting electrode jelly and 

Bec~an adhesive. 

o 

5.4.2 Anplifiers 

The surface electrodes were connected to Tektronix Type 122 
p'; 

differential preamplifiers through~shie1ded cab1es. A gain of 1000 was 

adequ2te to raise the ENG signal lev~l for further analog processing .. 
, ~ 

The Tektronix Type 122 amplifiers were equipped ,,,ith variable 

first o~der high and low pass filters for reduction of noise level. 

The bcst results were obtained with a high-pa~s filter break point set 

at 10 Hz and 10\-1 pass filter bredk point set at l kH~. 
~ 
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5.4.3 Rectification and Filtering 

The amplified EHG' s,vere then processed through an analeg 

net~ork patched into the Philbrick operationàl manifolds. The net-

work was devcloped at the BioMedical Engineering Unit by Il.H. Kwee. 

A circuit diagram of the network is shown in Fig. 5.10. 

The circuit f~st high pass filters the input to reduce any 

noise resulting from low frequency motions of the body. The wave is 

then full-wave rectified and smoothed by a low pass filter. Both the 

high pass and low pass filters are simple first order filters with , 

-variable break points. A low pass break point of 24 Hz and a high 

pass break point of 100 Hz were,found to give the best results. 

5.4.4 Electrode Placement 
• , .. 

"Two electrodes spaced several centimeters apart were placed 

over the muscle belly of the gastrocnemius and soleus muscles on the 
. 

same leg. It was found possible to establish separation of the ' 

electrical activity in these muscles by checking the activity of ~he 

soleus in a neutral ankle position and the gastrocnemius with greater 

plantar flexion, to ensure that there was minimal cross-coupling between . 
thern. 

A common ground electrode was used for both sets of electrodes 

and ":as separated from them. 

5.5 DATA RECORDING 

5.5.1 FH Tape Recorder 

A 7-channel Ampex Sr-300 was utilized to record force plate and 

afc. variables and the synchronization pulse from the sine t.,;ave generator 

'"" 
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~ 

on toe 16 mm movie camera. A simple manual switch in the output of 

the counting circuit enabled the initial reeorded frame of the photo-

graphie record to be correlated with the other variables. By storing 

the data on magnetic tape, subsequent processing of EI1G records and 

conversion to strip chart forro for visual analysis was possib!e. 

5.5.2 Visicorder 

A 7 channel Honeywell Visicorder Oseillograph Model 2106, 

equipped with a Honeywell Accudata Model 117, multi-channel DC amp1i-. 

fier was used to transform the variables recorded on the Ampex tape 

recorder into strip chart forme ~he gains were adjusted on the input 

to the visicorder ta give the following scales. 

'. x 
p 

l cm displaëement on force plate equa1 tOjl/2 inch on strip 
~ 

chart. ~ 

y - l cmtdisplacement on force plate equal to 1/2~inch on strip pA, 

F 
z 

chart. 

100 newtons l inch 

7, ~ 
Synchronization pulse full sweep of strip ehart 

5.5.3 IBM 360 Computer 

The IBM 360 Computer fadlities at the HcGill Computing Centre , 

'-

were utilized for data proeessing. The variables from force plate, 'EMe, 

cirtephotography and radiologieal J~asurements were co~bined on punch cards 

with one data set correlating to a single 16 mi11imC'ter cine exposure. A 

, 
computer program in FORrRAN language was written to do the ealculations. / 

~ 
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5.6 RADIOLOGY EQUIP}ŒNT ~ 
, 

Standard radiology eq;ip~ent was utilized at the Radiology 

Departments of the Montreal General Hospital and the Montreal 

Children's Hospital to take the full length radiographs of the leg 

in subjects tested. Coning techniques were utilized to limit the 

exposure fields and restrict the X-ray dosages. The full-length 

filres were taken at a source to plate distance df 20 feet with the 

" plates located immediately adjacent to the part examined. Radio-

opaque markers were applied to the skin and centered over the skin 

marks utilized for photography. 

" 

.. 
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The experiments consisted of the study of one normal adult, 

,'j 

)tv.;o normal children, and am children with the Duchenne form of 

muscu1ar ~~strophy. The experimental methods and protocol .~sed 

are~ described. 
); 

6.2 EXPERllmNTAL METHOD 

Subjects were dressed in shorts on1y, providing complet~ 

exposure of ,the lower extremities ta the mid-thigh level and wore 

no footwear. Physical examinations of the muscular dystrophy 

subjects' lower extremities were performed and the active and.~assive 

range of motion of the knee and ankle joints documented. Height and 

weight measurements were recorded for each subject. Prior to appli-
, ' 

cation of EMG elec~rodes, the subjects were instructed in the 

manoeuvers \7hi-ch were to be performed during the experiment. They 

were instructed to stand with the knees fully extended, with the feet 
() 

together and symmetrically placed with the intermalleolar distance 
Q 

equa1 ta one cm. and the medial border~ of the feet oriented along the . 
anteroposterior axis. The manoeuver of lord6sis was demonstrated and 

adopted under supervision instructing the subject to allow the abdomen 

- to protrude and to extend the shouldcrs such that a lordotic posture 
,l' 

was adopted. The adoption of a sIm., continuouS" progress~on of the 

o 

\ 

() l 

o 
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degree of equinus and retuln to a plantigrade pès~ti~n was practiced 

until the subjects could confidently carry out the manoeuvers with 

ease over a period of approximately 45 seconds. Normal subjects were 

instructed in both manoeuvers. The muscular dystrophy children were 

instructed in only the equinus manoeuver, since they were unable to 

decr€ase the degree of lumbar lordosis in a standing position. They 

were, however, capable of adopting a fIat foot stance with heel 

contact. 

The EMcJelectrodes were then applied to the calf of the right 

leg over the soleus muscle and one of the heads of the gastrocnemius 

muscle. A check of function was then made to ensure that a good 

-
quality signal was obtained. Surface marks were th en applied to the 

iJ 
latera! aspect of the lateral femoral condyle, ta the tip of the 

lat~ral malleolus and to the head of the fifth metatarsal using black 
"ff" 

~ 
The surface landrnarks were dêtermined at this tape und marker penei!. 

stage by P?lpntion. The marks weiè applied with the knees fully 

extended and the,ankle in a neutral position ta minimize skin movement 

err~r during the Im4Ugeuvers • . ' 
.{ 

~1The subject was 1thcn positioned on the force plate such that he 
..1 .,. --

faced to the right w~~,_viewcd from the caocra position with the right 
. 

side exposed to the camera. The feet were positioned ~ith the ~edial 

aspect of the foot aligned parallel to the a-p ot X axis of the force 

plate and the 5th rnetatarsal marker on each foot centcred on~thc Y 

transverse axis. The foot positions and X and Y force plate axis were 

recorded on semi-transparent grid paper applied to the forc~late prior 

to posi tioning of the S~j~ct. ;~e background grid vIas I..ti~ned such 
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that the vertical Z-Y plane formed a right angle with the vertical 
~ 

grid. The EMG connections were then made and recording of the force 

plate variables and E}fG recards started. Priar ta the onset of each 

phase of the experiment, a calI card denoting the phase of the experi-

reent was placed in the field of view of the camera to document the 

'" succeeding record. At the time the subjects began each ph~se of the 

experiment, the movie camera was started and the synchronization pulse 

swi tch opened. 

During the manoeuvers, the subjects' arms were immobilized by .. 
having thern grasp their shorts with arms fully extended. , 

Foilowing the experiment on the force plate, the subjects were 

transported ta the Radiology Depart~nts of the Hontreal Children's 

Hospital or the }1ontreal General Hospital. where lateraI radio opaque 

markers were appli~d to the knee, ankle and fifth metatarsai head 

markers. Two lateral radiographs af the knee were taken in positions 

of full extension and approximately ten degrees of flexion of the knee 

for determination of the instant centres of rotatiori. A lateral radio-
~ 

graph of the ankle was also taken. The distance of X ray source to 

subject was 20 feet ta minimize parallaxe 

6.3 EXPERIMENTAL SDBJECTS, 

The suhjects studied with their pertinent body weight, height and 

significant pathalogy related ta their disease i~ noted in Table 6.1. 
~ 

Fig. 6.1, 6.2,6.3,6.4 and 6.S"show photographs af the subjccts. The 

foot positions shawn in the phatographs were not those describcd and 

usèd in the experimen~s. The muscular(dystraphy subjects }IDI and MD2 

"~ 
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TABLE 6.1 

CLINICAL DATA ON EXPERI~NTAL SUBJECTS 

\ 
Subject Age Height Weight .. Remarks 

cm cm , 
~ 

Adult .m 40 179.0 79.9 . normal adu1t 
.... . . . \ 

N3 (child) 11 yr. 148.6 44.3' H1story of fracture of ribht tibia 
8 mo. and fibula six months prio~ to 

" 
study. Ambulatory out of cast for . two and a ha1f months • No limp. 
No flexion d~formity of knee. 

~ 
. 

N4 (child) 9 yr. 131.2 31.8 normal child \, 
6 mo. 

H.D.I 11 yr. 134.5 31. 9 1 gait - equinus 
(late 10 mo. < stance - jus"t capable of heel 
dystrophy) - contact during stance, 

- lordotic. 
knee - fixed flexion contracture 

of 10 degrees. 
i) ankle - active and passiv~ dorsi-

• flexion to 5 degrees • 
Posi~ive Gower's signe 

H.D.2 8 yr. 116.5 24.2 gait - heel-toe. 
) (early 5 ma. stance - he el contact,~t adapts 
dystrophy) 

- , 
of equinus in mOffients 

apprehension - lordosi~ 
," present. 

J knee "- flexion contracture of 5 
degrees. 

, 

, ankle - active and passive dorsi-
flexion ta 10 degrees. 

- Positive Gower's signe 
r ~ 

/ 
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-fig. 6. 3, Sub j cet N 4 (Normal child) 
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Fig. 6.4 Sùbject M.D.I (Advanccd dystrophy) 
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Fig. 6.5 Subject; !-l.D.2 (early d.ystrophy) 

71. 

tht di~eD'--e pTOC~~S in t1>csc t\,O ~~ildre" \-:as siu:.il::tr ~..-ith -rcs;-cct 

• 

'Y '" 

~ \ 

'1 
\ 

\ 
., 

. -

, " 

l- - .--



" 

" J,I 

o 

72. 

/ 

in moments of apprehension. H.D.I walked with cquinus but could 

l , 

stand v.'ith fect syr:unetrically placed and heel contact. The tHO normal 

children were sclected on the basis of weight and height ta match as 

closely as possible the characterjstics of the dystrophic children 

studied. Subject N3 had sustained a fracture of his rjght tibia and 

fibula approximG.tely six months prior to the study and haà been ambu-

latory for two and a half months. He'had no clinical deformity,or 

shortening ,~-aiâ not walk'with an obvious limp nor did he appear to 

"favour" that extremity. 

6,4, EXPERI~~NTAL PROTÔCOL 

1he sequence of study for each of the subjects is detailed below. 

No. of Photo&Eaphic 
Frames 

Subjeet (Adult J.M.) 

Phase l - plantigtade 

Phase II - continuous slow rise lnto 

full equinus and return ta 

plantjgrade. 

Phas y III - equinus in steps. 

Phase IV - lordosis 
"-" 

Phase V - lordosi~ and continuous slow 
'1Io.r 

Phase VI 

rise into full equinus and 

return to plantigrade. 

lordosis and equinus in sWps., 

Subject N
3 

(Normal, child) 
;1 

Phase l ~p1antigrade 
Phase II - equinus-s1OYl rise and ces cent. 

246 

336 

316 

136 

281 

281 

111 

151 

Phase III - lordosis 106 

Phase TV - lordosis and equinus with slow 206 

rise and descent . 

• 

\ 

f, 

) 

~ ~ 
Points 

50 

68 

1 

64 

28 
.. 

57 

f 

57 

~ 

23 

31 

t 22 

42 
". 

,r 



() 

Subject N
4 

(Nonnal child) 

No. of Photographie 

Frames 

Phase l - plantigrade 86 , 
Phase II ~ €quinus~slow rise ând deseent. 206 

Phase III - 10rdosis 71 

Pqasc IV - lordosis and equinus w~th 226 

slow rise and deseent. , \ 

Subjeet M.D.1 (advanc~d rnuscular 
dvstrophy) 

Phase 1 - plantigrade 331 

Phase II CJ- equinus-slow rise and des cent • 821 

Subject M.D.2 (ear1y museu1ar Qystrophy) 

Phase l - plantigrade <: \ 
Phase II - equinus-slow ri se and descent. 

6.5 RELATIO~SHIP OF ACHILLES TENDON TO HI~OOT SEGMENT 

73. 

o 

Data 

Points 

18 

42 
" 

15 

46 

83 

67 

64 

69 

To deteroine the relationship of the angle B of the tendo­

-aehil1es to the hjndfoot se~ent in various degre~s of equinus during co. t .. ,.........,-.,.-,o" '"(~ «.,"<' ( ............. . , 

standing, a set of seria1 radiographs of the ankle were made at inter-
i 

vals of 100 of eqUinU~ith the central axis of the X~ray source 

aligncd paral1e1 to the l~ axis: The relatic~ship of the angular 

eh~nge of B to ~ (the degree 0 eGuinus) was deterrnined to be 1inear. 

This anrS1~ is de.tailed in Sectiort 7.3. 

G1STROCNtMIUS AKD SOLEU~ruSCLE CROSS-SECTIONAL ARtAS Al\'D 'ŒIGHTS 6.6 , 

-Cadaver dissections of calf muscles was done on four legs. The 

muscles were incised,transversely at t~e oaxi~um cross-section of th~ 

muscle bel1y and the are a measurcd using a p1animeter. The cntire 

Muscle bellies were then dissected from the l~gs and the weights 

o 



J 
74. .. 

/ 

,measured. The relative cross-sectional areas wcre then uscd to 
\ 

calculate a constant for the ( gas 1) 'strength reldtionship'. 
gas + so _' 

The data and calculations are detailcd in Appendix C. '*. 

/ 

o 

,0 

'. . .... '1.-

\ 

, 

.' 

/ 



" -

. ' 

, .. 

, 

75 •. 

JI 

CHAPTER V-I l 

DATA'PROCESSING ~~ RESULTS 

7.1 INTRODUCTION, ~ 

Data processing of recbrded variables and constants was done-
o 

following compilation of the following: 

Variables: 

Single frame analysis of ciné records; 

a 

.> 

"X coordinate of ankle axis (cm) 

Z coordinate of ankle axis (cm) 
< 

X coordinate of knee axîs (cm) 

Z coordinate of knee axis (cm) 

angle defined 

plate surface 

~ 
by forefoot link A-O and force 

(degrees) 

Strip chart record of magnetjc tape data: 
1> 

F total vertical force z 

y 
p 

> , 

X Il;'' 
P .. 

._-EHGgas' 

EHGsol rt--

Constants: 

( gas ) 
gas+~ol . 

.' 

transverse coordinate' of C;F.P. (cm) 

anteropostërlor coordinate of C.F.P. ,(cm) 

EMG activity irr .&..as.trocnemius muscle '" 

ENG act:tvity in soleus muscl~ 
1 

, , 

ratio ,on basis of EHG. activity or rr.usc~"~()s.s-- " , 

sectianal area of gastrocncmius ~nd ~oJeHs m~sclcs 
1 • 

q ., 

JI 

a 

. " 
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" " planfigrade angle of tendoachilles relative ~.,~ 
~ 1\.(, 

,," hindfoot link A-C (degrees) ~: 
c " 

~O plantigrade angle of A-O axis rela~ive ta force 

Eody weight 

plate surface (degrees) 

in Kg 

hindfoot length (cm) 

~astrocnemius lever ~rm (cm) 

"" 

" 

Following applicat~ of correction factors f~r cinephotograph 
..... ,,-......,. ' - ...(, 

parailax and the error of skin jein~ markers relative to true axis 

èetermined radiologieal1y, and sealing of gastrocnemius and seleus 
o 0 

E}~G aetivity, sets of data çards were prepared for each subject 

correspen~ing to each photographie f~ame analyzed. 
'" 

Calculations 

, . / 

were then performed utilizing a Fortran program and ~ IBH-360 computet;. 

'v 
The ealculated N. S .1-1. 's were then sprted for degree of 'cquinus at 2 

te 4 degree i~tervals, and means eal~lated. Details of the data' 

processing follow. 

7.2 CINEPHOTOGRAPH AXALYSIS \ 

, 
The 400 ASA TRX black and ~hite reversaI film was developed b~ 

l ' 

a commercial firm, The peveloped film was th en projecteô on a Bell & 
o' • 

~cwell projector and surveyed at normal and slow motion speeds prior 

to analysis. Any abnormal "deviatio;§ in hand positions or as5~metry 
;-

of "knee posit'ions' wffich could account for abnormal or errati'c C. F.P~, .: 

• "! 

shifts were noted and these studies were rcjected. Subject N3 was 

the only 5ubjcct to dèr.lOnstrate gross dev'iation of knee and stance 
q 

syr.r~etry (Fig. 7.1). The subject tcnded to allqw his right knee to 

,:- fIe):" <,nd to 'Clai'!lt~in his left kne'e extcfided, indicative of him taking 

\ ' 

\ -

\ 
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Fig. 7.1 Stance ass}~etry 
(Subject-N

3
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a disproportionate amount of \.Tcieht 
o 

on the left leg. This was confirmed 

by the strip chart record of Y coor­
p 

d1nale of foot pressure. Having 

surveyed records of each phase of the 

exper!ment, single frrume analysis of 

the film was carried out. The film 

was projected ont~ a paper grid with 

millimeter gradations and the distance 
~ 

from projector to projection.surface 

adjusted such that the photographed 
• 

grid exactly matched the paper grid 

on the projection surface. USi,ng the 

coordinate system shown in Fig. 7.2, 

the coord~n~tes XA, ZA' XB" aml..angle Il 

were then recorded to the nearest 

0.5 1!lIll and to the nearest ~" degree 

[or ever~ 5th or lOth frame for the phase, depending on length of each 

run. Th,e p,hotographic coorainates were then '!pjusted for par a,llax with 

corrections as given in Table B~l, Appendix B. on factors 

[or the true position of joint axis A and B were from radio-

graphs and added to the_paralJax adjusted values 

7.3 RA'bIOGRAFmC ·M;ALYSIS 

;., 

7.3.1 Axis of Knee anq AnEle -The knee axes werc determined by, the method of instant Cf'ritres 7 

utilizing two lateral X ... rays of the knee in a r'ange of 10° flexion to 

hyperextension (Fig. 7. 3)~ Having located the instant centre on nie 



Fig. 7.2 Coordinate 

measurements on cinephotog7aph" 

Î 
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Fig. 7.3 Knee axis 

determina ):10n 

lat_eral femoral condyle, the correction constant for the skin marker 

positions ~ere measured and are shown in Table 7.1. 'The line. of 

a,ction of the lateral head of "the' gastrocnemius muscle origin on the 
'- ' 

posterolateral aspect of the femoral condyle was located ~nd the 

distllnce L4 ,(the .,lever arm o'f the gastrocnemius) was measured as 

tre perpendicular distance from the line of action of the gastroc­

n~~jus to~he axis of rotation of the kn8e as show~ in Fig. 7.4. 

. ' 
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-Lateral ~adiograph of leg and foot ... 

• ( 

) 
c 

79. 

• • 
• 

,. 

o 

.' 

\ 
\ . 

• 

) 



\. 

.. 

.. 

,80. 

TABLE 7.~ 
,.. 

Foot and Leg Constants and Correction Constants for Knee and Ankle 

Subject 

Adult 

Plantigrade 
foot angles 

(dcGrees) 

o 35.0 58.0 

36.0 58.0 ' 

32.5 58.0 

32.0 58.0 ... 

Coordin<ltes 

r 

Foot 
measuret"ents 

(cm) , 

6.7 2.2 

5.9 1.6 

5.1 1.4 

4.8 1.5 

, Correction 
constantS' 

(Illr.l) 

-3 +4 

-10 +6 

-7 +3 

-7 +8 

o o 

o -2 

-5 +7 

-2 o 

1-ID2 29.0 60.0 3.8 1.3 -9 -4 0 -10 
~~----------~--------------------------------~---------------

" The ankle joint axis was located on the lateral l.adiogrélph of the 
" . 

() 

fcot and ankle at the Lateral aspect of the talar dame by constructing 

~pE'rpendi cul "rs to the tangent of the articular surface of the talus 

(Fig. 7.5). The correction constant was measured on a coordinate basis . 
~ 

to allow skin warker position to coïncide with the radïologically 

determ~nèd axis •• The correction factors for the joint posittons are .", ': . 

tabulated in Tab~e 7.1. " 
1\ ~ ~_., ' 

Ana17'sis of th~ seriaI .. set of X-rays (Fig. 7.6) of the foot and 
.. 0 ' 

ankle 1Jf ..... subject Adult J.H. in a .range of equinus sho~'ed a linear 
'-:::::J 1 

variation of the angle f3 (angle forned by th""1! achi11es tendon ,-,ith the 

hindfoot segment L
2

) as a function of the degree'of equinus as 

by .:mg~ a 
-

mensured (allgle formed by the forcfoot sCgr'lcnt AO \o:ith the 
~ 9 Q 

" . . - .. ~ 
\ 



CI Q 

r' e e 
J. 

\ 
...J 

q 

.. 
, 
/ 

-J 

a 
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Fig. 7.5 Ankle axis dctermination 
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floor). Th~asurement of"the apgles is r'abulated in Table 7.2. 

1 

'Posit~on n B An AS tJ.alt:.e 
, . 

" 
plantigrade 

, 
35 SB 0 , 0 --

1 
, 

.2. 41 • 61 +6 +3 0.50 
1 

, . , 

t: 53 67 +18, +11 0 • .61 
, ( -

61 71 +26 +13 0.50 

~. 

. 
" . , . • 

1 

1 

5. equinus' 74 79 +39 +21 0.53 , 
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) 
, 

The co't'rection constant, to express the ang1e.8 às a function of 
~ 

angle a can be ". exprf:!5sed .ls 

B eO + CF " (lia) (7.1) • 
, 

~ "'here CF a constant, " 

'" , lia degree\ Of-eq,inus 
~ 

Ba plantigrade angle of achilles tenèon to 

hindfoot.segment AO .. 
LM Cl. 2) , 

0 
but if CF -

Ella 
1-- -', , 

3 + 11 + 13 + 21 48 l.. & 
\ CF '= 0.54- (1.3) 

j 6 + 18 +26 +39 89-

B Bô + 0.54(lIa) (7.4) 

',This constant .,ras deternined for 'only one subject" as the 

multip~e'radiatïon exposures wouid have beefi tpo high for the children 

".1,-
, 

~-. 

utiliz~d in the st'~:Y' )~ ... s.J:rae, ~.~nstant as ,there'fare appliNd ta aIl 

s~bjects. The fiin~ segment L;(AC), was : for each subjett 

and tabulated in Table 7.'1. The value of (l0 and BO ' the plantigrade 

\. .' angle a' and' fl are 6lso inc1uded ~ Ti?le 7._. TIre lateral radiograph 
, . 

shov:n in Fig. 7.4 illus-t:rates these measurements. 
,1 1 "'l 

ANb AKAL YSIS 
cF 

1 7.4 ~~GNETIC TAPE' RECORD Cm ... ï.TERSrON TO S 

7.4.1 Chart Conversion 

~. ~ 
rècorder thannel'allocation and attenuation 

used is shcwn in Table 7.3. The conversion of the tape record to strip 

cr.art fore was then accarnrlishe~by inv~rting the sign of the flutter , 

conpensatïon ch::mnel 2 and ad4.;in-R_Jt to the output of channcls 1, 3, 4 
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," 

, 

1 

Tape ,ReCOrd\r" -
o Variable 

Channel 
. 

1 
.~ 

voice and synchronization 

2 ground for flutter ol"and wow , . 
compensa tJ on 

\ 
-,. 

3 , EHG - Soleus 
, 

vert~~l 4 F tqtal force 
z 

, 

• 

pulse 

'< 

. 

84,.~ 

4 ' ; 

Att('~nuation . 
c 

0 
~ r 

Q ! 

• '"-

· . , 
· 2.5:1 , 

~. ,. 

1 
1:2.5 , , 

" . 

1 

\ - 5 X 1:2.,5 1 

\ 1 
l' " , , .;, 

,'"':t 1 1 

6 , " - y 1:5 . 
~ . 

~ 
,..., , 'f, 

--
7 EMG - Gastrocnemius , · 2.5:1 

a 

. \ 
~E 7.3 Channel'allocations and attenuation 

/-'". 

o 

5, 6 and 7, u.;:;ing analogue techniq~e's on a Philbriek operational 

qwplifier manifold . 
. ~ 

The output signa1~ were then connected to the ..., 

input ampIifiers o~~;~~ O'isicorder with 

Attenuations were 

channel correlations (as 
~I 

then adjusted for each output 

channe1~to give the output scales as shown in the same table~ -~ 
~ 

/' 
',-) 

,. 

TABLE 7.4, Channel Correlation Magnet~e Tape-Visicorder, and Strip Chart Seale 

Variabl~ Tape Recorder Visicorder StFip Chart 
Channel ,1 Channel 1 Scale " 

voiee ànd synchronization 
pulse 

1 6 

ground 2 3 
1> J ~ zero reference ,"'. - •. :~ 

F 
z 

D:C gas t rocn~td \JS 

3 • 
4 

5' 

o 6 

7 . , ---
~ , . 

2 

1, 

4 

5 

1--.....,. 
- f 

for X &..Ji If 

IOp t\€\lton-o 1" 
. v:i\ i{!}Order y c~lat,e~~" 
/ 

. visico'rdcr J 

1 cm p-l.ate-= 1" 
~ - visi.corder" 

1. 

.r . " 

, 
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7.4.2 Strip Chart Analysis 

Strip chart records were run at a paper speed of 8 inches per 
, . 

second. 'The variable F and Y were scrutinize.d- for each run performed. z p 

The variation ofcY (lateral or transverse coordinate of the centre of 
p 

foot pressure) was scrutinized for a vari~tion of greater than ±O.S cm 

> 
from the midline. Portions of the records with a greater deviation from 

:' 

the midline were rejected as being unacceptable. This bccurred only in 
,~ . 

subject n3 and correlated with a tendency to flex his right knee and 

distributé weight unevenly on his two feet, as evident in'the photo-

graphi~ records. 

The magnitude of F was scrutinized for variation of the greater 
z 

than ±IO newtons. Deviation of greater than this value was not noted 

dU~iîg the course o~,eÀ~eriments indicating weIl cont}olled adoption 

of rfuinus with minimal \ynam~c effect of -ascent or descent during 
c 

equinus manoeuvers or due to postural sway. The value jor F utilized 
z 

in aIl calculations was the body weight recorded' on the force plate 

prior to starting the individual experiments. 

The value of X 
p 

was scaled and reeorded with the eoordinate data 
o 

, , 

from photographie analysis. 
, . 

EMG records were inspected for conditions of qui~t standing and 

during adoption of lordotic and equinus rnanoeuvers. Using an arbitrary 

scale of 0 to 5 with S'rcprese t' g the maximum voltage envelope of the 

filtered EMG, the activity 
J 

soleus and gastrocnemius muscles was 

scaled. These values wer for the subjects on a frame by frame 

analysis o~ the strip cha 
'1 

in the computer printout sheets in 

.. 
~ .. 

" '~ 

" 
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7.5 COMPUTER ~~ALYSIS 

Four programs were utilized in the analysis of the data and 

are shown in Appendix D. Prograrn number 1 was used for phases of the 

experiQents which were plantigrade and had no equinus introduced with 

EMG activity scaled. Program number 2-was used for phases of the 

experiment which were plantigrade and had no equinus introduced \-li th 

~ DfG activity scaled. Program number 3 was' used for phases of the 

experiment \-lhich had equinus introduc~d with EHG activity scaled. 
) 

Program number 4 was used for phases of the experiment which had 

equinus introduced without E}fG activity recorded. The program with 
o 

EMG scalcd had a computer output designated PNEMG, and utilized a 

( !as 1) constant based on ÈMG activ,ity. Additional computer outputs' "Sfs 50 

for. ( !asl ) value of 0.25, ~.50, 0.75 and 1.0 designated respe~tively gas so 
~ 

as P~25, PN50, PN75 and PNIOO were programmed. The output for these 

programs are compiled in. Appendix E for each of the subjects ~nd phases. , 

7.6 DATA PRESENTATION A1~ AVERAGING 

The individual data points for the N.S.M. computer output for a , 

( !a\) value of 0.50 werè plotted 'from the data in Appendix E. The gas so 
j 

EHG data for relative muscle activity indicated approximately equal 

activity in the soleus a~d gastrocnem~us muscles .. The N.S.M. values 

were grouped in interv~ls of 2 to 4 degrees of. equinus and the arith-

metic means calculated. The cOmp~lation and averaging is tabulated in 
~ 

. Appendix F. 'The graphical presentation is shown in Sec. 7.7. . 

~he centre of f~ot pressures (C.F.P.) for the various stance 
o 

~qdes are indicated planimetrically on the foot silouettes. 
/' 

o 

\ 
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7.7 RESULTS , 

·~7.1 N.S.M. (Net Stabilizi"ng Moment) 

Th mean value of the ~.S.M. in normal p1anti~rade stance was 

143 kg. cm. With the(~doption of equinus the value of the N.S.M. 

reached a maximum of 220 kg.cm. in the range of 8 to 10 degrees of 
, -

equinus, and gradual1y dec1ined in a linear fashion to 160 kg. cm. 
, . 

at 36 degrees of equinus (Fig. 7.8). 
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z 
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~ 
iii 
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en 
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150 

Plantigrade wlth LordoSls(mean -=280 ) 

Plantlgrade(mean = 143 ) 

(conhnuous) 

Welght=799 kg 
Helght'" 179 9 cm 

100+---~~--~----~---r----r----r--~~--~----,---~ 
o 4 8 12 16 20 24 28 32 36 40 , 

EQUINUS (Degrees) & 

"..i.., Fig. 7.8 

J' 

r , 

Stabilizing moment at, the knee joint of Subject Adult J.H. simulation 

of dystrophic posture (continuous) 
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Adoption of lordosis alone resultep in a mean N.S.M. of 280 kg. 

cm. The addition of"equinùs again resulted in a maximum N.S.M. at 

approximately 10 degrees of equinus of 380 kg. cm. Further increase in 

equinus resulted in a linear decrease in N.S.M. to a value of 320 kg. cm. 

at 36 degrees of equinus. 

When these same phases of the experiment were carried out in step-

wise adoption of equinus, al~ost identical mean values fOF the curves 

were produced (Fi~. 7.9)~ 
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STABILIZIN-G MOMENT,AT THE KNEÉ 
FOR ADULT SIMULATION OF DYSTROPHie POSTURE 

~ ........ 
Plant:grade woth Lordosos (mean:=280) 

o 

o 

Plantigrade (mean=143) 

4 0 8 12 16 20 

& LordOSls (steps) 

Eq.uIOUS (steps) 

24 

Weoght=799 kg 
Heoght = 1790 cm 

28 32 

EQUINUS (Degrees) 

Fig. 7.9 

40 

Stabilizing moment at. the knee joint of Subject Adult J.}I. simulation , 
of dystrophie posture (steps) 
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Subject Nj - normal child 

The results of the analysis of the experiments'performed on this 

subject wer~ very erratic a~were attributed ta a tendency ta stand 
.. 

assymetrically. This involuntary shift of body weight ta his left leg 
/ 

wgs probably an atternpt ta fa va ur his right leg because of slight resi-

" dual weakness resulting f_om recent fracture of that extremity from ' 

habit. The N.S.M. data was found ta be inconsistent. 

Subject N
4 

\ ~ 
The mean value of the N.S.M. in plantigrade stance was 4~.6 kg. 

cm. With the adopt~on of equinus the value of othe N.S.M. reached a 

maximum of 90 kg. cm. in ~he range of 8 ta 10 degrees of equinus and 

gradua11y declined in a linear fashion ta 82 kg. cm. 'at 40 degrees of 
" 

_equinus (Fig. 7.10) •. 

Adoption of lordo.sis alon~ resu1ted in a me an N.S.M. of 106.9 

kg. cm. The addition of equinus again resulted in a maximum N.S.M. at 
'" 

approximately 10 degrees of equ~~us of 158 kg. cm. Purther increase on 

equinus resulted in a progressive decrease in N.S.M. to 124 kg. cm. at 

40 degrees. 

Subject MDI 

The N.S.M. 'in plantigrade position for this child with his natura). 

lordosis was found ta be 24.0 kg. cm. Further inc'rease in equinus 

resulted in a maximun N.S.M. of 30 ta 35 kg. cm. at about 6 degrèes of 

o 

equinus (Fig. 7.11); further increase in equinus resu1ted in no improve-

ment in the stabi1izing moment. The limits of the range of the N.S.M. 

in various degrees of equinus were quite narrow relative to those for 

the normal subject of similar weight. 

. t 
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Subj ect }ID2 

The~younger of the two muscu1ar dyst~ophy chi1dren had a mean 

1 

N.S.M. of 38.3 kg. cm. in p1antigraJe position with natur~l lordosis , 

ig. 7.11). The N.S.}l. did not reach a distinct maxiMum over the 

range of zero ta 18 dcgrees of equinus. A comparative plot of ~he 
1 , 

results for subjects N4, }IDI and ~ID2 is sho~ in Fig. 7.12 • 
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J If the p~de'~ith lordosis N.~.M.· of subject N4 is 

'normalized for a body weig~t cf cm. and co~pared tb MDI 

and }ID2 normalized'for the same w 
. . 

N.S.H. 's ale illustrated in F.ig • 

height, the- 'comparative . . 

, 

EARL Y DYSTROP.HY ~ATE D~TROP~Y 

'No flexion 
contractu re 

N S.M = 75 

1 ...... 

la -

3° to 5° 

contracture 

N SM = 57 

Fig. 7.13 

8° to 10° 

contracture 

o 

Q , 

)( 

, r 

Effect of ln e flexion contracture eon~.S.M. in plantigrade st?nce '~ 

. (normalized for body weight of 31.9 kg.) ~ 

~ 

C~ùsidering the lordotic posture of the early and 1ate dystrophy 
'-

pati?n~s and that in the subject N4 , lordosis accounted for an increase 

of n.S.M. of' 63.6 kg. cm. Neither of the dystrophie subjects '\lould have 
• 

be~n able:to stabilize( thè k~ce~~hout this lordotic cbmponcnt. 
1 

{ 
, 1 

". , 1 

'. 

.' 

l , 
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, 

7.7'.2 Centre of Foot Pressure .(~ -: F:P. §:'. 
(-

The ~ange of centre of fo~~ pressure9 for the various stance 

modes of the normal subjects J.H. and N~, and the dystrophie children Jo. 

'HDI and }ID2 are indicated planimetrical\y in Fig. 7.14. 
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7.7.3 Tendoachilles Tension , 

~ The menn tendoachilles te~ion in plantigrade stance is ~ 

tabulat~J for eaçh of the five subjects in'Table 7.5. 

{ 

Subject 
1 

Body wt. Mean achi11es Achilles tendon: 
(kg. ) - tendon tension tension as a 7-

~ 

1 of body_ wt. 
, 

:J.M. 1 79.9 39.9 50.0 Mean Normal 
, , jl 

N 1 44.3 21. 2 49.5 " 
3 , 

1 N4 31.8 27.8 V 87.4 
1 

- 62.3% 

1 " , 
-

~ 1 ~ MOI 31.9 30.9 \ 96.9' 
~;... 

1 -;> 

MD2 1 24.4 21.0 ) 85.9 1 j . 
1 \ , " , 

• ! 
H

ean Dystrophie 

91.4% 

l ' 
, 

TABLE 7.5 Achilles Tendon Tension in Plantigr~e Stance 

/ . 
The me an value for the three normal subjects w~s 62.3% of 

/ ' 

body weight and for the dystrophie ehildren was 91.4% of body weight. 

, . . . 

" 
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CHAPTER vur 

DISCUSSION, CONCLUSIONS ~.ND RECOMMENDATIONS 

- 8.1 DISCUSSION 

The adult and ehild simulation experiments revealed an increase 

in N.S.K. of 96% for Subjeet Adult J.K~ and 145% for Subject N4 due to 

lordosis alone. A maximum inerease in N.S.M. pof 161% for Subject Adult 

J.M. and 260% for Subject N4 , due to the effect of both lordosis ànd 

equinus, ocearred st approximately 8 to 100 of equinus. The mean 

values for N.S.K. in plantigrade stance for the normals and dystrophie 
Jo. , .' 

children when normalized for a body welght of 31.9 Kg revealed a 

decrease in N.S.K. as a function of the severity of the disease in 

spite of the lordotie posture. The fixed flexion deformities'" of the 

knees cause an anterior displacement of the knee join~ axis nega~~ng 

the effect of the forward shift of the centre of gravit y of the body 

., to a greater degree as the defQrmity increases. Since the normalized 

effect of lordosis in subject N4 accounted for an"inerease of the N.S.M. 
. ' 

of 63.3 Kg cm, neither of the two dystrophic children would be able to 

stabilize their knees by the gravitationa~'moment alone without adopting 
~ 

lordosis. Their net stabilizing moment would be (-63.3 + 57) ~ -6.3 Kg 

cm "for subje~t H.D.2 and (-63.3 + 24.0)= -39.7 kg cm for subjeet M.D.l. 

The sudden loss of lordosis in mOscular dystrophy patients who have been 
{) 

fitted with long leg braces is thereby exp1ained. 
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The maximum N.S.M. of the knee through a range of equinus 

occurred at 8 ta la degrees for the normal subjects and at about 

4 dcgrces in the dystrophie children and then decreased' in linear 

fashion. This can be attributed to two mechanisms. Firstly, 

adoption of ~urxher equinus results in an increase of the perpen­

d~~lar distance from the line of àc~ion of achilles tendon to 

ankle axis A defined by the distance L
2 
s~ B. Since the- angle B ~ 

increases'approximately 0.5 degrees for each 1.0 degree increase in 

equinus the tension in the tendon achille~hould in façt decrease . 
wifh increase in equinus and the negati~e moment at the knee M . gas 

also decrease with equinus if th~ dorsiflexing moment remained 
, 

constant. However, through the first few degrees of equinus there 

is ,'a rapid shi ft of, the ground reaGtive force toward the metatarsal 

heads increasing the dorsiflcxing moment FzCXA - ~~. Since the 

value sin B L
2 

do es not increase as rapidly, ~he value of sT must 

~ 
increase rapidly ta maintain ~e balance of moments about a~kle 

axis A. ( gas ) d T + 1 L4 causes a ecrease gas 50 

n 

In doing 50, the value 

in N.S.M. Although ~ moment arm,(XA - ~) initially increases on 

'-, l ' 
heel 1ift off. further equinus causes a progres~ive decrease in the 

, 
moment arme The n~t effect of this is to decrease tendoachilles 

tension and the flexing moment at the knee. 

Secondly, if we consider the 1eg and reactive ground force and 

C of G location as shown in Fig. 8.1 in which A~represents plantigraqe 

stance, B slight equinus and C extreme equinus, it is evident fr~the 

coordinate data for aIl subject runs and demonstrated in the - " 

-
\ 

o 
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Fig. 8.1 Relationship of knee and ankle axis to line 
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CFP occurs' forward. 

.' 

The moment ann 
c-. 

that a marked shift of th~ 

similariyo increases' 

rapidIy. Hith further cq~~nus both ankle axis A and knèe axis. E shift 

fo~'ard relative to the restricted stance pase of the metatarsal .heads c 

re~ulti'bg\ in. graduaI decrease "in 

M . grav Thus, the co~binati~ of 

the moment'arm. (XB - ~J 

(ai early marked intreas~ 

and in the 

in (XB-X.~ ) 
. j ~ 

and (b)- early'increase in T, gives an early marked increase in N.S.M. 

causes (1) progressive 'decrea~e in (~B ~ ~) Fûrther equinus 

~Xi~l shift ~f F has occurred and (2) progressive decrease in T. 
z 

result is a progressive net decrease in the N:S.M. after the 

aximum is réached at about 8 t~ 10 degrees of equ~nus • 

.".. Although both suJject MDI and M02 bath stood with contact along 

th~ p~tar aspect of the foot, including the heel surface, it is evi­

dent \haT in plantigrade stance (Fig. 7.14) that their CFP vas furtbér 

V '. 1 
advanced toward the metatarsal heads than for the normal subjects, 
...... 
~ndicatin~'slight equinus. By shifting the compàrative curves of Fig. 

\~ 

o 

7.12 for MD; and loID2 by 40 to the right, ,as' shawn in Fig. 8'.2, a similar 
~ ... ) ~ 

maximal point,of N.S.M. at 80 
of equ1nus occurs and the curye configuration 

/ 
(Fig. 7.15) J' though having a lesser relative maximum, is more similar in 

" .. 
pattern. The majority of the compensa tory effe~t of early equinus for 

}ID2 (and to a greatc~ a1punt 'for MDl) is therefore not represented in 
~ , G 

the curves of Fig. 7.12. ln otRcr words, they were not standing i~ g , , 

"i-- nermal pla~tigrade fa,shi~n, but had al\fady shifted their CFP slightly 
, 

- ~ 

forward toward the metatarsal heads, and utilized a portion of the 

co~pensatory eft:e( of equinus. 

• e.' 
.. 

• f 

.. 1 
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8.2 CONCLUSIONS 

32 
EQUINUS (Oll€rees) 

Compapison of knee stabilizing effect of 
equinUs in normal and dystrophie children. 

36 

Knee stability in normal subjects is g~eatly enhanced by 
~ 

40 

adoption of equinus and lordosis. The knee stability in muscular 
~ 

dystrophie children is l~ss,than that of normal subjeets, by vtrtue 
\ _ 0 

of the knee flexion contractures. Lordosis and equinus play a very 

significant role in maintenance of knee stability in upright stance 

in these dystroph.ic childten. These studies exp,lain on a mechanical 

basis the significant cliniçal observations of lordosis which 
J 
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disap~r with"knee bracing, requirement for knee 

heel or,d lengthening, an~ an explanation for the 

bracing following 

calf muscle hyper-

trop~y. Insight is added ta their orthopaedic management. 

8.3 RECOMMENDATIONS 

(1) The ~pproach used to study these patients ~ntailed accurate • • determination of· axis of rotation of joints and to do 50 involved' 

" ~aborious photographie analysis and 

~ ~ariables. A more automated system 
r-... ,.' /" 

telev1sion and elec~ronic scanning 

correlation wtth many other 

of analysi&, with integrated 

techniques for joint coordinates 

and on-line data pro~essing, ~ould make such analysis of musculo-

skeletal conditions of the lower extremities more 'feasible. Dynamic 

studies of &ait would thus be more practical as a clinical tool. 
~ .; 

(2) D~v~lop~;t of techniques f~ in ~human evaluation of 

, for~e output ~f several muscle groups by EMG techniques should be 
,? 

, 
developed for bett~r quantitative evaluation of mU$cle activity. 

(3) The methods employed in this study would be useful 'in 

studying other disease enti ties lnvolv:i.ng the lower extremity, 
f 

where knee stability i5 a cajor determinant of the, subjects ability 

to stand. ~ 

, 

.. 

.f 
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• APPENDIX A 101. 

Derivation of the Force Plate Equations 

The force plate variables defined in Chapter IV were obtained by algebraic 

manipulation of tpe ,Joad cell outputs. The relations defining these manipulations 
~ 

are deri~ed in this appendix. 

,e Referring to Fig. A.l which s~ows the lay~ut of the load"Cells in the 

force plate -

sum the forcés in the X direction to 'get 

F - F 4 + F 5 cos 60 + F6 cos 60 = ° x r 

rearranging and evaluating of constants gives 

. Simi Jarly summing forces in the Y direction S'ives 

and 
~ 

. The vertica;' force is simply 

, Now sum the mom-ents about the· X axis to get 

which gives 

Simi lori):' summing moments about the Y axis gives 

and 

sum moments about the verHcal axis 
" 

Q 

(A. J) 

(A.2) 

(A.3) 

(A.4) 

~ 
(A.5) 

(A.6) 

(A.7) 

(A.8) 

(A.9) 

Mz -'llF4 - l2F:S cos 60 + llF6sin30 + l3F6cos30 = 0 (A. 10) 

o 

r ]r .. 
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The three verticQI load c:"s F'
l
, F2, F; form the vertices of àn 

equi lateral triang te. 

L] == 20 cm • ; '-2' = 45.9 cm.; l3 = 38 . J cm.; 

. , 

'. 
Figure A.l Layout of the load ce Ils on the force plate. 
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giving 
(A. 11) 

Th~ position of the effective centre of pressure is defined by the relations 

or 
~ 

F X = M z P -y 

x = My 
p Fz 

Using Eq. (A.9) and (A..5)'(J get 

X = ~8.1(F3-F]) 
p FI+F2+F3 

Similcrly, 

and 

FzYp = Mx 

, y = ~ 
P Fz 

and using Eq. (A.7) and (A.5) 

-20Fl + 45.9F2 - 20F3 
Y = 

P F1 +F2 +F
3

· 

summarizing 

Fy = 0.866 (F6 - F5) 

Fz = F1 + F2 + F3 

Mx = -20F1 + 45.9 F2 - 20F3 

My = 38.1 (F3 - FI) 

Mz = 20 F 4 + 22.95 F 5 + 23 F 6 

'. X = 38.1 (F3- FI) 
P F] + F2 + F3 

Y = -20F1 + 45.9F2 - 20r3 

. p >F1 + F2 + F3 

f v 

(A.12) 

(A.] 3) 

(A. ]4) 

(A. ]5) , 

(A.16) 

(A.17) 

(A.18) 

'. 
(A.19) 

(A.20) 

(A.2l) 

(A.22) 

(A.23) 

(A. 24.) 

(A.25) , 

b 
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APPENDIX B 

Derivation of Parallax Correction for 
.r 

Cihephotosraphic Data 
,) 

104. 

Considér the relationship of the camera, grid and object 

sho~n in Fig.' B.l. 

grid 

camera 10 CIYl--, 
B 

X 

'jO ZT 
"15 ft 

~~-----2G.5ft'--.----~ 

Figure B.I Relationship of camera, object and grid 

The camera was focused on the Z axis at a point 20 cm from 

(~ the stance base or X-y plane. Corrections for parallax had therefore 

to be applied ta joint coordinates which did not coincide with the 

~ocal POi~ If we let X cm equa1 the magnified dimension uf"an 

object A located 10 cm from the focal point, "then: 

x = 10 cm 
26.5 25 

X = 10 26.5 
x 25 10.6 cm 

Parallax = 10.6 - 10 0.6 cm or 6% 

A 6% correction was therefore applied to the coordinate data. 

\ 
" 
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APPENDIX C 

<, , 
\Resu1ts of Cadaveric Leg Dissect.ion 

, , 
) . 

, '. ~ 

Cross sectiona1 Weight . 
c. (!J 

Ratio Area. (cm2 ) " (gm) .. . ... 
gastrocnemius sole~ gastrocnemius soleus 'H'Y'area 

"', ,p' 

\ 
",' . , ,', 0-

17.1 , 
!9.0 ! .1L~0 168 0.47 . 

• .. - '" " .. 
~8.51 ~ ~tJ179 185 dlO>" 20.3 ( 0.52 . 1 

II: ~ , .. , .. , 
'\ '" il> 

17.0 16.1 "'. ~') 156 0.51 , 
-, 

It 
.". ~ 

" 

'" . , 
19.9 

~ 

)..8.0 -, 153' 170 0.47 
~ , . 1 , 

~ 
~ 

j 

" <, .. ~ MEAN 0.49 . , 
"-

-, ... 
" 

"". 
\ , 

. 

... 

.. 

,<ft 
i 

,'" 

... 

, 
sas 

(gas+so1) 
~ weigh 

. 0~46 
, .. " '1" 

0.46 

~'. 
"0.45 

, 

• 0.52 

0.4 7 ~ 

(gas 
gas + so"!.) ~ r~:io by weight i8 0'.47 an/! ,by cross sectional a~eil 

1/1 .. • • ~" ~ .. ' ., .. 
. 

l 'il 1 .. 
" ~ .. 

.. 
J .... • .. • .. 

<Qr, 
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• .. 
.. "" .,.. 

,~ 
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APPENDIX D 

COMPUTER 'PROGRAMS J 
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