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The objective of the work that compriai;es this thesis wvas to

examine the position-dependent behaviour of the human ankle joint

dynamics. A series of experiments based\ on the use of system

. s [
identification techniques vere carried out; the experimental stimulus

consisted of small-ampli tude, stochastic perturbations of the ankle.
The res'ponse to this*” input vas  modulated t;y tvo,
experimentally-.controlled parameters: ‘ton;cally—maintained mean joint
angles and’ tonically-maintained triceps surae or tibialis anterior
contractions. This permitted the identification of the dynamic
response of the torque (passive and active mechanics) and agonist
electromyoéram (reflex d;'namics) fo; a functionally significant span

of mean ankle angles and levels of tonic muscle contractions.

2

- The major conclusions of this work vere that (1) the
position-dependent changes in the pass;ive joint mechanics were large
and functionally significant; (2) the active joint mech?nics dep@enaed
entirely on the magnitude of the actively-generated torque with
position-dependent changes in the active . mechanics being relatively
smail and variable; and (3) the triceps surae stretch reflexes
depended upon the position of the ankle while tibialis anterior’
stretch reflexes did not. The functional implications of these
results énd., in particular, the relative’ importanceqof the active andr/

passive processes in the behaviour of the ankle joint have been

considered in light of these findings. v
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RESUME

r
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L’objectif de cette thése consiste a étud’ier la dépendance des
propriétés dynamiques de la cheville chez les humains en for;ction de
sa position. Une série d‘expériences basées sur 17utilisation de

techniques d’identification des systémes dynamiques ont été réaliséesy
le stimulus expérimental consistait en des perturbations stochastiques
de faible amplitude de la cheville. La réponse a cette entrée était
modulée par deux grmllpe de paramétres contr6lés expérimentalement:
les angles du joint maintenu toniquement et les contractions toniques
du muscle jambier antérieur et du triceps sural. Ceci a permis
l'identification de la réponse dynamiq;xe du torque (des propriétés
mécaniques actives et passives) et de 1’électromyogramme agoniste
(dynamique des réflexes) sur un domaine physiologiquement fonctionnel

d’angles moyens de la cheville et de niveaux de* contractions

musculaires toniques. )

Les conclusions majeures de ce travail furent: (1) les

changements de la mécanique du joint passif en fonction de sa position

sont importants et fonctionnellement significatifs; (2) la mécanigue
du joint actif depend entiérement de la valeur du torque généré
activement et les effets de la position du joint sont relativement
mineurs et variables; et (3) le réflexe myotatique du triceps sural
dépend de la position de. la cheville ceci’ n’étant pas 'le cas du
réflexe ’ myotatique du muscle jambier antérieur. ;%'la lumiére de ces
résultags, et en particulier 1’importance relative des processus

passifs et actifs dans le comportement de la cheville, les
]

[N

conséquences ont été considérés plus profondiment.
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CHAPTER 1: INTRODUCTION

The ankle is a remarkably v;rsatile joint that appears to be
vell-adapted for both =stability and mobility. These diverse, and
potentially conflicting, capabilities have been achieved by a unique
combination of bhard and) soft tissues which include a distinctive
articulation, an extensive network of ligaments and retinaculae, and
muscles of diverse structure and function. Thus the ankle is capable
of generatiné the small, sustained torques that are required to
min}mize joint motion dufing quiet stance and also of withstanding the
large but transient torques at a wide variety of joint angles during

[N

movement. Moreover, the ankle joint is able to adapt to the unusual

forces or motions necessitated by the performance of elite activitiesgy

such as ballet or gymnastics or by the deficits resulting from

£
.

neuromuyscular pathology .such as pes equinus:

Although such functional abilities are recognized ' as important,
very little quantitative data is available to suﬁport hypotheses of
the underlying mechanisms. Indeed examinations of ankle function, and
in particq}ar its dependence on mean joint position, in intact human

23
‘subjects are rare although the number of anatomical, biqmec?anical and
physioclogical studies has increased in recent years. These studies
. have included an examination of changes in ,the intra-articular
pressure (Eyring & Murray, 1964), in the location Sf the joint éxis of

rotation (Sammarco et al., 1973), in the EMG and torque resﬁstes to

electricaliy—evoked or voluntary contractions (HarSh.et al., 1981;

e ENNRIE SN



Sale et al., 1982) and in H-reflex (Mark e} al., 1968; Burke et al.,
1971) and wmicroneurographic studies (Vallbo, 1974; Hulliger'et alé,
1982). Moreover, some progress has been made at the development of
models that are able to predict the behaviour of certain
characteristics such as joint structure (Procter & Paul, 1982) and

N

stiffness (Gottlieb & Agarwal, "1978).

t

The results of these and other studies indicate that the position

of the ankle can modify its behaviour. However, the interpretation of

these effects has been hampered by the s¢op€ of the techniques and//

paradigms employed. Four important limitations may be identified:

oy ¢ .

(1) Inadequate range of motion (ROM).
In spite of measurements show;ng that many normal and abnormal
functional movements entail large inkle joint excursions, most
examinations of position-dependent behaviopr have been restricted
to a relatively $mall, and often ill—defined, portion of the ROM.

f

(2) "Inadequate range of tonic musdéle activity. -

Ankle function has - generally been studied either while the

muscles wvere at rest or‘maintaining relativély small isometric
, ’ A

contractions. Yet ankle - torques of large magnitude are

frequently encountered in functional situatjons. .

¥

~

(3) Separate examination of Tibialis Anterior and Triceps Surae.

Although the number of anatomical and ‘physiélogical differences
between these muscles suggest  that their position-dependent

responses vill not be similar, the two antagonists have rarely

+
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' been studied concurrently. . . } -
- , ‘
(4) Lack of dynamic analyses. » .
WVhile considerable progress *has been made toward delineating \the‘
static effects of changes in mean ankle position, very little is
known about the dynamic effects of these changes.
OBJECTIVES )

1

’

The objective of the work that comprises this thesis was to
examine the position dependence of ankie joint dynamic behaviour.

This was accomplished by: ' -

L 4 v
.

K} 20

a

(1) delineating the effect of changes in mean ankle position on the

passive joint mechanics, active joint mechanics and reflex

’

dynamics;

(2) comparing the relative magnitudes of the position-dependent
mechanical and reflex responses to those .generated by active
torque-dependent responées; and

o

(3) interfireting the results in the light of the functional

requirements of the ankle.
7 - . Q
. Thus, a series of experiments wusing system identification

.techniques vas carried out. Expeiimental stimuli “consisted of

small-amplitude, stochastic pertu}bations of the ankle (the dynamic

,
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position input). Responses to this input were characterized as

- functions of two parametérs: (1) rotation of the ankle to a randomly

Y
selected ankle angle (tonic position parameter) and (2) generation of

target levels of tonic muscle contractions (tonic voluntary
& .

parameter). This permitted the identification of the dynamic response
of joint torque (passive and active mechanics) and agonist EMG (reflex

dynamics) as functions of mean ankle position and .torque.

o

This present work represents a significant improvement over

previously reported studies in'thaf:

sl

(1 ninelpr ten angles, spanning more than 85X of the ROM and

measured relative tb a pre-determined absolute reference angle,

4 v

' were tested; o

1
i

(2)‘ testing was done in thg‘abséﬁce of muscle activity and during
¢ tonic contractions of functionally-significant magnitudes;

-

-~
-

a

(3) Tibialis anterior (TA) and triceps surae (TS) wvere tqsteﬂ by

o«
-

compared; and. . .

an -

N .
}‘ « . vy N

(4) experimental and analytlc technlques that permitted

identificarion and subsequent modellxng of dynamic responses - at

B+ ]

the different mainta1ned positions vere employed.

. .
' v . °

gimi}ar techniques so 'that _therr_ behaviour could- be directly

1/
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Themlitena&ure pertaining to position-dependent changes in the

static, and dynamic behaviour of the ankle joint is presented in

. r

chapter 2. This review includes: a description of the notation ‘used

throughout the;?hesis; an evaluation of the magnimudeland intersubject

variability of the ankle FOM; and revievs of mechanical and sensory

o

correlates of changes in mean ankle position. \

The general experimental methods common to all ‘the studies are

presented in chapter 3. Thqse methods include: a summary of khe

experimental baradigm and details related to the subjects and their

attachment to the equipment; descriptions of the stimulus variables
ki

1Y
and the equipment controlled by these stimuli; an outline of the data

acquisition procedures including details about the transducers and

equgpment'used to sample these signals; and a review of the apalytic

techniques. Specific details pertaining to individual experiments are

provided as required in later chapters. - /

»

Chapter A‘presents the results of a study designed to examine the
effect of, changes in mean position on the passive mechanical behaviour

of the ankle. The major finding was that the position-dependent

changes in the passive joint mechanics were much larger

previously thought; the anﬂié became considerably stiffer as it was

rotated from mid-range positions toward either extreme of the ROM in

the absence of voluntary muscle contraction. These changes 1in

stiffness were found to be linearly related to- the torque that was

generated as the passive joint tissues were elongated. Consequently,

»

than .’

!'
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the passive ankle stiffness could be predicted from the passive joint
torque. This work has been reported in abstract (Weiss et al., 1984b)

and paper form (Veiss et al., 1985a).

Chapter 5 describes the effect of changes in mean position on the

active mechanical behaviour of the ankle. The major finding was that

. the active joint mechanics depended entirely on the magnitude of the

acbfvely—generated torque; ' position-dependent changes in the active
m;chanics vere relatively small and quite variable. Consequently, the
total joint stiffness generated by any c?mbination of ankle position
and agonist activity can be deterqined from the total (active plus
passive) 'joiﬁt torque. These results have been reported in abstract
(Veiss et al., 1984c) and paper (VWeiss et al.,‘198§b) form.

Chapter 6 considers the effect of changes in mean position on the

1

TS and TA stretch reflexes. -The major finding was'that the magnitude

of ?j stretch reflexes depénded upon the position of the ankle while
k] N 5

TA 'stretch reflexes did not. Thus large increases in the TS stretch

reflex magnitude resulted when the ankle .was progressively

* dorsiflexed. 1In contrast, ankle.mean position had only a minor effect

on the TA stretch reflex magnitude. This work has been reported in

abstract (Veiss et al., 1985ci and paper form (Vq}ss'et~al., 1985d).
-

»
’

' The functional implicationé of these results and, in particular,

the relatjve importance of the active and-passive processes in the -

behaviour of the ankle joint are presented in chapter 7. This chapter
.also includes a statement of original contributions, limitations of

the study, and recommendations for future work.

(
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INTRODUCTION

In this cﬁapter the literature pertaining to positionTerendeni
changes in the static aqd dynamic behaviour of the ankle joint will be
examined. A brief desc;iption of the notation and terminology used
throughout the thesis will be presented in the first section. The
second section will include an overview of ankle joint structures.

This brief description of the major hard and soft tissues provides an

anatomical framework for. the remaining sections. Ankle ROM, 1its-
extent and variability, will be the topic of the third section. The
issues examiﬂe? iﬁ this section are particularly relevapt to thg ’
formulation of tﬁe experimental pafadigm. In the next two secé}ons,

the mechanical’ and sensory correlates ‘'of changes in mean ankle

position in the human subject will be reviewed. The results of these

studies are useful to the interpretation of the findings obtained in

this investigation.

~

B

NOTATION AND TERMINOCLOGY

K
o

Notation for the specification ©of ankle joint kinematics and.

- o

kinetics has not been standardized; the notation used throughout this

thesis is defined in this section. Vhenever possible, résuits from

3

other laboratories will be 'given in this notation to ensure

/
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consistency. ' o=

Ankle motion in the sagittal plane is measured with respect to

the reference-position showﬂ in Fig. 2.1 (top graph). This position

, 1s defined by orienting the plantar surface of the foot at right >

angles to a line marked between the fibular head and the lateral

malleolus. (The .reference-position is also known as the

‘zero-position’.)

The ankle is dorsiflexed wheﬂ’the dorsum of the foot is rotated

from ,any initial position toward the leg. Maximum or extreme

[ 3

Hprsiflexioh is reached when the ankle can be rotated:  no further.

Dorsiflexor positions, denoted by positive values, comprise only those’

N -

angles between the reference-position and maximum dorsiflexion. , The

.

*anklg is ﬁlantarflexgﬁ when the dorsal surfacé of the foot is rotated

from any initial posi}ion awvay from the lég. Maximum plantarflexion b,
e . s ’ ' .
is redched vwhen the ankle can be rotated no further. Plantarflexor

positions, denoted bynnegafive angles, comprise only lthose angles

between , the reference-position and maximum plantarflexion. These.

;positiohs are‘illusgéated in Fig. Z.i (bottom graph). (All angles are .

T

reported in radians.)

5 - «
9 [

Dorsiflexor torques, denoted by positive values, are generated by . ot

forces that tend to dorsiflex the feot about the ankle joint.

I

Plantarflexor toéques, denoted by negative vdlues, are generated by

forces that tend to plantarflex the footsabout the ankle joint. kAll

~

~ torques are reported in Newton-meters.) T ) ) ,

¢ ,
° )
-
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Fig. 2.1: View of the lover leg illust}ating the reference-position
used for measuring ankle position (toﬁ»graph) and the sagittal plane
motions (bottom graph). .
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Active dorsiflexor*and plantarflexor torques are generated by the
contraction of the respective ankle joint muscles. Rotation of the
relaxed ankle (i.e. when the ankle ‘muscles are inot contracting)

. results in a change in the passivengint toique. However, there
exists one ankle angle, called the neutral-position (NP), at which no
‘passive joint torque is generated. This position is located near the
center~6f the ROM«~ When the ankle is passively plantarflexed beyond
the NP a dorsiflexor torque is generated' and wvhen the ankle is
passively dorsiflexed beyond the NP a blantarflegor torque is

generated.- The total joint torque is the sum of the active and

~ . passive torqueé. .

’ /
.
- v

N\ OVERVIEV OF ANKLE JOINT ANATOMY
g

\

\

The objective of this _section is 'to prOViée) an ';nato-ical

framevork for the studies revieved ip the remainder of the chapter.

It includes a br{af summary of the bony structukeiw the articulation,

c o ] the ligaments and the plantarflexor and AOrsiflexor muscles: Some of
these structures are shown in Fig. 2.2.

G

Bony Structures

‘

s
" The ankle joifit, also known as the talocrural joint, is formed by -

. _the articulation of. three bones: the tibia, fibula and talus. The

=

#

large, medial-tibia is formed from a' triangular-shaped shaft that
widens proximally into lateral and medial condyles and distally -into

the ﬁedial malleolus and a contoured articular surface known as the

%
e . B
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~—Achilles Tendon
“TIBIALIS ¢

S h b e A Ve

- .

(top -

Pig. 2.2: Anterior view of the right foot and ankle joint .
draving) shoving the tibia; fibula, medial and lateral malleoli,.
talus, calcaneus, navi@ular, and medial .and intermediate cuneiform.

Lateral view of the lower legs (bottom drawving) showing the lateral
gastrocnemius, soleus, Achillgs tendon and tibialis anterior. .
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tibial plafond.- The tibial Gcondyles articulate wigp their femoral

counterparts to form the knee joint. e

The lateral-lying fibula has a long, slender shaft that expands
proximally into a small head and distally into the lateral malleolus.’

A styloid process is located on the fibular head and it atticulates

.with the 1lateral cdndyle of the tibia to form the proximal

tibiofibular joint. The distal tibiofibular joint is located between
the lower medial surfaces of these two bones. The fibula does not

articulate with the femur.

1

The foot is composed of seven tarsal bones (including the {alué,

calcaneum, navicular, cuboid, and medial, intermediate and lateral
cuneiform bones), five metatarsal bones and 14 phalanges. 0f these
bones, only the talus 1is of 'direct interest with respect‘td the

2

tgiocrural articulation. ) .
R —~ . 43

-
The talus, is a small,' saddle-shaped bone consisting of an
- i ' ~
anterior head and a ppsteriof body that are joihed by a narrov neck.
The anterior ‘and inferior surfaces of the head articulate with the

navicular bone and the  calcaneum. A second taleocalcaneal

articulation is formed betveen the inferior surfacelpf the talar body

‘and ' the calcaneun, The* cuboid talar bo&y has a superior surface,

t

called the trochlea, that ,is-: convex 'in the anterior—p?stbriog

direction and slightly concave in the lateral direction. Viewed from

-

above, the trochlea is wedged-shaped, being wider- anteriorly than

posteriorly. “The extent, of this asymmetry varieg from about 5% (less ,

than 2 gm)ito about 25% of trochlear width (about 6 mm) (Barqett &

i
¢

>

&
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Napier; 1952; Inman, 1976).

Articulation

The distal juxtapositiém of the tibia and fibula is such that the

tvo malleoli and the tibial plafond form a mortise or slot into which
the talar body fits. The mortise is a stable sltructure vhose shape
does not change as the ankle is rotated through i\ts ROM (Inman, 1976).
The distance betveen the inner edges of the two malleoli is larger

anteriorly than posteriorly -(Close, 1956) thereby m;tching the

asymmetry of the vedge-shaped talus. The talus is held tightly within.

the mortise by ligaments and by bony projections from the anterior and

posterior margins of the tibial surface (Kapandji, 1970).

Although the extent of the contact area be‘t;leen the plafond and
the trochlea may vary with ankle angle (Gordon, 1970; Vynarsky &
Greenwalt;, 1983), its articular cartilage is much thinner than other
joints of the lower l-imb (Simon, 1971; Simon et al., 1975). The ankle
is therefore considered to be a particularly congruent joint (ZInman,

-~ -

1976). ‘ o

Ligaments -

& ab
The ankle joint ligaments have been divided- into four functionai
groups: the lateral and medial collateral ligaments and the anterior
and posterior ligaments. The lateral collateral ligargent is formed”
from three bands each originating from the lateral malleolus. Two of

these, the anterior and posterior talofibular ligaments insert on the

-~
-

~

(&
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talus whérgas the calcaneofibular ligament inserts on‘ the lateral
surface of the calcaneum. The function of the anterior ‘talofibular
ligament is to 1limit inversion and blantarfléxion v‘lhereas‘ the
posterior talofibular and calcaneofibular ligaments restrict inversion'
and dorsiflexion. The.second f_unctiorial group, th& medial collateral
ligament, is comprised of the deeper anterior and posterior talotibial
ligaments and the more superficial deltoid 1igament.l These iigalﬂents
limit eversiont, plantarflexion and dorsiflexion. , Finally, the
anterior and posterior ligaments are essentially‘localised thickenings
of the capsule. Although not directly asgociated with the talocrual'
joint, the' t'ibiofibular syndesmosis, which 1links the inferior
tibiefibular joint, is important fo.L:the stability it provides to the

. b
mortise.

Investigations of ligament function have focussed primarily ;)n
geometric reconstructions, on mathematical models on on a combination
of the two approaches (e.g. . Zitzlsperger, 1960; Simkin, 198é; Allard
et al., 1985). There is, however, still very little known about the
position-dependent changes in length and "forces generated by theée

. ligaments.

i
°

Plantarflexor .and Dorsiflexor Muscles

The muscles of the posterior and lateral compartments plantarflex
the ankle. Included in the posteridér compartment are the triceps
surae (formed from the soleus and . the medial and lateral

1) .
gastrotnemii), tibialis posterior, flexor hallucis longus, flexor

digitorum longus and plantaris. These muscles are innervated by
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branches of the tibial nerve. ngoneus longus and brevis, the lateral

»compar tment plantarflekors that also evert the foot, are innervated
. \

via branches of the. superficial, peroneal nerve. The anterior
compartment muscles, including tibialis anterior, extensor hallucis
longus, extensor digitorum longus and peroneus ;ertius dorsiffex the
ankle. These muscles are innervated by branches of the deep peroneal

nerve. 4

Iy

Soleus originates from the middle third of the medial border of

the tibia, from the posterior surface of the head and the upper third
of. the shaft of the fibula and from a géndinous sheath arched between
the wupper portions of the two lower leg bones. Lateral gastrocnemius
ofiginates from the lateral aspect of the lateral femoral condyle.
Medial gastrocnemius _originates “from the popliteal surface of ‘the
femur above the medial condyle. The gastrocnemii therefore also act
as knee flexors. All three muscles are unipennate; the angle o%
pennation for soleus is dbout 0:35 rad, for medial gastrocnemius,
about 0.3 rad and for lateral gastrocnemius about 0.15 rad (Alexander
& Vernon, 1975). The more deeply lying soleus fibers join the

Achilles tendon from belov whereas the superficial lateral and medial

géétrocnehii'join it from above; the Achilles tendon then attaches to

the posterior border of the calcaneum. Together these three muscles

:
&

comprise the triceps surae (TS).

Tibialis anterior (TA) is a bipennate muscle with an angle of

pennation of about .15 rad. It originites from the upper half of the

lateral surface of the tibia and from the interosseous membrane. Its

centrally located tendon passes beneath both extensor retinaculi and,>

v -
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then attaches to the medial cuneiform bone and the adjoining base of

-

the first metatarsal bone. ThHe location of this distal attachment

ql

wvith respect to the subtalar joint.means that TA also acts as an ankle

inverter. . .

Early determinations of muscle cross-sectional area (e;g. Fick,
1910-1911) did not consider the muscles’ angle of pennation. This

error wvas corqected by Haxton’ (1944) wvho calculated the
cross—sectépnal are; by summing the diameters of small ;trips of each
musﬁle. In an effort to obtain more realistic estimates, Alexander &
Vernon '(1975) made: their measurements on a younger, more robust
.cadaver énd considered the muscle mass and thickness as well as the"
angle of pennation. The TS cross-sectional area was 102 e¢m? vwhereas
that of the only other plantarflexors studied, tibialis po;terior‘ and -
Tongus, vas 28 cm? (Alexander & Vernon, 1975). The

peroneus

cross-sectional area of TA was 14 cm? whereas that of its synergist,

extensor digitorum longus, was 8 cm? (Alexaﬁder & Vernon, 1975).

‘
3

The TS moment arm ié ‘approximétely 50 mm (Jérgensen, 1951;
Alexander & Vernon, .1975), about tvice as large as the other
plantarflexor muscle moment arms (Jergensen, 1951; Procter, 1980).
‘Based on éick’s (1910-1911) estimétes of cross—sectionél area,
Haxton's (1944) value for absolute musgcle force and Jergensen’s (1951)
measured moment arm lengths, Murray et al. (1976) estimated that tpe
TS accounted for about'80% of the total plantarflexor torque (Murray
et al., 1976). However, the torque generated by a subject whose TS
had been completely excised was almost 40X of thatllexerted by. the

8
intact leg. Although this would appear to contradict the theoretical



4

estimates ‘and indicate that the contributions of the other
plantarflexors are relatively’important, it should be noted that these

y ]
latter muscles may have hypertrophied in the four month period betveen

N

the surgical excision and the experiment.

Considerably less information is avaifable- on changes in the
magnitude of . the moment arm as a functionnof mean joint position.
Procter (1980) and Procter & Paul (1982) report, for example, that the
TS liné of action shifted significantly over a joint excursion of

about 0.8 rad. Changes in TA and peroneus brevis action 1lines

relative, to the sole of the foot were less than 0.1 rad over the same

.

ROM (Procter, 1980): In another study, thg magnitude of the TS moment
arm, - determined from an articulated skeleton and from radiographs
obtained when the foot was placed .at t&e extrem;s of rénge, estimated
it to be about 1.7 times larger when the ankle was plantarflexed than

Qhen it was dorsiflexed (Sale et al., 1982); the moment arm magnitudes

were not, however, provided by these authors. ' !

.~ Conclusions
v The ankle joint is a complex structure that has not yet been
“ ' .

fully characterized. Fundamental issues related to the forces

[
generated by the individual soft tissues,. shifts in muscle and

w

ligament action lines, and the changing axis of rotation have not been
resolved. It is therefore evident that some assumption$ will be
required in any biomechanical analysis of this joint and that some

important questions will continue to be unanswered.

~ o




" its relatively large cross-sectional area.and moment arm and due to o

/.: -
v
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One issue rglated to the design of the expérimental paradigm is
resolved in view of the information presented in this section. Due to.
its superficial location, TS has been chosen to gepfesent the ankle
plantarflexors. The rple of TA as the dbminant dorsifiexorj is 1less
évident; however,. in the ;ight of its superficial location, it has
been chosen to répresent the ankle dorsiflexors. Therefore,
electrodes placed over these muscles can be expected to provide~a gaod
representation of the contraction characteristics dur{ng' tonic

activity and to indicate the absence of activity in the passive state.

“
a i

" ANKLE JOINT RANGE OF MOTION fo

i .

2

£
¥

The extent and variability of the ankle jBint ROM is reviewed in

. )

this section. _ This information i% wused in the formulation of the

experimental paradigm. : -

Variability and Magnitude ,

There is considerable variability in the magnitude of ankle ROM
reported’ in the literature. This 1is due, .in part, to different
metHods of measurement, inconsistent use of anatomical landmarks and

the use of widely vafying,paradigms. For example, goniomet;& (Roaés &°

: Anderson, 1982), radiography’ (Veseley " et g}., 1969), and

9iner§diography (Sammarco et al., 1973) are tﬁree very different
methods used to record ROM. Reéults have been reported for active‘

(Glanville & Kreezer, 1937) and passive (Roaas & Anderson,. 1982)

3




&

non:weight bearing or during weight bearing (Veseley et al., 1969).

The ROM has also been shown to change with knee position (Sale et al.,
\. ) . .

1982). .

E-3

Further variability in the ROM can be attributed to the

&

anatomical and. physiological chaﬁges‘ﬁhich result from, for example,
pathology or. aging.”~ Traumatic ankle injuries affecting b6n§ or

ligamentous structurés can cause either decreased or increased ROM

3

(Sammarco et al., 1973). A small but significant decrease in ROM was
- )

iecorded for adu}t subjects (Boone & Azen, 1979).

Intersubject variability persisted even when the’ above factors
vere strictly controlled; the ROM of -an homoegenous group of

middle-aged, male subjects varied between 0.5 to 1.5 rad (Segal, 1983;

. Roaas <& Anderson, 1982). Thus, a priori estimates 6f a subject’s ROM

1
)

are not feasible.

[ “

Axis.of Rotation .

»
v 3
r

Although little resear;h had been done to determine the .location
of the ankle axis of rotation and position—dependent variations in
that location, it was generally - thought - to run horiéontally (i.e
parallel to the tibial plafond) and to behave és a simple hingé joint
(e.g. Cupningham, 1943; Inman, 1976). It Wwas not until 1952 that

Barnett & Napier, based on examinations of talar shape and malleolar

facet curvature, proposed the existence of an -oblique axis vhose .

iocation depended on whether the joint was dorsiflexed or

A
ﬁlantarflexed. This result was ‘supported by Hick’s (1953) empirical

-
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'deigrminétion of ;he énkle‘axrs. Demps;er'(1955) found that there was

an erratic shift in the axis over, 'thé upper third of the tro¢hlea and

even larger fluctuations have been shown in the cineroentgenograms

taken of normal ankles (Sammarco et al., 1973).

\

There is, however, no consensus as to whether the ankle - axis 1is

multiple or even double. The only study to examine a large number of

specimens (Isman & Inman, 1969) used optical methods to locate the .

. points of minimum motion. These researchers found that the axis could

be represented as a single location that passed just distal to ‘the
digtal tipi’ of "the two ;alleoli. A rod that marked this location
shifted by less~“than 3 mm when the ankles were rotated through the
full ROM, demonstrating that this location provided a‘good estim;te of
the true axis.
More specimens have since been examineﬁ (Inman, 1976) agq these
results ?onfirmed the‘ previous conclusion that the ankle Axis of
‘rotation was single. A single axis of rotation was found in B80% of
the specimens studied and the remaining 20% had axes that shifted by a
relatively insignificant amount (Inman, 1976). The ankle axis of

rotation is therefore consideregd, at least functionally, to be sjngle.

It is obliquely oriented to the long axis of the tibia and directed

’ﬁiaterally and postexiorly when projected on a transverse plane (Inman,

1976).

8

Functional Range of Motion

7

ThétROﬁ required for most daily activities is considerébly less



than the maximum values reported above. For example, locomotion at a’

"comfortable cadence requires‘no more than 0.5 rad ROM (e.g. Murray et ‘

a;g.19§4; Vinter et al., 1974; Stauffer. et al., 1977). Ankle ROM

ﬁecreased as the speed of walking increased (St%uffep et al., 1977)

,but is considerably larger during running and jogging (Cailliet,’

1983). Stair climbing requires about 0;5 rad ROM. In' contrast,

.certain \sports and recreational activities require an extremely large
- i i

ROM. For\example, the ~‘en pointe’ position in classical ballet -

\
requires that the ankle be plantarflexed to -1.5 rad; this combined
with dorsiflexion means a total ROM of more than 1.7 rad (Teitz,

1982). ¢ = ' " ,

Conclusions

\

Several issues concerning the experimental paradigm are resolved |

in. view of the evidence presented in this’secéion. First, due to the
inability to predkét the subjects’ expected ROM, a standard procedure
must be u§ed for the identificatign of maximum dorsiflexion gnd
plantarflexion. Second, desﬁite the relatively small ROM required for
many functional activites, the ROM rthired for elite function or in
‘the casé of pathology is often much largeér. Moreover, the ROM used iﬁ
some movemenfs, such as the maintenance of quiet stance, is small but
Mocated near the extreme of the raﬁge. The effects of this parameter‘
over the entire range will th;refore be studied. Third, in vie& of
the 1ike1iho$d of large joint excursions, up to ten test positions are
-_reqﬁired to adequq;ely charaéterize any position-dependent effects.

«Pourth, because there appear to be relatively small position-dependent

changes in the joint axis of rotation, the latter is assumed to be

.
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fixed and located in aqfordance with Igman's (1976) bony landmarks. .

Thié information is'uséd in the fabrication of the foot fixatiom cast

and in the placement of the cast in the ankle actuator.

~ N N

\

MECHANICAL CORRELATES OF HUMAN ANKLE POSITION e

L ! * ¥ 4

* S ’
In this section the mechanical correlates of changes in mean

ankle position are reviewed. ‘This information will ‘aid ‘in the

>

interpretation of the resuits p;esentéd in Chapters 4, 5 and 6.

-

Muscle Length

. -

¢ ‘ \ » . N
There have been few .direct’ studies of the relation between

-

.changes in joint angle and changes in the length of the associated

.muscles. In very early vork, Fick ' (1892) attached“'strings betwveen
cadaver musclé origins and the cut end of tendons. As the ankle was

‘rotated, a weight suspended from the proximal end of the string moved

1 o

alorig a gradhated scale, indicating thé magnitude of length change -

that would have occurred in the muscle had it ‘been in situ.

" Ambagtsheer (1978) replicated this work with similar resulté for TA

9

and soleus. When the ankle vas - dorsiflexed by about 0.5 rad over
mid-range, TA shortened by about 32 to 34 mm whereas soleus lengthened

by 37 to 44 mm: A similar technique was used to estimate changes in

+
f

gastrocnemius length (G;ieve et al., 1978). They found a 12X change

- in length when the joint was .rotated by about 1 rad.

[ nd

-~ #
The magnitude of changes in muscle dand tendon length " in intac¢t

1
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subjects has' -also been studieg (Halar et al., 1978). Surgical wire
with a radiopaque marker was  hooked into  the gastrocnemius
_muscle=tendon junction.. Muscle and tendon lengths vere' then measpred

from x-rays which had been taken at different angles. Changes in

’ tendpn length over the full ankle ROM were less than 5 mm whereas the

muscle lengthened by 42. mm, 24 mm from plantarflexion to neutral and
18 mm from neutral to.extreme dorsiflexion.

a

-

There have been several attempts to calculate theofetically the
'cqrrespondéndq bétween joint angle and soleus muscle length at the
anéle in animals (Rack & Westbury, 1969; Houk et al., 1971; Goslow et

*al., 1973) and in‘man (s;le et al., 1982). 1In these calculations the
foot and lower leg have been QOdelled as two arms of a lever.
Assumptiqns related té “the muscle origin and insertion and the

location of the axis of rotation have been made, the moment arm has
A . "

N v -

» - been'calculated, and the relation between incremental ghanges in joint

angle and muscle length has been determined from a simple geometric

. equatior. =~ In the cat, this relation is linear for angles within the

: bhjsiblogical ROM (Houk et al., 1971). Comparable data were not

‘presented in the human study (Sale et al., 1982).

P [ -

The significance of the above results is questionable in .the:

light of two issues, the required assumptions and the correspéndence
. between mdsgle length and the length/tension relatio&. First, the
experimental and theoretical apgroaches are"relatively crude in fhat
they involve assumptions that cannot be verified. - For example, the

simplification of soleus origin and insertion to discrete locations

’ 3

has not been experimentally verified. Second, knowledge of - whole

5 b,

o




e

[P SR—

24

»

muscle length at different angles' does not provide an estimate of

~ sarcomere length. Since it is the ‘relation between the ac{igé and

myoéin fibril which _is the true indicator of the muscle’s

4

length/iension relation (Gordon et “al., 1966), it is the

correspondence between joint angle and ﬂioss-bridge overlap, rather

than total muscle length, that is needed.

Joint Torque - £

With the ankle located at the extreme of its plantarflexor range
the passive dorsiflexor torque ranged from abodt 5 to 10 Nm (Hogins,
'1969; Gottlieb.& Agarwal, 1978; Tardieu et al., 1982). As the ankle

was dorsiflexed, the passive torque decreased in a curvilinear fashjon

and became very small near the middle of the ROM. It then became. a

.

progressively larger plantarflexor torgue as the ankle was rotated to

n

maximum dorsiflexion. -The passive torque ggﬂggaﬁeﬁ( at ‘maximum -
—

4 .
dorsiflexion was about twice as large as the torque generated at

maximum plantarflexion (Tafdieu et al., 1982)

» - -

-

Gottlieb and Agarﬁal (1978) reported 1.5 to 2.5 fold increases in

\ S

TS. twitch torque whHen it was evoked in 0.26 rad dorsiflexion as

* . ' s . 13 ¢ Q-
compared to 0.26 rad plantarflexion. Similar increases in twitch

torque over the same ROM have been reported (Sale et al., 1982). 1In

this latter study, the magnitude. of twitch torque increased still
N , v

. further when the ankle was rotated from about 0.5 rad plantarflexion

Al

resulting in a nearly 30 fold increase.. The magnitude of dorsiflexor

torque evoked by a single TA twitch also changes with joint angle,

decreasing from 4 to 1 Nm vhen the ankle was dorsiflexed from 0.5 rad

R

ra
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plantarflexion to 0.35 rad dorsiflexion (Marsh et al., 1981).

%

Active isometric plantarflexor torque, generated at levels

varyiné: from 12.5 to 100% of the subject’s maximum voluntary

contraction (MVC) increased monotonically as the ankle was rotated
CREFS - 1

from 0.5 rad plantarflexion to about 0.17 rad dorsiflexion. It then

plateaued as the ankle was rotated to extreme dorsiflexion (Herman &

“*Bragin, 1967). When the ankle was 1n 'mid-position, the torque

s

x

developed during an MVC was 50% greater vhen the knee was extended

than when it wéé flexed (Sale‘et al., 1982). However, regardless of

knee position, TS MVC was greatest when the ankle was near .extreme~

v »

dorsiflexion; the mean maximum ‘torque generated by* the 20 male:

subjects in this study increased from just under 40 Nm at about

0.5 rad plantarflexion to greater than 175 Nm at 0.25 rad dorsiflexion

’
- ’

(Sale et al., 1982). - .
- “The demonstration .of the position-dependent changes in the
magnitude of the torque generated in response to single or te;aﬁic

stimuli or by voluntary contractions has been used to support the

hypothesis that significant changes in muscle length result when the |

ankle joint angle is altered (Marsh et'al,, 1981; Sale et al., 1982).
However, ~a number of alternate mechanisms could also account for this

result. As 1indicated above, the tissues responsible for . the

generation of passive torque have not been identified and may be due
to tendon, ligament, joint capsule tissue in addition, to the passive
component of muscle. Moreover, position-dependent changes ip muscle

moment arms and reflex activity could account for position sensitive

alterations in actively-generated torque. Therefore,.this issue must

°
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also remain unresolved. L \ .

Qynamié Stiffness

A
The position dependence of ankle joint dynamic stiffness hasvbeen
investigated by Gottlieb & Agarwal (1978) over a small range of mean
angles when the ankle muscles were relaxed and for one 1o§ contraction
levgl‘ in TA and .in TS. They demoﬁstrated an inc;easelin‘both the
visqpus and elastic parameters when the rel;xed ankle was rotated from N
about 0.2 rad dorsiflexjon to about 0.2 rad plantarfleggqn. The

stiffness/ankle angle néiation vas modelled as linear with a slope

that was independey{ of the level of tonic muscle activity. The

My, et 0T

*

inertial parameter did not vary with joint angle. . : -

a - %

L os

-

-
(. g st
e ettt

These reéﬁlts are of limited use, however, for two Teasdhs, thh .
related to the study’s scope. First, ‘only a small percentage of ankle
angles was studied. Whife this ROM was réasonable for investigating
the efﬁéct of mean dorsiflexor positions, it was inadequate <for the
examiyétion of {plantarfiexor Angles. Second, the level of
ton;éallqugintained mugcle activity was extremely low. Thereﬁore, ;
any conclusions regarding either the passi;e or active pdsitlon
depePdence of the joint mgéﬁaniqs are premature.

‘. . ' ' 1
; . . ' ~ . .
Conclusions .

o

3
ty [}

The only available kinematic variable is the joint position. It
is evident that there ;s“siﬁply too little information to make any

definitive concldsions about vhat is happening to the soft tissues

. ’ : % .
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a

vhen the ankle is rotated. Thas ve.cannot know vith® any cer{éﬁnty
vhat are the changes in the whole muscle length and certainly not vhat

they would be at the sarcomere level. The only available kinetic

variable is the net joint torque. This makes it impossible to know'

2

the forces generated by the individual hard and soft trisstes.

Y

SENSORY CORRELATES OF HUMAN ANRLE POSITION

Vhen the ankle joint is rotated to and then maintained in _,a new
position, changes will occur in the associated hard and soft tissues:
the muscles and ligaments of one compartment will sh8rten‘ wher?as
their antagonists will lengthen, the skin will be distorted, and the
tissues lining the joint capsulé vill be either éﬁretched or
compressed. In this sectioa_the results of experiments designed to
examine the afferent responses to such changes in mean ankle position

in man are presented. Regrettably, the techniques mpre commonly used
]

to investigate such phenomena in animal studies, for~ example single
unit recordings from spinal cord, dorsal roonﬁgﬁEZi:a.and pephpheral
nerves, are evidently not amenable to investigations in a human

subject. Indeed, investigations in man have relied on only two
techniques, H-reflex and micrdneurography. The evidence provided by

each of these Kéhhﬁ%ques and an assessment of their limitations are

&

presented below. o ’

AP
N

H-reflex Studies

»

*

Position-dependent changes in the H-reflex have been extensively

-

o

,
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" examined. Stimulation of the¢ tibial nerve resulted iﬁ responses that
vere markedly reduced in amplitude during or efolloving paséive
dorsiflexion of Fhe relaxed ankle (Paillard, 1960; Mark et al:, 1968;
Robinson et al., 1982). These findings have -been corroborated by
another, related paradigm in which ‘the threshold for the M and H
-resﬁonsés were measured as fun;tions of ankle angle (Davies & Lader,:
1983). The ratio of the threshold Qf H to the threshold of M
increased by a‘small, but statistiéally significant amount as the‘r
ankle was progressively dorsiflexed. In contrast, when . the
passively-maintained ankle position , was coupled . with
tonically-maintained contraction of the ankle plantarflexors,.the

stretch-related inhibition of the H-reflex was eliminated and the

response was facilitated (Mark® et al., 1968; Delwvaide & Hugon, 1969). .

]

Identificatipn of which afferents mediate this response has been
bas‘ed’l‘onh 8 number of indirect lineg of inve&tigation. First,
decreases in the H-refleg amplitude wvere observed in the absence of
~ankle movement vhen soleus was stretched by pressure applied to the
Achilles tendon (Mark et al., 1968; Burke et ~al., 1971; Delwaide,
1973; Robinson et al., 1982). It would appear, therefore, that joint
receptors were not responsible for the inhibition of the H—r?flex.
The role of the skin receptors also appeared to be negligible; the
application of docal cutaneous anesthesia -.did not alter H-reflex
response to position gRobinson et al., 1982) and pressure applied to
the skin’adjacent to the tendon and on the heel had no effect .on the
magnitude of the H-reflex when ankle position was not altereé (Mark et

3

.al., 1972; Robinson et al., 1982). . :

s
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The position-dependent depression of the H-reflex may have been
mediated gy tendon organ receptors since ankle dorsiflexion results in
; large passive plantarflexor tdrque (Gottlieb & Agarwval, 1978;
Tafaféu et al.; 1981). Althpugh tendon organs are considerably more_
sensitive to actively-generated tension, tendon organ inhibition of
Phe o-motoneuron poél via disynaptic or polysynaptic pathways remains

a possibility (Eccles et al., 195¥; Alnaes, 1967; Stuart et al., 1970;

Houk et al., 1971; Burke et al., 1971; Robinson et al., 1982).

Finally, spimdle afferent; represent another means by which the
,position—depend;nt response could be mediated. Diffuse infiltration
of TS by procaine anesthesia resulted in a rémqval of the
position—depgndent depression of the H-reflex (Burke et al., 1971).
In contrast, “1schemic nerve block did not alter the original responée
(Burke et ;1.,‘1971). Since anesthesia by the former technique acts
n primarily on the smaller diameter fibers (Maaﬁhevs & Rushwvorth, 1957a¢}
1957b; 1958) whereas anesthesia bygthe latter techniéue acts prima{i};
on the larger diameter fibers (Magladery et al., 1950), it may be that
the spindle secondary inhibitory afferent connections (Eccles &
Lundberg, 1959) gre responsible for the observed H-reflex depression
(Burke et al., 1971). Such a possibility is open to argument,
hovever, in the light of findings which indicate spindle secondary
excitatory connections (Kirkwood & Sears, 1974). Moreover, other
pos§ib1e mechanisms, including spindle primary pre-synaptic inhibitofy

connections (Delwaide, 1973; Burke & Ashby, 1972; Robinson et al.,

1982) and occlusion of the spindle primary excitatory drive by its ,

static function (Burke et al., 1971), have not yet been adequately

explored.

<
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Microneurography ‘

- Microneurography is a technique that wéﬁ first developed by
Vallbo & Hagharth (1967) to record from single peripheral human nerve
fibers. Vhilesthis technique has been used to examine afferent
responses ' to, for example, cﬁaAges in load, ’small—amplitudg
perturbations of joint pos{tidn, and vibration (Burke; 1981), their
response to tonically-maintained ‘Ehanges in joint pbsiti;n has been
investigated in only a few studies (Vallbo, 19743;. Vallbo et al.,-

1981; Hulliger et al., 1982).°

Spindle afferents located in the finger extensor muscles vere
moni tored during and following passive rotation of the
metacarpo-phalangeal joint (Vallbo, i974a). The di§chaige rate of
spéndle afferents in muscles near their resting lehgth vas very low
wvith less than 10X of the spindle primaries discharging. However, the
rate of steady state discharge in both spindle primaries and
secondaries increased linearly as the joint was maintained at angles’
associated with longer muscle lengths (Vallbo, 1974a). This study was
restricted to only the functional ROM for the metacarpo-phalangeal

joint; angles near either extreme of the ROM were not tested.

Investigations of actively-maintained joint ﬁbsition indicated an

"absence- df spindle afferent response sfgf tasks involving voluntary

position holding at different joint positions (Vallbo et al., 1981;
Hulliger et al., 1982). Again spindle receptors in the long finger
extensors were monitored during changes in metacarpo-phalangeal joint

angle. These authors concluded that, in contrast to the evident



sensitivity of the spindle receptors ‘- to passive . muscle stretch
(Vallbo, ‘39743; Hulliger et al., 1982), neither spindle primary nor

secondary endings provided an active position-dependent response

(Hulligér et al., 1982), at least for the relatively small amplitude ‘

. | and small load movements studied to date. It was suggested the
differences in the sp;ndle responses to passive and active position
maintenance may Se related to aétivity—félated differen&es in the

' ‘ extent of fusimotor drive (Vallbo, 1974b; Hulliger et al, 1982).
There have been comparatively few microneurographic recordings
from tendon organ afferents, a phenomenon whic¢h reflects the procedure
Zfollowed when searching for an appropriate reéording site (Prochazka &
Hulliéer, ‘1985) ‘rather than being indicative of a paucity of these
afferents which are of a comparable quantity to the number of spindle
primary and sg;ondary afferents (Houk et al., 1979). Thus, to daté,
no conclusions iegarding the role of tendon organ receptors can be
drawn from microneurography.

- 13

Conclusions 1

The results of H-reflex §;qdies should be viewed with caution.

. In this technique, a highly non-physiological stimulus is employed to

qtest for sub-threshold changes in motoneuron excitability (Magladery,

1951; Hugop, 1973). The position-dependent response to electrical
s stimuli may differ dbnsidefably‘from'more functional stimuli in which

" ‘the muscle is overtly stretched. This means that the relation between

. ¥ ‘ -
the H-reflex and the stretch reflex is uncertain since .these two

responses differ 1in the afferent fibers activated by the stimuli, in .

g
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the pattern of activity in <the ‘activated afferent fiﬁéqs, in the

dispersion _ of the afferent volley, and in the motoneurons

-

participating in the reflex contraction (Burke, 1983b). In the 1light

of'such differences, the results of H-reflex studies cannot be used to’

further our understanding of the position-dependent behaviour of the

stretch reflex.

°

—

In contrast, ﬁicroneurqgraphy represents a - significant
bréakthrough\ in ‘the study of the afferénts mediating movements in
int;ct man élthough there'remain three difficulties with its use.
First, the <classification of afferents, and in particular

distinguishing between spindle primary, spindle secondary and Golgi

tendon organ receptors can be ambiguous (Prochazka & Hulliger, 1983).

- Second, there afe probléhs associated with the stability of the

recordings with the result that the amplitude, speed and force of the
contraction are restricted to® the Jlower ‘end of the physiological
spectrum ((Hulliger &t al., 1981; ﬁulliger & vallbo, 1981; Prochazka &
Hulliger, 1983). Third; this technique cannot be used with equal
facility on all nervés. Thus, for examplé} the position-dépendent
afferent respoﬁses of receptors in TA have been examined whereas those
of TS have not. Despite these limitations, microneurography remains a
very promising technique for theainvestigation of reflex function in

intact man.



CHAPTER 3: METHODS

INTRODUCTION '

' ]
This chapter describes the general experimental methods common to

all studies presented in this thesis. Specific details pertaining to

individual experiments are provided as required.in 1atef‘chaptersu

This chapter has been organised into five sections as indicated

in Fig. 3.1, These sections ° include: details related to the

experimental paradiéﬁ; information concerning the computer control of
the experiments and subsequent analyses; descriptions of the stimulus
variéblés and the équpment controlled by these stimuli; an outline of
the data acquisition procedures; and a review of the methods used for

4

data analysis. . R

EXPERTMENTAL PARADIGM

Subjects ' ’ ‘ )

W

Seven healthy men and women, aged 24 to 37 years, participated-as-

subjects ' in  these  experiments. They included the principal

investigators as well as other university personnel who were paid.

/

Subjects were designated by numbers (e.g. S1, S2) which denoted the

sequence in which they were tested.

ey
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[EXPERIMENTAL STIMULUS VARIABLES ’ . +

PARADIGHM and EQUIPMENT s
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chapter.

Pig. 3.1: Block diagram shoving the five sections presented in this -
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Vhole Body Fixation \ ST .

-
’

Subjécts lay supine on the experimental table as shown in

Fig. 3.2. The head was turned to the left fdcing an, oscilloscope

display of a. tracking stimulus and torque feedback. jThé,‘arms vere .

extended at the sides of the body, the hips were moderately abducted,
and the knees wvere fuliy extended. The fiéht foot was sﬁpported on' a

pedal and the 1left foot was attached to the ankle actuatof.via'a

polyurethane: foam cast. This posture waé'maintgined by wide straps

over the- pelvis, thighs, and the right foot.. The laboratory liglhits

vere dimmed during the experiments. - .

» e’ -

To ensure the subjects’ éomfort, the experimental table ‘was
covered with 5 mm closed cell sponge neoprené'(E.F, Walter, Model

6327). This covering was non-conductive and so insulated the squect

/ .
from potential current . leaks. Pillows were placed beneath the head

<

and under the back at tHe level of the lumbar lordosis.

4

Poot Fixation

s -~
. The experiments described in this thesis entailed rapid, precise

. changes of 1limb- position and so required that limb movement relatiye
to the apparatus be minimized. Traditional methods of subjeci
fix;tion‘ such as straps or clamps were judged to be.unacceptable;
‘thgse could cause'local ischemia, pain, and skirn injury or could
directly perturh the muscles being investigated, .hampering the sthdy

. of their behaviour in response to the applied joint pertufbatioh.

. *,
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Fig. 3.2: Photograph of a 'subject positioned on the “experimental
table.” The subject’s left leg is attached to the ankle actuator via
the polyurethane foam cast. His head is

‘ turned to face the
oscilloscope ‘which is displaying the tracking stimulus.

36
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These problems were avoided in the present experiments by the use
of custom—fitted; polyurethane foam, block casts which were strong,

rigid,'and distributed the forces over a wide skin surface area. The

- ofythe subjects’ feet. They neither restricted the dynamic ‘response
of the actuator nor introduced spurious elastic and viscous forces.

An overview of the method is presented here; the details ‘have been

°
+

previously reported (VWeiss et al., 19§9a).

The casts’werg made by a simple technigue that' resulted in

accurate negatives ° of the subject’é fqbi. ‘ Once cured, the

polyurethane foam was non-toxic to the skinuaﬁd emitted no hézaraous

‘ l fumes (Burr?ws, 1983). Tﬁe fitting 'pfocedure fequired ligtle
cooperation from the subject, did not cause discomfort!*and .could be

. “completed in less than 20 min.

Construction of a cast consisted of three steps: (1) casting a

plaster negative of the foot; (2) casting a dental stone positive; and
(3) casting the final polyurethane /foam foot cast. A detachable
aluminum mold was used during all three steps. In the first step, the

subject’s foot was covered with a /thin layer of petroleum. jelly and

. o two for rapid release of the subject’s foot. The temperature of the

moments of inertia of these casts vere of similar magnitude to those

o
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‘after it wvas hard enough to‘bé split. . .

o

)

In the $econd step, the two pieces of plaster negafﬁve were
- ~

returned to' the mold and a fluid mixture of a very hard plaster

‘(dental stone)} was poured in. After setting (approximately one hour),

the relatively soft plaster negative vas destructively removed from

the hard plaster positivé. The axis of rotation of the ankle was
identified on thé positive using anatomical landmarks described by
Isman & Inman (3 mm-distal and 8 mm anterior to the distal tip of the

t

lateral malleolus and 5 mm distal to the distal tip of the medial

mélleolus; 1969) and a 6 mm hole was Qrilled through the axis. The

dental stone positive was then returned to the mold where it was fixed
in the correct position by a 6 mm diameter stainless steel rod driven

through the ankle axis of rotation. .
%
&

Finally, the isocyanate and resin components were mixed and

poured into the “mold. The resulting polyurethane %oam expanded,

enveloped the positive, filled the mold, and became very ipard within
two hours. The rigid polyurethane cast vas then removed from the mold
and cut in half longitudinally. The poéitive vas removed and the
edges and inner surfaces were lightly sandea to remove sharp edges’and

-

rough &pdts. . )

> 4 ~
D

Cast comfort aﬁd fit were checked prior tq .experimeﬁtation; the

halves of the cast were tightly secured about the subject’s foot with
E] * : 4 °,

velcro straps and bolted onto the ‘laboratory ankle actuator. If the

cast caused undue discomfort or allowed unacceptable movement of the

foot it was discarded. Fig. 3.3 shows a typical finished cast and

1

s v
.
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§

illustrates the good fit obtained.

The typical overall density of the casts resulting from this

procedure vas 280 kg/m® with masses ranging from 0.8 to 0.9 kg. The

(] ,
moment of inertia’ of the laboratory ankle actuator was 0.015 kgm? and

that of the combined actuator and foot. cast was approximately

0.025 kgm?. The polyurethane foot casts thus had moments of inertia
ih the range of 0.01 kgm?, values which are comparable to the moments
“* of inertia of the subjects’ feet (Dempster et aT., 1955).

-’

Ankle Joint Range of Motion -

-

]

The ROM was measured while. the foot was attached to ;he actuator.-
*The NP was determined by locating the ankle angle at which no passive
joint torque was generdted. The anklelwas tﬁen rotated from the NP
toward maximum dorsiflexion and toward maximum plangarflexion.

-

Displacement in each direction continued until the subject could

. tolerate no further movement or,until motion of the ipsilateral knee

<
or lower leg was discerned. Standardized methods for the’

v o, [ 0
determination 'of the RQM are not available (Roaas & Anderson, {982),

hence this subjective, but repeatable procedure, was used.

s ) ¢

The foot was completely encased in the cast, posteriorly as high

as the talar head and anteriorly a5 far as the navicular and cuboid
X —

‘Abones (cf. Fig. 3?3). In order to minimize loss of ROM and yet

- L:4

maintain adequate 1imb fixation, cast height posterior to the malleoli
vas decreased by 15 mm. (Fig. 3.3 is a photograph of ' the original

cast and does not - show the reduced height.) In spite of’this

a

.
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Fig. 3.3: Photograph of the halves of a completed polyurethane foam
cast. The subject’s foot is in the right half of the cast. The empty
left side of the cast illustrates that the final cast is smogth,
unifgrm negative that replicates the contours of the subject’s foet.
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modification, goniometer measurements on the freely-moving foot
indicated that the cast reduced ROM by as much as 0.2 rad. A further
0.1 rad restriction on the ROM resulted from the ankle perturbati’on
(see below). Nevertheless, comparisons of the subjects’ ‘fixed’ and
‘freely-moving’ ROM indicated that at least 85% of the total ROM vas
tested in\ thesé experi)ments. ‘

For five of the seven sub}jects, the ROM was divided into ten
equally-spaced mean po§itions. Only nine positions were tested in the
other two subjects since their ROM vas smaller. Adjacent ) positions

vere separated by about 0.1 rad.

General Protocol

wy

The subject was positioned on the table and the left foot-rotated
to_one of the test positions. After a 5 min pause, the ankle vas

stochastically displaced. The pause was imposed since the passive

. ,
joint torque took some time to stabilize. When the ankle was rotated

to the extremes of its range, the torgue decreased by as much as 5 Nm
. ( .
during the first 5 min; at mid-range positions this phenomenon vas

negligible.

4
During some trials subjects were requested to exert no voluntary

muscle effort while the ankle was beiné perturbed; otherwise-they vere
instructed to match -the torque feedback signal with the displayed

tracking stimulus. This procedure was then repeated for the remaining

J

.

mean joint positions. -
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COMPUTER CONTROL

«
A

All experimental and analytic procedures were controll;d by a
PDP-11/23-Plus miqicompﬂutex: (Digit}al Equipment Corporation) wusing
Nexus, a language for the analysis of signéls and -systems (Hunter &
Kearney, 1984). The programs vritten in Nexus (modules) are appended
at the end of the thesis. These include the modules used to operate
the experiments (Appendix,  I), generate the stimulus variables
(Appendix II), run the data acquisition programs (Appendix JII), and
analyse the data (Agpendix IV). The ar}kle actuator servo system gains

and safety limits vere controlled by a LSI-11 microprocessor (Digital

- Equipment Corporation).

STIMULUS VARIABLES AND EQUIPMENT

{s/:i/hematic representation of the equipment used du'ring the.
experiments is shown in Fig. 3.4. Details related to the stimulus
variables and equipment are shown in the block 1labelled ‘Stimulus
Variables and E(;uipment*.' The boxes withig this block represent the'
equipment used to display and control the two stimulus variables: the
signal used to drive the ankle actuator and the target tracking signal
displayed on the oscilloscope.

2

Ankle Actuator

]
- .

The ankle joint -was displaced by a  rotary electro-hydraulic

actuator (Rotec Model RN-32-1V) (Kearnéy et al., 1983). Actuator flov
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FPig. 3.4: A block diagram showing schematically the equipment used
during the experiments. See text for details.
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vas controlled by a servo valve (Moog Model 73-104). The actuator,
operated in position-control mode, was able to produce velocities

exceeding 26 rad/s. .

e )

=

The dynamic response of the ankle actuator was determined using

stochastic system identification techniques. The gain was flat until
\

25 Hz but then decreased at about .60 dB/decade. Nevertheless, the

actuator could apply displacements containing power adequate for

system identification at frequencies up to 50 Hz. .

F}

The safety of actuator operation was ensured by four independent

mechanisms: mechanical stops, a hydraulic stop, a ‘panic’ button, and

the. LSI-11, microprocessor. The mechanical stops consisted of two

aluminum sleeves bolted to the pedal support at iocations
corresponding to the‘extremes‘of the subject’s ROM. The hydraulic
stop was also adjustable and remo;ed powver from the actuator if the
foot pedal was rgtated beyond the subject’s ROM. The subjeét courd
halt actuator gperation at will by depressing the ‘panic’ button that
acted b; stopping flow to the actuator. Finally, the LSI-11

microprocessor control system limited displacements, velocities, and

torques to pre-determined values.—

e
"

!
-

The' ankle could be rotated to within 0.001 rad of the desired

angle when the leg remained strappea‘to the table and when the foot

remained attached to the actuator. However, alteration of left 1limb

fixation could disturb the location of the NP by as much as 0.1 rad.
0

“The leg straps and foot cast were therefore not removed until the end

1
[

of each experiment., ] .

(™
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"Actuator Input

LA .
A 1000 point pseudo-random binary sequence (PRBS) was repeatedly
e

displayed at 400 Hz by a 12 bit D/A converter (Digital Equipment
Corporation, Model AAV11-A). The duration pf each sequence was thus

2.5 s. . ¢

The PRBS was applied as input to the sgrvo amplifi§% .thereby
driving the actuator to stochastically displace the ankle joiﬁt. ihe
frequency content of this displacement wasllimited to 50 Hz by the
low-pass characteriséics of the actuator as described above. The gain

vas adjusted so that the peak-to-peak amplitude of the displacement

4

“vas 0.09 rad. -’
\

v

Ankle join} dynamics are modified by thé amplitude of the Jjoint
perturbation (Kearney & Hunter, 1982). It vas, therefore, népessary
to ensure that the displacement amp}itude did not vary consistently
wvith mean position. An examination of the ensemble average (Fig. 3.5,
top graph) and standard deviation (SD) (Fig. 3.5, bottom graph) of the
ankle displacement records sampled at ten different angles over a
subject’s ROM demonstqﬁtes that ihe perturbation applied ak all mean
positions was very similar; the magnitude of the ensemble SD .was less
than 0.015 rad. Moreover, the dyna@ic response of the actuator (not
shown) was similar at all mean positions. it is therefore concluded
that systematic variations of the perturbétion amplitude with joint

angle were not a problem.
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Fig. 3.5: The average (top graph) and standard deviation (bottom
graph) of position records sampled at’ ten different mean joint angles

throughout the ROM.
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Tracking Stimulus | .

A second computer-generated stimulus was used when the subject

+

was required to maintain tonic muscle contractions. This signal,

scaled " to elicit the required level of either dorsiflexor or

l

. plantarflexor tonic activity, appeared as a continuous line on the -

* oscilloscope (Tektronix, Model 2215).

y

(4]
s

- L3 *

DATA ACQUISITION

.

The four sampled signals, shown schematically in Fig., 3.4 within

position, ankle torque, and TA and TS electromyograms (EMGs). The

boxes within .this block represent the equipment used to amplify[

filter, and sample these signals.

\

-

éggu1;r Position and Térque Transducers
N . /
A plastic film rotary position transducer (Beckman helipot, Model
6263-R5K-L.50) was used to measure ankle angular position. Ankle
torque was measured with a very stiff ‘(50,000 Nm/rad) torque
transducer (Lebo;, Model é110-5k). A torque feedback sig?al was
generated by filtering the torque with a 2-pole lowpass filter haviﬁg
a cut-off‘frequency of 1 Hz. This signal was displayed to the subject

[ 3
on. the oscilloscope. . '

the block labelled ‘Data Acquisition’, included ankle angular
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Electromyograms

©

Disposable surface electrodes (Hewlett Packard, Model 14445A},

oriented in a bipolar configuration, parallel to muscle fiber

“A

direction, wvere used to detect EMG from TA and TS. The §kin vas
shaved and rubbed briskly with ethanol prior to electrode attachment.
TA electrodes ;ere placed just lateral to the tibial crest about 50 mm
distal to the tibial tuberosityf TS electrodes were placed on the
calf mid-line juSt distal to the heads of the gastrocnemii. A ground
electrode was placed over the patellar head. These electrode
locations were chosen to obtain a good representation of fhe overasil

activity of the muscle group.

Electrodes were connected to custom built differentiql
preamplifiers incorporating an instrumentation amplifier (Burr-Brown,
Model 3620), switchable’ gains, external offse} control, and isolation
switches (Ohmic Instruments, Model IS—100).~ The 1étter devices were
in,seqies with the eiectrodes and acted to {imit current flow to . the
spbject to 1less than 100 uamp. The amplifier common mode rejection
ratio vas 100 dB. '

The rav EMG signals vere then processed by filter amplifiers that

" were constructed from 2-Pole high-pass Butterworth filters (Frequency’

Devices, Model 772BT-2) and 4-Pole 1lov-pass Bessel filters "(Datel
SyEtems, Model " FLT-LP4L5K). <The raw EMGs vere high-pass filtered

(10 Hz), full-wave rectified, and then low-pass filtered (1000 Hz).

\
In order to maintain the polarity conventions (dorsiflexor position

and torque positiVe, plantarflexor poéition and torque negative),

’

»

/



) Actuator/Cast Dynamics Correction

a\ ., —x

TA EMGs were positively rectified and TS EMGs were negatively

>

rectified.

Anti-aliasing Filters - . .

4

v

Ali experimental signals were lowpass filtered- (8-pole lowpass

Bessel filters; Frequency Devices, Model 902LPF) at 50 Hz prior to

being sampled at 400 Hz by a 12 bit analog-to-digital (A/D) converter
(Digital Equipment Corporation, Model AXV11-C) with a dynamic range ok

5 V.

DATA ANALYSIS

»

The methods used to determine the passive and active joint

mechanics, statics, and reflex dynamics are outlined in this section.

)

& ) S . .

A portion of the sampled torque signal was due to the dynamicé of
the ankle actuator and foot'casi. It was nécessary to identify and
remove this torque prior to further analysis. This was accomplished
by the following pfoceduré. First, the impulse resporise function

(IRF) between the actuator/cast position and torque vas determined

‘from data obtained in a pre-experiment calibration trial. Then €ach

experimental position record was convolved with this IRF: Finally,

the resulting estimate of the actuator/cast torque was subtracted from

Y

the sampled torque. The signal generated ' by this procedure will

o

o—
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-henceforth be referred to as the torque.

50

3

Initial Data Processing °

»

Thg initial analysis procedure had three phases: (1) the sampied
;ignals were checked for staiionarity; (2) the data vere ensembhle
Averaged and; (3) the static behaviour of the signals was determined.
These procedures are illustrated with reference to the torque recards
ghown in Fig. 3.6; the position and EMG data were treated similarly.
Torques recorded during repetitions of the PRBS stimulus
;equence, xl, X2, ...‘XS aré shown in Fig. 3.6 (top graph). The time
average of each record, the interval mean, My is indicated in each
graph. Interval means were examined to monitor stationarity over the
five (;nd in some cases 25) stimulus repetitions. Significant
departures from stationarity occurred occasionally, particularly when
subjects tracked the higher force levels. Since the ankle joint
dynamics’ change with mean torqué (Hunter & Kearnéy, 1982), data were

discarded if the SD of the torque interval means was larger than

1.0 Nm. ,

The ensemble average, X, was then calculated (Fig 3.6, bottom
graph). Averaging was not strictly nécesggry for determination of
joint mechanics, but was required for identification of the reflex
d§namics (see Cﬁapter 6 for further details). The time average of the
ensemble, the mean value, M, vas used as a measure of the static

values of each signhal.




ot

51

N -

.

Fig. 3.6: Diagram illustrating the procedure used for initial data
processing. Each torque record, Xl, X,, +.. Xc,°wvas sampled during one
repetition of the stimulus sequence. %he time"average of each record,
called the interval mean, was calculated. The five records wvere
ensemble averaged and the time average of the ensemble, called the

mean (W), vas calculated.
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Por trials in which the subject ;emained at rest, the mean torque
vas used to identif; the“change in passive joint torque that resulted
vhen joint position was altered.- In these cases, mean EMGs were
examined 1in. order to verify that there was no muscle activity. For
trialg 4n vhigh the subject maintained a tonic contraction, méan
torque and EMGs were used to determine the static relation between
these two variables. Finally, mean antagonist EMGs were examined in
order to monitor the éxtent of co-contraction since this is known to

~

modify ankle joint dynamics (Hunter et al., 1983).

Ankle Joint Mechanics

®
Ankle joint dynamic stiffness, i.e. the dynamic relation betve;n

. . +
aqgular\ position and“ torque, was first characterized
non-parametrically at each mean joint poéition. Stiffness transfer

function gain, phase, and coherence functions were obtained by
calculating the auto- and cross-correlation functions and Fourier

transforming them (Box & Jenkins, 1§76).
. » v -

The mechanical behav&our of the ankle joint has been successfullf
modelled by a second :order, underdamped system having inertial,
viscous, and elasti; terms (e.g. Hunter & Kearney,' 1982; Gottlieb &
Agarval, 1978). PFurthermore, changes in the parameters of this model
Aave been used to defineate the eféecta of varying mean torque- and
displacement amplitude (Hunter & Kearney, 1982; Kearney & Hunter,
1982).. Non-linear minimization techniques were used to estimate the
parameters of a second-order s?stem_which beést fit the compliance IRF

r

(the non-parametric representation of ankle mechanics which ‘relates

Vs
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joint torque, and position). The model used was:
e .
TQ = I6 + B6 + K8 ,' ‘ c

wvhere TQ = Ankle Torque

]

® = Ankle Anggiar Position

® = Ankle Angular Velocity p

. . 5/; Ankle Angular Acceleration
<;\\\l//»\\ f‘= Inertial Parameter

=_Viscous Pdrameter
P
K,= Elastic Parameter.
. This parametric représentation of the linear :dynamic relation

betwveen torque and position provided & concise description of the

ankle joint system. These fits accounted for at least 90X and usually-

more than 95X of the variance of the original compliance functions.

' Linearity of the identified system was assessed in two ways.
First, stiffness coherence functions, which provided ar estimate of
hov much variance was accounted for at each frequency by the 1linear
dynamic relation between positfon and torque, were calculated. Values

close to one signified that the relation was linear. Values

-

considerably less than one signified that the relation was not linéar,
that system output was noisy, or that there were other-inputs to the
system (Bendat & Piersol, 1980). Linearity was also monitored by
determining the variance accounted for (VAF) by the compliance IRFs.
This value, givem as a percent, Jprovide@ an igdieition of system

linearity at all frequencies.

N
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Reflex Dynamics

Q

< The behaviour of TA and TS reflexes as functions of “mean joint
>

position was examined by calculating the linear dynamic relation
between ankle angular velocity and réstified, smoothed EMGs. The
reflex impulse function between positively rectified ankle angular
velocity and,TS,EMé was used to idenify TS reflexes (Kearney Z Hunter,
1983) and the RIRF betweendankle angular velocity and TA Eﬂp/;és used
to identify TA refléies (Kearngy & Hunter, 1984). These reflex
impulse response functions were calculated with an algorithm that was
based on the solution of a matrix equafion involving the input
auto-correlation function and the input/outpyt crossfgorrelatiqg

function (Hunter & Kearney, 1983b).
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. CHAPTER 4: PASSIVE JOINT MECHANICS
)

SUMMARY .. - .
)N , o :

-

System identification. techniques were used to‘ exanine the
position dependence of the passive ankle joint mechanics. The relaxed
ankle was stochastically perturbed about different angles in the range

of motion. The linear dynamic relation between ankle position and

|

, torque was identified and mogielled as a second-order, underdamped

system, having inertial, viscous, and elastic parameters. Mean joint
torque changed as the ankle was rotated through the ROM; it was small
ot

at mid-range and became much larger toward eitlier extreme. I remained

° o

constant but B and K changed as functions of aﬁkle angle. At the

extremes of the ROM, K was much larger than previously thought and the

t

relation between stiffness and the passive torque generated when the

ankle was placed at different mean positions was linear. These

’

resulté show that large variations. in joint mechanics (1) were

possible in the absence of voluntary muscle contraction and (2)

°

appeared to be related- to the position-dependent changes)in the

passive torque.

. / ) a . '
INTRODUCTION

Rotation of the re}axed ankle - through its ROM results in a

characteristic change in the joint, torque. Whereas the torque remains

’
°

o

O

Koo v g

3

P S St et NS T kL P 7T

EPT

é

v



“t

P4S

1

small and relqtively‘constant over a large span of nidéle range
‘ipgles, it becomes much larger as the ankle is rotated tovard either
maximum dorsiflexion or maximuﬁ plantarflexion (e.g. Hogins, 1969).
The position dependence of .the passive torque 1s significant becau§e
it represents a means by vhit? the joint torque éan bg changed with no

alteration of the muscle’s active state.

This issug has not been adequately explored. 1In particular, the
study of position-dependent changes 1in the dynamic passive joint

. N » v
stiffness has been restricted to an extremely limited portion of the

ROM. The specific objective of the work presented in this chapter wvas

to fully characterize the effect of changes :n mean ankle pesition on
2 . -

the passive joint ‘mechanics 1n order.to determine the magnitude of

N

these effects and to ascertain their potential functional role. These -

results will then be compared and contrasted to the findings of the

next chapter to assess the relative roles of the active and passive

_processes. , .

A . . .
. - ’ * . \

v

i v

General methods were as described in Chapter 2. For this study,

subjects were requested to remain relaxed vhile the ankle joint vas

L

displaced. TA and TS EMGs vere monitored to verify that there jﬁs no

muscular actavity. The 2.5 s stochastic sequence was repeated 25

v

times at each mean joint position, The durationy'ef each experiment.

(including testg at ‘each mean joint posit:on and the 5 min rest period

betwveen successive tests) was 60 min.
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RESULTS

Fig. 4.1 shovws ankle angular position and torque records obtained

when the ankle joint was near extreme dorsiflexion (top graph), at the

»

NP (middle graph), and ¢lose to maximum plantarflexion (bottom graph).

It 1s he\mean torque changed with ankle angle; it was
near zero\at mid-rang creased as the ankle was dorsiflexed or
plantarf]exed. : the peak-to-peak amplitude of the torque

-~ \

also increased.

by

)

Relation betveen Mean Yorque and Mean Position .
i

.

~~

The relaticn betveen mean Joinl position and meangtorque for all

six subjecis .: shown 1ﬁ'F:g “ l. 211 six plots are similar; mean

!

torques vere sma.l and relati.eiv constant over a large region of

mid-range pos:*:ons bur Increased rapidly as the ankle was rotated

toward either exireme. The NP occurred at approximately mid-range for
each subject. ' ) ‘ . . . K

» o
Mean position and mean torque data obtained vhen the ankle joint

"

vas near ertreme plantarflexion, at mid-range and close to maximum

dorsifler:on are presentec :n Table « 1. Inrersubject variability for

total anr.e ROM (mear. - one SD. 9% - [T raag) was cons:stent with
reports .1 ‘he L..'€lalule (€ g Boone & Azen., 1979, 1w lar
van;ab:.igu vac a:st  evigen® .n  the exten® of planvtarflexion
(~.é&2 + 11 rag) and aors:if.erion f laN - 777 rad) and in the

magnitude ¢f *ne passive -oique genetated at the extiemes of

1 b b “ o« v a7 ; n
plantarfiex:ion (:.7 = 7 9 Ng) and¢ dotsiflexion (-9.1 = 7.7 Nm) ({(Boone

[

e,
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Pig. 4.1: Ensemble averages of ankle lar position and torque at
maximum dorsiflexion (top graph), the/neutral-position (middle graph),
and maximum plantarflexion (bottom graph). The time marker refers to-
all plots. (Subject S1) ‘
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& Azen, 1979; Hogins, 1969). There was no apparent relation betvéen
the extent of the ROM and the magnitude of the torque generated. All
subjects generated more torque at the’extreme of dorsiflexion than at
maximum plantarflexion.

n
/

Non-Parametric Analysis of Joint Dynamics*

It‘is evident from Fig. 4.1 that the.joint dynamic stiffness was
also dependent on ankle ﬁean position. Thﬂs the torque records were
more deeply modulated by the perturbation when the lankle joint was
near the b extremes of its range (top and bottom torque traces,
Fig. 4.1) than at the NP (middle torque trace, Fig. 4.1). These
changes are reflected in the stiffness transfer function gain curves

shown in Fig. 4.3. The stiffness gain increased as the ankle was

dorsiflexed (top graph) and plantarflexed (bottom graph) from the NP.

A set of compliance impulse response functiohs, corresponding to
the stiffness transfér function gain curves plotted in Fig. 4.3 (top
g}aph), are shown in Fig. 4.4. In - this alternate, non-parametric
representation of ankle joint dynamics, the behaviour of the system
natural frequency and damping as a function of mean positién \is
apparent. The natural frequency, related t6 the location of the first
zero crossing (indicated in Fig. 4.4 by the dashed line), increased as
the ankle was dorsiflexed from -.54 to .20 rad. In contrast, the

system damping, telated to %he extent of the oscillation, remained

relatively constant.

The VAF by the compliance impulse response functions vas aivays

A

a
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( SUBJECTS
VARIABLE s1 S2 s3 S4 S5 S6 Mean SD:
Range of Motion (rad) 1.04 .79 1.14 1.07 .93 .98 .99 .12
Change in Torque (Nm) 9.1 17.3 13.8 15.2 10.4 8.9 12.5 3.5

EXTREME PLANTARFLEXTON

i

Position (rad) -.828 -.705 ~.935 -.988 -.840 -.758 -.842 .011

Torque (Nm) 2.1 2.7 4.2 6.2 2.7 b 3.7 2.9

IRF-VAF (X) 95.5 90.6 95.9 96.0 94.6 90.0 93.8 2.7

Natural Frequency (Hz) 18.2- 11.6 15.3 19.9 14.7 8.7 14.7 4.1

Damping Parameter .30 .27 .39 .59 .33 .23 .35 .13

Hodel-VAF (%) 98.2 96.3 95.4 96.B 96.4 97.8 96.8 | 0.9

I (kgm?) .007 .011 .008 .007 .008 .007 .008 .002

B (Nms/rad) b4 .42 .57 1.07 47 .18 .52 .30

K (Nm/rad) 86 57 71 112 66 22 78 38.3

~ NBUTRAL-POSITION ~ ,

Position (rad) -.591 -.503 -.473 -.544 -.588 -.590 -.537 .070

Torque (Nm) -.1 00 -3 =7 .0 -4 -2 .3

IRF-VAF (%) 98.0 95.7 ,92.9 96 1 92.2 93.2 94,7 2.3

Natural Frequency (Hz) 8.9 7.4 8.0 8.0 7.2 6.1 7.6 .94

Damping Parameter .27 .32 .38 .27 .24 .20 .28 .063

Kodel-VAF (X) 97.5 96.2 95.4 98.0 97.2 97.4 97.0 0.9

oI (kgm?) .005 .010 .007 .007 .007 .Q07 .007 .002

B (Nms/rad) 160 .31 .27 .20 .16 .12 .20 .07

K (Nm/rad) 16 22 18 18 15 11 16 3.7

'BEXTREME DORSIFLEXTON

Position (rad) .215 .082 .202 .084 .085 .225 .149 ° .072

Torque, (Nm) -7.0 -14.6 -9.6 -9.0 -7.7 -8.5 -9.3 2.7

IRF-VAF (X) 96.6 96.9 97.7 96.9 98.5 97.2 97.3 .7

Natural Frequency (Hz) 19.6 20.8 19.9 17.2 22.4 19.9 20.0 1.7

Damping Parameter .48 .17 .28 .33 .41 .26 .32 .11

Model-VAF (X) 96.5 95.4 97.7 97.1 95.9 98.1 96.8 1.0

I (kgm?) .006 .014 .009 .009 .008 .008 .009 .003

B (Nms/rad) .76 .63 .65 .63 .88 .53 .68 .12

K (Nm/rad) 97 236 144 102 152 © 126 145 50.9
Table 4.1: Range of motion and the change in passive torque throughout the
range of motion for each subject. Static and dynamic data at three ankle
angles (maximum plantarflexion, the NP and maximum dorsiflexion) are also
presented. The static parameters include mean position and mean passive

torque. The dynamic parameters include the natural
parameter, I, B and K.
(IRP-VAF) and by the fit of a second-order

(Model -VAF) are also listed.

-

model to
Group mean and standard deviations are provided.

frequency, the damping

The VAF by the compliance impulse response function

these functions

L e b o aabiun tiadih ] T
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Fig. 4.3: Stiffness transfer function gain curves calculated when
mean ankle position was, progressively dorsiflexed (top graph) and
plantarflexed (bottom graph) from the neutral-position (bottom trace

in both graphs). (Subject S4)
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Ankle joint compliance curves calculated when the ankle was

Pig. 4.4

- rotated from the neutral-position (-.54 rad) to maximum dorsiflexion
(.20 rad). The dashed line .indicates each functions first zero
crossing. The amplitude marker and time scale refer to all plots.

(Subject S4)
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greater than 807 and usually greater than 90X.- The VAF was typically

about 5% greater-when calculated at the more dorsiflexed positions

<

than at the ‘more plantarflexed positions.

-

Parametric Analysis of Joint Dynamics
P

Estimates of the inertial, viscous, and elastic parameters /were
determined from the compliance impulse response functions.
parametric representation of the dynamic relation between tor
position provided a concise description of the ankle joint system
which consistently accounted for more than 90% of the variande ;f the
original éompliance function.

«

I, B, and K are plotted as functions of mean joint position for

one subject in Fig. 4.5. The inertial paramete:hifig;«/.S,'top trace)
vas essentially constant throughout the ROM. The vigcous parameter
\(Fig. 4.5, middle trace) was smallest at mid-range and showved a

three-fold increase as the ankle was plantarflexed /and a five-fold

increase when it was dorsiflexed. The. behavipur of I and B wvas
similar for all subjects.

< N

The elastic 'parameter (Fig. 4.5, botto trace}) was small
' throughout mid-range and increased by a factgr of eight as. the ankle
vas either plantarflexed or dorsiflexed. As /shown in Fig. 4.6 and
Table 4.1, K behaved similarly for the /other subjects though the

increase at the two extremes of the ROM was/ often considerably less

symmetrical. )
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' P
Relation between the Elastic Parameter and Mean Torque

¥

Despite obvious differeﬁces in polarity (dorsiflexor and
plantarflexor torques have obposite polarity whereas K is always
positive), there was a striking similarityhin the behaviour of the
K/angle curves shown 1in Fig. 4.6 and the mean torque/angle curves
plotted iﬁ Fig: 4.7, In both cases mid-range positions were
associated with relatively smali, constant values whereas torque and K
became much larger as the ankle was rotated toward the ROM extremes.
Furthermore, similar asymmetries were found in both curves. Thus,
subjects who generated less torque at extreme plantarflexion than at
maximum dorsiflexion also tended to have smaller values of. K when the
ankle vas plantarflexed than vhen it wvas dorsiflexed (see Table 4.1
and compare the same line types in Figs. 4.2 and 4.6). This.
correspondence is evident when K is plotted as a function of mean
joint torque, as in Fig. 4.7. There 1is a clear linear relation

between the two parameters.

This relation was quantified for all six subjects by least\
squares linear regression and the. results of the;e analyses, including.
}he VAF by the model, slopes, and 1intercepts, are presented in
Tasle 4.2. The VAF was alwvays greater than 80X "and usually greater
than 90%¥. The slopes varied from 9.0 to 15.9 Nm/rad/Nm. These slopes
are similar to those found previously for the linear relation betwveen

K and mean active torque at the mid-range position previously examined

(Hunter & Kearney, 1982).
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'

'Fig. 4.6: The elastic parameter as a function of ankle angle for all
six subjects. The: two arrows indicate the range of angles tested bx/,\
. S

Gottlieb & Agarwal (1978).
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/ —
T Total., PLANT ARFLEXION DORSIFLEXION
SUBJ N . N Slope Inter, IVAF N Slope Inter. XVAF
o ¥
“ -
s1 10 3« o« 8 15.4 4.2 97
s2 9 3 x * * 7 15.4 2.7 99
s3 10 5 14:3 7.0 99 6 15.6 5.7 99
S4 9 4 15.9  10.8 . 99 6 9.0 13.1 97 K
S5 10 4 15.9  26.5 87 7 9.8 5.6 99
s6 10 2 » * « 9 13.5 1.7 , 98 LI
$ - N~ ,

Table 4.2: Parameters for the least squares linear regression
analysis between K and passive torque. The total N indicates the
number of angles tested over the ROM. The number of angles that vere
associated with plantarflexor torques and and with dorsiflexor torques
are also provided. The values obtained when the ankle was at the NP
(net Jjoint -torque = 0) have been included in both analyses. There

'vere more plantarflexor torques than dorsiflexor torques because the

NPy was closer to maximum plantarflexion than to maximum dorsiflexion.

In some cases there "wére IASuffivtent plantarflexor torque data points

to warrent the linear regression analysis; these cases are indicated--—... __ _
by»'asteriks. The slopes, intercepts and the percent VAF for by a

linegr “relation between'K and torque are listed. (The units for the

slopes ar¢ Nm/rad/Nm and for the intercepts are Nm )

[
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DISCUSSION ' - N P (\/

'

These experiments have shown that the dynamic stiffness of the

ankle joint Increased.at the extremes of the ROM. Large variations in
Loint mechanics occurred even 1n the absence of voluntary muscle
contraction. Moreover. 1t 15 e-ident =hat the position dependent
changes 1n botn stiffnest ana passive “torque were verv similar;

indeed, there was a linear relation betveen passive joint torque and

elastic stiffness. The changes Jn the passives mechanical properties
“ y

t

_appeared to be related to the variation 1in passive joint torque

generated vhen ankle position was altered.

The effect of JOintvangle on K was much larger than previously
showvn (Gottlieb & Agarval, 1978). This discrepancy appears to be
related topmethodologlcal differences betwveen the two studies. Vhile
the ROM tested by these authors wvas reasonable for measuring the
effect of mean dorsiflexor positions, it did not permit the study of
position dependency from mid-range through to extreme plantagflexion.
Gottlieb & Agarwal (1978) tested angles corresponding to thoseolocated
betveen the two arrows in Fig. 4.5. Their observed decryement in K
with progressive plantarflexion simply corresponded, to ‘t‘hg present

v

decrease in K as the ankle was rotated from maximum dorsiflexion to

the NP. However, K-did-not continue to decrease as  the Jjoint was

. plantarflexed beyond mid-range; rather, for five of the six subjects,

it increased. , o .

v

»

It is not certain hov closely the ROM tested in this study

v

1 . }
approached the subjects’ actual ROM' since no objective criteria were

£ s
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used to delineate it Znd

.

eed "he lack of swuch ¢riteria
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second-order, underdam;;ed model to these func tions remained
all mean posxtxons:. Y,

The -cause of the position dependence of K rema:
determined. It cannot be due to active muscle processes since surface
EMG from Ta and TS showed that these muscles remained
/

Neither can 1t be due

perturbation and

to refler mechanisms since the experimental

analytic techniques were such that reflex effects

on

the compliance impulse response functions were insignificant (Hunter
et al., 1984b). Rather the magnitude of K appeared to be related to
the change in passive joint torque that resulted vhen mean ankle
posi't’ion' was altered. .

N ‘ n ) -

o

The Pissive ankle torque could be altered by position related

[N

changes in the joint structure, in the forces generated by the
°

ligaments, tendons, and muscles and in the size of

.

the

moment
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arm
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{
\

associated wvith these forces. It i1s not presently possible, howvever,
to 1dentify vhich pt these factors or combination of factors are most
significant smc/e there 3s i:ttle gquantitat:ve {nfoxmatlcn as to how
/
these hard and 5/0{! t1icsues are affecred by <nanges :n ankle position.
For exarple, /.° has been <novn "hat arnwle jornt intra-articular
pressute :ncrgaces by up to <:> fold r.:".ax the EOM (Esvrihg & Murray,
1964). The pattern of tnes,e‘pressure changes 1$ very Sirilar to those
seén in ¥F; jthey are min:mal a1t mid-range but then increase rapidly at
maximum dorsiflexion and plantarflexiorn.. Such alterations 1n
intra-ar/icular pressure may be related to changes i1n joint congruency

(Vynarsfy & CGreenvald, 1983) but any subsequent effect on ankle

moments 1s unknown.

Similar difficulties are encountered with regard to the other
joint tissues. If either TA or TS were significantly stretched beyond
their resting length then large changes 1n joint torgue would be

xpected. There is, however, no established technique for converting

ankle angle to muscle length although such measurements have been

attempted experimentally (Fick, “1910; Halar et al., 1978; Grieve et .

al., 1978) and theoretically (Houk et al., 1971). It is not yet

possible to verify how correct these approximationé are.

|

The magnitudes :)f position related tendon and ligament forces are
also' uncertain. T;uere is some evidence suggesting that\ihe TS moment
arm increases by about two-thirds as the 'foot is moved' from full
dorsiflexion to maximum plantarflexion (Sale et al., 1982) which could

account for the larger plantarflexor torques generated when the ankle

was dorsiflexed. However, the TA tendon is bound by its retinaculae
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and its moment arm does not appear to vary significantly over the ROM
(Procter & Paul, 1982). Thus, the source of the position dependent
changes in torque remain uncettain. These 1ssues vill be addressed

further in Chapter 5. o

R e e T

e,
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Systenm ;dentification -techniques were used to examine the
position dependence of active ankle joint mechanics. Subjects were
required to maintain tonic contractions 1n either the tibialis
anterior or triceps surae muscles while the ankle was stochastically
displaced /aboﬁt different mean positions. The dynamic relation
betveen ankle position and torque vas determined for each mean
position/tonic torque combination; a non-linear minimization technique

\
was used to estimate Ehe three parameters (inertial, viscous, and
elastic) of a second-order, underdamped system. Whereas the inertial
parameter re&ained essentially invarian; across all test conditions,
. 0
the viscous and elastic parameters became larger as the level of tonic
activity increased and as the joint was rotated toward the extremes of
the range of motion. The relation between K and torque was linear at
all’ ankle angles. The slope of this relation remained constant at all
mean positions during plantarflexor contractions; during dorsiflexor
contractions thg slope increased as the ankle was rotated from maximum
plantarflexion to maximum dorsiflexion. These findings are discussed
in terms of (1) the physiological correlates of ankle mean position,
(2) the relative significance of passive and active joint mechanics

and, (3) contrasts in joint behaviour during active dorsiflexor and

plantarflexor contractions.
, oo
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INTRODUCTION
\ S
The relation betwveen ankle joint elastic stiffness and torque has
been established for torgues generated by predominantly active
processes, l.e. due to voluntary muscle contractions (Hunter &
Kearney, {982). K increased linearly with ankle torque with a slope
of about 9 Nm/rad/Nm (for dorsiflexor contractions) and of about

12 Nm/rad/Nm (for plantarflexot contractions). Chapter 4 has

—demonstrated that the relation betveen K and torque remained linear

for torques generated by purely passive processes, 1i.e. due to

changes 1n the mean joint angle. Moreover, the magnitude' of thesg
changes vere remarkably/similar to the active torque dependent changes
in joint mechanics with the K/passive torque slope in the range of 9

—

to 16 Nm/rad/Nm.

In the first study (Hunter & Kearney, 1982), contributions to the
torque by passive tissues were negligible since the ankle was tested
about midjrange angles only. In‘'the ‘study described in Chapter 4,
contributions to the torque by active processes were negligible since
the ankle muscles remained at rest. This separation of active and
passive processes is not typical of naturally-occurring ankle

movements; many functional activities entail excursions over much of

-the range of motion (ROM) and require voluntary contractions. For

example, very large plantarflexor torques are exerted ‘by ballet

dancers to attain'and gbld the ‘en pointe’ position and by runners to
propel themselves forward (Teitz, 1982).

[,

It is thus of interest to examine the ankle mechanics under

<

<
R

e
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s

experimental conditions that are more representative of the ‘torques .

and angles encountered in functional situvations. In the present
study, five levels of active torque up to 50X of the maximum voluntary
contraction and mean positfons covering more than B5X of the ROM ‘ve}g
examined. This greatly extends the only previous study of the

position dependence of ankle mechanics (Gottlieb & Agarval, 1978) in

which less'than a third of the ankle ROM and only two, very lov active

torquéidevels (5 to 10X of the MVC) veré examined.

The sbeéific objective of the vork presented in this chapter was

" to characterize the effect of changes in mean ankle position on the

active joint mechanics in order to determine the magnitude of these
effects and to compare the relative contributions of passive and

active joint processes.

METBODS

The general methods have been described in Chapter 2, In this

chapter, details pertinent to experiments- designed to investigate

active joint mechanics are presented.

%

Maximum Voluntary Contractions ' \

+

° TA and*TS MVCs vere obtained prior to (preMVC) and following
(postMVC) the experimental trials. The ankle vas rotated to the NP
and the subject was required to resﬁond to a step change in the

tracking command trace by generating a maximum dorsiflexor torque for

P ST
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6eriod of 5 s. After a 5 min rest this procedure was repeated for a

maximum plantarflexor torque. The 5 s maximum contraction period was

- ¢
divided into five 1 s intervals and the mean of each segment was

calculated. The largest interval mean torque was designated the

maximum torque and the mean of the EMG 1ecorded over the same 1interval

was designated the maximum EMG.

Although muscle fatigue does not alter the passive or active

-

joint mechanics provided that toique remains constant (Hunter &

Kearney, 1983a), 1t does affect the static relation between torque éndﬁ

EMG (e.g. de Vries, 1968). These experiments were tﬂerefore designed
to avoid the develoPment of muscle fatigue: TA and TS trials wvere
alternated, each tonic level gs maintained for only 15 s, and
subjects were instructed to 1mmediately discontinue tracking target
torques which ¢guld not be comfortably maintained. Furthermore, rest
periods were provided between successive trials (5 min) and ‘tonic
levels (5 s). %ﬁEtMVCs, recorded 1n the manner described above, were

used to determine whether subjects had become fatigued® during the

experiment.

Tracking Stimulus for Tonic Contractions

RN

A tracking stimulus was displayed on the oscilloscope. This
stimulus, shown in Fig. 5.1, comprised six levels that ranged from O

to 50%' (in increments of 10%) of the torque generated during the

3

preMVCs. The order of these levels was fggggmized except that the 50%

and 0% levels were always tested last.

e
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Fig. 5(1: A schematic drawing of the tracking stimulus illustrating

~ the randomly-ordered target torque levels. Each of the five active
torqug levels was held for six repetitions’ ‘of tht stochastic ankle
pertyrbation sequence (i.e. 15 s); only data sampled during the last
five/ repetitions (shaded portion of each bar) were analysed. Tonic
levels were separated by a 5 s rest period. The passive condition was
tested last.
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* Torque feedback, torque transducer output filtered at 1 Hz, was
also‘ displayed on the oscilloscope. Subjects were required to follow
the tracking stimulus with the‘ torque feedback signal. Each tonic
level wvas maintained for 15 s corresponding to six repebtitions of the
ankle perturbation sequence. The first 2.5 s sequence (the clggr
portion of eacr) of the histograms shown in Fig. 5.1) was used to
enable the subject to achieve the appropriate contraction level ’and

only data from the last five raepetltions were analysed.

i

*

The passive joint torque, which varied by as much as 16 Nm over
the ROM, was subtracted from the feedback signal. This eliminated
contributions from passive joint structures so that subjects generated
identical levels of active torque at all mean joint positions.
Subjects vere instructed to relax immediately when a particular

°

contraction level could noj‘pe comfortably maintained.

t

Experi mental Parad igm

...The tracking stimulus, adjusted to elicit tonic TS contractions,
vas displayed to the subject while the ankle was stochastically
displaced about a given mean ankle position., This stimulus lasted for
110 s. After a 5 min rest period, the stimulus was adjusted to elicit
tonic TA contractions and the ankle was again displaced. The ankle
was then rotated to the next mean position and, following a 5 min
rest, the experimental sequence was Liepeated. Ankle mean positions

wvere tested in random order.

k)

EY

Experiments corisisted of up to 24 trials and lasted ' for about
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150 min. Subject preparation, including electrode placement,
fixation, and amplifier gain and offset adjustments, required an
additional 30 min. There was a 15 min rest period at the half-vay
point; body straps vere released at this time and the subject wvas
alloved to si t up. Hovever, in order to avoid disturbing the ankle
ret/erence—pbsition, the foo{ remained firmly encased vithin its cast

and attached to the actuator.

RESULTS

Maximum Torques and EMGs | (\

A

Despite the precautions outlined above, the possibility remained
that muscle fatigue did develop during the course of the experiment.
An estimate of fatigue vas obtained by comparing the pre- and postMVC
torques and EMGs. These data are presented in Table 5.1. Also lis\ed

in this table are the percent changes between the two values vhere,

Percent Change = preMVC Value - postMVC Value #* 100
- preMVC Value

[

»
The percent change is positive when preMVC > postMVC and 1is negative -

when preMVC < postMVC.

¥

The preMVC dorsiflexor torque varied from 30 to 55 Nm whereas the.

preMVC plantarflexor torque was considerably larger, varying from 54

to 85 Nm. PreMVC TA EMGs varied from 377 to 598 uV vhereas preMvC

'EMGs recorded from TS electrodes varied from -136 to -281 wV. The

-
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TA TS

SUBJRECT S S S 55" S - 81 52 3 -85 §7

MAXTMUM TORQUE
Pre-Experiment 30.4 50.0 39,9 37.154.7 -68.4 -69.6 -54.1 -71.B -B5.4

Post-Experiment 28.5 48.7 40.7 38.9 48.9 -66.2 -71.0 -52.4 -69.2 -75.9

Percent Change 6.2 2.6 -2.0 -4.8 10.6 3.2 220 3.1 - 3.6 11.1-

s

HAXTMUM EMG y !

Pre-Experiment 590 598 534 377 1;79 ~136 -199 —,44 -281 - 277
Post—-Experiment 537 528 507 390 360 -153 -141 -89 -256 -293
Percent Change 9.0 11.7 5.1 -3.4 24.8 -12.5 29.1 38.2 8.9 ‘—58

3

LN
A4

Table 5.1: Dorsiflexor and plantarflexor torques and EMGs obtained
during maximum voluntary contractions immediately prior to'and following
the experiment. The preMVCs and postMVCs are listed for each of the
five sybjects. Also listed are the preMVC/postMVC precent changes in
the toq‘%ues. and EMG. The units of torque are Nm and the units of EMG
aré uv.

.~

&

[
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preMVC torque values were used to obtain the actiye torqde tracking

® o~

levels.

For four of the five subjects, maxirr;um dorsiflexor torque changed
by less than 2 Nm (less than 6% of that generated during the preMVC).
For thése same subjects, maximum plantarflexor torque changed by less
than 3 Nm (less than 4% of the preMVC value). The percent change in
maximum torque recorded for Subjects S1, S2, S3, and S'S vas sihmilar to
that observed during repeated MVC measures at a single ankle angle in
this laboratory and eisewhere (e.g. Sale et all., 1952)° under

'

experimental conditions that precluded the onset of muscle fétigug:‘

The results for Subject S7 were less clear-cut. This vspbject’s

dorsiflexor maximum torque decreased by 5.8 Nm (10.6% of preMVC) e{nd

plantarflexor maximum torque decreased by 9.5 Nm (11.1% - of preMvVC).

Given the magnitude of the percent decrease in torque values (about

10%), the development of muscle fatigue prior to completion of this.

experiment could not be excluded. However, since the .or.der of
presentation of tested pos,itions wvas randomized, fatigue, iaf' present,
would be independent of anklé angle and would ther;a:éore .contribute to
variability in the data rather than cause systematic modifi::ations.

Moreover, the general experimental results for this subject di‘g not

differ in any substaritive way from those of the) othet subjecté. The

‘problem of fatigue wvas thus not considered further.

The postMVC TA EMG varied from -3.4 to 24.8% of the preMVC value;

for maximum TS ENG this varia\ion ranged from -12.5 to 38.2%. The:

difference between pre- and postMVC EMGs for Subject S7 vas comparable

—‘“\ . - ‘e - .
- . ' * ° -
. . R - v
-
. . . .

s
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to the values recorded for the other subjects. The variation betveen

pi:e- and postMVC EMGs vas generally greater than that seen for maximum

torques, a result that is well documented in the 1iterature (e.g.

Viitasalo et al., 1980). Again, the variability seen here was no
greater than that observed during rebeated measures obtained in this

laboratory when muscle fatigue vas avoided.

Static Analysis

o
Mean Dorsiflexor Torque and TA EMG

In order to demonstrate that subjects were able to maintain the
appropriate torque over most of the ROM and to determine the effect of
ankle position on the EMG, mean values for the torque, TA EMG, and
TS EMG signals vere examined. Initially, these values were calculated
during intervals corresponding to each repetition of the stochastic
perturbation. An example of the interval means obtained during
dorsiflexor contractions at 0 rad (the reference-position) are plotted

with respect to stimulus sequence number in Fig. 5.2.

Note that the subject attained the réquired tonic level within

one repetition of the ar;kle perturbation sequence and fhat the ' torque
dropped té near zero 8uring the 5 s interval between adjacent tracking
levels. The agonist EMG dominated the response while the antagonist
EMG activity was relatively small and may have been due to either
cross-talk from the dorsiflexor muscles or cé-contraction. Similar

results vere obtained for torque and EMG interval means during TS

Ay

o IIIL ey
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Pig. 5.2: Torque and EMG interval means during tonic dorsiflexor
contractions at 0 rad. The agonist (TA) and antagonist (TS) EMGs have
been normalized to their respective maximum EMGs obtained with 'the
ankle- at the NP. This subject has maintained a series of tonic
contractions at 30%, 40%, 10%, 20X, 50% and 0OX of the NP TA MVC.
Torque and EMG levels returned to O following each tonic contraction.
The interval mean EMGs have been normalized with respect to the
maximum EMG generated during the NP MVCs. (Subject 52)
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contractions.

-

The magnitude of the mean total torque at any given contraction

level varied as a function of ankle position since it included both '

passive and active components:. Mean total dorsiflexor torques for one

subject” are shown in Fig. 5.3. Each square represents the mean torque

during each test condition. Mean torques obtained at the same’

contraction level are joined by ,solid lines. The passive joint

torque, the lowest trace in ’Fig. 5.3 (ciré:les), shovs the

characteristic pattern of- the torque/angle relatjon in the relaxed

1

ankle joint presented in Chapter 4.

Id

Active dorsiflexor torgues, shc'wn in Fig. 5.4, were obtained by

subtracting the passive torque from the total torque. Vertical bars

reptesent the SD of the interyal means for each .ankle position and

Fovay sna s - - -

co}ntratfion level, . ‘it’ 15@' e_videm thg,t ’ the subject - maintained
relatively constant levels c;f active t(iqq‘ue over most of the ROM.
Hovever, sul;,jé&s were not able to track all target ‘torque: alt the
extremes of the ROM. 0 For examplefthis subject vas unable to mgintain
50X NP TA MVC at the most dorsiflexed position (note the missing ‘point
in the top trace of Figs. 5.3 and 5.4). Two other subjects were not
able to track the 30% and ‘402 levels at thiis extreme angle and, in one
case, the 50% level c;_)uld not‘be maintained at either of the two ‘most
extreme dorsiflexor positions® ~ . ‘ 9

.

Interval mean TA EMGs corresponding to the torque data -presented

in Pig. 5.4 are plotted in Fig. 5.5. These data were obtained during

tonic TA contractions that ranged from 102 (bottom trécg) to 50X (top

.
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Fig. 5.3: Mean total dorsiflexor torque as a function of én&%e. Each

" square represents. the mean joint torque of five repetition3 of the

stimulus sequence at a particular active torque level and ankle angle.
The passive condition is indicated by circles. Solid lines connecting
individual points represent iso-active torque condours over the ROM.
(Subject S5) - ' , .
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Fig. 5.4: Mean active dorsiflexor. torque as 'a function of angle. The
passive torque at each angle shown in Fig. 5.3 has been subtracted
&rom the total torque at the same angle. The vertical bars repr sent
_the SD of the mean torque generateq during the five. repetitions o tw
stifiulus sequence., (Subject S5) .
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vere usually distinct from values at other levels.

>

4

.
v
'S

trace) NP MVC. The values have been normalized to the maximum EMG

(4

obtained during the NP MVC. The vertical bars represent the SD of the

mean over the five stimulus repetitions at each test condition.
[

e, * s

A comparison of Pigs. 5.4 and 5.5 indicates that mean TA EMG was

more A variable than mean torque. This variability was con‘parable to

that seen during sub-maximal, isometric contractions of tr‘iceps
brachii measured with surface electrodes (Yang & Vinter, 1983).

Despite this variabg_t&ty, TA EMG values\at a particular tonic level
CER 1

{
L

Mean Plantarflexor Torque and TS EMG “

' A
& , ‘ N

Mean active torques, recorded during plantarflexor ‘ontractions,
are plotted in Fig. 5.6. As vas the case during dorsiflexor
contractions, these curves were obtained by su'btracting the ~pass:’.wzz
tox.‘que from the tatal plantarflexor torque. The subject helf the
level of active plantarflexor torque quite constant over the ROM.
However, note that this subject” was unable Eo track the highest
contraction }evel vhen the ankle was pléceud in extreme plant?}'flexion.

¥ean TS EMGs corresponding to the torque data sho in Fié. 5.6

are plotted in Fig. 5.7. Mean TS EMGs were generally smaller than
’

" TA EMGs for comparablﬂe contractions. 'This may reflect differences in’

-

electrode location with respect to the underlying muscle fibers.

However, TS EMG SDs were larger than those found for TA EMG

_ particularly at the . higher contraction levels and in the _more

plantarflexed positions. Since both soleus and the gastrocnemii voixld

-
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Fig. 5.5: Mean TA EMG as a function of angle. The vertical bars
represent the SD of the mean EMG generated during each of the five
repetitions of the stimulus sequence. The data have been normalized
to the maximum EMG generated during the NP TA MVC. (Subject $5)
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- Pig. 5.6: Mean active plantarflexor torque as a function of angle.

These points

have been obtained as outlined for Fig. 5.4 except that

in this case the total torque was generated during tonic plantarflexor

contractions,
torque calculated at each of the five
sequence.

the vertical bars represent the €D of the mean
repetitions of the stimulus

Again,

(Subject S5)

<
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. contribute to the surface,BHG, this variability may have been due to

alterations in the relative contribution of the three ® muséles.‘ This
has been shown to vary with ankle position (Herman & Bragin, 1969) and

-

level of contraction (Hof & van den Burg, 1977).
Relation betveen Torque and EMG

The effect of mean ankle position on EMG was investi}ated by
exalnining the static rela'tion between mean torque and EHG“ at ali ank‘le
angles. Since t;ctive torque was maintained constant over the ROM,
changes in the parameters of the torque/EMG relation would reflect
position-related 'changes in EMG. A multiple linear regression model
vas fitted between active torque and TA and TS ER?G. This is referred
to as the EMG model. Torques and EMGs generated «<during both
dorsiflexor’ atiﬁ plantarflexor contractions were ir;cluded to provide a

more robust data set and to account for possible co-contraction of

- \,\
both agonist ang) antagonist muscles.

-

The fesults’of this gnalysis are presented in Table 5.2 with the
VAF by this model, the TA EMG and TS EMG coefficei’xts and the
intercepts listed for each subject. The ;rariation in active torque
accounted for by TA EMG and TS5 EMG ranged from 72 to 93X. Thus,

moderate to good predictions of ankle torque could be made from the

agonist and antagonist EMGs without considering ‘ankle position.

~ TA EMG coefficents varied from .12 to .17\Nm/uV vhereas the magnitude

of TS EMG coefficients ranged from .21 to .45 Nm/uV. The differences
4 B
in coefficient size is probably related to electrode placement.
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Pig. 5.7: Mean TS EMG as a function of angle. The vertical bars
represent the SD of the mean EMG generated during the five repetitions

of the stimulus sequence. The data have been normalized to the
maximum EMG generated during the NP TS MVC. (Subject S5)
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5 Coeff.

Coeff. VAP  VAF

~——{_ (M=) (NaAT) (M) (2) (%)

= .
s1 {2.3 ’\\ 0.17 0.45 72.2 75.5 - :
s2 - -3 ~0.13 0.24 ' 84.2 88.7 . o
s3 £ 22,0 0.14 0.21 82.1 82.1 ii !
s5 2.2 0.16 0.31 93.0 93.0 r 4;:
s7 1.5  0.12 0.33 92.2 94.1 ;

Table 5.2: Results-of a multiple linear regression analysis betveen

. agonist and antdgonist EMG and torque. The VAF by the EMG model, the

TA BMG and TS EMG coefficients and the intercepts are listed fdr all, : (
subjects. The VAF by the EMG-angle model, which included mean ankle

position as a third independent variable, is also listed.




P

The nul.tiple linear regression analysis * was ezepeated including .

ankle angle as a third independent variable. If the influence of mean

position on the torque/EMG relation was linear then the VAP by this

new model, referred to as the&EHG—angle model, should be significantly
greéter than that accounted for by the EMG model. However, as shovq
in Table 5.2, this was not the case. The EMG-angle model accounted
fol: 75 to 94% of the variation in torque, an increase of less than 5X

of the VAF by the EMG model.

The fflure of the EMG-angle model to account  -for more variation

in torvqué than accounted for by the EMG model could result if the

I3

effect of mean position was not linear. This possibility was tested

by fitting multiple linear regression models between torque and TA EMG

and TS EMG at each ankle angle. The results of this analysis are

5 w—

presented in Table 5.3. The VAF by the EMG modelsh, the coefficents

and the intercepts are listed for each subject at all angles in an
order ranging fro; maximum plantarflexion to maximum dorsiflexiory)

) .

The VAF by the EMG models at each ankle angle vas usually greate)?E
than 90Y and wvas, in general, larger than the” VAP in the pre’vious. twvo
analyses. The variation in the magnitude of the VAF was smell and

non-systematic. In contrast,, changes in the magnitudes of the EMG

I

coefficents were m;rg pronounced. TA EMG coefficients vdaried from .09
to .31 Nm/uV and TS EMG coefficients varied from .10 to 1.23 Nm/uV.
The percent change in magnitude for a particular subject ~varied from
170 to 330X for TA EMG coefficients and from 170 to 560 for TS EMG
coefficients. The éhanges in coefficient magnitude were not, hovever,

systematic. Thus, although it can be concluded that ankle position
' ' v

O

[
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SUBJECT - ANGLE  INTERCEPT TA ENG TS EMG VAF .
(rad)  (Nm) (uV/Nm)  (uWW/Nm) (%) .
S1 ~ -0.828 1.1 0.20 0.36 "86.6 . -
-0.710 -1.1 0.21 0.36 87.3 -
\ . -0.591 -0.4 0.26 0.62 93.5
: ~0.474 2.0 0.29 ° 0.89 95.2
-0.358 1.1 0.31 1.18 96.7
-0.239 3.5 ' 0.27 1.23 96.9
-0.121 1.3 0.15 . 0.77 93.0 )
0.001 3.1 0.15 0.70 ©  93.9 L
0.115 2.5 0.11 0.60 89.2
0.215 1.6 0.10 0.41 86.8 ¢
52 ~0.756 1.5° 0.12 0.26 _ 95.2
~0.639 1.9 0.14 ™ . 0.25 ~ 96.8 .
« 7. -P.520 0.9 .Q.14 0.23 95.3 - )
‘ © -0.404 1.8 . 0.14 0.30 . 98.1
-0.302 3.1 0.18 0.51%  94.7
-0.202 4.8 0.18 0.64 93.9
-0.101 4.6 0.16° 0.64 °  92.1
0.000 6.5 0.13 0.70 92.2
\ . 0.083 0-1.2 0:20 0.52 88.8
53 -0.94% 0.1 j 0.09 0.12 9.3 . .
-0.823 -0.9° . 0.11 0.17. . 99.2 .
. -0:709 -1.5 - 0.14 - 0.22 99.0
- -0.59% -2.7 0.21 0.38 - 98.4 ’
-0, 473 -2.9 0.30 0.67 96.8
-0.234 - -3.8 0.22 .0.42 .80.6
-0:119 . -2.1 0.17 0.17 76.8
< 0.000 1.8 0.12 0.23 92.2 .
- Y 0.084 1.1 0.12 °  0.26 87.8 -
0.165 1.2 0.11 0.24 91.3 |
5 . =0.705 4.5 0.19 0.27 - 98.%
-0.708 -4.3. 0.17 0.29 99.4
.=0.592 -4.8 - 0.25 0.46 97.5 .
. -0.472 -3.4 0.19 0.23 . 98.9 8
- -0.359° 1.1 0.17 0.32 97.0
. -0.238 0.1 "0.18 0.41 95.8
o -0.122 -0.5 0.16 0,32 . - 93.7 .
0,00}, 0.9 0.13 0.35 ~96.2
0.081 0.8 0.12 0.3] 97.8
« 0.181 -1.1 0.08 0.10 99.5
S7 T~ 20.509 0.4 0.1% 0.74 98.5"
£ o.iu “0,2" 0.15 0.32- . 99.7 _'
4r © _0.341 1.5, 0.14 0.29 > % 98.1 vow
-0.256 0.8 0.15 0,34 1, 94.0 o
-0.171 1.5 - 0.14 0.29 L 96,1 .0 A
-0.087 1.0 0.14 0.36 96.00 .
0.002 2.1 0.12 0.37 9%.0Q 4
0.095 1.2 0.10 0.41 “96.5
0.197 2.7 ... 0.0% 0.40 °  95.3

Table 5.3: Results of a multiple 1linear _ regression models betveen
torque and °agonist and antagonist EMG data at each ankle an§le. The hE
VAF by these models, the TA EMG and TS EMG coefficients and the
intercepts are presented for all subjects./ :
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L
has somé effect on the agonist and antagonist EMG this effect cannot

”»

be characterized from the present results.

Dyngmic Analysis .

¥

Non-Parametric Analysis of Mechanics

A partial set of stiffness transfer function gain cur\;es obtained
during plantarflexor contractions is plotteci in Fig. 5.8. Gain curves
are shown for the passive case (nsolid lines) ~and for 10% (do\t«ted
lix?es) .and 50% (dashed lines) tonic contractioxls. For clarity, only
gain curves obtained at ankle angles ranging from the NP (lowermost
soli.d, dotted, and dashed lines) to maximum dorsiflexion (uppermost
solid, dotted, and da(shed lines) have been plotted.

\ {

It is evidept that both the low frequency* gain and the
resonant-dip frequency increa;ed as the ankle was dorsiflexed. This
was true at all levels c;f tonic acti:/ity. It is also evident that the
lov frequency gain and resonant frequency increased as the level of

tonic activity increased. This has already been demonstrated for

mid-range ankl%e positions\ (Hunter & Kearney, 19I82)i but is now

-confirmed for other mean ankle positions. The increase in »gain  that

resulted wvhen the passive ankle was rotated from the NP to maximum

7

dorsiflexion (Fig. 5.8,- lovest to highest solid lines) was of similar

magnitude to® that observed when the level of tonic activity in the

ankle at the NP changed from O to 10% (Fig. 5.8, lowest solid to

lovest dotted lines). . R

I
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Fig. 5.8: Stiffness transfer function gain curves calculated when the
ankle joint muscles were at rest (solid lines) ‘or actively contracting
at 10Y (dotted lines) or 50X (dashed lines) of the NP TA MVC. The
data in this figure correspond to ankle angles ranging from the NP
(lowvest solid, dotted and dashed 1lines) to maximum dorsiflexion
(highest solid, dotted and dashed lines). (Subject S$5)
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Compliance impulse response functions were also calculated for
each test condition. The VAF by ‘these functions, thopgh always larger
than B85, was about 5% lower than “those obtained .when the  ankle
muscles were at rest. Thig decrease was likely due to small

fluctuations in the tonicall§ maintained active torque (i.e. minor

tracking errors).

Parametric Analysis of Mechanics

The compliance impulse response functions were modelled as
second-order, underda@ped systems having inertial, visqous, and
elastic terms. The VAF by these models was alwvays larger than 80X and

usually greater than 90%. It did not appear to vary systemg}ically

4

with mean position. J

&

L .
These three parameters, obtained for one subject during the
. 1 .
various mean torque and mean angle test.conditions, are plotted as
functions of mean joint position in Fig. 5.9. Each square represents

-

I (Fig. 5.9, top graph), B (Fig. 5.9, middle graph) or K (Fig. 5.9,

bottom graph) calculated during tonic dorsiflexor contractions. -

Gircles represent the parameters calculated vhen the ankle joint
e .
muscles w&re at rest. All points obtained at the same tonic level are

joined, thereby generating three sets of six iso-active-gorque curves.

The curves in the top graph of Fig. 5.9 aréﬂindistinguisﬁable and

. it is evident that I varied with neither level of contraction nor mean .
position. In contrast, B and K varjed with both mean ;orth and ‘ﬁean.

angle. For the subject vho§e‘data is presented in Fig. 5.9; B and K

s
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Fig. 5.9: The inertial (I, top graph), viscous (B, middle graph)u aﬁd
elastic (K, bottom graph) parametérs as- functions of ankle angle for

-the six active dorsiflexor torque levels. Circles represent values of

I, B and K determined while the ankle muséles were at rest. Squares
represent values of I, B and K for contractions varying from 10 to 50%

of the NP TA MVC. Lines connect points -obtained at identical active

torque levels. (Subject S2)

)
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increased as the relaxed ankle vas progressively dorsiflexed and as

4 the level of _tonic activity increased. However, the’shape of the

B/mean angle and K/mean angle curves remained remarkably similar to

L3 Al

. their passive countefparts with the result that a set of-six paggllel

isd—active-torqug curves were generated for torques varying from 0 to

50% NP TA MVC.

Comparable sets of parallel iso-active;torqué " curves | ' vere
obtained for dorsiflexor contractions by other subjects and for
plantarflexor contractions by all subjects. However, as was the case

for passive joint mechanics, B and K during active contractions

usually increased when the dnkle was placed at both extremes of the

JROM. This particularly asymmetric data set is presented to simplify

subsequent presentation of results (see Fig. 5.1Q below).

Relation between the Elastic Parameter-and Active Torque ) ,

~
.

The data in the lovest grapﬁ of Fig. 5.9 have Been re-plotted in
Fig. 5.10 to show the relation betveen K and active torque as a
function of joint position. Each point rep;esenté K determined during
one of thi7 test conditions; circles indicate an absence of.tonic

activity and squares indicate tonic contractions. However, now all
#

points obtained at the same mean position are joined, with each .

" iso-angle curve representing .the K/active torque relation -for angles

. . \ ; f, :
ranging from maximum plantarflexion (bottom trace) to maximum

dorgiflexion (top }race).

D

Three observations follow from the iso-angle curves presented in

v

~

o o
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) Fig. -5.10. First, the relation‘ between K and active dorsiflexor
torque appears to be linear at all -ankle angles. Second, the
i;o-angle curves do not appear to bg\str@ctly parallel but rather sgem*ﬁ
to become steeéer as the ankle is mo;e dorsiflexed. Third, these
curves intersect the K-axis at successively higher valqes as the a&kle
is more dorsiflexed. This strictly monotonic increment in iso-angle

curve offsets was relatdd to this subject’s asymmetrical response at

P ©

the twvo ROM extremes.

-

»

These observations wvere quantified by fitting straight 1lines to
the K/active torque data ;t each angle. The results of aaleast
squares linear regression ana}ysis are shown in Table 5.4 with VAFs,
slopes, and intercepts listed for each subject in an ordex ranging
from maximum plantarflexion to maximum dorsiflexion. - The VAF was

- generally 'greater than 85 and usually greater than 95X and itﬂis

evident that the relation between K and active dorsiflexor torque was

linear at all mean positions.

The magnitude of the K/active dorsiflexor torque slopes was
moderately affected by mean ankle position. Vhereas’NP slopes varied
from 7.2 to 8.9 Nm/rad/Nm, the slope decreased to as litth as

n2.9 Nm/rad/Nm near maximum plantarflexion (Subject S3 at -.82 rad) and
. increased to as much as 18.2 Nm/rad/Nm near maxiﬁum dorsiflexion )
F (Subject S2 at .08 rad)-. Individualysubjects showed 5 percent éhange
in slope magnitude that varied from 140 to 460% over the ROQ with the
’slope becoming steepeklas the ankle was dorsiflexed. This trend was

not, however, systematic: Although two of the five subjects shoved a

monotonic increase in slope as the ankle was dorsiflexed, the slopes
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*
SURJECT ARGLE SLOPE  INTERCEPT  VAF
. (rad) . (Nw/rad/Nm) (Nw/rad)  (X)
—sT ~0.878 T4 85.4 84.2
-0.710 5.8 39.1 97.1
-0.591 7.4 27.1 97.7
-0.474 8.6 20.8 98.3
-0.358 11.5 26.0 97.
‘ -0.239 12.2 19.8 98.8
: , J0.121 16.5 11.0 97.6
& 0.001 7.7 37.9 98.3
. : . 0.115 6.3 86.9 98.4
| . 0.215 . 9.0 99.2 98.8 °
- T8I ~0.756 4.0 7.8 95.8
‘ -0.639 5.5 31.6 97.
. y -0.520 6.7 40.5 94.1
-0.404 8.9 42.4 98.0
: -0.302 10.9 40.2 99.6
P «0.202 13.6 54.0 99.6
-0.101 . 13.6 97.6 98.2
- 0.000 16.0 174.9 99.7
’ 0.083 18.2 215.9 98.6
—s3 -0.94% . 3.1 31.5 57.5
-0.823 2.9 35.3 95.2
-0.7Q9 4.1 19.3 99.2
~ -0.590 5.8 21.4 . 95.1
. -0.473 c 7.2 20.2 99.2
o —0.234 9.7 24.2 98.8
: -0.119 - 10.8" 27.0 99.4
) ~_j L . -0.000 8.2 93.1 97.9
S s 0.084 7.7 109. 93.8
- 0.165 7:3 144.3 95.3
—s§5 - -0.775 7.3 35.3 96.0
. -0.708 8.1 25.4 98.1
- -0.592 , 8.6 29.6 96.0
. , -0.472 8.7 24.6 96.1
* -0.359 10.1 29.1 97.5
-0.238 10.1 31.7 99,7
~ £0.122 v 9.6 57.2 98.9
0.001 8.6 80.0 " 99,7
0.081 8.8 125:5 99.0_
. e 0.181 9.9 135.1 93.8
8T & -0.509 5.1 78.5 85.5
' -0.424 6.5 45.4 94.6
-0.341 8.3 . 51.4 96.5
. -0.256 9.4 51.5 96.0
& -0.171 11.8 36.6 98.1
-0.087 12.7 47.1 99.0
- 0.002 13.7 73.1 99.9
. ~0.095 13.3 188. 4 99,2
0.197 12.3 247.2 92,2
Table S5.4:- The slopes, intercepts and VAFs by a linear
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regression
model between K and active dorsiflexor torque at each mean position.
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- plantarflexor torque as a function&of ankle angle.
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for the remaining’ three subjects increased initially but then either
decreased or remained relatively constant.

. v

The K/active torque intercepts, also shown in Table 5.4, provided

an indication of _the magnitude of K at each angle when the ankle
muscles were at ’ rest (0 active torque). As expected from the
characterizat&on of the passive ankle joint mechanics, the iﬁlercept
generally became lafger when the ankle va£ placed at either end of the
ROM. Note, however, that this increase was usually asymmetric with

much larger values“for\K at maximum dorsiflexion.

3 5

. /

+ The values of K obtaineﬂ during plantarflexor contractions at

different mean p051tions are plotted‘with respect to active torque in

4?131 Qfll. As,ip Pig. 5.10, a series of~ iso-angle curves, varying

3

from. maximum piantarglexion (bottom trace) to. maximum dorsiflexion

(top trace), illustrate the relation -between °K and active

©
°

/ s 9 o

o

o

The relation betveen K and active plaqtarfi%xor torque also (

0

'appears to beorlinear at ‘all mean ﬁositions There is no, apparent

» ° -

position dependent change .in slope magnitude but the curves do“ cross

“the K;axis at successively" higher values, Tpege observatiéns vere

) a}so‘quanfified by lihear regression analysis and the results are

presented in Table 5.5. :

P v B °

The VAF by a linear felaﬁjon“befweeﬂ K and™ active Dplantaxflexor;

torque was never less than 90%. Again the intercepts reflect the-

magﬁituae of K vhen active torque was 0. Theke values also correspond

a
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SLOPE INTERCEPT VAF '

SUBJECT ANGLE ) ;
' { (rad) (Nm/rad/Nm) (Nm/rad) t9)
S]. -0¢828 "17.3 94‘11. 9904
-0.710 -11.2 45.2 98.2
-0.591 - 7.8 37.5 96.9 '
-0.474 - 8.5 27.2 ‘98.6
-0.358 -10.6 "40.6 96.8 .
-0.239 - 9.1 49.5 95.5 ¢
‘ -0.121 -10.9 . 58.4 94.2 ‘
, g 0.001 .+ -19.8 - 72.2 - 92.3 j
0.115 -10.1 84.4 95.1
0.215 - 9.9 113.5 95.1
52 -0.756 -11.8 40.9 99.2
-0.639 -10.5 28.6 99.6
-0.520 , -10.3 39.5 99.0
) . -0.404 -11.8 55.9 97.8 .
5 -0.302 -13.9 61.8 98.7
N -0.202 -14.4 88.3 98.1
-0.101 -14.5 .~ 127.5 99.0 °
. 0.000 -13.7 . -187.4 97.6
. 0.083 -13.3 236.6 96.0
53 -0.944 1301 80.9 7. T ..
-0.823 - 9.0 ©-35.9 - 99.3 ° -
-0.709 - 9.6 41.0 95.5 ‘
> -0.59¢ -10.3 32.7 98.6
-0.473 - 9.7 45.0 96.5 . o .
-0.234 - 9.4 58.0 91.8 .
-0.119 -109 87.3 92.8
0.000 - 9.8 103.6 93.3:
0.084 - 8.8 110.6 98.5
- 0.165 - 8.0 149.4 95.4 .
) -0.775, - 9.1 34.3 99.0
’ -0.708 = 8.7 - 27.1 99.0
-0.592 - 7.9, 32.2 98.7
N -0.472 - 7.6 44,5 95.6 -
-0.359 - 7.8 53.6 93.9 S
=0.238 - 7.9 74.9 90.3 P
-0.122 - 8.7 85.5 94.4 . .
. 0.001 < 8.1 101.9 92.8 . -
0.081 - 7.7 < 120.5 93.8 ot .
S/ -0,509 »-13.7 52.2 98.4 v
‘. ~-0.424 -11.6 47.6 99.4 T SO
~0.341 -10.7 , 63.2 98.7 - ,
-0.256 -11.1 | . 53.2 98.2 o
-0.171 - =12.7 © . 45.9 99.7
-0.087 - -13.5 | 71.3 98.6
0.002 . -15.7 - 75.2 99.8 p -
- 0.095-. -14,1 * 145.5 98.8 < !
0.197 -14.3 221.4 98.3 o ‘ ¥
Table 5.5:" The slopes, intercepts and VAFs 'by a linear regression
. ~model between K and active plantarflexor torque at each mean position,
i - "The parameters are listed in an order ranging . from maximum

, plantarflexion to maximum dorsiflexion.

4

)
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to the passive condition and are similar to the intercepts listed in

an

' Table 5.5.

There Vas‘very‘liti}e change in the’ hagnituae of thg K/active
plantafflexor slopes as ankle mean position changed. NP slopes varied
betwegn*?.a and 11.8 Nm/rad/ﬁm; the smallest slope was 7.6 Nm/rad/Nm
(Subject S5 atJ-T;7 rad) whereas the largest,sloﬁe was 17.3 Nm/rad/Nm
QSubject S1 at -.83 rad). Individual subjects shoved a percent cﬂange

in slope magnitude that varied from 120 to 220% over the ROM. There

vas, howvever, .no systematic position-relatéd change in these slopes.

°

/

There wvere several interesting differences between the behaviour
‘of'K duringractive plantarflexor aﬁd dorsiflexor contractions. First,
the VAF by a linedr relation between K and active torque was generaily
larger. during plantat?lexor contractions. Second, NPwslopes were
generally largerulthan, ghoée obtgined at the‘ same éangle during
dorsiflexor contractions. Finally, ghere was donsiderably léss mean

~

position-related variation in the maénitude of the K/active torque

slopes during plantarflexor contractions than during dorsiflexor Q

contractions. The later two points are illustrated in Fig. 5.12 which

shows the mean K/active torqu; slope +1 SD for each of the five

v

subjects. The K/dorsiflexor slope means, shown in -Fig. 5.12 “(top
graph), are smaller than the K/plantarflexor slope means, shown in

Fig. 5:12 (bottom graph). In contrast, the K/dorsiflexor slope SDs

o

are larger than the k/plantarflexor slope SDs.

s

" 3 Bt Sp ST it St 23 7 %
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Fig. 5.12:  The mean + 1 SD of the K/torqué ' siopes
ankle angles for each of the £five subjects. These data aré for
dorsiflexor (top graph) and plantarflexor (bottom graph) contractions.
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-which they vere tested; Subjects 54 and-S6 did not parj}cfbate in this
" study.) . o o )
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DISCUSSION , ' o ) T

These experiments were designed to examine the static and dynamic
behaviour of ankle joint ‘mechanics in the presence of simultaneous
changes in mean position and in actively generated torqgesﬁ The major
results relate to the position dependence of the static torque/EMG and

K/active torque relations.

It wvas first demonstrated that the static torque/EMG relation was

linear at all ankle angles. Although ankle mean position appeared to

"

alter this relation, the effect was neither large nor systemat1c It_ S s

wvas then demonstrated that the K/active. torque relation was also

S

Iinear at all ankle angles. There was very 1little change in the

.
£ s o
:

i
1 wthd g,

K/active plantarflexor torque gain over the ROM. The’ position -

- ’ t N »
-3

depﬂndent cHangese"in the K/active ”dorsiflexor torque gain 'were

oo s
AL ]

s

.
gt

somewhat larger; the ankle _joint "tendéd to bé stiffer during

[}

A g

dorsiflexor éontractions,axifhe more dorsiflexed angles although this

]
3

W wa

effect was not entffely consistent Thus, contrary “to the results
from Chapter 4 vhere ‘it was demonstrated ‘that ankl@ mean, position had
a large and predictable effect on the passive mechanics, the present

find1ngs indicate that the positlon dependence of the active mechanics ’ )

-~

ST,
Y = =

is. relatively small and variable. - . . o

i k& Iy
’ . v + RO
- ~ ,

;' The first result indicates§that good estimates of active 'jolnt
.torque can be thained if_the‘agonlst and antagonfst EMGs are hggyn.
.The'seoond result suggests that“very'~good ﬁestimates of K can be “. S
obtadned ifz the tatal (passive plus‘active) joint torqoe is known. -

9 a .
Thus knowledge of ankle mean ' positien- is_ not essential for the
4 : . - ; — .
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"al., 1982) as the ankle is plantarflexed, the use of this paradigm ¢ .

}10 7
'\ .

characterization of the static relation between torque and EMG. Nor

is it required for the idéntification of the joint mechanics provided
that the total joint torque is known. Finally a number of the key
differences vhich distinguish- the behaviour of the ankle joint ;luring
dorsiflexor ‘and ﬁl;ntarflexc;r contractions have been delineated. The

functional implications of thése results are discussed below.

- . N

The Constant-Torque Paradigm

A constant-torque paradigm vas employed in these exp'eriments,

i.e. this study vas designed to ensure that the subjects maintained :
the same level of active torque throughout the ROM. Since the
magnitude of the TA MVC has been shown to increase (Marsh et al, 1981)

and the magnitude of the TS MVC has been shown to decrease (Sale §et

implied that each torque represented a different percent of the MVC,

4

For example, a given dorsi flexor torque represented a much larggr
percentége of the TA MVC at extreme dorsiflexion than it did at

o

extreme plantarflexion.

An alternate exerimental paradigm, one in which the subject would
have been rgquired to track torques that comprised the same pei'centage .
of the MVC at all mean positions, vas also considered. This paradignm
has the advantage that ghg subjecvts’ -effort would have remained
relatively consta;xt' over the -ROM. This approach was, however,
rejected for two reasons. First, repeated determinations of the MVC
within the same experimental session would have been required since it

M~ -

LD
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t -

vas not possible to accurately replicate the ankle reference-position

once the subject was released from the foot cast. This _would have

been a fatlguz.ng, and therefore unacceptable, procedure given the

»
duration of the already lengthy experiment.

"
kY

Second, although the MVé ma& be -reliably measured on . successive

7

occasions if care is taken to follow certain guideiines (Kroemer & -

o )

Marras, 1980), this variable is neither vell-defined ror completely

objective. Moreover, there is some indication that complete motor

>

unit activation is not ach‘{&éd in some muscles.(Belanger & McComas,

1981)¢;‘:For these reasons the constant-ZMVC paradigm was not used.

‘
1

°Physiological Correlates of Ankle Meen Position

Voluntary and Electrically Evoked Tbrq'ue * .

The magnitude of the voluntarily generated or electrically evoked
'ankle torque has been found to change as a function of the joint angle"
" in prev1ous studies. ;?S:mce a constant torque paradigmh vas employed in
the present study, position—related changes ‘in the_ torque have
relevance to the interpretation of our results. - A

T8 twi tch torques were larger when the ankle vas dorsiflexed than
when it was plantarflexed (Gottheb &Agarwal 1978; Sale et al.,
1982) as were torques generated by 10 Hz' tetanles and -by HVCs (Sale et

al., 1982):; These increases were not strlctly monotonic but appeared

to plateau near 0.15 rad. In contrast, the magnitude of TA torques
~l e . -

Ml e .

ty g
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112 .
generated by: twitches, tetanilfs of varying 'frequencies and MVCs

?.incz‘eased as the ankle was plantarflexed (Marsh et al., 1981). For

MVCs and at the higher stimulating~f’requencies,. the torque appeared to

« .

be maximal at'about” -.1 rad, vhe;eas.’ for the . twitches and\, lowver-

frequency - levels, the increase in torque vas monotonic (Marsh et al.,

1981).

4
3

2

. In the pr'esent study, the magnitude of tiae active torque at each
of the target levels vas maintained constant over the ROM. This
resulted in values of K that remained relativély constant at all ankle
an“gles.. The question nov arises as to whether this result contradicts
the above ' findings which appear to demonstrate that TA and TS
contractile properties.are modified by ankle ’-meanu position. There are
two responses to this ‘q'uestion.. |

First, as suggested «by Gottlieb & Agarwal (1978),, who also
employed the constant-torque paradigm, the invarianc\e of K viiil/
resbeét to ankle angle does not denote a‘ lack of change in the
contractile proper‘tie;. Rather, for example, poséi,ble decreases in

the number of attached/cross-bridges at the extremes of the

3
have been compensated for by concomitant increases in the recruitment

ROM may

'/:)r firing rate of the relevant motoneurones.

Second, although the evidence to date . suggests that there are .

some changes in the contractile properties of the ankle dorsi- and
, ' f

* plamtarflexors, these studies are by 'no means exhaustive and any

[4 N
conclusions regarding the extent and .significance of the presumed

sources of these cvhanges (e.g. muscle length) are prematuré.‘ Om./

o

)

‘o
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v

knowledge of other possible sources of the observed changes in torque

1is rudimentary and theoretical considerations suggest that changes in .

4

muscle length are not large enough to account for the experineg;tallyd

. observed changes.

Neverthéfess, the present inability to resolve this issue does

- not detract from the major result of this study. Namely, provided

¢

that the total joint torque is known ‘the stiffness of the ankle jnoint,
can be relidbly and accurately predicted urega\rdless of whether it is

generated by passive or'active processes.

. EMG

Position-related changes in the EMG are al§o of" interest since -

the effect of mean ankle angle on the static torque/EMG relation was

F

also examined. There is some indication that the surface EMG changes

.

vhen' a joint is rotated although this issue is complicated by the use

of a wide variety of different methodologies. The most direct studies

have endeavored to detefmine whether these changés result from

alterations’ of muscle length.. When frog sciatic nerve was

’

‘su’pramaximally stimulated with single shocks, - the muscle action

poténtial (MAP) amplitude was smaller .vhen the muscle was shSrter thq,n
rest length than wvhen it is stretched’ beyond its resting Elengt\h
(Ralsten & L;'.bet, 1953). This effect is seen only whén the ne'rve‘T is
stimulated and not ‘when the muscle is stin;ulated directly. Th;.se
changes in MAP ampiitude appeared to be caused by differences in the

extent of muscle fiber recruitment. That is; a 5upr31‘naxima1 stimulus

. via the nérve of an unstretched muscle did not appear to activate all

s TR T R

OVl gtk

o —
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fibers; hoéever all fibers were- activated when the ‘mﬁéclé vas -

stretched (Ralsten & Libet; 1953). With bipolar electrodgs sewn to

the surface of a muscle bell?, ngis et al. (1972) recorded an
inc;gaéé in. EMG vith lengthening for six motor units and Ja decrease
for one unit. 1In contrast, Sfephens et al. (1975) réported a
decrease in EMG with iengthening. In both gxpexiﬂents great care was
taken to ‘piﬁimize experimental artifact by preventing e}ecirode - -
slibpagé4 Thus the results from isolated muscle experiment; provide

N0 consensus.
' s

.
.

PreJ?ous studies have shown very litilé changg in the su}féce EMG
over muscle lengths that were assocjafed~vith a 56% change in the .
fbrce generated by the adductor -pollicis (Caferelli & gigland—Ritbhie, *:
1979) ang biceps béachii maximal EMGs showed lyttle systema;ié.chénge
"with large al;eritiqns éf the elbow angle (Komi & Buskirk, 1972).

A

TA EMG- Tecorded from. gurface elec}rodeé \has been‘.shoyn to .

- - N “ ,A .. A / M Lo . .
decrease as the muscle Wwas stretched (Inman €t al., 1952; Marsh et

iai., 1981)."Both-soleus and'gastéocneqius EMGs ‘fec;rded from wire - ’;‘ .
electrodes decreased as the ankle was dorsiflexed though at differeng
r%tgs (Herman & Bragin, 1967). In 'copt;ast, the Té EHG recorde;__
during ‘qaxtmélg contraétions increaséd "as’ the ankle vas qusiflexed
(Sale et al., 1982). However, tﬁis result mayﬁ be explained by the
j.concomitant ;ncpeéée in the® M-wave siﬁce the:ﬁHG:H'ratt6~actu;11y

decreased. Presumably, at least some of the EMG changes vere related

’ to;sﬁin movement (Sale et aiu,'1§82):

-
|

.~ The results from the prksent study‘indidéte tﬁqt such effects are

N
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( ; . -
indeed variable. Since the magnitude of the joint torque remained’

" constant at all-ankle angles and the relation betveen EMG and torque
was lineatr regardless of mean position, changes in the slopes of these
»

_curves would'indicate alterations in the BEMG/joint position relation.

_The results of the multiple'lineap regression analysis showed that the

effect of joint position was relatively small and quite variable. It

3

is highly 1likely that these effects vere artifactual and related to

. R * §
alterations of electrode properties or location as the ankle joint was
*

rotated over -its ROM. Since it is virtually {mpossible to eliminate

such artifacts the issue of the position dependence of sirface EMG

a .

‘must remain open. ) ) ; ;

Comparison of the Ankle Dorsiflexors and Plantarflexors

‘

r
-

There is evidence from this study that TA and TS behave :

differently. First, the VAF by a linear relation between K and active
f . . . -
torque 'was generally larger during plantarflexor contractions.

Second, the NP and other ankle angle K/TS torque slopes were geﬁerally_

larger than those measured at the same angles

i}

during dorsiflexor

contractions. Finally, there was considerably less

position-related variation in the magnitude of the K/active torque
K ‘ v

slopes during -plantarflexor contractions than during dorsiflexér

contractions. -Differences in .TA and TS ‘reflex behaviour have also
been -observed (Kearney & Hunter, 1983; 1984) but these will be

discussed in Chapter 6. C -

.

, _-Differences‘in'the mechanical and reflex behéviour of the’ do?si-

I \*

.

mean

o

g}
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and plantarflexors: are not surprising given -the differences.ih their
functional requirements (Herman & Bragin, 1967). The TS are

bhysiolégical_ extensors that have a primarily static role in posture;

TA is a phasic muscle that is quiet during normal standing “(Soames &

Atha, 1981). Moreover there .are differences in the morphologicai
(Close, 1956), hischhem;cal (Johnson et all,. 3973) and cont;aétile
(nelanger \éi aiﬁ, 1983) properties Qf theée tvo antaéénist muscles.
éor example, in comparison 'to the ankle plantarflex;fs, the

dorsiflexor twitches and MVES wvere smaller and were more susceptible

to fatigue during isometric contractions (Belanger et al., 1983)..
_Although the  MVC generated by both muscles changed‘vith'joini angle,

the change in the TS MVC magnitude was considerably larger than - that

of the TA MVC (Sale et*al., 1982; Marsh et al., 1981).

il

The Relative Coﬁtribution of Passive and Active Mechanics

»

)

Stiffness can be increased by contraction of the agonist muscle

" [

(Hunter & Kearney, 1982) and a certain energy cost will be associated
with this active muscle process. Still more costly is the increase in

stiffness that arises when both the agonist and antagonist muscles

contract simultaneously (Huntér et al., 1983). . In contrast, the large

increases in stiffness which result when t%g joint angle is passively

¥

-~ "

Passively-induced increa$es in joint stiffness are fberefore more

efficient. Moreover, they are not insighifican; in comparison to the

® x

effects of an active contraction. This is demonstrated by an

»
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{ ex;mination of the magni‘t‘udé of the )s’tiifnve‘ss' that can be achieved by\
o E ‘passive .and qcti‘.ve processes. 'T!he _results of th‘ié comparison - are

B presented in Table 5.6. The total increases if K that vere generated
vhen the relaxed ankle was rotated from the NP.to extreme dorsiflexion - ¥

° o '\ (iAP’K) are listed for each -subject. The value of the passive -
plantarflexor torque (APTOR) that was associat’e”d vith these. changes in

s A .
. . .

‘joint position are also listed.

The data from active contractions maintained at the NP were then

examined to determine comparable increases in active plantarflexor K

P

'(8AK). These, values and the corresponding active ple;ntarﬂexor.

o (AATOR) torques are listed in Table 5.6. Also iisted are the percents

of the NP MVC which corresponded to these torques,

" The torques generated during passive rotation to ~ maximum . j
’ i

3

dorsiflexion varied from -6 to -12.4 Nm. These torques were
associa.ted with values of K that varied from 72.5 to 207.3 Nm/r;d.
Comparable values of K (é&.Z to 207 Nm/ra'd), generated during’“activg
plantarflexor contractions vere associated'vith active plantarflexor .

K - torques . that varied between -5.7 and -14.4 Nm. These torques, ..

3

L4
B . corresponded to contraction levels that ranged from 10 to 20X of the

]

, - MvVC. Althoughg contractions of this magnitude can be maintained for

long periods vithout apparent fatigue, the generation of comparable
levels of joint stiffness by passive processes would result in a

- * .
o moderate energy saving.

7 - -
’

7 ‘ The importance of the passive structures is apparent vhen the

( N behaviour of the ankle joint during postural svay is. considered. The - -

e

[




r‘l‘s‘—sm" T ACTIVE R

ai 72.5 . -€.0 842 -5.7 0
’ 52\1 ' 148.5 2.4 177 -6k 20
s 1227 - 9.9 1510, -11.5 20 ‘
C s - 'aale a0 1430 -1 20
" §7 2073 -10.5  207.0 9.6 10 ’

Table 5:6: A comparison of the passive and active torques generated
to achieve similar values of K for the five subjects. APK and APTOR
represent the increase in stiffness and torque associated with changes

.in mean position from the NP to maximum dorsiflexion. AAK represents

comparable increases in active plantarflexor K and. 2ATOR represents
the corresponding active plantarflexor torque. The XNP MVC denotes
the tonic level corresponding to the active torques.
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center of gravity falf% “about: S mn anterior to "the ankle joint

creating  a dorsiflexor torque of approximately

1]

1982) which must-be balanced by an equivalent
. S

(Hellebrandt, 1938)
50 Nm (Boussenna et al.,
planthrflexor_ moment. ihis mement is\generafed el ther by contraction
of TS, by stretch of ‘the non;contfactile joint tissues or by Some
combination of thesé active andg passive pro%esses (Smith, 1957) A
Although the ankle osci,llates by less than 1 rad during quiet stance
this motion occurs about the 0 rad position (Hurray et al.,. 1975) At

this. angle the joint is quite stiff (as great as 200 Nm/rad) and

further antaerior sway is’ retarded Furthermore, the large passive
tarque’ (as' high as 12 Nm) serves to plantarflex the limb about the
fixed foot with the result that only small, periodic bursts of TS are

requiged t6 maintdin a stable.posture.
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The purpose of this study vas to examine the effect of changes in

I

mean ankle position on the human ankle stretch reflexes during
tonically-;ma_xihtained'contractions held over mostls of the range of
motion. The ankle vas placed at randomly selected mean positions,

-

: I'd
target levels -of TS or TA tonic contractions were generated .and the

ankle was displacéd by small amplitude, stochastic perturbations.

~

System identification~techniqué§ vere used to identify the stretch

reflex ~ dynamics at each tonic 1eve1{énklg angle éofnbinatipn. The TS.

'

" stretch reflex.  was characterized . as a unidirectional,

veloqity—s‘elnsi-tiv{ iinpulse response function wherdas the TA st‘retch

reflex-vas characterized by a linear impulse response function betveen.

t

ankle velocity and TAEMG.

TS stretch reflexes shoved a stroné dependence on ankle position

while TA stretch reflexes did not. Thus, "Mié TS stretch reflex’

‘magnitude increased greatly as the ankle wvas progljess'iveiy
,dorgiflexed. In contrast, mean ankle position had only a min;r effegt
.on the TA stretch re;flex magnitude. The results suggest that the
position-dependent facilitation of the TS-st'retch reflex is not:'c‘!u.e 7to
chgnées in the level of skeletal motoneuron e.:cci'_tabiiit);. Rather, it
may be accounted for by mechanisms that mo’dulate the efficacy of the

stochastic ankle perturbation.. --Such mechanisms could ; include

v -

5 - . - : -~

!
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. position-induced: modulation. of . lbnosynaptié and - polysynaptic

afferent input: to skeletal motoneurons; alterations in the extent” of

fusimotor drive; and changes in the tranﬁiséion of the jointl

pgrturbati'on to spindle recepto;:s. Such Fe}hanisns are discussed in
terms - of the different behaviour of TS and TA stretch refle?tes.
Finally, the functional:--significance df positiofx—dependent'- reflex
responses are considered. °

. .
2 j - ~2
- v

Y

INTRODUCTION R

T

Altliough ‘the ankle joint angle, varies sqbatmtiﬁlly during

functional activities, liixle- i$ known about' the ‘effect this has :on ) .,

stretch reflexes at the ankle. H-reflex .and  microneurographic

. - techniques have been used extensively to -measure reflex function in

/intact man (e.g. Pqillafd: 1960; Hagbarth & Vallbo, 1968) and to

del’ineateé)he effect , of ci:apges in the ’tonica}}y-maintained ankle
position on monosynaptic (e.g. Mark et-al.,- 1968) -"and’ ‘ polysynaptic’

v (e.g. Delwvaide, 1§73) refiexes and the afferents that mediate these

respons‘e/;_— (e.g- Yallbb, 1974).; “Howéver, the H-reflex 'techniqué tests
foi‘l‘ sub—threshofd,, changes in motoneurone.excitlabilit).v using a highly
no‘n—physiélogipal étimulus (Hugon, 19.73) and it; r’elevance to
ph§siolo§ica1 stimuli remains uncgrtain (Burke, .1983). A On-the other
—hand, microneurography is» currently,, restricted\ 't¢\> the study of

"relatively small contraction levels and joint digplacements {Prochazka

& Hulliger, 1983).

'

12
Pl

.The range-of motion of the ankle cah be as large as 1.5 rad

«
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(Boone & Azen, 1979) and the results ofﬁhapter 4 indicate that the

behaviour of the joint (e.g. the passive torque and passive

—

mechanics) at' mid-range angles is quite different than it is at-the

>

extreimes of the ROM. Horeover, changes in ankle position“are often
accompanied by touic contractions and such contra?ctions appeer to
signifmantly modify the positwn-dependent reflex effects (Mark et
al., 1968. Delvaide & Hugon, 1969): 'Fhus it seems . .important to stud-y

stretch reflex responses ‘to physmlogical stimuli over a functionally

significant range of pos1t10ns and torques.

5

-~
Ll

The specific objective of the work presented in this chapter vas
to uSe . quantitative techn'iques to characterize triceps surae and
tibialis anterior stretch reflexes as functions of .joint angle. This

vas. accomplished by determining the dynamic modulation of TS and

" TA EMGs in response to small stochastio perturbations of the ankle

about diffex:ent mean_ ankle angles and during different levels of tonic

* o

activity.- This ‘extends the results of previous investi,gations in

vhich the effects of tonic activity and stretch ampLixtude vere

!

determined (Kearney & Hunter, 1983; 1984)- and is the first qme that

system ‘identification methods have been used to examine t position

_dependence of the human stretch reflex function. /
METHODS :
& . ; : I ,

The general methods and specific procedure related to the segood

,

series of _experiments have been described in Chapters 2 and 5

respectively. Details pertinent to.the analysis of the s;refch reflex

3
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dynamics are provided below. . .

[
-

.Identification of Reflex Dynamics °

In accordance with previeus results from this laboratory (Kearney
& Hunter, 1983; 1984), the TS and TA stretch>ref1exes vere determined
b‘y 1dent1fying the linear dynamic relatioh betveen ankl‘e angular
ve7lo‘city, and rectailfied,v si‘noot‘hedh EP;Gs. These reflex impulse response
functions (RIRFs) were calculated with an algorcithm that vas based on
the solution of a .matrix equautlon mvolving the input auto—correlation
function and the mput/ougput cross- correlanon function (Hunter &
Kearnéy, 1983b;. ’

TS stretch reflexes were characterized I;f the RIRF determined

-

between pos‘itively rectified ankle angulat veloci—t;' and TS EMG. 4
& \ . ,

typical TS RIRF is snhowp' in Fig. 6.1 (toE graph). It had a
characteristie biphasic pa“ttern in-which a large negatix:e (excitatoxy)
peak was folloyed by a §maller posn:ive (inhibitory) peak (Ifearney &
Hunter, 1983). The negatlve peak, whlch due to the sifn conventions,
b;rresponaed to an increase in EMG activity. in resg;onse to muscle
stretch, occurred _at a latency of - ébout:IoO ms. The peak~to.-peak

re:sponse is labelled-in’ Fig. 6.1 ('to;; graph) as TSP.

TA stretcﬁ reflexes ‘were \represented -by the RIRF "identified
. between ankle angular velo'ci'ty and TA EMG. As sl;own in Fig. 6.1
',‘(bottom graph), this function had a characteristic trlphasic ﬂresponse’
w1th two nega‘tive (excitatory) .peaks separated by a positive

' (inhib1tory) peak (Kearney & Hunter, 1984) As above, a negative peak

ot e bk iy e
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Fig. 6.1: Reflex impulse response functions (R-?[RFs) identified
between positively rectified angular velocity and TS EMG (top graph)
and between angular velocity and TA EMG (bottom graph). Each RIRF was

" detétmined during a 30%MVC tonic contraction vith the ankle at the NP
(~.47 rad). The peak-to-peak amplitudes used to describe. the RIRF
magnitudes are labelled, TSP, TAP1 and TAP2. (Subject §53)
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)
“the maximum likelihood estimation technique provided good estimates of

- . ‘”j:‘

"~ 4in the TA RIRF' corresponded to an increase in EMG activity in response

-

5 - . -
to muscle stretch. The first negative peak had a latency of about )
40 ms and the, second negative peak’ at. about 70 ms. “The two . ' .

peak-‘to-Zpeak responses are labelled in Fig. 6.1 (bottom graph) as TAP1 . v

o, v
" 1

and TAP2. -
! s
' s . t ) -
RESULTS - l ' ‘ i
% . L
4 9 .- < -‘
Reflex Impulse Response Functions . . ' .

1)

The VAF by TA RIRFs and TS RIRFs ranged from 40 to SO0X and did
not vary "with ankle position. These VAFs vere 10 to 20X lower than
thosé obtained in previoﬁs studies (Kearney & Hunte;, 1983; 1984).
This 1is undoubtedly due to the fact that in the present experiménts ,

. b .
five, stimulus ,sequences were averaged. whereas previously 25
v ) ! '

’

°

repetitiohs }wgre used; the magnitude of .the VAF is aeﬁendent upon the o,
number of responses in the ensemble average (cf. Kearney & Hunter, |
1984, " Fig. 3b). . The present five-fold reduction in the Aupber of \
stimulus repétitions was required in:ordénfto avoid subject fatigue;

thé use of 25 stimulus ééquences at each test condition would have
lengthéﬁed the experiment Eeyond the subjects’ endurance.
Consequently,” the TA aéa TS RIRFs ideritified in the present study were

somevhat noisier than those obtained previbusly. Note, however, that

the RIRF shape even when the signdl to Unpise ratio was 1low (cf.
Kearney & Hunter, 1984, Fig. 4). 'In the present study, the

characteristic triphasic and Dbiphasic patterns vere clearly

]
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identifiable duriné~ topic dorsiflexor or plantarflexor contractions.
This was not \thg casé during the passive condition. The RIRF
amplitude is proportional to the level of tonic activity and hence was
vefy mall when the muscles are at rest (Kearney & Hunter, 1985}
1984); It vas therefore not ﬁossible to characterize the peak-to-peak
responses of the RIRFs in the absence of ;:gzle activity.

»

.

Relation' betveen Ankle Angle and TS Reflexes

’
»

A sample set of TS RIRFY, determined vith the ankle at different

mean positions but while the same 1level of active torque was

maintained (30X NP TS MVC), is ‘shown in Fig. 6.2. The effept'of mean

ankle position en the TS RIRF is evident. The reflex magnitude became
progressively lérger as the ankle was dorsiflexed from —.36'rad° (near
the NP, bottom trace) to .21 rad (near maximum dorsiflexion, top

trace)., In contrast, the TS RIRF shape and latency remained the same.

§
The-effect of mean ankle ‘position on the TS-‘}RP magﬁﬁ;ude for

all tonic levels is shown in Fig. 6.3. Each square represents the TSP

measured at a particular ankle angle and contraction level; TSPs

obtained at the same active torque level have beén joined to form

iso-active-torque contours. - It is apparent that: the

. position-dependent change in reflex magnitude, w;é si@fiar for all

' ‘contraction levels. When the ankle vas plantarflexed, the -TSP

remained relatively const;nt. Hovever, it became progressively lérger
as the ankle was dorsiflexed beyond the NP reaching a maximum at the
" extreme of dorsiflexion. For the data shown in Fig. 6.3, the TSP at

maximum dorsiflexiQn during Ebg 30X NP fSHVC torque level was 17 times

"

Y
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Pig. 6.2:. TS-RIRFs determined during a 30X NP TS MVC at ankle angles
ranging from -.36 rad (bottom trace) to .21 rad (top trace). The
amplitude scale is 'the same for all siX‘traceﬁL. (Sub:‘ject~51) ot
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