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ABSTRACT

This study analyzed the effects of spc;-cil'ic 'joimﬂ&biﬁx;\linn and exercise on the ;\ll\;\;nll of
. ~
stiffness, i a previously immobilised joint. Treated and control knees were compared in terms of
amouﬁl of torque and areas of hysteresis (utilizing torque-angular dis‘placcmenl curves of a ﬂciion; .
extension cycle for an hﬁmo‘l)ihsed rat;bit‘s knee):
i) Grotxp I immediately following immobilisation (8 weeks),
1)  Group 2 following remobilisation in the form of unlimited free active exercise (1 week), and
1) Group 3 following remobilisali(‘)n in the form of unlimited free active exercise, in conjunction
\wi!h specific joint-mobilisation (1 week).

The left Rind limb of the rabbit was immobilised*in a position of full knee flexion by means of
a surgically inserted Steinmann pin. All biomechﬁcal testing was performed on an arthrograph.

Stz;tistically significant results were found for' areas of hysterests for treated knees (between
Groups 2,and 3). for ﬁ;st cycle stiffness slopes ‘fo'r treated knees (between Groups: 1 and 2, and also
between Groups 1 and 5). for anigular displacement (between Groups | and 2, and also between Groups
1 and 3) and for the ratio of vertical to angular dispia'cemem (betwegn Groups 1 and 3). .Results for

7

Group 3 revealed the smallest ardh of hysteresis and the least joint stiffness (slope). The beneficial

* effects of specific joint-mobllisation were decidedly apparent in Ist cycle areas of hysteresis.

\
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I. INTRODUCTION

1.1 Background to the Problem

During immobilisation of a joint, there are changes both in the periarticular soft tissues
surrounding the joint and in the articular cartilage with its.underlying subchondral bone 3. & 33. 76. 264
Over time these changes result in joint contracture involving a stiffening of the joint.!’®

The fibrofatty tissue prohiferation within thg’oim space formg strong adhesions betwgen non-
contacting articular surfaces and between synovial folds of the joint capsule.’6- 87 RCgYOﬂS with
contacting articular cartilage develop changes;gonsis'(em wilh osteoarthritis, with localized areas of

compression and eventual erosion of superficial cartilaginous layers. The underlying subchondral bone

. . . 1
becomes either atrophic or cystic. 8 A

Furthermore, during immobilisation of a joint, organized extra-articular structures, such as

ligaments and tendons, lose the orientation of their collagenous fibres and as a result have greatly
'

diminished strength.?> Weakening also occurs at ligamentous insertion sites on the bone, due to
absorption of bone at these sites.!4. 87 131

y
In conjunction with this overall structural weakening, biochemical alterations in loss of both

-

water and glycosaminoglycans (GAGS) impairs the normal gliding that occurs between collagenous

[8)

fibres. 10. 14.87 ¢ has been noted that with éxperimentally-induced contractures in animals, there

occur biochemical and biomechanical changes which parallel observations made of human joint

contractures.87. 90.91

»

The reactions of these stress-deprived (immobilised) tissues to a period of remobilisation
b}

consisting of exercise show that motion, whether active or passive;'. partially reverses these changes. 68,
16, ‘fs 166. 176 With pepeated™motion, the tissues appear not only to.become stretched, but lubricated ’
as well.’6 OneA of the benefits of exercise for normal joint soft tissue is a gradual increase ih
biomechanical strength — over the long term with consistent excrcipe.-"i $7.217,220,233

.

.
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There are numerous theones regarding the biomechantcal effects of specific joint-mobilisation,
but with little scientific evidence in support 0. 64. 71 172173 Nopetheless, there is much 1nterest in

joint-mobilisation as a means of dramatically improving joiht range of motion. However, treatment

decisions are based largely on clinical experience and anecdotal evidence. . -

Despite overwhelming evidence that joint-immobilisation is deleterious to articular and

penarticular tissues from anatomical, physiological, and biomechanical viewpfints,"" 220 the practice
of jotnt-immobilisation is often névessary during fracture healing or after surgical repair. There is now
sufficient evidence for clinicians to utilize mqtion. active or passive, after immobilisation to improve,
enhance, and restore normal functioning of tendons, ligum;ms; joints, and muscles 220
A Y

However, many questions remain unresolved. such as the eventual extent of recovery possible
after immobilisation and the influence of post-immobilisation activities in type, intensity. duration,
and overall time-frame.3- 14 220 Even the effect that duration of immobilisation has on the potential
ability of tissues to return to normal functioning remains unl;no'.vnls' 68.75.87.91. 162 gimilarly, the
effects of joint-mobilisation, with or without an active exercise programme, remain key unresolved

.

questions.
e/

<

It was against this vbnckground of basic, broad, and unanswered questions about immobilisation
that this thesis investigated joint-mobilisation, widely acknowledged in clinical efficacy, yet at present

lacking a strong, integrated scientific basis.

1.2 Objectives
The objective was to study, for a previously immobilised joint, the effect of specific joint-
B LS

mobilisation on the resistance offered to passive movement. .

The present investigation compared treated and control knees by measuring torque and areas of

hysteresis (utilizing torque-angular displacement curves of a flexion-éxtension cycle for an immobilised.

rabbit’s knee): St

i

(3]



a)
b)

<)

Hj:

Hj:

Hi:

Hy:

Hs:

-
immediately following immobilisation,

*

following remobilisation in the form of unlimited free active exercise, and

following remobilisation in the form of unlimited free active exercise, in conjunction with

» specific joint-mobilisation.

Primary Research Hypotheses -

Areas of hysteresis for control knees are essentially the same for each group and for each of the

three cycles. | s

Areas of hysteresis for treated knees vary from group to group and cycle to ¢cycle. Regardless of
cycle, the areas of the immobilised-only group (Group 1) are largest, with the areas of the
exercised joint-mobilised group (Group 3) the smallest. The areas of the exercised group (Group

2) are slightly larger than those of Group 3. For all groups, the Ist cycle area is the largest, with

each subsequent cycle area being much smaller.

The hysteresis area ratio of Lst cycle to 2nd cycle (treated knees as compared to control knees) is

greatest for Group 1 and sniallestnfor Group 3. The area ratio of Group 2 is slighly greater than
-

 that of Group 3.

——

“Torque or ‘stiffness’ is minimal for control knees and essentially the same for each treatment

group.

S

End-range stiffness slopes (torque) for treated knees demonstrate greatest stiffness in the 1st cycle

. of all groups and are much lowet starti gwiththeindcycleofaﬂgrgups.Tprqueismatestin

Group 1 and least in Group 3, with Ggoup 2 torque slightly more than that of Group 3.
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Hg:  First cycle stiffness slopes (torque) of the treated knees are greatest for Group 1 and least for

Group 3, with Group 2 slightly more than Group 3.
4

1.4 Operational Definitions

! J 3“’ stiffness:
Joint stiffness is defined ‘as “the resistance to passive motion at a joint throughout the normal

"X
range of motion in the usual functional plane.”

215
2 Runge of monion:
The amount of motion or movement available at a-specific joint is conventionally termed range

of motion (ROM). Limb movement, expressed in degrees, was wntten as 48° - 98° - 48° ROM

(flexion-extension-flexion RQM). With 180° taken as the position of full knee extension, the knee was

3
first extended from 48°-98° and then flexed from 98°-48°.

R Hvsteresis loop:
-The changing angles and forces required during cycling of the rabbit’s knee through flexion-

extension-flexion ROM on the arthrograph created a torque-angular displacement curve, or hysteresis

loop. Angular displacement was recorded on the X axis (horizontal) and torque on the Y axis (vertical)

(Figure I-1). N
4. Measurements from the hysteresis loop.
a) Area

The area of hysteresis was directly related to the amount of stiffness present in a jéint.254 The
larger the enclosed area, the greater was the stiffness prescnt within the joint (Figure I-1). The area
measured represented the amount of energy required to cycle the limb through the entire flexion-

extension-flexion passive ROM.
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FIGURE I-1 i—lysteresis Loops for 1st, 2nd, 5th, and 7th Cycles in

-a'’* Flexion-extension-flexion Cycle (48°-98°-48°) (Rabbit -
#33 Immob-only). Angular displacement (50° ROM) is recorded on the:

X axis and torque on the Y axis. The larger the enclosed area of
hysteresis, the greater is the stiffness present within the knee joint.
‘The steeper the Ist cycle slope, the greater is the stiffness. The point
of maximum failure plus mid-range (73°-85°) and end-range (92°-98°)
regions are indicated. * S '
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b) Stiffness

1) torque (moment of force) . -

~

The magnitude of torque was expressed as the product of force (in Newtons) and moment arm (in
;mlhmclcrs). Therefore, the unit for measurement of torque was Newton millimeters (Nmm).

The moment arm was expressed as the perpendicular distance from the line of force application
to the centre of rotation. It was around this axis that the torque or moment acted. The axis point of the
moving arthrograph arm coincided with the axis point of the knee joint.

1) slope

The slope of the knee extension portion of the torque-angul:;r displacement curve mbmsemcd the
stiffness or resistance to passive knee motion ( Figure I-1). In the context of this study, first cycle
slope or stiffness was torque (Nmm vertical.displacemen() divided by angular displacement (deguees),53
orin sﬁnpler terms, rise over run. The steeper the slope, the greater was the stiffness. .

i

iii)  mid-range and end-range stiffw6ss~

From the starting Fosition of 48° knee flexion and cycling to the end of the rangé at 98° knee
extension, mid-range was considered to be 73° - 85° and end-range 92° - 98°. With a constant angulgr
displacement for both mid-range and end-rangé stiffness, vertical displacements, as representing stiffness
in those particular ranges, were compared in millimeters only (Figure I-1). To convert ’vve-nical'
displacement from millimeler; to Nmm, the millimeter value was multiplied by 7.88N. Increased
vertical displacement with a constant angular dispiacement indicated increased stiffness.

iv)  ratio of vertical displacement to angular displacement

At the first sign of ligamentous faidure on the hysteresis loop (Figure I-1), 'vertical displacement
(mm) and angular displacement (mm) were compared as rise over run for knee exfension. The higher the
ratio, the more stifﬁkss was present. To convert angular displacement from millimeters to degrees, the
millimeter value was multiplied by 0.198°/mm. To convert vertical displacement from millimeters to

Nmm, the millimeter value was multiplied by 7.88N.

! ' o



s. Joint-immobilisation:

Joint-immobilisation consisted of a period of eight weeks of internal fixation of the rabbit's left
knee in a position of full flexion. There was no restriction of active cage activity or weight beaning
within the confines of the fixation.

0. Remobilisation:

Remobilisation consisted of a period of one week of free active exercise within the rabbit's pe.

The activities of the rabbit were not’ controlled in any way and weight bearing, as tslerated, was

permitted. Remobilisation did not in any way imply aerobic conditioning.

AN

N

7. Treatment groups:

Group [: Immobilisation-only (Immolgmly).*

Group 2: - Immobilisation followed by a perio& of remobilisation exercise (Ex-).

Group 3: Immobilisation followed i)y a period of remobilisation exercise in conjunction with
specific j8im-mobilisalion treatments (Ex Jt-Mob).

8. ‘First, second, fifth, and seventh cycles: The loading and unloading hysteresis loops through

flexion and extension were wn'ttenL:)ss Ist, an,lSth, and 7th cycles. '

§. Joint-mobiiisation:

Joint-mobiﬁs;tion referred to both .passive osteokinemaﬁc and ,pas’sive arthrokinematic
movemems. A grading system as described by Maitland was utilized: Grades 1 - 4.!4! Graded
arthrokinematic movements applied to tractight and gliding procedures (Figure I-2). Traction involved a
separation of the joint surfaces. Joint glidinrg.' tween tv;o joint surfaces occun'ed when the “same point
on one surface came into contact with new points on another surface.”!17 Gliding to increase knee
extension produced an anterior gliding of the tibia in relation to the stationary 'femuy. The starting or
resting pesition corresponded to' that position where i) joint surfaces we;e the Seast cme, i) joint
capsule and ligaments exhibited the least tenision, and  iii) the joint surfaces were most casily separated

*

by traction.140
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FIGURE 1-2 Arthrokinematic Graded Movements (Traction and Gliding).

Both traction and gliding manoeuvresf can be performed
through four grades as illustrated.
A. Gliding: The femur is fixated while the tibia is glided dorsally -
to improve knee extension.
B. f®Traction: The femur is fixated while a. traction force is exerted
along the length of the tibia.



From this initial resting position (almost full knee flexion in the rabbit), the grading system
was set up relative to the pathological amplitude of available traction or gliding at the joint.!'” With

the joint remaining in the resting position, traction (as a separation of joint surfaces) was performed to

) "\

the end of the available range. This total available joint range was divided into i) two small amplitude
movements, at the beginning (Grade 1) and at the end (Grade 4) of the available range, and ii) two large
amplitude movements from the beginning to appmxifnately the middle of the range (Grade 2) and from
approximately the middle of the range to the end of the range (Grade 3). With th}: joint remaining in the
resting position, anterior tibial gliding was performed throughout the available range while maintaining

a Grade 1 traction.!!” The total available am\en'or gliding range was also subdivided into Grades 1 - 4.

A passive osteokinematic movement of knee extension from the fully flexed kree position to

the limit of knee extension (imposed by. the contracture) was also subdivided into four grades (Figure 1-
3). Both the osteokinematic aﬁd arthrokinematic movements (Grades 3 and 4) we;e used as means of
joint-mobilisation to restore the loss in extens-ion of the rabbit’s knee.
10.  Regions of tensile loading on fhe load-elo:éation curve:

Butler et al*’ classified the tensile loading of a ligament into regions—on the load-elongation
curve (Figure 1-4). The initial toe region (Region I) was followed by a fairly‘ linear region (Region ID
from which 1st cycle slopes were measured. It was at the end of this linear region that the first evidence
of ligamentous failure occ‘urred (point of linear load). Total ligamentous fajlure occun'éd at Region IV,
following maximum load at failure (P&‘gion’III). ‘Ratios of vertical to angular displacement were

performed at the pémt of linear load, if obvious, and if not so obvious at the point of maximum load at

failure.

s
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FIGURE 1-3 Osteokinematic Graded Movements. The femur remains
fixated while the tibia moves from a starting position

of near full knee flexion to a position of full knee extension. Graded
movements (Grade 1-1V) are indicated for this arc of motion.
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« FIGURE I-4 Force-time (Load-elongation) Curve for a Femur-Anterior
’ Cruciate Ligament-Tibia Specimen of a Rhesus Monkey.

The initial concave toe region (Region 1) is followed by a fairly linear
region (Region II) up to the point of linear load which is the first sign
of ligamentous failure. Series of sequential failures occur in Region Il1,
with complete failure occurring in Region IV shortly after the point of
maximum load. (Adapted from Butler et al.* ).
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1.5 Delimitations

| T'his study was hinuted to temale New Zealand white rabbits weghimg trom 2 3103 2 kg

2 I'hie chotce of 13 rabbit subjects was intentional o atfow tor the high atntion rate present with

long term studies utihzng rabbit: Groups of tive or six rabbits are commonly considered acceptable

by rescarcheny (Secord [)(\‘ personal communication, 1984,

§ The rabbits were individually housed in pens having overall inside dimenstons of SO cm x S0 cm

S0 emoand a concrete Hloor covered by wood shavings and sawdust

4 The mvestigator performed virtually all surgery and all testing and treatment procedures. The
’

surgical techmician assisted by prepanng for surgery (autoclaving mstruments, anaesthestzing and

shaving the rabbit), and dunng surgery (stabilizing the hind b, ughtenng and cutting the Steinmann

pin)
. .
S The same surgical and X-ray personnet assisted throughout the entire study.
6 The same surgical equipment was used from operation to operation
7 The immobihsation procedure consisted of a Steinmann pin inserion through both ubia and

temur, and the use of stabihzing nuts at both ends of the pin.

8 The chosen size of Steinmann pin. 2.4 mm diameter, was consistent with that selected by other

-

researchers™ & 9 10 1L 131407, 283 254 404 consistent with the size of bone in the chosen weight

range

L
9 To curb the possibility of infection, long-acting penicillin was adminustered after each surgery

(Secord DC. personal communication, 1984). ’
10.  To produce minmimal tissue trauma and bleeding. to promote faster healing, and to shorten the
second anaegthetic period. the Steinmann pin was cut instead of removed.

Ll.  The immobilisation period chosen was eight weeks, consistent with that of previous researchers

who used either eight or nine weeks. % 0. 13. 254



12 The remobihisation time peanod chosen was one week, consistent with that ot previous
researchers who used time periods ranging from one 1o ten weeks.'' A one-week penod was also

chosen to mimimize the known high attntion rate 1 studies utilizing rabbits as subjects (Secord DC

persondd communication, 1985). ¥

13 The use of the left hind mb as the immobilised knee. and the right hind limb 10 cach rabbit as

. hJ
its own control knee has been described by previous researchers, & &9 1011 13 14,18, 253, 254

14 While one excised hind limb was tested. the other remained at room temperature wrapped in

saline-mosstened towelling to prevent drying of the nssues. % M

1S The anthrograph was constructed acconding to the descriptions of Wright and Johns 1. 259. 260

13
plus Woo et al>>* and subscquently moditied according to Budney (personal communication, 1985). A

motor speed of 0.2 cycles per second (cps) or 20°/sec matched that chosen by other researchers. It was

hoped that with the use of an arthrograph similar to that described by Woo et al,*3# previous research

findings would be confirmed and the new dimension of joint-mobilisation added.

\
1.6 Limitations

1. During immobilisation and treatment periods, the rabbits were housed at Ellerslie Animal
1Y

.

Centre. Transport to the main campus was necessary for testing and surgical procedures.

2. The high attrition rate of subjects could JMy be controlled to a limited extent. Some influencing
r

but oaly partially-controlled factors were environmental noise levels. correctness of handling technique,

.

and the seemingly inherent vulnerability of rabbits in experimental situations.

3. The amount of periosteal irritation caused by the Steinmann pin in the tibja and femur could not

be controlled.



4 Accuracy ol the hysteresis loops, which recorded the flexion-extension-tlexion cyching of the
tabbit’s knee, was limited by the design of the constructed arthrograph. Inaccuracies occurred when the
axts point ot the moving arthrograph arm remained fixéd, while the axis pownt of the knee joint vaned
throughout the R~()M. .

S5 The velocity ot the are of ROM was dependent on the reliability of the DC power supply

6 In addition to uncontrollable tactors, consistency 1n surgical, treamment, and testing sessions was

himited by the abihity ot the investigator
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IM. LITERATURE REVIEW
2.1 Introduction
The following review provides background information to answer the questions under study
relating to the effectiveness of exercise and joint-mobilisation on the biomechanical properties of a
previously immobilised rabbit’s knee.
An examination of normal ligamentous structural properties leads to a closer examunation of the

normal biomechanical properties of ligaments and joint capsule. The alteration in these normal

biomechanical® responses as a result of stpgss-deprivation (immobilisation),} stress-enhancement
(exercise),? and remobilisation (exofcise with or without joint-mobilisation following a period of
immobilisation) is presented and related to corresponding biochemical changes.

Treatment and examination of joint stiffness is analyzed from objective and subjective

viewpoints. The chapter concludes with the objective measurement and characterization of joint

su'.ffness by meanrs of an arthrograph.

2.2 Ligamentous Structural Properties

The connective tissues of the body, such as connective tissue proper, cartilage, and bone, are

"classified according to the proportional distribution of their elements — cells and intercellular

.

substances, fibrous and amorphous. The fibrous intercellular substances include collagenous, reticular,
and elastic fibres.!32 .
The ground substance, an amorphous viscous gel, acts as a supporting structure for the tissues
aswell as a :1e;1jum for the transport of tissue fluid containing nutrients and waste products (to diffuse
between the cells and capillaries). Formed by connective tissue cells (fibroblasts), the ground substance
contains protein, glycoproteins, glycosaminoglycans (GAGS), carbohydfates, lipi&s. and water. The
glycop;dtcins are polysaccharide-protein complexes, while GAGS are polysaccharides with one or more

. » :
amino sugar moieties. The GAGS, largely responsible for the viscosity of the ground substance,



consist of hyaluronic acid, chondroitin-4-sulfate, chondroitin-6-sulfate, keratan sulfate, dermatan

sulfate, and heparan sulfate.’’- 2% Keratan sulfate contains the sugar residues, glucosamine and

galactose, while the remainder contain hexosamine and he xuronic acid. 183, 238

Most GAGS appear in tissues in the form of proteoglycan sub-units (“units of disaccharides
coupled as linear polymers onto protein ‘cores’ )28 (Figure 1I-1). Proteoglycan aggregates consist of
proteoglycan sub-udfits, hyaluronic acid, and link protein.'®* Hyaluronic acid provides the
“ﬁl;uncmous backbone™” for the attachment of proteoglycan sub-units and link protein to form

proteoglycan aggregates.'8?

The proteoglycan sub-urut consists of chondroitin sulfate and keratan sulfate chains attached by
means of linkages to a central core protein. The number of sulfate chains present in a prottoglycan

sub-unit is determined by the length of the core protein. '8 Both chondroitin sulfate and keratan sulfate

“contain closely spaced negatively-charged groups distnibuted along their polysaccharide chains."'83

Due to the ‘repelling forces’ of these inegatively-ch:uged groups, the GAG chains assume a ‘stiftly

extended’ space-occupying configuration. '83

Collagenous fibres are present in all the differedt types of connective tissue. The fibres within a
’
bundle, held together by mucoprotein, are either loosely or densely packed, depending upon their

location. The normally *wavy’ appearance on scanning microscopy straightens when the connective

tissues are under tension. 132

Within dense connective tissue, there is a close packing of the fibres, fewer cells than in the

loose connective tissues, and less amorphous ground substance. Dense irregular connective tissue with

its interwoven, randomly oriented fibre bundles is present in areas where multi-directional tensions are
exerted, such as in joint capsules, tendon sheaths, periosteum, and fasciae. On the other hand, dense

. . ) -
regular connective tissue with its parallel arrangement of fibre bundles is present in structures subject

to uni-directional tensile forces, such as tendons, ligaments" and aponéuroses. .

16
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Until recendy, both tendons and ligaments were grouped together as dense, regular connective
tissue. 'S 37 132 However, histologically, there were many dissimilarities between them. In analyzing
the rfbbit’'s knee ligaments and tendons, Amiel et al'® found consistencies on gross inspection.
However, on closer examination, tendons were found to contain only Type [ collagen, less DNA, less
GAG content, and different collagen cross-linking patterns tha’n'were found in ligaments. Ligaments
contained Type I and Type III collagen, larger fibroblasts with more DNA, a different collagen cross-
linking pattemn, and more GAG content than the tendons. Of the ligaments examined, the cruciate
Iigam‘cnts contained the highest concentration of DNA and GAG content.

.

The fibrous. capsule and ligaments provide a passive supporting structure for the joint and assist
in guiding direction of movement between the two articulating joint surfaces. The more peripheral
ligamentous fibres attach to the periosteum, while the more central ligamentous fibres attach to bone.
This latter attachment is a transitional insertion through fibrocartilage to mineralized fibrocartilage and
finally to bone 3 7-45- 77 [n the rabbit, the fibrous capsule and collateral ligaments are continuous
with the periosteum, while the cruciate ligaments insert primarily into the transitional zones to the
bone. ?

The synovial fluid lubricates not only the articular cartilage and meniscii, 'but also the
ligamentous structures of the joint. Motion has been shown to enhance the flow of synovial
lubrication and nutrition to each of these :tru;tures_:’ '

Amiel et al'3 in analysing the chemical composition of a normal ligament by weight revealed
that two-thirds of the total weight was comprised of water. Of the remaining dry weight, 70 to 80 per
cent consisted of collagen, the majority of which was Type I, with a smaller percentage of Type IIL
Three o 5 per cent of dry weight consistgd of elastin, and 0.5% was comprised of GAGS. The

remainder of lifamentous substance consisted of enzymes, glycoproteins, lipoproteins, and DNA from

cells. 3. 15.77 . (
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It is thought that tHe presence of elastin in ligaments (absent in tendons) compensates for the
fairly rigid proximal and distal attachment points of ligaments.’ GAGS are important not only for

their viscous properties, but also for their ability to bind with water. For example, the hyaluronate

molecule occupies a hydrodynamic volume 1,000 times greater than if it were in the corresponding

unhydrated state. 238

A ligament or tendon can be hierarchically organized (Figure 11-2) into a “structural system"™%:
i) A collection of collagenous fibres form a primary fibre bundle?3 (subfascicular unit®®),
Surrounding this primary fibre bundle is an endotenon*? (endotendineum'32) sheath consisting of loose
areolar connective tissue.
ii) A group of primary fibre bundles (3 to 20 subfasciculi) together form a fascicle.*3 The sheath
surrounding the fascicle (epitenon®’ or epitendineum '32) consists of a denser connective tissue tha;l that
found within the endotenon.

* .

i) A group of fascicles together form a tendon or ligament. The sheath surrounding the tendon or
ligament (paratenon®3 or peritersdineum'32) is thicker than the epitenon, surrounds the entire tendon or
ligament, and also blends with the epitenon. B
iv) ' The collagenous ﬁb-«é is further subdivided into a parallel aggregation of fibrils.
v)  Each fibril (diameter 0.3 to 0.5um!32) consists of microfibrils which are further subdivided into
fibrillar units or macromolecules of tropocollagen.

V1)  Each microfibril (diameter 65nm!32) consists of five parallel rows of tro‘pécollngen molecules.

vii)  Each tropocollagen molecule (diameter 1.5nm!2%) consists of three polypeptide chains (alpha

chains), with each & chain consisting of approximately 1,000 amino acids. /nrermolecular crosslinks.

" extend between tropocollagen molecules at non-helical (carboxy-terminal and amino-terminal ends) and

 helical (teleopeptide) regions. Intramolecular cf'osslmks extend between polypeptide chains (rich in-

glycine and hydroxyproline).!2% At the tropocollagen miolecular level, intermolecular and

e
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intramolecular cros;links (Figure II-3) are affected by stress-deprivation (immobilisation) in that
organized deposition of these crosslinks is greatly influenced by motion.®
Danylchuk et al®® noted that most‘collagenouS'ﬁbres of the surrounding sheaths (endotenon,
epitenon, paratenon) were runming in a perpendicular direction to the long axis of the ligament.
Furthermore, the epitenon presented in a ral'ldomly coiled manner along the lengih of the fascicle and
“appeared to converge and bifurcate” %0
. In studies by Akeson et al, ¥ 3% 191! the reactions of the ligmnenfous tissnies to stress-
d_epn'veation and stress-enhancement were biochemically analyzed. Collagen content was estimated by
determination of hydroxyproline level concentrations (amino acid residues within the polypepiide o
chains). Chondroitin sulfate and keratan sulfate coﬁ(ems were either estimated or determined by
analyzing the concentrations of the known sugar residues. '*> The relationship between rbiomechanical

and biochemical changes as a result of stress-deprivation and stress-enhancement are discussed in the

appropriate following sections.

@

~

2.3 Normal Biomechanical Properties of Tendons, ng,aments. and Jomt

Capsules

a. Introduction

The mechanical properties of ligaments, tendons, and joint capsules are usually descrit_)ed in

terms of tensile stresses, tensile strains, and strain rate. These tissues an; classified as viscoelastic:

V

viscous ; depending on the rate of strain and elastic depending on the amount pf strain. 43 48

Stress, defined a8 the “internal force per unit of cross-sectional area” 4348 is MSJm equation
form as o = _F_ where F is the total force supported by.the soft tissue and A, is the ofiginal

Ao
cross-sectional %area of the tissue. Tensile stresses (stretching or elongation fomes) are exmed

perpendicularly to the cross-sectional area of the involved tissue.

21
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A. The quarter staggering relationship of tropocolkagen molecules forms
a microfibril. : ‘

B. At the intramolecular level, stability of the 3 polypeptide cpains
for each ®ropocollagen molecule is enhanced by intramolecular cross-
links. : v \ .

C. ~Intermolecular crosslinks extend between tropocollagen molecules.



When dealing with biological soft tissues, the equation

o T (True stress) = _F_, where A is the current cross-sectional area of the tissue. is more accurate
. A ) )

than the previously described equation for nominal stress, o - . Nominal stress is best reserved
: Ao
for more rigid engineenng matenials (Budney D: personal communication, 1987). ‘
Small tensile strain, defined as the change in unit length 6f the soft tissue subjected to a load, is

stated in equation form as € = A/ where Al is the elongation length due to tensile force and /1, is
I 0 ’

‘the original length. The formula for small tensile strain is used whenever the amount of exerted strain
is exceedingly small, as may be the case when elongation is 1 to 2 per cent. However, with a large

tensile strain, such as might occur in a joint capsule or ligament taken to failure, large strain is

expressed as de - Al - Al where de
I Iy (1+€)

is the increment in strain, / is current length, Al is elongation length due to tensile force, 1, is
original length, and d is a small change.

Furthermore, this large or true strain can be further expressed as ®

der - 1 len hange
i (current length)
P oaq
er = |
lo
=In (0 +¢),
- “
where In is the natural log.

L ]

The equations for true or large strain can more accurately reflect changes taking place at a

specific region, at any location, within the stress-strain curve. For example, with a ligament elongated :
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1o 50 per cent bevond s resting length, the equation coutd analy ze the arca between 30 to 1S per cent

clongation

"

Because the collagenous tibie bundles ot tendons and most higaments are parallel, these fibres
cart best support ungaxial teastle stresses Whether under static or dynamic joint loading (at rest or
durning motion), the tendons and higaments mamtam thenr untaxial IO;l.d dicectuon’ (Figure 11 4)
However, the ireegularly arranged collagenous fibres of the capsular higaments are deasely packed into
112

!
bundles either mterweaving o1 altermnatingly angled with netghbourtng bundles + 112 Akeson et al

Iikened the cniss crossing “weave ™ of these collagenous bundles to that of a “nylon hose pattemn” Under

tensile Toading, the fibres were retruited plus clongated o the direcuon of the load The resulting
. N

detormation was made possibie only by the movement permutted at the “fibre-tibre intercept points” ot

collagenous bundles * (Figure 11-4) In addition, it has been suggested that the connective tssue sheaths

tendotenon, epitenon, paratenon) must have a binding tunction rather than a tenstle function, because

their ibre direciion s at dght angles to the long axis of the tendon or hgament ®

b. Force-elongation Behaviour (Load-elongation Behaviour) of Tendons,

Ligaments, and Joint Capsules

Dunng tenstle tesung, higaments. tendons. or sections of joint capsule are elongated or extended
) - n%
to farlure, at a set rard, while a continuous record 1s made of the changes 1o force ¢~ &

f~=s

‘

1) Forerlonganon curve (load vs elongation nme)
\

Noyes ct al'®- 180 tegted the antenor cructate ligament 1n the rhesus monkey on an Instron
testing device. All the structures of the knee were carefully removed, leaving only an intact cruciate

ligament attached to the distal segment of the femur and to the proximal segment of the tibia. To

N

permit a fairly “uniform loading™ of the entire anterior craciate ligament, the angle between tibia and

femur was analogous tg 45 degrees of knee flexion. With a constant straifi rate, the change in time was

proportional to the change in elongation.

]
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On the resultant torce clongation curve, the “miatial concave toe regron’ (Regon 1) was tollowed

by a Lylv hineas region (Region 11 up to the “finst significant fatlure™ o pownt of hinear load (Figure 1-

{

4) Atus pont, it was estimated that the igamentous preparation was just entenng the “major failure
reron” In Regron H there could be one signiticant fadure only or a serntes of sequential fanlures. In

Region 11 subsequent talures, as indicated by decreases i the load. occurred ain an unpredictable

manoer unul the load dropped to rero 1 180 Onee 'the pomnt of maximum load within the major

\
{

tarlure regron was attimned (Regron V). comiplete tanlure or loss ot “load-beanng ability ™ of the
Ligaments occurted tapdly
To summanye, the tactors imcasured trom the resultant force-clongatton curve included suffness
or slope in the hinear regon, tinear load (;l‘( the end of the linear region), maximum load at failure,
stramn to muoamum load, stran to talure at maximum load, and energy absorbed at tatlure (the entire
arca beneath the curve) (Figure [-4)
’ The antentor cruciate-higament faulded after an elongation (‘)f approximately 57 per cent beyond its
resting length. The loss of contnuity of the ligament was observed from 80 to 100 per cent

’

clongation 0 1% Agy fast stramn rate. the bone-ligament-bone preparation not only failed at a higher
' ’

maximum load than the slow rate specimens. but also at an increased strain, with the absorption of

\

more energy

Accgrding to Butler et al ** the imnial “toe region’ (Region 1) was thought to relate to a change
n structure of the collagenous fibnl from a cnmped to a more straightened, parallel pattern (Figure [I-
S). With continued elonganon, a ‘stiffer’ tissue was produced and thus an increased force was required to
mantan a sumular elongation. At the end of Region I, the strain or percentage elor'lgation of the tissue,

ranged from 1.5 to 4 per cent. With unloading of the force 1n Region 1. an elastic response occurred in

that the wavy pattern of the collagenous fibres was restored, as was the original length of the tissue. 43
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FIGURE II-5 Stress-strain Curve for Collagen. During tensile loading

of collagenous fibres within Region 1 the fibres, which
were previously wavy, straighten. At the end of the linear Region I,
the first sign of failure occurs with complete failure occurring at the
end of Region 1V. Elastic modulus (slope in the linear region) is a
measure of stiffness. (Adapted from Butler .et al.*¢).
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Furthermore, linear Regron 11 dlustrated the eftect of further elongation of the collagenous fibres
which, tested 1 isolauon, extubited strain rates varying from 2 to 5 per cent. However, when entire
higaments or tendons were tested, stran levels as hugh as 20 - 40 per cent could be attained. Before the
end of Region 1L, small reductions in force could often be observed, most likely due to the early failure
ot a few over-extended tibre bundles (sequential fatlures). The point of linear load was significant
because i indicated that the fisst major falure of fibre burdles bad occurred. ‘

Following turther elongation of the ligament or tendon. the curve could level off shortly after
the point of inear load. fail rapidly aﬂé?allmn@ maximum load, or fail in consccutive steps after
attuning maximum load. Because hgaments and tendons insert on areas, not on points, it 1s expected
that senal faillures would occur as the load shifted from one set of overstretched fibres to another set,
until they 100 tailed. *¥

Kennedy et al'*? studied human medial collateral and cruciate ligaments which were excised in

. . :
their entirety within twelve hours post-mortem. At pount of maximum load, the ligaments appeare
tntact by macroscopic examination despite elongation of the ligament by 20 to 30 per cent beyond its
resting length, Howeveb, using the scanning electron microscope, there was evidence throughout the
hgament of disruption and disorganization of the collagenous fibnls, especially jn the deeper fibrls.
Applying load beyond ultimate failure caused complete disruption of the fibres. The microscopic®
appearance of fibrils thus disrupted, appeared similar to that of fibrils tested just to the point of
ulu‘r_pate failure: however, disorganization of the fibrils was much greater. ' 20

According to Butler et al,* the shape of the load-elongatiOn curve (whether testing ligament,
tcndon'. or joint capsule) varied, depending on the original length of the testing tissue, its onginal

. .
cross-sectional area, the orientation of fibres in relation to the joint, and the “tissue microstructure™ 43
Ligamentous tis§ues with similar cross-sectional areas but different lengths displayed similar

maximum loads. However, longer specimens underwent a greater deformation because the tissues

s(rﬂched further before failure. These tissues also exhibited less stiffness, as shown by a decrease in



slope of the curve in the load-clongation curve. Similarly, ligamentous tissues with a larger cross-
sectional area had an increased number of collagenous fibres, and were thus able to withstand a larger
maximum load thant ligaments with 3 smaller cross-sectional area *?

Grood et al (as quoted by Butler et al*’) studied the load-clongation behaviour pattems for bone-
ligament-bone specimens of the rhesus monkey's medial collateral ligament and medial capsule of the
knee (anterior and middle poxjons). The medial éollateral ligament (as compared to the capsule) reached

v a much higher maximum force, fol%vnd by a markedly more abrupt failure (Figure 11-6). At the point
of complete failure of the collateral ligament, lﬁe entire capsule was supporting only half of the
collateral ligament force. ‘Senal’ or '§equen(ial' failure was most marked in capsylar preparations
(Figure 11-6).

Akeson et al ? felt that orientation of the capsular fibres in the direction of tensile lond was only
possible when movement was permitted at the ‘fibre-fibre intercept points’ of the ‘cnss-crossed’ nylon
hose pattern. This lengthening of fibres along the line of stress created the initial toe region. This toe
regi(;n for the joint capsule as a whole was longer than that of the remaining ligaments, especially the
more “loosely woven™ posterior portion of the joint capsule 3 (Figure I1I-4). o

it) Stress-strain curve

A stress-strain curve®’ is created by adjusting the load-deformation curve by dividing the applied
force by original cross-sectional area (yieldjné tensile stress), and then dividing the deformation by

Jnili.al lengtt; (yielding tensile strain) (Figure II-5). The mechafical parameters calculated from this |
stress-strain curve consist of elastic-modulus (slope in linear Region II), maximum stress at failure,
strain to maximum stress, and energy density (area beneath the curve). Stress-strain curves, however,
can only be calculated if accurate measurements can be made of the cross-sectional area and length of
the tissues (ligamentous or tendinous) in both original :;nci final dimensions.

The results from the stress-strain curve (anurc II-5) are similar to (wuh regards both to the

shape of the resultant curve and the resultant obtained information 43), but have greater accuracy than

~
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FIGURE 11-6 Force-time (Load-elongation) Curve for the Medial
Collateral Ligament and Medial Joint Capsule of the
Rhesus Monkey. The medial collateral ligment fails abruptly at a much
higher maximum force than the joint capsule. Sequential or serial failure
is evident for both capsular preparations. (Adapted from Butler et al.*%).



those from the load-elongation curve (Figure [-4). If the onginal and tinal dimensions both for tl;e
cross-sectional area and length of tissues are known, then the stress-strain curve can more accurately
reflect the changes taking place under tensile loading than the load-deformation curve alone.

Woo et al 232 have noted however that the strain of the mid-ligamentous substance is
consistently much less than the deformation of the bone-ligament-bone specimen. It was found that the
deformation at or near to the ligamentous insertion sites was greater than the deformation in the mid-
substance of tﬁe ligament due to the fact that the ligamentous insertion points on the bone were
variable and covered a larger area. The rabbit specimens in particular showed a “large variation in
regional strains at failure as the averaged tibial strain was approximately twice that of the femoral
strain” 232 with the result of more tibial avulsion fractures on testing.

ity  Hysteresis

Butler et al 43 has described the formation of a hysteresis loop for a bone-ligament (tendon)-bone
specimen under tensile loading. The specimen was’ stretched to a predetermined peak straiq and was
allowed to return to its original starting length at a constant displacement rate. This test comMenced
either with the tissue at its original length or with some loading already present. The area between the
resulting loading and unloading curves indicated the amount of energy lost during this hysteresis test.
Witix “repeated cycling” of the tissue “to the same peak strain”, S the area of the loop could be mduce&
(Figure I1-7). Furthermore, with repeated cycling, the curves successively shifted to the right (Figure 1I-
7).237 Both Butler 43 and Viidik 4 interpreted the forming of a hysteresis loop as an indication of the
viscous bropenies of tendons and ligaments. / |

c. Torque-angular Displacement Curve o .

Woo et al 34 passively cycled the rabbit’s control knee joint through a predetermined range of N

motion of flexion-extension-flexion within physiological lumts\f the normal range on an arthrograph.

This passive cycling to a specific range 50°-80° and, back to the itarting point 80°-50° on the

\(
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FIGURE 11-7 Repeated Hysteresis Loops on a Force-elongation Curve

for a Bone-Ligament-Bone Specimen. During tensile
loading (loading curve), the specimen is elongated within the linear region
to a predetermined peak strain at d constant rate and then returned to
its original starting length (unloading curve). These cycles are repeated
from oné to two to n times. The area of these repeating loading-
unloading cycles decreases over time. As well the curves successively
shift to the right. (Adapted and modified from Viidik.?237 ).
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arthrograph was documented by an X-Y recorder to yicld a torque-angular displacement curve (Figure [1-
8). Pnor to the actual testing, the rabbits were sacrificed and the lower lintbs disarticulated with muscle
attachments divided above and below the knee joint. In these preparations. resistance to movement was
due pnmanly to the ligaments, joint capsule, and articulating joint surfaces.

The slope of the curve was proportional to the stiffness of the joint and the-enclosed area of the

X .
hysteresis loop represented the energy required for one complete cycle of motion. For a control
(normal) joint the stiffness was minimal as depibtcd by the absence of slope and the energy lost was
minimal as depicted by the minimal enclosed area (Figure 11-8).
2.4 Effect of Joint-Immobilisation on the Biomechanical Properlies of
Tendons, Ligaments, and Joint Capsules

a. Joint-Immobilisation

During immobilisation of a joint, changes occur in both the periarticular soft tissues
surrounding the joint and in the articular cartilage with its underlying subchondral bone. There is a
consistent fibrous, fatty proliferation of the connective ‘tissue within the joint space.® These changes
not only depend upon time 5 10 74. 130 byt also appear to depend upon the angle of the involved joint
during immobilisation 74 130. 233

As a readily available subject, the rabbit has been utilized by various researchers 5 10 17. 74, 130,
150. 229. 233, 254 for studies on the effects of joint-immobilisation. The fully flexed position of lhc
rabbit’s knee has been repoo\z: 170° with full extension at 0 degrees.!30 229 Salter reported the
resting position to be either 130186 ér 140188 degrees of flexion.-Human joints are immo'bilised
throughout the range 0° - 90° depending on the pathology and treatment. ’ "

_Finsterbuish and Friedman’4 immobilised rabbits’ kn;es in a position of 15 to 20 degrees

- .

flexion. The trunk and hind limb were positioned in a Plaster of Paris spica for a time period ranging

()
('S
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FIGURE, 11-8 Torque-angular Displacement Curves for Control and
Immobilised (Contracture) Rabbits' Knees. See text '
for further details. "(Adapted and modified from Wo6 et al.254). &



from two to eight weeks. The second to eighth week were marked by a gradual increase in capsular
thickening and a marked restriction of joint movement.

Langenskiold et al'** immobilised rabbits’ knees in the fully extended position for varying time

L)

pedods. It was noted that flexion up to 20° was possible within the splint. Following six days of
immobilisation, histological sections were taken and revealed thickening of the collateral ligaments,
the infrapatellar tendon, and the joint capsule. A;ter 14‘days of tmmobilisation, osteopt;yle formation
was doted on the tibial joint surfaces. Both Videman22? and Langenskiold et al'>® found that knces
immobilised.in full flexion, for time periods from four to ten weeks, showed little evidence
radiographically or lpac:roscopically of joint degeneration.

The development of a joint contm:(ure, igvolving a tightening or sho:tening of skin, fascia,
muscle, and joint capsule, results in -a signiﬁ;:Lm loss of ROM. The norfnal elasticity of the
tmmobilised tissues is affected by abnorm;l adherence of collagenous fibres to surrounding tissues.

¢
Constquently, profound biomechanical and biochemical changes occur in the periarticular connective

. >‘
tissue.
b. Biomechanical Changes
o’

i) Torque-angular displacement ciyrve )

Woo et al23* examined biomechanical changes occurring in rabbit knee joint contractures. The
experimental procedure for immobilisation of the |;nbbit‘s knee joint was repeated by the same group of
workers from 1973 to 1985, 6: 10. 14. 16, 17. 254 [p each case, the knee was maintained for nine weeks
in a position of full flexion by means of a surgically-inserted Steinmann pin. Folvlowing this
immobilisation, the rabbits were sacrificed and the lower limbs disarticulated with muscle attachments
divided above and below the knee joint. In these preparations, resistance to movement was due
primarily to the ligaments Aand‘ joini capsule.

The immobilised knee was tested on the arthrograph in flexion-extension-flexion, which was

documented on the X-Y recorder to yield a torque-angular displacement curve. The slope of this curve

\ 3

P

s



N

was assumed to bt,prog‘hmonal to the stiffness of the joint, while the area enclosed by the hysteresis
. A
loop mpmscnled the energy‘meded for one cycle of movement (Figure 11-8).234
Both contracture and éontml knees were flexed and extended through a small range (50° - 80°) for
a total of five cycles and through-a larger range (45° - 95°) for another five cycles. In this instance, 180

degrees was regarded as the fully extended position. The amount of torque required to extend the
‘ ¢

contracture knees — from either 50 to 80 degrees or 45 to 95 degrees — during the Ist cycle was four
times greater than that required for the control knees. During the 5th cycle, the torque for 50 - 80
degrees decreased to two and a half times greater for contracture knees, while for the 45 - 95 degree

range the torque decreased to three times.2>* The area of hysteresis for the Ist cycle of flexion and
\'.
extension (50° to 80° to 50°) was 10 times greater for contracture knees as compared to. the control
N v
knees. For the cycle 45 to 95 degrees, the area of hysteresis was six times greater.2>*

An earlier study by Akeson et al,!° showe&‘(hat the strength of the contracturf; increased in a
“linear fashion in relation to the studied immobilis:;iion period (one to n\jne week;;'V(Figure I1-9).
Following one week of immobilisation, the amount of tarque dqdr:\g tl:e Ist cycle (50° to 80°) was
\
three times greater for contracture knees as compared to the control knees?\while in the 45 to 95 degree
\

range ( Ist cycle), the torque decreased to two times. The area of ‘hy‘ eresis for the 1st cycle (50° to 80°)
i y .

was four times greater tor the contracture knees, while for the 45 to ‘9\5 degree rapge (lst cycle) the area

\

of hysteresis decteased only two and a half times. ‘ \
i) Force-elongation curve

—_— . \

Noyes!8 and Noyes et al'% srdied the immobilisation effects of a total body plaster cast on

the rhesus monkey’s anterior cruciate Hgament. Following eight weeks of immobilisation, these bone-

ligament-bone specime;n?)e tested to failure at a fast rate of deformation, as previously described. !60
. 4

- As depicted on the forte-elongation curve (Figure I1-10A), maximum load at failire' was decreased

-
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TABLE 11 1

Summary-Comparisons of lmmol)ilisuti()n};md Remobilisation

Groups of Rhesus Monkeys from Studies by Noyes

Subject Group

Control
(normal)

Total Body
Immobilisation
(S weeks)

one [amb
Immobilisation
(& weeks)

Remobilisation
(5 months)

Remobihisation
(12 months)

Stiftness®*

100,

699,

LQn
&%

a93%

98

Maximum lLoad
alt

Farlure*

10075

61

7%

* indicates

160, 1682 188

Energy Absorbed
at Fatlure*

100%

6%

78%

92%

percentage of

control
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by 39 per cent as compared to the conteol group (Table -1y In addition, the energy absorbed to talure
tarca under the carve) was decreased by 32 per cent. The immobilised specimens showed a definte
decrease i stiftness Glope) of 31 per cent
<. Correlation Between Biomechanical and Biochemical Changes as a Result of

Joint-lmmobilisation

In the study by Woo et al, =™ loss of GAGS i the immobilised periarticular connective tissue
cotrelated sigmhicantly wath the arcas of the hysteresis toop and the torque requtred to extend the

.

expenmental rabbits knee . as deprcted in the torque -angular displacement curve Thas correlation was
shown for both the small and targe ranges of motion - espectally dunng the first cycle. 23 Decreases
in chondrotin-4 sulfate and chondromtin-6 sultate (30%) and 1in hyaluronic acid (40%) were stgnificant
reductions in the GAG mnccntr?\imn of stress-depnved (immobilised) penarticular connective ussue 6.
*7 Funthermore, water content was decreased by four 1o six per cent as a result of the nine week
mmobilisaton penod. A decreased conceatration of GAGS (especially hyaluronic acid) and water
altered not only pliability. but also the elasuctty-plasucity of connective tissue. With thus reduction of
GAGS and water. the distance between collagenous fibres became reduced.® 87

Noyes et al '® sﬁggeslcd that GAGS mught provide a form of lubrication between individual
collagenous fibnls and fibres. Viidik et al” ™ suggested that GAGS could be a causative factor in the
waviness of collagenous fibre bundles Furthermore. Viidik et al ** felt that the sheath of GAGS
surrounding the tibnls possessed an abundant “mechamcal extensibility ™™ because this sheath remained

O

intact even after the fibnl was extended to falure =8

Akeson et al 19 felt that the synthests of proteoglycans and collagen was modulated by joint
motion.'”  Without motion, a haphazard network of anomalous crosslinks most likely developed
within the immobilised peniarticular connective tissue. In addition, the distance between collagenous
fibres probably became reduced as concentrations of both water and hyaluronic acid were diluted.

Abnormal crosslinks could act as bridges between formerly independent fibrils. Furthermore, these

40



abnormal crosshinks could act as mechanical construnts when the immobibised joint was mobilised. In
contrast, motion should lubncate and maintain the cnncal distance between existing collagenous tibres.
qQ

As a result of motion the new collagenous fibres could be laid down along the normal lines of stress
and. as a result, anomalous cross-links could be minimized.

On the arthrograph, the strongest resistance to knee extension was always observed dunng the

\

Ist cycle (Figure 11-8) of the torque-angular displacement curve. This large increase in jount stiffness
most likely resulted both from gress adhesions between articulating joint surfaces and from anomalous
intemolecular crosshinking between collagenous fibres and fibnis (in the penarticular connective

V. 2% In companson, the load-elongation curve depicted tensile testing of previously

tssue).
immobilised tendons plus ligaments, and revealed reduced suitfness and a decrease 1n maximum load at
failure (Figure II-10). Howevér, what one 1s seeing is a relationship between changes of a joint
complex (with effect of muscles removed) in contrast to those of a bone-ligament-bone specimen. The
joint capsule with its multi-axial meshwork of collagenous fibres will behave differently than a
ligament with a parallel fibre arrangement (Figure 11-4).

In both situations (joint complex; bone-ligzament-bone), Akeson et al  noted as a result of
joint-tmmobilisation a statistically significant decrease in GAG concentration and water content as wetl
as an increase in collagen synthesis and rate of collagen degradation. Along with the increase in
collagen synthesis, a significant in(lzrease (about 30%) in intermolecular crosslinks occurred.’ It has
been suggested by Akeson et al 3 that this loss of GAGS and H»0 affected the lubricating effectiveness
of these substances and resulted in a decreased flexibility at the fibre-fibre interface.’ Amiel et al '3
confirmed that these lubrication effects and the maintenance of ﬁble-ﬁbre distance were largely
dependent upon levels of hyaluronic acid.!® As part of their study, rabbits underwent a nine week
imiobilisation of the left knee by receiving once-weekly m;ecuom of hyaluronic acid. This treatment

resulted in a considerable decrease (50%) in total 15t cycle stiffness on the anthrograph.

~
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The cruciate ligaments appear particularly liable to biochenucal changes. thought possibly to be
llg;\llk‘ﬂl«p&l('ic_” Within the human anterior cruciate ligament, in bameul;u. an abundance of loose
connective tissue comprises the igamentous sheath ™ The ratio of area of connective tissue sheaths to
the area ot collagen fasicicult vanes both along the length of the ligament and between individual
ligaments ¥ The effect of immobilisation on these sheaths does not appear to have been menttoned in
the hterature

Teastle loading of the bone-hgament-bone spcun;en will most likely result i a teanng of the
immature cross links. With increased collagen synthests, new collagen will be relatvely immature and
ot a lower strength. Dunng arthrographic testing, not only 1s the multi-axaal joint capsule tested, but
also the articular cartilage, as well as the ability of collagenous tissue to glide 1n relation to
neighbounng collagenous tissues.

Viidik 27 stressed the importance of relating tissue geometry to its biomechanical behaviqur. He
thought parallel-fibred tssues (ligamentous or tendinous) would respond well to tensile loading stresses
with a steep linear curve during the loading and unloading hysterests cycle (Figure 11-4A). An open
meshwork with a ‘main fibre direction” would respond similarly (Figure 11-4B). However, the decrease
in linear stiffness would be due to the geometrical configuration of the meshwork in addition to the fact
that some of the meshwork fibres were cut in specimen preparaﬁon. Vudik funf(er reasoned that the
strength of the tissues without such apparent main fibre direction, for instance Lha%im capsule (Figure
[1-4C). would be dependent on the “friction, cohesion ot binding™ between fibres of the meshwork .37
For additional strength, the ligamentous fibre bundles would be arranged in meshed layers.”? He
concluded that the increase in elongation capabilities and decrease in stiffness (Figure 11-4C) would

result from a continuing rearrangement of layers moving in relation to one another in the direction of

applied stress.



2.5 Effect of Joint-Immobilisation Followed by Exercise on the
Biomechanical Properties of Tendons, Ligaments, and Joint

‘ , ?
Capsules -
a. Force-elongation Curve

Noyes*® and Noyes et al'®® studied the effect of exercise following a period of joint-
immobihisation. After eight weeks of total inactivity in a body cast, thesus monkeys were divided into
groups having erther 5 or 12 months reconditioning (active exercise in both). At the end of the
remobilisation period, femur-anterior cruciate-tibia specimens were tested to failure.

A

Specitmens tested immediately following immobilisation showed maximum load at failure
decreased by 39 per cent as compared to control specimens on the load-deformation curve. Maximum
load to f;ulpre for the animals having 5 months reconditioning was decreased by 21 per cent as
compared to control groups. With 12 months reconditioning, the maximum load to failure was within
9 per cent of the control group (Table 1I-1).

For the animals with S months of reconditioning, energy absorbed to failure was reduced by 22

per cent as compared to the controls. For animals with 12 months of reconditioning, the energy

absorption to failure was 92 per cent, indicating a nearly complete recovery.'38 The amount of

stiffness had significantly increased by 5 months (93%) with a much slower rate of increase in the last

7 months for the 12 month reconditioned group (98%)X Table II-1).
In a variation from total immobilisgtion regymes, Noyes et al 166 immobilised rhesus mopkeys
for eight weeks in a total body cast, except );»—v[ free lower extremity. During exercise of this free
limb (exercise being food-rewarded), isometric contractions of the immobilised thigh muscles were
observed. The resultant force-elongation curve'for the immobilised knee was midway between the
immobilised and S month reconditioned group Qsper Noyes 158 (rable I-1).
Figure II-11 illustrates the load-deformation c&vg for the various treatment groups of bone-

anterior cruciate-bone specimens (adapted from Noyes 15%). The results for the groups — S months

<
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FIGURE II-11 Load-deformation Curve for Immobilised and Remobilised

Bone-Anterior Cruciate Ligament-Bone Specimens of the
Rhesus Monkey. Immobilised groups (total body immob and 1 limb
immob) plus remobilised groups (5 months and 12 months) are detailed in
the text. A Both the active exercise group with joint-mobilisation (Ex
Jt-Mob) and normal exercised group (Ex) are discussed in the conclusion
section. (Adapted and modified from Noyes.'s8 ),



reconditioned. 12 months reconditioned. total body immobilised, and total body immobilised- 1 -free-
limb — are portrayed schematically.
b. Torque-angular Displacement Curve

Figure 11-9 demonstrates the gradual development of an increase in torque and area of hysteresis
for an immobilised rabbit’s knee from week one to week nine, and recovery from the contracture during
nine weeks of remobilisation.'®- ! Remobilisation consisted of unrestricted cage activity.

The arthrograph was used to test the remobilised rabbits’ knees in the same manner as described
for the immobilised knees.2* Contracture development, with increasing area of hysteresis and
increasing torque, occurred at a slower rate than did the recovery from contracture with its ‘decmasing
area of hysteresis and decreasing torque (Figure [1-9). By the sixth week of recovery, both areas of
hysteresis apd torque measurements for the range 45 - 95 degrees were essentially equal to those of the
control knees.!! Whereas, Akeson et al'! noted that recovery during the first two months was relatively
rapid,!! this recovery slowed to a much more modest rate and may, indeed, according to Noyes et al !38

have extended to longer than one year. !38

c. Effect of Exercise (Without Prior Period of Joint-Immobilisation)

Woo et al 231. 253 exercised miniature swine on a motorized treadmill. Following a 12 month
training period, testing of swine digital flexor tendons showed on the load-deformation curve that the
ultimate load at failure was 19 pe; cent higher for the exeréised flexors than for the controls. Similar

findings were noted by Tipton 2!7- 220 and also by Cabaud 49 with rats.

2.6 Physiotherapeutic Joint-Mobilisation
Two physiotherapeutic approaches to treatment of joint hypomobility apply to this study: ctive

exercises, and exercises in conjunction with joint-mobilisation of the affected joint. Specific joint-

mobilisation involves either a joint-gliding (in the direction of the restricted gliding) or a traction

©

.



e
manoeuvre, in order to restore normal joint range.' 17 Joint-mobilisation is a passive, low-velocity

movement of varying amplitude performed within the existing painfree and muscle spasm-free joint
range "7 141 A Grade HI joint play movement (traction or gliding) is a large amplitude movement
performed from the mid-point of the range to the end of the existing joint range. A Grade [V movement

v
ts a small amplitude movement performed at the end of the existing joint range (Figure 1-2).

¢
2.7 Joint Range of Motion
The amount of motion or movement uv,eilablc at a spectfic joint ts conventionally termed range
of motion (ROM). The total possible range of either active or passive movement is determined by the
geometry of the moving joint surfaces, as well as by Iimitations imposed by the joint capsule,
hgaments, and surrounding musculotendinous structures.
All moving bones articulate at joints. The movement of a limb through space can be subdivided

-

into arthrokinematics, the study of movements.within the joint, and osteokinematics. the study of
(

gross movements of bones.!¥ Osteokinematic movements of active or passive knee extension, with
the femur relatively stationary, involve the movement of the tibia in an anterior direct’ion (Figure I-3).
The arthrokinematic movements occurring during knee extension consist of an anterior gliding of the
concave proximal joint surface of the tibia in relation to the relatively stationary convex surface of the
femur (Figure 1-2). f

Durng an osteokinematic movement, a limb may be actively moved through space, for instance
extension of the leg at the knee. This same movement of knee extension may be repeated passively. At
the end of a passive movement, a resistance to further motion can be felt. This end-feel sensation at the
cxtreme of a normal passive ROM can be described as capsular for knee extension, bony block for
elbow extension, and a soft tissue approximation for knee ﬂexion.s? There are many abnormal

{(pathological) end-feels as well, but for the purposes of this study the only abrprmal end-feel

considered is that of a capsular end-feel. An abnormal capsular end-feel (at the end pf the available
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passive range) occurs earlier in the ROM than would normally occur if a full ROM were present. The
normal and pathological end-fecﬁ are similar in sensation with the abnormal end-feel offering a greater
resistance due to a thickening of the joint capsude” Grading of osteokinematic movements is determined
relative to the pathological amphtude of bone movement as determined by the capsular end-feel (Figure
I-3). .

Passive joint play or accessory joint movements are performed by the physiotherapist to further
examine the quality of anhquincma(ic movements. These accéssory movements of traction and joint-
gliding form the basis of joint-mobilisation techniques. Grading of arthrokinematic movemems~is
determined relative to the pathological amplitude of available traction or gliding at the joint as denoted
by the capfular end—féel at the end of the available range of passive motion. It has been suggested that
traction or separation of the two articular joint surfac®s produces a stretching of the joint capsule 40. 34.
35. 172 Gliding joint-mobilisation involves a gliding in the direction of the limitation of movement.
For instance, to help restore a loss in kneg extension, the tibia is passively moved in an anterior
direction in relation to the stationary femur. It has been suggested that this gliding motiori specifically
restores the lost joint gliding, lubricates the joint surfaces, and stretches both the joint capsule ﬁnd

periarticular joint structures. 40 124, 172,173, 267

2.8 Meashrements of Joint ‘Stiffness-

" To provide.consistency in understanding joint stiffness, the following definition by Thompson '

et al 213 will be used throughout the text. Joint stiffness is defined as “the resistance to passive motion
at a joint throughout the normal range of motion in the usual functiozal plane”. Physiotherapists
measure joint stiffness both subjectively and objectively. However an accurate and reproducible

quantification of the amount of joint stiffness remains inadequate at the present time.

.
;\\/’—‘h
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a. Subjective Measurements

Rhind et al'®! attempted to investigate definitions of joint stiffness as characterized by patients.
According to this study, the words commonly used by patients to describe joint stiffness could be
classified under three different, major descriptors: difficulty of movement, pain, and sensations. From
© this sample of 100 patients, the words chose‘n for these three descriptors were 1) ‘difficulty of
movement’: limited movement, rigid. stuck. inflexible, immobile, solid, fixed; ii) ‘pain’: painful,
aches, hurts, sore; and iii) ‘sensations’: tight and tense. Most commonly chosen were ‘limited
movement’, followed by “painful’. This study made it evident that a patient complauning of stiffness
could be referring to joint stiffness, pain, or a combination of pain and stiffness.

In addition, patients were exposed to three different types of scales rating degrees of stiffness: a
visual analogue marking scale, a numefical rating scale, and a 5-point verbal scale (Appendix A). By
means of these scales. patients appeared able to assess the severity of their stiffness, despite the fact
that they were unable to define the symptoms of stiffness in a consistent manner.

In earlier studies by Ingpen and Kendall'®? and Scott,'93 patients were often found to be
incapable of distinguishing between joint stiffness and pain. In a series of studies exploring the
signiﬁca.nce of stiffness in the anhrilic‘hand and the accurate _meas'uremem of stiffness, direct
~ relationships were found between grip strength and pain, grip strength and joint stiffness, and grip
strength and increase in moming hand volume. Gnip strength was found to be decreased in the presence
of pain, joint stiffness, or increased morning hand volume.193.221. 256 [ the diagnosis of rheumatoid
arthritis, moming stiffness heads the list of eleven diagnostic criteria as set out by the American

rthritis Association.!97- 147. 193 However, if patients are incapable of accurately ‘distinguishing
¢

bekween joint stiffness and pain these subjective scales for rating degrees of stiffness must be

queitioned for their overall validity.
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b. Objective Observations of Activities of Daily Living

A Guttman scaling technique .(Appendix A) is often used to arrange activities in order of
difficulty. In terms of the scale, inability to per;"orm. one activity implies that it would be impossible
to perform another activity further up the scale; hdwcver. no difficulty should be experienced with

performing an activity further down the scale. The World Health Organization attempted 1o relate

£

arthritic pain and restriction of jqint movement with difficulty or inability to perform various activities
. ,
of daily living {ADL).?2 However, problems with design of a general functional index have led to

discussichs of the need for specific functional indices, one for each particulag group of patients. 22- 44

@
o

Ex’amples of ADL qbservzitions of varying activities used to assgss the functional status of an
anthritic pasient are outlined by Melvin, !4’ Trémbly, 22*and Jette.!95 Although assessment-of-function

fdrms have been used for years, the ROM required for specific activities is incompletely documented?>-
q +
A Guttman sgalgng technique should theoretically be more accurate than previously described subjective

med&surements of joint stiffness. Howeveneach developed scaling technique needs to be scientifically

)

evaluated :n;d scrutinized.

4

€. Goniometric Measurements and Mobility Testing.

The ROM at a joint is conventionally described by measuring dégmes of ranige with one of the

various types of goniometers,42. 131. 152, 137. 222 ROM norms for all joints of the body can be found-

in one of the first source documents by the American Academy of Orthopaedic Surgeons (1965).'!2 As

a result of physiotl;erapy, there may be a clinically significant increase in ROM, which may or may

g be accompanjed by an improvement noted in activities of daily living. Throughout the literature on

bot_b the various means of documenting joint ROM and observations of zicgivides of daily living (as

correlated with ROM), no mention has been made of eitﬁér joint stiffness or the measurement of

4

such.105. 151 - - .
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Attempts to classify the joint mobility of patient populations into hypermobility (hyperlaxity
of joints)'? or hypomobility (hypolaxity of joints) have been extensively detailed b Carter and
Wilkinson 3! and, more recently, by Beighton et al. 3 These joint mobility measurements give an
overall inipression of the total range of motion present throughout the body and compare one
individual with another individual. However, these are merely more generalized range of motion
observations, because only certain joint movements are examined —— hyperextension of the fifth finger,
elbows and knees, in addition to forward flexion of the trunk. Bird32 made the observation that joint
laxity, be it joint hypolaxity or jowat hyperaxity, foUowc;d a Gaussian d.isuibution (no;rnal bell-shaped
population curve).

Wagner and Dreschner>*! criticized the use of simple goniometers on the basis that the amount

/
/

of force applied to a joint was not controlled objectively. To d,'rcumvent this problem, many attempts

-

have been made to analyze passive joint ROM by using devices with preset torque adjustments.33: 8%
) .

/

106, 136, 200 201. 240, 41 However, actually quantifying and documenting joint stiffness (resistance
passive movement) involves more than goniometric measurements with a preset torque. With
adequate norms to prescribe the appropnate force (preset trorquen), the validity of such goniometers can
be seriously questioned. |

Goniometric measurements of ROM with‘,br withc;ut a preset torque as well as mobility testing

of patient populations further clarify and partially document the subjective and objective measurements

of joint stiffness. The actual” quantification of joint stiffness however remains incomplete with these ‘

f
/ : .

two systems of measurements. |

d. Quantification of End-Feel Measurements
Previous mention has been made regarding end-feel sensations at the end of passive movement.
Discussions about end-feel and its significance abound in manual therapy textbooks 3% 117, 141 ap4

manual therapy journal articles 40 4. 55.86. 172 173 A ‘recent textbook of goniometry!S? inkroquoed
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the concept of end-feel in conjunction with ROM goniometric measurements. This inclusion indicated
a new awareness of the need to record both osteokinematic joint ROM nnd’quality of joint movement.
) Maitland’s movement diagram -
Joint resistance (stiffniess) in all parts of the available joiptﬁr:-\}lge and end-feel sensation can be
s
documented vigdaitland’s movement diagrams. Maitland emphasized the necessity to realize
differences, often subtle, bétween a “frée-mnning" normal joint movement and an abnormal movement
with minor to major resistances felt anywhere in the total ROM. !4} For the purposes of this study,
joint stiffness (R). in the absence of pain and muscle spasm, is depicted. Joint stiffness itself may be

[y

due to a shortening of the connective tissues within muscles or joint capsules, scar tissue, or

-

osteoarthritic changes in arthritic joints. 4! Pt

.Figure I1-12 (A, B, C) illustrates the elements of a movement diagram. The horizontal axis AB

indicates total available range of passive movement, whether osteokinematic or arthrokinematic

(traction or gliding). The vertical axis AC indicates intensity of joint resistance. Thickness of the final

~“line BD graphically depicts the sense of depth in the end-feel, whether normlal or abnormal. As the

joint is gently moved through the four different grades of motion, the first indication of a resistance is

labelled R, (horizontal axis), with the end limit of total range labeled L. Vertically above L, R; is

indicated on the CD line to identify that it is resistance or stiffness that limited the passive range.

2]

Figures II-12A iHustrates the location of the movement diagram ABCD within a force-

) dispiacement curve with its toe, linear, and plastic reions. Examples of the possible types of joint

stiffness seen clinically are: . .
Figure I-12B: ~ Initial resistance is felt early in the joint range; this resistance increases markedly at
the end of the available range (capsular end-feel).

Figure [I-12C:  After initial resistance, thefe is a sudden limit o further movement (bony end-feel),’
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i) Steonddard Pares jorng mobadiey lassificanon
A numcencal raung scale for classifying jomt monon, as obgerved on accessory jont play

17 and Later revised by Pans VT2 (Figure 1-13) Jomnt

testing, was ongimally devised by Stoddarn
hypomobility consisted ot classes 0-2 with normal joint mobihity as class 3 and jowt hypermobihity as
dasses 4 6 It applied to the mobility classification for populaton ROM testing, as descnbed by
Bird. ' the Gaussian distribution would most likely extend from jomnt motion classes one through tour

However, these two systems (Stoddard-Pans and Madand's movement diagrams) are based on
the physiotherapist’s ;lbll‘)’ 1o recognize and palpate end-feel correctly According to Bead et al-* and
Gonnella et al®” intratherapist rehiability remained high, while intertherapist reliability proved quite
inconsistent whea evaluating end-feel sensations. Gonnella et al®s pownted out that many of the
measurement tools i physiotherapy such as the Stoddard-Paris joint classification were semi-
quanutative

Notwithstanding the inadequacies of such systems, rating scales can function as an “intermediate
step in the development of more precise tools” 82 The overall accuracy and reproducibility of noting

end-feel on Matland s diagrams depends on the expenence of the theraptst and the Stoddard-Pans raung

scale only parually describes the quality or type of joint stiffness felt on palpation.

2.9 Tvypes of Joint Stiffness

According to Ingpen and Kendall,'®2 “joint stiffness affects the essential dynamics of the joint
it involves, and hence the ideal measurement is one which allows free movement, ts not accompanied
by pain and is not controlled by the patient in any way”. Wright and Johns>® not only examined the
articular physical properties that contributed to stiffness but also attempted to objectively quantify this
stiffness by means of an arthrograph. The human second metacarpophalangeal joint was passively
cyclgd through a speéiﬁc ROM of flexion and extension. From the resultant hysteresis loops of torque-

rotation or torque-angular displacement curves, components of joint stiffness were identified. Using
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\ 0 - ankviosed

HYPOMOBILE 1 - marked restriction of joint mobility
2 - slight restriction of joint mobility
V4

NORMAL I 3 - norma
4 - slight increase in joint  mobility

HYPERMOBILE 5 - marked Increase in joint mobility
6 - dislocation imminent — unstable

FIGURE II-13  Stoddard-Paris Joint Mobility Classification.
: This numerical rating scale grades passive accessory

joint play movements as hypomobile (Classes 0-2), normal (Class 3), and
hypermobile (Classes 4-6),'72- 209
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cogincenng-mathematical elements in conjunction with bromechanical terminology, the authors

. " L . vy o
desenibed five difterent types of saffness (elastic, inermal, viscous, plastic, and fnictional) 108, 259,260,

&1 Each of these types of jont sutfness are now descnbed
a. Elastic Stiffness (Figure I1-14A) .
Elastic stiffness. as sllustrated by an wdeal spring, shows a linear (Hookean) relatonship between
foree and elongation, force and displacement and. likewise. torque and rotation. With a sutfer spnng,
the increase 1n stiffness is shown as a steeper slope on the force-elonganon, force-displacement, or
torque-rotation curves. Blastic stiffness, as illustrated by a rubber band. shows a non-lincar (non-
Hookean) relationship between force and elongation, force and displacement, or torque and rotation. A
suffer rubber band also yields a steeper slope or greater sufiness.
Whether the curve depicting elastic stiffness is lfne“ar or non-lincar, the graphs present
displacement (or rotation) along the horizontal axis and force (or torque) along the vertical axis. The

L]

slope of this curve is a measure of elastic stiffness (gram-centimeters/radian).

.

N

b. Inertial Stiffness (Figure II-14B) e

Inertial stiffness, illustrated by a mass moving on frictionless bearings, shows a linear
relationship between force and acceleration.
C. Viscous Stiffness (Figure I1-15A)

_ Viscous stiffness, as illustrated by a dashpot-mathematical element, hydrautic cylinder, or needle
syringe, shows a linear (Newtonian) relationship between force (or stress, or torque) and velocity. An
increase in viscosity results in a steeper slope on the torque-vélocity or force-velocity curve. 198 243.
259. 260, 261 The slow movement of a plunger into the fluid-filled contents of a syringe requires a small
force. The faster the plunging movement, the greater the resistance encountered. In a similar fashion,
the engineering dashpot syrnbol represents a piston moving against fluid contained within a cylinder,

and is the Newtonian symbol to represent viscosity.
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FIGURE II-14 Elastic and Inertial Stiffness. Details are deécribed
in the text. (Adapted from Wright and Johns.260 ),

A. Elastic Stiffness
B. Inertial Stiffness
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d. Plastic Stiffness (Figure 1I-158B)

Plastic suffness (visco-elastic stuffness) can be cxblaincd by means of a St. Venant body and a
Bingham element. A St. Venant body consists of a block with an attached spring moving over a rough
surface With an increasing force, the spring elongates. This elastic behaviour continues until the yield
pomnt. However, beyond the yield point, with further application of force, the block starts to shde.

Upon release of the load, there 1s an elastic unloading of the spring. The block however does not retum

T

to its original p()smfm. and thus a permanent deformation is produced.?*3: 2! Only non-linear
clasucity s present in visco-elastic soft tissues.

Beyond the yield point, soft nssues exhibit not only plastic behaviour, but also viscous
behaviour. To visualize this visco-elastic phenomenon. a Bingham element ts used: a St. Venant body
with a viscous element (dashpot) attached to the left of the block. .

A visco-elastic substance possesses three other charactenistcs:

1) stress relaxation: When a plastic substance is stretched to a specific length, the required force (fo

/

maintain this particular displacement) will decﬁéase over time. As infinite time is approached, only

clastic force remains. 20!

1) creep: When a substance is stretched by(a given force, there is an mitial rapid increase in length,
followed by a much more gradual lengthening.
1) incomplete strain recovery: Upon release of the force, the tssue retums to a length which equals

’

the original length (before deformation force) plus the amount of creep. In other words, the original

length is not re-attained. \



e. Frictional Stiffness (Figure 1I-15C)

Frictional stiffness, illustrated by a block moving over a rough surtace, shows that force or
torque is independent of both velocity and displacement.

On review of various studies by Wright and Johns, '08. 109. 260. 261y became apparent that in
both normal and abnormal joints, the major components of joint stiffness were noa-linear elastic and
plastic stiffness, with elastic stiffness twice as great as plastd stiffness. The force required to overcome
both elastic and plastic stiffness accounted for 90 per cent of the total joint stiffness.*®! Viscous
stiffness accounted for only 9 per cent of total joint stiffness, while inertial stiffness was negligible.

At maximum acceleration, the torque required to overcome inertial stiffness was in the order of
one hundredth of that torque needed to overcome elastic stiffness. The torque required to overcome
viscous stiffness at maximum velocity was about one-tenth the torque required to overcome elastic
stiffness. 250 In normal joints, there was no demonstrated frictional stiffness (independent of both
velocity and rotation). Even in a hand severely damaged by rheumatoid arthritis, frictional stiffness

(torque) was in the order of one-ﬁftielh of that needed to overcome elastic stiffness.260



Il  RESEARCH DESIGN

3.1 Introduction

The eftectiveness of exercise and joint-mobilisation on the biomechanical properties of
previously immobihised rabbits” knees was examined by first immobilising the left knees of thirty-
three New Zealand white rabbuts (Figure HI-1). The knees were surgically maintained in a position of
tull flexion for fifty-seven days, during which tume the rabbits were allowed free cage activity. At the
end of this immobilisation period, the rabbits were divided into three groups of 11 Group |
(immobilised-only), Group 2 (exercised), and Group 3 (exercised and joint-mobilised).

The immobilised-only group was sacriftced after 57 days and the hind-limbs were excised
bilaterally. The biomechanical properties of both knees were tested by use of an arthrograph.

For the remaining two groups. the 57 days’ imm:)biliszuion was followed by eight days of
treatment involving either exercise (Group 2) or exercise with speciﬁ; knee joint-mobilisation (Group
3). Subsequently. the hind limbs were excised and also tested on the arthrograph. The right lower imb

in each case served as a control in all groups under study (Groups 1, 2, and 3) (Appendix B).

3.2 Subjects

Subjects for the study were thirty-three female New Zealand white rabbits, app,roximately410
weeks old and weighing~from 2.4 - 3.2 kilograms (kg). Prior to the initial surgery, overall mean
weight for the three groups was 2.6 kg. The mean weight of Group 1 was 2.6 kg, Group 2 was 2.8 kg, |
and Croup 3 was 2.6 kg. To avoid any mix-up between individual animals, the left ear of each rabbit
w:;s tattooed with a different number.

Until the time of surgery. the rabbits'were housed at the Main Campus Animal Sciences Centre
" in standard rabbit cages with wire mesﬁ flooring. Following surgery, also on the main campus, the
rabbits were transported to the Ellerslie Animal Centre. There they were kept in individual pens with
overall internal dimepsions of 50 cm x;‘SO cm x 50 cm. The concrete floor was covered by wood .

-~ -
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sawdust and shavings which were changed daily. Fir ptywood (G1S - 1.6 c¢m thick) formed the four side
iwa_lli“ however, the top of the pen was lett open to allow a free flow of air and ensure easy access for
both cleaning the pen and feeding. Food and water were provided ad libirum. The rabbits seemed to
adapt well to their new environment despite some imtial difficulty in drinking water tfrom a bowl

stead of a vertical hanging water bottle.

3:3 Arthrograph System
a. Introduction

- An arthrograph was initially constructed according to the descriptions of Wright and Johns '®
259260 plus Woo et al>* and subsequently modified according to Budney (personal communication:
1985). A DC mator, with a connecting-rod linkage system, movéd the tibial trame and tube (T) in an
arc of motion which resulted in tlexion and extension of the mounted rabbit leg. Motor speed was
controlled by a potentiometer and was set at a frequency of 0.2 ¢ps (Figure II1-2).

The tibtal tube frame and tube (T) rotated about axis point A of the machine in a sinusoidal
motion, while the femoral tube frame (higher up) remained stationary, (Figure [1I-3). The amplitude of
this rotation, 48° to 98°, was determined by the precision potentiometer, which~by design was aligned
with machine axis A. The load‘ cell, perpendicular to the tibial tube frame, recorded the torque required
to flex and extend the rabbit’s knee. \\ _ “x

The femoral portion (of the rabbit’s leg) was secured within the femoral tube (F), which was

utself inserted into the femoral tube frame. The knee joint axis was aligned with axis A. Similarly, the

tibial portion was secured within the tibial tube (T) which, in turn, was mounted inside the tibial fube’

trame (Figures 111-4, 5, 6). «
The rabbit’s knee was cycled from a flexed position of 48° into the extended position of 98° and
v

>

then returned to the 48° starting position (Figure II-7). This flexion-extension-flexion cycle was

registered by an X-Y recorder in the form of a torque-angular displacement curve. The sjope of this
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FIGURE I1I-2  Overall View of. Arthrograph (Tubes and Tube Frames
in Place). Details are given in the text.
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FIGURE III-3 Mechanism of Arthrograph (Chassis not shown). Details
are given in the text.



FIGURE III-4

'Rabbit's Left Hind Lxmb as Dissected for Arthrographic ‘

Testing.

L
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* FIGURE I11-5 Limb Fixaticn Tube (Tibial or Femoral) with Ppsitioning

Shims i Place. Teflon glides allow independent move-

ment ‘of the fixation tube within its own tube frame (tibial or femoral).
More details are given in the text. ' :
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FIGURE 111-6
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curve was considered proportional to the suffness of the joint = The arca enclosed in the hysteresis
. ; : 284

loop was considered to represent the energy needed tor one cycle of moton =™ Any resistance to this

flexion-extension-flexion movement was due pnimanly to the knee ligaments and jownt capsule. the

>
muscle having been previously sectioned away =34

b. Arthrograph

The arthrograph system consisted of four separate units. 1) DC power supply. 1t) arthrograph,
1) load cell amphifier . and (v) X-Y recorder .

The arthrograph itself was compnised of a DC motor, gearbox, drive wheel. connecting-rod
linkage system, hhmb fixaton system. counterbalance. precision potentiometer, and load cell — all
mounted on an aluminum chassis (Figures [11-2.3),

The arthrograph performed three basic functions:

1) passive fle xion-extension-flexion cyching of the rabbit’s knee (through a specific range of
motion), )

1) measurement of frictional forces (resistance forces) required to move the knee (through the arc of
motion), and

1t1) simu!taneous recording of fqrce (to move the knee) and angle (of the knee joint).

Range of motion was adjustable by means of connecting-rod linkages. The repeatability of a
chosen arc of motion was ensured by the solid confwctions of these linkages. In spite of the potentiyl
for Q/a}ying‘ ROM, it was decided to keep a specific range of motion (48° - 98° - 48°) constant
throughout the study. Previous researchers & 10- 1. 254 seq;xemially varied the tested range of motion
from (50° - 80° - 50°) to (45° -#3° - 45°) on the same specimens. Nonetheless, it seemed to the present

investigator that, by varying ROM, inconsistencies and artifacts would be introduced by setup errors in

coanecting-rod adjustments.
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Speed of the flexion-extension-flexion cycle was controlled by an adjustable speed dnving
motor Frequency of the motor speed renuned at 0 2 ops or 20°/sec throughout the entire study.

The angle of the knee jomnt was measured by means ot a potentiometer (vantable resistor). This
device worked by a simple electneal law Vo= IR where Vs voltage, [ 1s current. and R is resistance
It a steady current s applied to a resistance (in this case the potentiometer). a voltage drop will occur
across the reststance f the current s mamtamed while resistance s changed. a proportional change in
voltage drop wil occur N

As a constant current passed through the potentometer, voltage was registered by the X-Y
recorder As the axis shaft of the arthrograph rotated. the resistance changed and altered the output
voltage which was documented on the X-Y recorder The resulting signal was then fed to a doad cell
amplifier for amplification and demoedulation This alieraton tn torce output was again documented on
the X-Y reconder

The principles for measuring knee jomnt forces were simmlar to those used in measuring the angle
of the knee joint. A load cell or force transducer wn.s: employed ﬁsmg strain gauges — extremely thin,
shaped wires which, by virtue of their small size, had a measurable resistance. An applied load caused a
proportional change 1n the resistance of the stran gauge. As the wires were stretched, the resistance
changed in a manner similar to that of the potentiometer, but smaller in magnitude. Because the for&

. A
output of the transducer was an absolute rather than a relative value (unlike the angle transducer), the

output of the transducer ;cguired calibration. .

C ahbr;m:on provided a voltage value for the application-of a known load. Section 3.4.a Qescﬂbes
(i‘k? appﬁéation of a 300 gm weight for this machine calibration. Combining the known value/of the
500 gm weight with the linearity of the transducer (zero output at zero load), a correlation between load
and output volm.ge was obtained. . |

Because the weight of the tibia and tube (T) provided a,torque proportional to its displacement

from the vertical plane through the centre of rotation, a counterbalance systeih was requiredi At the

Q
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starting position of 48°, the mass of the counterbalance was to provide a torque equal and opposite to
the weight of the tibia, tibial tube (T), and tibial tube frame plus, to a lesser extent, the femur and
femoral tube (F). '

To supplement this equal and opposite torque. an additional amount of torque (equal to the
clastic resistance ), was required to maintain this setup at the point of balunce. Howevc;, Thompson=!3
asserted that any arthrograph requiring a counterbalance could not provide absolute measurements of
torque, because contributions from limb mass and clastic resistance at a joint could not be accurately
separated out. If Thompson?!3 is correct, then the torque measurements obtained in the present study
were relative values rather than absoluté values. It is unknown whether the actual relationships would
change or simply the magnitudes involved. The possible problem seems (b be gne _inhemr;t in any
mechanical design based on Woo et al’s2> deSign. and may itself be a subject worthy of another study.

The potentiometer used was a Fairchil(;.l (0 - 50.000 ohms) mo;iel. Ten full turns of rotation fhere
needed to cover the entire output range of this poten;iometer. Because only a small ponionl of that
range was utilized in this application, output was easily measured with the chart recorder. Error of .
linearity in the output of a potentiometer is typically less than 0.25 per cent. The X-Y recorder used
was a Moseley® 7005B X-Y model. . " |
C. X-Y Refording System 4

An X-Y recorder yieldgd a torque-angular displacement curve m the form of a hysteresis Io;)p for
the ﬂex‘on—exlenﬁon-ﬂexion cycle. The X-Y recorder speed selected was 0.125 sec/cm to produce th.e

best possible gmph with the chosen 0.2 cps speed of the arthrograph. The horizontal or X axis covered

25.3 cm or 50° for every cycle of ﬂexlon-extensxon and extension-flexion on the X Y reconier grag

paper. ‘ |
Movement of the X-Y recorder pen corresponded to the stranghlenmg of the knee joint (48° 98°

ﬂe:uon-extenswn) and was plotted on theionzomal axis (angular dxsplacement) .The torque or

o -
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A

resistance to straightening of the knee joint motion was plotted in kilogram units on the vertical axis
(vertical displacement). Whule the horizontal axis remained constant for all tesuing procedures on the
arthsograph, the vertical axis varied considerably. depending on whether a treated or control knee was

4

being tested A sample hysteresis loop 1s llustrated in Figure 1-1.

d. Arthrograph Leg Attachment Sites

The leg attachment sites on the arthrograph consisted of shims. a tibtal tube ;v1(h its tube frame,
and a femoral luE)e with its tube fr;m) The femoral (>ube frame remained statiopary, while the tibial
tube frame moved through a 50 degree arc of motion in the flexion-extension-tlexion cycle. The
femoral tube frame could be detached trom the arthrograph for ease in attaching the femoral portion of
the rabbit’s leg (Figure 111-6). The tibial tube frame, however, was not detachable from the arthrograph.

The tibial tube (T) gnd femoral tube (F) each consisted of an aluvminum tube with six
longitudinally inlaid strips of Teflon® slightly protruding from the tube’s exterior aluminun] surtace.
These Teflon® stripgcontacted wi;h Teﬂon® lining d’e metal angs (part of the tube frame) and thus
allowed free movement (rotational and longitudinal) of the tube within the tube frame (Figure 11I-7).
Each tube was fully open at both ends and had two internal slots (proxinial and disml)‘cut into the
mSldc’Waﬂ of the tube (Figure 111-5). These internal slots each extended along a 90 degree arc on the

*

internal éir@umference of the tube. Three different sizes of shims fit into the slots. The sizes‘of shims
plus position of the internal slots were determined by measurements of bone lengths, bone widths
(accountihg‘for the possibility of marked callus formatipn), a‘ndkzige range of the' subject rabbits.

With c?h'ectly-sized shims in place (within the femoral and tibial tubes), the tibia and femur

] <.
were eich pos:itiqned as closely as possible to the'centre of the tube (as viewed from the tube end) and

/the kneéjoim axis lined up with arthrograph axis A (Figures III-5,6).
The fixation system allo’wed each bone to meve independently of the other in response to any

force placed upon it by the knee flexion-extension motion (longitudinal and rotational) (Figure I1I-7).



Theretore, the ability of the machine to isolate frictional forces from other forces tn the knee was

further cng;mccd.

To allow for many degrees of freedom and ensure low fricuon, Teflon® was used as a support

between the fixed tube frames of the machine and the tubes directly supporting the leg. Teflon® strips, '

inlaid on the exterior tube surfaces, contacted Teflon® lining the metal rings which were part of the
tube support frames (Figures I1I-5). The static coefficient of friction between two Teflon® surfaces is
0.04, meaning that if a weight of X units is placed on a support with both faces Teflpn®-coatcd, the
tforce required to start the weight moving is 0.04X.

As a result of the low coefficient o‘f friction of Teflon®

, even very small realigning forces were
translated into movement which tended to realign the axis points of the knee with those of the
arthrograph. The friction in the apparatus, however, was not zero. Therefore, there .we‘re some
inaccurnci;:s due to misalignment of the device. Without more data on bone characteristics, the actual
error was impossible to calculate. P

The arthrograph primarily measured forces applied to the knee joihlt itself (capsule, ligaments,
articular joint surfaces) and, to a much lesser extent, elastic properties of the bones;‘ misalignment

_betweerfthe knee j()i.m\gnd machine ‘axis point A, and the‘effect of the changing angle betw;ﬁl femur

y

and ubia (with changing m‘oment forces).

3.4 Calibration

a.  Machine Calibration With 500 Gm. Weight .

Pnor to each tuung session, the anhrograph system was calibrated usmg‘OO gm weight.
With the fixed tube ftames at a staning position.of full flexion, the tibial tue (T) was loosely ajtached
to the tibial tube f'rame with afine wire. A 500 gm weight was then hung from the disl_al e_tj of the

tube.

13
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FIGURE I11-8 Pre-testing of the Arthrograph Alone (Without Hind Limb

iny situ) for Angular and Vertical Displacement Calculations "

(Rabbit #21). The depicted 50° ROM corresponds to the end limits of
the movement cycle 48° - 98°.

A.

. in the text.

Machine Torque-angular Displacement Curve (Tibial Fixatlon Tube
(T) in Place). There is a 5 mm vertical .displacement near the end
of the 50° cycle. This consistent machine error eared with each

machine test for each rabbit. The 50° ROM ained constant

for all tests.
500 gm Weight Calibration Test Repeated vertical displacements
averaged 58.0 mm. FRurther mathematical calculations are described

Ak,



Prior to testing both the lreated and control knees (Figure 111-8), the amount of vertical
displacement created by this weight was registered over six repetitions by the X Y newrdu The nre.m

average of those repetitions was used for further mathemam,al calculations l}(volvmg the momenlrarm

/ . A
J

and resulted in the final calculagon of vertical (hsplacemem (in newtons). / "
/"‘ : {
!

// .

b. Machine Torque-Angular Displacement Curve ¢ "

Following calibration with a 500 gm weight, the arthrograph (with tibial tube attached) was

cycled through its arc of metion." The femoral tube frame remained stf(ionary while the tibial (L‘I.be
frame (and its inserted tibial tube) moved in an arc a-bout arthrograph axis A. \

L4 Hysteresis lbops !

The resultant hysteresis loops for ihe 1st, 2nd, 5th, and 7th cycles were recorded. The amount of
resistance off::red by the anhrograph system was documented before loading either the treated or control
knee (Figure [1I-8), both in terms of enclosed area and steepness of slope. .

ii) Angular displacement
Prior to testing both the treardd and control knees (ﬁgum H1-8), the consistency of angular

3

displacement was documented as the hysteresis loops for the Ist, 2nd, 5th, and 7th tycles were

recorded. The angular-displacement in millimeters was later converted into degrees/mm over the range
48°-98° and, 98°-48°.

The use of two calibration methods (one utilizing the. 500 gm weight, the other a torque-angular
displacement curve) ha:1 the advantage of del_non’strating‘that the systenr was furi’ctionirlxg well as a

“ N ( . . - -

whole. . : . .
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3.5 Experimental Procedure
a. Surgical Procedures

1) Immobilisation procedure

-

The rabbit was first anagsthesized and its left lower extremity shaved from groin to ankle. Th?
shaved leg was then stenlized and the rabbit was draped. except for its left hind imb. A sterilized
sponge enclosed the left foot. Throughout surgery, the left hind limb was maintained in a position of

full knce flexion.

»

Two incisions were ‘made. The first, just lateral to the tibial tuberosity, separated the tibialis

antentor from the tbia. The periosteum was separated medially, laterally and a little infertorly to the
. v
tibial tuberosity.

A'second incision separated the lateral aspect of the quadriceps from the tensor fascia latae. With

skin and fascia held retracted from the incision site, the quadriceps was sufﬁcicngnly separated from the

] .
tensor fascia latae, to allow a finger under the belly of the quadriceps to separate the middle-proximal
‘ \

femoral attachment of the quadriceps from the bone.

-

A 2.4 mm Steinmann pin was then inserted into the tibia, just below the tibial tuberosity
{extending from anterior to postenior aspect). After piercing the tibia, the pin was directed into the mid-

postenior femur (from posterior to anterior aspect).

A hexagonal nut was Jthreaded onto the ex;d of the pin that pierced the anterior femur and emerged

under the quadriceps. Another nut was affixed onto the other end of the Steinmann pin located at the
anterior aspect of the tibia. The knee was then brought into complete flexion by tightening the anterio®

L4

tibial nut. ~ . .

The various layers of tissue were stitched together, one layer at a time, with continuous sutures.

-

Followirig surgery, penicillin was administered and a lateral view X-ray film was taken of the left.hind.

limb (Plate MlI-1). o L _ .
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The rabbits resumed normal levels of activity within 24 hours post-surgery. All rabbits movéd
freely in their pens, weight bearing on the left hind l'im‘b when at rest and partial weight Bearing with
the ankle 1n plantar flexion, when hopping about.

Following surgery, all three groups of rabbits were left immobilised for 57 days. Appendix D
‘1\) .

presents a more detailed description of the immobilisation surgical procedure.

® -

1) Curting the Steinmann pin

After 57 days of immobstisanon, both Gmupf (Ex) and Group ';‘fExih—Mob) underwent a short

surgical procedure to cut the Steinmann pin. The administration of amesthetic, the shaving, and the
limb preparation (skin antiseptic solution and draping) were identical to the i{:!mobilisa(ion surgical
pn\x;edure described previously. - .
A short lateral incision separated the quadriceps from the te:lsor fascia latae. Once the pin was

located, the investigator stabilized the hind limb, while the surgical technician cut the Steinmann pin

with wire cutting pliers. Minimal bleeding occurred. Resuturing was performed as previously described.
2 .

\ An intrmnusculﬁinjecu’on of 0.1 cc long-acting penicillin was given just before the anaesthetic

mabk was removed. S:Jbsequemiy. a lateral view X-ray film verified the absence of tibial and femoral

fractures.

When the rabbits were alert (approximately one hour), they were transported back to Ellerslie

Animal Centre. Once again, they seemed to tolerate well both the surgery and travel.

. §ii)  Preparation for knee joint biomechanical testing ,

.h_._' ,
The rabbits were sacrificed by means of an intravenous overdose of?emo—barbi(al sodf‘\. The

-

right and left hind limbs were excised immediately following sacrifice.

The hips were disarticulated by first extending the lateral incision between the tensor fascia latae

'_mid quadriceps (to cross over the greater tréchanter), then cutting along the capsular hip joint line and,
: X , X

finally, severing the entire ligamentum teres. The anfr.les were disarticulated by cutting all tendons

{dorsiflexors and plantar flexors); ankle joint ligamients, and the joint capsule.
- - . ! ) é . - .
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w.
The muscles were divided and removed in a circumferential manner with an incision

(approximately 3 c¢m .above and 3 cm below thg knee joint line) just proximal to the point of pin
. Al _ .
insertion through both tbia and femur. The circumferential incision eliminated any musgle, skin, ory

-~

scar involvement in the joint contracture created by immobilisation (Figure 111-4).

b.  Treatment Procedures ) ) .
L ]

During immobilisation, all left hind limbs were maintained in a position of full knee flexion;

whereas, all right hind limbs were free and acted as controls

. . .' o

After 57 days of immobilisation, all rabbits were returned to the Animal Sciences Centre on

main campus either for biomechanical or surgical procedures. Group | (immobilised-onlyw:\s
LA . -

sacrificed afid both hind limbs were excised. Biomechanical properties of both knees were then tested on

the arthrograph. Both Groups ﬁ(e_xercise‘ and Group 3 (exercised + joint-mqbiliéed) un&r&km 'ais_hon

. -, ‘y A ¢«
sufgical procedure to cut the Steinmann pin: Both Groups 2 and 3 wese allowedwnlirrited free active
exercise in their pens for eight days. Weigh( bearing and use of the left hind limb were commqnly

observed in less than 24 hours post-surgery in both groups. _ ,
. . T
In addition to free exercise, Group 3 received~physio(herapy three times for the contractun/ knee.

Treatments commenced two days aftér surgery and contipued on aitemate days after that. The /5pec1tic,

joint-mobilisation treatmem in sequence, consisted o - / .

i) 3 full passive range of knee motion exercises (flexion-extension-flexion)
. '

. J0 6rade I tibio-femorat joint raction manoeuves, S

iti) 20 Grade IT anterior g..des of the fibia on tbe stnbnlmed femur. ' S g

*

iv) 10 Grade I nbno-femon'l Jomt txacuoq manoeuvres and

v) 3 full passive range of knee tpouon exercxscs (ﬂgxxon-extens:on-(lexion).

. ’ ,
. . d . {
. : I

* o . : . ..

-
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»
Duning phystotherapy o eestrming packet was atihzed through which the tett knee cxtended

an opeming - The rabbits appeared relaxed and not woany apparent pato throughout the jont-

mghtlivation manocuvres

C. Testing Procedures

] Specimen attachment

T'he temoral tube frame was detached trom the anthrograph chassis and the femoral tube (F)
inserted mside the trame With the correct-sized shims in posiion, the femur was located with the tup
jotnt just distal to the distal tube shim and the knee jomnt proamal to the proxamal sham (Figure TH-$)

A tine copper wire was inserted through two holes on either side gt the tube (forming a loop around the
\

Cleg and s positiontng shun, pulled up against the bone, and twist-tightened (on the extenor of the
tube) to a shight tension (Figurc [11-6) The femoral tube frame and the be holding the temur were
then attached to the arthrograph chassis

- The ubial tube (1) was mserted into the ubal tube frame The chosen shims, copper wires, and

ubia (centred) were positioned inside the ubmral tube (T). Final posiioning of the tibia correctly located
© .

the knee axis position for this tully tlexed starting positon. The copper wires were Uuist-tightened

(with a slight tension) on the extertor of the tibial tube (T) (Figure 111-6).

-

When the limb was accurately centred inside both tubes and the knee joint axis aligned with axis

A. the copper wires were twist-tightened to a tensfon holding the leg sutficiently ngid. The rabbit’s leg

was now ready to undergo biomechanical testing.

-

An identical procedure tor hind limb attachment v(as&followed for both treated and control limbs.

- In the legs where a Steinmann pin was inserted, the points of attachment_of the pin often caused

-

penosteal imtation which resulted in callus formation. The wide variance in size of callus made

attachment of the treated legs more difficult and time-consuming than anachment of the control legs.
’ ~

The control legs were relatively easy to attacly because the size and*shape of the bones were more

-
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cotnintent. With ats multi-sized shims and ample tube intenorn, the fixdtion systeme allowed all the
vanous stzed bones to be properdy secured
A
" Biomechancal testing of specimen
I'he procedure Tollowed tor both treated and control knees was adentical Section 3 Sa
deacnibes speaimen prepacation tor bromechamcal testing. While one limb was being tested. the othet
remamed wiapped m saline-soaked towelling at room tempe cature to prevent drying

I'he Ist. 2nd. Sth,and 7th cveles ot tlexton-extenston-tlexion (through the specitied are ot

motion) were conttnuously documented by the XY reconder

3.6 Overall Time Frame
Al nmes for the three ditterent surgical procedures ammobilisation, cutting the Stemnmana pin,
and sacrifice followed by ‘\‘pc(‘lmcn preparation for testing) are presented, with the exclusion of
pars and clean-
prepar wnon amd clean llp fimes / .‘
The length of tme tor the actual immobiisation surgical procedure averaged 30 muutes. Time
mvolved i the surgical procedure 1o cut the Steinmann pin was, on average, 10 to 12 minutes. '
Finalty . length of time to L’illlbr‘;ll(‘ the arthrograph and biomechamcally l;sg the specimen
averaged atotal of 60 - 90 guautes. This total broke down into approximately 20 minutes machine
calibration (2x), 20 minutes sacnifice and surgery, 10 - 15 minutes testing control knee, and 15 - 30
mnuics testing the treated I;nx‘c In between tests. the X-Y rec;)rdcr was tumed off for a least half an
hour. This proved necessary because tnal testing, without a cool-off penod, resulted in the production
ot Laulty griphs. The joint-mobihisation sessions averaged 15 to 17 minutes and consisted of moving
.
the rabbit fromthe pen to the treatment table (one minute), placing the rabbit inside the restraining
¢

jacket (one to two minutes), calming the subject (two to three minutes), and actually treating the

subject {seven to eight minutes). )
4
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An approximate breakdown of the joint-mobilisation treatments i time umts denaficd: *

1) A full passive ROM excerases (2x): 10 seconds x 6 -
) <

1) . 10 abdo-femoral jomt tractnon nkanocuvres (2x) 1O seconds x 20

ur) 20 antenior bl ghides 10 seconds & 20

1

In both cases with the ubial traction and ghding the Grade 1 manocuvres took about S seconds

to the end of the available range and a further S seconds to retum to the imtial starting position
[N

(Figures 1.2, 1-3).
For the tinal study. 1S weeks elapsed between imtial surgerymand the final arthrographic testing !
During these 15 weeks, sub)%‘(’}nﬂ)ns were vistted five to six times per week.

-

Appendix E details the pilot studies undertaken

@

3.7 Calculations from Torque-Angular Hysteresis Curvey
a. © Calculation of Moment Arm and Moment

- Calcutntions for moment arm and moment applied during the calibration were used for all tests
requinng this information, whether treated or control knees. Results from the machine calibration test,
with the 500 gm weight, were used for m;\king‘lhese calculagons.

As depicted in Figure [11-9, the 500 gm weight hung from the distal end of the tibial tube (T)vwhcrc:
| 4

« tibial arm length = 100 mm .

LS

+ distance 500 gm weight hung down = 28.7 mm

- angle moment arm deflected lhr‘ough =9°

Moment arm (inclined at 9°) for calibration purposes:

100 cos 9° - 28.7 sin 9°

98.77 - 4.49 = 94.28 mm




o

- 100 cos 9

287 sin 9°

N
N

FIGURE 111-9 Calciilation of Moment Arm and Morﬁent.
The 500 gm weight hangs down from the distal end of
the tibial tube (T), with a tibial arm length of 100 mm, a distance of

2.7 mm that the 500 gm weight hangs down, .and a 9° angle through

which the moment arm is ‘deflected. Mathematical calculations are
o . .

described in the text.

2
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A } N 1 -~
@ It 1 kg werghs 9.81 Newtons (N)
then, S00 gm wéighs 4 90S N
Moment applied during calibration: - \
N - '
= 4.905N x 9428 mm

’

= 4.905N (500 gm weight) x 94.28 mm (moment amm)

=462.4 Nmm

b. Anguylar Displacement Along the X Axis \

The displacement range on the graph was 253 mm over the range 48° - 98° (a total of 50°).

Therefore angular displacement = 50°°%

< 253 mm '
= 0.198°/mm
4
\

c.  Point of Linear Load i . ¥

At the point of linear load for the Ist cycle of treated knees (knee extension portion). angular
displacement was read\from the graph in millimeters, as was vertical displacement. An example might
be the angular displacement for rabbit #33 which was 81 mm and the vertical displaiécment which was

111 mm (point of linear load) (Figure III-10). To convert angular displacement from millimeters to

~

degrees, the millimeter value was multiplied by 0.198°/mm. To convert vertical disfflacement from
millimeters to Nmm, the millimeter value was multiplied by 7.88N. A more detailed descn'ption.of the
calculation of vertical displacement from mm to Newtons and angular displaceme¢nt from mm to
degrees can be found in Appendix F. ¢

Occasionally, there was no obviou‘s point of linear load as descritied by Butler et al.43 If that

was the case, the point o'f{n:mimum load at failure or the point where the graph levelled off, were.used

instead. -

- . \\‘
. v
P .
. .
v
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FIGURE 111-10

: FLEXIONM

~ ..

Ist Cycle Stiffness Slope Calculation to the Point

of Linear Load

(Rabbit #33 Immob-only). Slope is

calculated frdm the extension curve of .the rabbit's knee. Mathematical
calculations are detailed in the Appendix.
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d.. Mid-range and F,nd-range’ Stiffnels

Both the mid-range and end-range stiffness calculations for the 2nd, Sth, and 7th cydles (treated
and control knees) were determined by reading vertical displacement (knee extension portion), in
mullimeters, from the graphs. and multiplying by 7.88N to convert to Nmm /}

Mid-range measurements were calculated from the range 73° - 85% (63 mm) and end-range
A

stiffness from the range 92° - 98° (32 mm). Figure II-11 shows the calculations for these mid-range

—— csm— o
and end- e MeASurements.

e. First Cycle Stiffness’ Slopes

The slope of the st cycle to the point of linear load was calculated by dividing nse by run, or

.

vertical displacement Yin Newtons) divided by angular displacement (in degrees) (Figure [11-10). A more

detailed description of the slope for #33 immobilised knee can be found in Appendix F.

f. Area -

The area enclosed within thé hysteresis loops from the st, 2nd, 5th, and 7th cycles for the

treated and coltro! knees was calculated using a CalComp 9000 digitizer. The digitizer ran as a remote
access device 1o and digitized areas in terms of square. millimeters (mm% The calculation of

energy for the #33 immobilised knee can be found in Appendix F.

3.8 Ethical Considerations

The rabbits were at all times treated kindly and provided with the necessary animal care
.

(Appendix B). Subject discomfort was minimal during the immobilisation period and treatment
. ] B

sessions, .
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FIGURE III-11 Measurements of Mid-range and End-range Stiffness
o (Rabbit #39 Ex Jt+Mob) 5th Cycle. Mid-range measure-
ments are calculated for the range 73°-85° (12° over 63 mm) and end-
range stiffness for the range 92°-98° (8 over 32 mm). With a constant
angulat displacement for both mid-range and end-range stiffness, stiffness
calculations for the 2nd, 5th, drd 7th cycles are determined by reading
vertical displacement for the kneeé extension portion in millimeters from
the graphs, and multiplying by 7.88 N to convert to Nmm.
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3.9 Analysis of Data 2

a. Iaterpretation P

The shape of the hysteresis loop was intluenced by the amount of joint comm@tu} or joint
‘stiffness” present. The hysteresis loops were analyz&@ in terms of the areas snclosed within the cycling

loops and in terms of torque ('stiffness’) measurements. Measurement of the area gave an indication of

n
A

energy expended during the 50° arc of cycling motion of the rabbigs knee. The total areas of the

varying cycles (Ist, 2nd, and 5th) were comlzare(t Recording of the first cycle contracture knee was

p;micul;u'ly‘n portant because subsequent cycles required substanuaﬂy less energy.
The greater the area of the hysteresis toop, the greater was the amount of energy lost during thas

. particular loading and unloading cycle. These findings were interpreted as signifying a greater seve'rl'ty

of the jownt contracture. -

* . \\ -

The torque ‘stiffness’ measurements were also interpreted as signifying the greatest amount of
. »

joint stiffness or seven’ly of the knee joint contracture with increases in the siope, vertical

displacement, and mid-range and end-range stiffness. The measurements of torque or stiffness were also
. . A SN
compared for the varying cycles of motion (lst, 2nd, 5th, and 7th).
L] ' ’

b. Outcome Measures

The following were the dependent variables and their scale of measure:

i) areas of hysteresis (Ist, 2nd, and 5th cycles) ( mm?
i) “stiffness’” (resistance) " . 4
« point of linear load (1st cycle) Nmm ) .
M | end-range stiffness (2nd, Sth, and 7th cycles) Nﬁmﬁ o
. mi&-[ange stiffness (2nd, Sth, and Tthcycles) ~ Nmm/° ¢
I cycle slopes (torque 1st cycle) o Nmm/°
) ; . |
. o e

) ' “ .
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C.

-
Statistical Procedures (7 /
[

The staustical technique, Analysis of Varimcee (ANOVA) detemuned whether differences among

fwo of more means were greater than one would expect solely by chance.”® The one-factor ANOVA

exanined the effect of one independent vanable, whle the two-factor ANOVA examiked the effect of

two independent 3nublcs.
For the stdlistical analysis comparing areas of hysteresis of treated knees for three groups over

three cycles, a two-factor analysis of variance (ANOVA) with repeated measures on one factor was

USCA

1)

1)

treated knegf of three groups, a one-factor analysis of vari

-

| 96

two factors: groups vs cycles, ,
with repeated measures on one factor: areas as the dependent variable with three groups as one

factor over three cycles as the repeated measure. ‘

For the statistical analysis comparing first cycle vertical displacement at point of linear load of

e (ANOVA) was used:% st cycle vertical

+ displacpfent was thé dependent variable and the 3 groupsjwas the one factor (no repeated measures).

by an asterisk (*) in the ANOVA, Scheffe, and Tukey table§.

unweighted main effects, Sc

Throughout the entire statistical analysis, a 0.05 ivel of significance was used and was denoted
\

When a statistical analysis showed a significance at the 0.05 level, Scheffe comparisons of

ffe past-hoc pairwise contrasts, and Tukey procedures were performed.”

Data for the ‘torque (‘stMfpess’) and area of hysteresis was analyzed by way of two-factor analysis

of varia‘nce (ANOVA) with repeated mgasures on one factor for:

1)
i)
ili)

‘ iv)

of control knees for three groups over three tycles;

.

comparisons of areas (u; m

comparisons of areas (in mm?) of treated knees for three groups over three cycles;
col’parisom'of area ratios Ist to 2nd cycle for treated and gontfol knees of three groups;
comparisons of end-range ‘stiffness’ (in Nmm/°) of t®ated knees for three groups over three

cycles;
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v)  compansons of mid-range ‘stiffness’ (in Nmm/®) of treated knees for three groups over three
=~ cycles; and

vi)  comparisons of mid-range and end-range stiffness (in Nmm/°) of treated knees for three groups
over one cycle.
Data for the torque in the form of stiffness slopes ‘and displacement values of the hysteresis

loops was analyzed by w::y of a one-factor analysis of variance (ANOVA) for:*

1) compansons of Ist cycle stiffness slope (in Nmm/°) of treated knees for t;\mc groups:

i)  comparisons of st cycle vertical displacemeqt at point of linear load (in Nmm) of treated knees
for three groups;

iii)  comparisons of 1st cycle apgular displacement at point of iine.:Lr load (in degrees) for treated
knees for thx?e groups:

)

iv)  comparisons of Ist cycle displacement ratios vertical to angular at point of linear load for treated
- : 1

knees for three groups.
For the two-factor analysis of variance results, Scheffe comparisons of unweighted main effects
- " wm

_revealed _which of the trial means were”significantly different from each other. For the one-factor

analysis of variance results, Scheffe post-hoc pairwise contrasts of the three groups also revealed which
" -
of the trial means were signiﬁt_:gyly different from each other.



. . -
v L4 ,

: ' IV. RESULTS AND DISCUSSION

1.1 Attrition Rate . .

]
"

At commencement, this study included thirty-three female New anl;{nd white rabbuts. This
number of subjects was requisite to allow for. the high attrition rate in long-term studies utilizing
rubt;\i[s (Secord DC: personal communication, 1984). . C

At the time of surgery, two rabbits sustained fractures, one tibial and the other, femoral. Two
post-obcrative femoral frac(_ures occurred at four and ten days. Three weeks into the immobilisati:m
period, two rabbi(s\'stoppcd iggcslin'g food and water, while ano;her started to gnaw at its foot (this

(/action may have been due t? nerve damage sustaited in surgery) (S,ecord DC: personal communication,
1984). By the end of the imTobilisation period. 26 rabbits remained in the study. //>

During a sfiort surgical procedure to cut the Steirmann pin at the start of the treatment penod,
one rabbit sustained a femoral fracture while another never recovert;d from the :maesthetic: The 'lo.tul
number of fabbits remaining in the study, was now 24,

The testing results of a further five rabbits were excludéd During setup on the arthrograph, one
femoral t‘r?ncture occume‘d. In other cases, there were calibration or documentation problems. In one. of
Jhese,.t_he X-Y, recorder overheated and incorrectly traced the knee-joir.n Istiffness results, after the
cy'cling h;ld commenced. In three other cases, the Ist cycle htysteresis loopf exceeded the dimensions of

A

the graph paper. A total of nineteen rabbits remained throughout the entire study.

Groups%f five or six rabbits are-commonly considered acceptable by researchers (Secord DC:

~ personal cgmmun"ii:ation{ 1985); In the present study, there were seven rabbits in Group 1
(immobilised-only), six in Group 2 (exercised), and six in Group 3 (exercised joint-mobilised). The
Group 2 results, however, were incomplete for the 7th cycle hygteresis loop testing of one rabbit.

-

Thus, end-range and mid-range ‘stiffness’ measurements over three cycles for three groups were only

-

performed for five rabbits in Group 2.
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4.2 Suﬁ;ical Site >

s

-«
An obvious tibial and femoral periosteal external callus was created around the Slcim‘r pin

-

and nuts. In addition, the Steinmann pin in the crook of the knee (posterior) was enveloped by
extensive scar tissue resulting trom pin-insertion surgery. Furthermore, at the nut-Stetnmann pin-

. . N .
interface (anterior). a ‘fibrous tissue capsular structure’ was noted overlying the callus formation

. <

(resulting from pin insertion). This/thick fibrous, pocket-like structure consisted of an inner zone of

. . .

extensive fibrofatty tissue (in direct contact with tibiad and femoral nuts) and an outer, thickened sheath
- b .

of fibrous tissue. Both callus and fibrous tiélsue capsule were most developed on the anterior aspect of

3

the femur. . ] — \ v
The qften-extensive callus fon%ntion combined with overlying ‘capsular structures’ sometimes

prevented insertion of the hind limb into the fixation tubes. Even more importantly, it was requisite to
\J .

obviate any contribution of these tissues in altering joint resistance. Cor\:quently, the/scyjssue.

adjacent myscles, and overlying ‘capsular structures’ were- all surgically removed previous to

“

arthrographic testing. : . °

-

Previous researchers, as well, have mentioned the development of ‘fibrous tissue capsular
structures’ around internal fixation devices, both in human and canine subjects.*! Brunet et al 4! found

no impairment in the healing of bone beneath this capsule and felt that a reactive soft lissueﬁﬁbrésis

¢

was occurring at the.scnew-piate juncture. . L.

Past research?24 has disclosed that the extent of external callus formation seemed related to the
» . - .
Qof metal fixation devices, but also depended upon the time period of immobilisation and subsequent

;&hObilisatibn. Studies of b::agle dogs involving immobilisation of the shoulter (without use of metal

fixation devices) showed no evidence of periosteal callus within a six week period of immobilisation;
‘ ‘ . o L

yet during a 12 week immobilisation periad, the yo‘ung dogs did show evidence of periosteal reaction.

b

v N <

. \




As well these same researchers Y descnbimg the remebilisaten penod. cmphasized the

teaction of bone 1o a too caprd mcrease i overadl oty desel Tt acovaty oxceeded the tatfyuc

y
In conpunction with an overall Toss ot boae stienpth accompany g immebilisatnon,  there was

Attty per centloss ot total tortonal 1esintonce w the diaphysedl reyton ot the beoe caused merely by

l
sertton ot removal of g sele surprcal soeew

A
Yl ammal cxpentmentation. this reduction in

strcngth has been eported as Listing ttom one to two months - Also external Callus tormation was

1N
common around the insermon sue of a bolt or plate

o summartze, this often extensive pentosteal callus may be g result ot an extensnve

N N . . S
immobihisvation trme penod - Pinsermon ot the Stemnmann pin Y the intensive one week ot

rem®Mlisanon. or possibly the nuctomovements occurnng between the Stemmann puoand bone as

the rabbit hopped about mats pen «Red DO personal communication, 1987)
L]
Despite development ot pertosteal callus and fibrous \{[\\lxlt‘ surroundimy the nuts. the rabbits
»

Q

appeared 1o move nomally o therr pens within 24 houss tollowang both surgerntes (hixation and pin

. s
cutting) Confimung this apparent comfort s Muller et al's' ™ statement that an extrennty with stable
s L Pt

internal fianon was usu Ty panless 24 hours post-surgen .

4.3 Interpretation of Hysteresis Loops

a. Shapes of Hysteresis Leops (Three Treated Groups Versus Controly From
”

Torque-angular Displacement Curves

First cycle hysterests loops for the three subject treetgeQups were basically of three different

}
shapes. all of which showed evidence ot igamentous talure. The ﬂ)mls ot these loops were anajogous

to those n\floadfl(mg;mon curves tor ligaments elongated to fatlure in that.
o

1) Point of hnear load was followed by a stnking sequenual falure at maxaimum load (Group 1)

(Rgure [V-1)

R
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POINT OF MAXIMUM FAILURE

PN
N T L \\
TORQUE M MNmm) / \
I EXTENSION - -
! e e
A
1st CYCLE \
L )
TO0 Nmm
_ FLEXION
t /
CYCLE START ol e — =i 30
-
CYCLE FINLISH e e ———
RUM (degrees) $ -
\
<t
FIGURE .V-1 Torque-angular Displacement Curve (Rabbit #33 Immob-

only) 1st Cycle. ' The point of maximum failure occurs

early in the knee extension portion of the curve, following a steep initial

slope.

There is a marked sequential failure of the specimen to the end

of the range.



) Attamment ot pomnt ot hnear load was tollowed by aleveliing oft pacallel to the horizontal aas
and extending to the end of the Gvcling motion cdemonstotiing clasticity akd phasticnty) (Groups 12,

and By chigure 1V
ner- Slope slowly incrcased trom the begimmng wo near the end ot the total range (evidence ot shight
serral fadure throughout the total range)r (Groups 2 and 3y (Frgue IV 3

The tist cvele loops (Brgures 1V 1204 did not returm to the starting position. an ocoutrence

which suggested a peomanent engthemng (plastic detormanony The Ist cvele Toops from Woo etal's

!
stindy Y of immobihsed rabbits T knees also revealed permanent detormanon of the tissue at the end ot

i}

the ovching ROM (Frgure TH-X)

in g\mn;m, the hysteresis loops for rabbus™ control non-immobilised knees revealed an
/ .
-

cxtremehy small Toop with a minimal enclosed area as well as o minmmal slope (Figure [V-4). The Ist
. . v N
vde Toops trom Woo et al's study = ot controb knees (Frgure H 8) also revealéd similar hysteresis

loops For the contiol knees the Est ovdde loops also did not retum to the starting postiton but were

’

defitely cdoser o the starung point than were the treated hnees
: -

To cluadate the reasons tor the slopes of hysteresis loops further. it s necessary to discuss

N - ’

; .
clasue plstic energy and hysterests loops tor load-clongation and torgue-angular displacement curves.

b. Plastic and Flastic Energy

It the specimen (hgamentous of capsular) s elongated to point B (O-A-B), storing of &lastic
energy trom clastic deformation topont B will be represented by ama Q-AB-B-O {Figure IV-5)

-
Within the elastic range O-A-B, portion OA represents the elastic linear region, while AB is the elastic

nonlimear region. By and large, elasuc energy s recoverable upon teminating the test (load-elongation

O ar displac 248
or torque-angular displacement).

As the specimen 1s loaded beyong its elastic range. plastic deformation occurs between B and C.
’ -
¥
Falure occurs at C-Cy. The total energy at failure conaists of elastic energy O-A-B-B}-O plus plastic

23

cnergy B-C-C1-B . Portion O-B|-C| represents the permanent deformation of the specimen. 243

¢

A



SITE OF MAXIMUM FAILURE
o /

TORQUt | (Nmm)
. =
. /’

EXTEMSION
-

(3 : PLASTIC ENERGY

P S

A A A o

FLEXION

Cycle Steart

10° ‘ 20° 39 40" 30"
Cycle Finish _ ROM (degreas) $
[
. Q™
FIGURE 1V-2. Torque-angular Displacement Curve’ (Rabbit #27 Immob-

. only) 1st Cycle. The point of maximum failure occurs
early in the knee extension portion of the curve, following a gentle initial
slope. Following failure, the curve levels off parallel to the horizontal
axis to the end of the cycling motion. The region noted as plastic energy
represents the permanent deformation of the specimen. '
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SITE OF MAXIMUM FAILURE

TORQUE L{Nmm) >

" EXTENSION /

L
100 Nmm
T i FLEXION
. e a— A
Cycle Start o 10- 20" 30" : 40" 30°

ROM (d.gr..s)$

Cycle Finish

FIGURE' 1V-3 Torque-angular Displacement Curve (Rabb#” #12 EX)

Ist Cycle. The point of maximum failure occurs late
in the knee extension portion of the curve. The slope of this curve
increases slowly from the beginning to near the end of the range before
levelling off in the last 10°.
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P

VERTICAL | DISPLACEMENT
(mm)

/“l
. Stert 1st¢ Cycle ["—_\_,”——_—’____-’_______—————'—‘_‘//:

Start 2nd Cycl.\

Fintsh 1st Cycle 7| _’——ﬂﬁy‘l
~ |
= |

i

3th Cycle

[ 2 ’0°
RON (degrees)

FIGURE IV-4 Torque-angular Displacement (Curve for Control Knee

(Rabbit #21 Immob-only) 1st, 2nd, and 5th Cycles. .- )

The minimal enclosed area, of each hysteresis loop indicates a mjinimal

loss of energy. The gentle slope of the extension curve indicates 1\mlted

joint stiffness. With repeating hysteresis loops the area decreases from .
cycle to cycie. To convert the vertical displacethent from millimeters

to Nmm, the millimeter value is multiplied by 7.88 N. ' '
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FIGURE IvV-5 Schematic Load-elongation Curve with Elastic and-
Plastic Energy. A Dbone-ligament-bone specimen is

elongated from O to A in the elastic linear region and froh A to B in
the elastic non-linear region. With further loading, plastic deformation
occurs between B and C. The total energy at failure consists of elastic
energy OABB40 and plastic energy BCC,B;. (Adapted and modified from
White and Panjabi24%). ’
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C. Force-elongation Behaviour of Bone-Ligament (Tendon).-Bone Specimens
Typically, tests resulting in load-elongation hysterests loops for bone-hgament-bone specimens
are vonducted 'En a restricted elongation range that precludes either micro-talure or macro-Yailures of the
. . . . N .
ligamentous tissue *# At a constant rate of displacement, the specimen is elongated t¢ a predetermined
peak strain (within the linear region) and Then retumed o 1fs approximate initial length. The area under
: / . : . .
the loading curve represents the energy of deformation. or energy supplied to the tissue. The area under
; ithe lower curve represents energy released by the tissue during this unloading. If the unloading curve
\ o
duplicates that of the loading curve. as may be with a Hookean substafice, the energy of deformation is
totally regained. With true viscoelastic tissues, the area of the hysteresis loop represents the energy lost

by the tested specimen #3243 v

]

Hysteresis loops have only been described in a load-elongation test for normal ligimentous

tissue. Load-elongation curves for previously-ingnobilised ligaments (as compared to controls) show:

1) a decrease in maximum load at failure, ii) a decrease in total energy absorbed at failure, iii) a

decrease in the linear region slope (decreased stiffness), and iv) an increase in bgamentous clongali;)n
per unit load (increase in extensibiljty)."”- 48.162. 166 The hystegesis loop for an immobilised specimen
would likely show similar findings with a decrease in stiffnesé of the linear region, a decrease in energy
loss during cycling motion, and an increase in length before reaching a predetermined strain (Figure [1-

10).

In control ligaments, a repeated cycling to the syme peak strain yielded a réguced area of

hysteresis loop with each repeated loading-unloading cycle (Figure II-7). For imimobilised tissue, this

area may be even more rapidly reduced due to |§5 already increased extehsibility.

Tensile loading of t;one-ligament-bone Ispecimens, extended to failure, produced a typical load-

elongation curve with toe region, lipear region, and linear loading end-point, with its first evidence of

major failure in a few overstretched ligamentous fibres (Figure I-4). Further elongation, requiring

- !
. i
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,
4

progressively less and less foree, ulumately resulted in pownt of maximum load. directly tollowed by a

. . S A%
raprd fatture ()g&c entire higamentous structure 3538180

The results of this study however showed hysteresss loops extending into tulure with marked
sertal falure (Figure IV-tras well as gradual evidence of talure (Figures IV-20 [V-3). Both the
terninology of and interpretation of I(md-elongmleln curves was required for undenstanding the results of
the torque-angular displacement curves of this study.

Grood et al, as quoted by Butler et al.*3 studied load-elongation pattemns for bone-ligament-bone
spectmens of the rhesus monkey 's medial collateral ligament and medial capsule of the knee (Figure 11-
6). The medial collateral Jigament reached a much higher maximum force. tollowed by a markedly
more abrupt failure than for the capsule. At the point of complete failure ot the collateral hgamem:
the catire capsule was supporting only halt the total ligamentous force. Fusther elongauon- of the
spectmen produced a marked “serial” failure of’ the capsule. ;*

Senal failure for both shoulder and elbow joint capsules in the human has been described
previously ''® The collagenous fibre bundles of the medial collateral ligament tend to be more parallel
and uniform in fength than fibres of the anterior cruciate ligament. As a“fesult, medial collateral

f

ligamentous fibres tend to fail all at once rather than serially (Figure [1-6). By contrast, cruciate
, .

ligamentous fibres tend to ful more sequentially (Figure [-4). And, as previously stated, capsular tibres

(least organized with varying lengt'hs and onentations) tended to fail sequentially. over a greater

- . . . . :
elongation range than for either collateral or cruciate ligaments. 43 48. 160. 162

d. Torque-angular Displacement Curve

. . oy ° ‘
The hysteresis loops from a torque-angular displacement curve for rabbits’ control knees
»

presented with an extremely small loop area in the presence of minimal stiffness (whether initial, mid-

.

range, or end-range) (Figure I1-8). 234 Earlier research involving arthrographic testing of human finger

joints also revealed small areas of loop enclosure and minimal stiffness. 20 260 26! Force-elongation
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tests apply ideally to uniaxial tissues. such as collateral hgaments, but are less than adequate when
applied 1o capsular tibres which are predominantly tested via torque-angular tests,

Cycling a previously-immobilised rabbit’s knee joint through a predetermined ROM revéaled a
notable increase in both enclosed area and steepness of the slope (Figure 11-8).°% Similar ﬁn«iings. but

¢
of a lesser magnutude, were found in reference to human osteoarthritic and rheumatoid anhritic finger

joints 20. 221. 261

The hysteresis loop from load-elongation tests of control knees showed a sharp increasc of slope
(stiffness) in the linear region and some energy loss (shown in the enclosed hysterests area) (Figure 11-
i0). The amount of energy lost in this situation does not appear to have been clearly quantified inr the
literature, b“f would likely vary achcording to the individoal specimen and strain rate. In contrast, a
hysteresis loop from the torque-angular displacement of a control joint revealed minimal stiffness and
minimal enclosed a:ea (Figure 11-8).

These two types of hysteresis loops—one showing an increase in stiffness, the other a decrease
— seem to be rep'nesem;mve of the two differeﬁt types of tissue. Ligamentous tissues seem more
ideally loaded in tensile stress djrectioﬁs due to the parallel arrangemeants of their collagenous fibres.
Capsular ﬁbres‘seem much more multi-axial, \yith lines of force changing continually as diffefent
regioﬂs of the joint range are entered. If the nylon hose weave3 (cﬁss-crossing pattern of collagenous
fibres) isl actually present; the ﬁbr?s shou}d oﬁentLdong the directions of the stress and el()-hgat;:.
Further into the range, other fibres become oriented to the new direction (Figure I1-4).

“Hysteresis loéps from previously immobilised rabbits’ knees produced a marked increase in both

the stiffness (sldpe) and area within the loop.3* Akeson et al® have explained this behaviour,
apparently opposite to the load-elongation curve, as resulting from orientation of capsular fibres,

laying down of extra collagenous cross links, gross adhesions of articular and périarticular soft tissues,

and a decreased ease of gliding at articular joint surfaces.
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4.4 Choice of Cycling Range of Motion -

The ROM (50° arc of cyching motion) for biomechanical testing of the rabbits” knees was
chosen as a result of examining the results of Woo et al”** and Akeson et al.'! The present
investigation did not precondition the spectmen as done by Woo et al. 2% but merely cycled the knee
through a 50 degree arc of motion.

Bu(k“r et al*® reported on the impornance of pmconditiom’ng‘ or cyclically elongating the
ligament or tendon to no more than 20 to 30 per cent of the rupture force, in order to eliminate the
‘first ume* behaviour of thus tissue. He further stated that certain components.of the ligament “ruptured
and played no part in further tests.*® However, it was not desired to destroy the specimen in this
study.

Cycles subsequent to the iccopi,@adingunloadjng cycle were traced on unused, progressively
lower portions of the graph paper (Figure I-1). This was done to prevent cycles trom tracing one over
the other; however, it also meant that the successive gradual shift of the hystere3is loop could not be
documented (Figure I11-7). Nonetheless, it seemed mbre impornant to eliminate the interference of
nearly-overlapping cycles (Figure I1-8) and have cycle tracings separate enough, one from the other, to
enable accurate analysis of torque and area of hyster;:sis. i

For the immobilised-only specimens. the mid-range and end-range ‘stiffness’ measurements were
not done due to early failun; of the specime;l. Only Ist cycle stiffness measurements could be done.

The initial study of Woo et al>34 involved nine weeks of immobilisaﬁon of the rabbit’s left hind
timb. Biomechanical testing of the ra?bil's knee was ﬁr# performed for the range 50 to 80 degrees and
subsequently for 45 to 95 degrees. As stated in the previous section, hysteresis loops are normally
tested at strain levels well below micro-failure or macro-failure of the ligamentous specimen. The lack
of stated evidence.of failure in studies by Woo et al?> and Akeson et al’ suggested that a lengthening

of collagenous fibres occurred during the Ist cycle of 50 to 80 degrees (5 cycles total). Possibly, during

this ROM, the ligamentous fibres were stretched ?‘pgﬁally torn, fibres of the posterior knee capsule
0 . J‘:
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were stretched. and fibrous connective tissue adhesions within the joint space were stretched and tom. If
s0, cycling in the larger ROM (45° to 95°) would meet with less resistance.

On closer examination of hysteresis loops from Woo et al’s sl-udies.l-"“ it was noted that the
upper curve m?)rcscmed the flexion portion of the cycling motion. Ut the graph was positioned so as to

' o}

.have the upper curve as the extension portion of the cycling motion, it was noted that evidence of
ligamentous failure took place in the last 7 to 8 degrees. During this specific range, the loading curve
flattened, levelling off parallel to the horizontal axis (Figure [V-6).

Even in the 30° cycle ROM there was evidence. of ligamentous failure,>3* though not as’
obvious with the 50° cycle, as in the present study. Unfortunately this failure region was not noted by
previous researchers. !!- 254 Subsequerhp, the incorrect ROM was chosen by the present investigator,
since the 30° cycl@would have been far superior to the 50° cycle.

o

4.5" Choice of Arthrograph

The arthrograph, constructed according to the descriptions of Wright and Johns23%. 260. 261

plus
Woo et al, 24 and subsequently modified according to Budney (personal communication: 1985), was
used for all biomechanical testing of knees from each of the treatment groups. It was hoped that with
the use of an :mhrograph similar to thatylescribed by Woo et 8,24 previous research ﬁnaings on the
effects of joint-immobilisation and remdgilisation would be confirmed and t.he‘new dimension of joint-
mobilisation added.

Regrettably, some basic omissions must be noted in previous arthrographic research studies

(involving rabbits’ kneés). Throughout, no operational dcﬁnitions of hysteresis and torque were given.

Moreover, no information was ngen in any of these reference studiesS: 8. 10. 11, 16.254 op review

articles”- 8- 12 detailing how or where in the avmlable’range, torque was measured. Funhe:more, only

-

standard deviations and means were given, without any reporting of further statistical analysns that .

o

could mdlcate statistically significant relationships. Ty

104

ST



105

SITE OF MAXIMUM

i FAILURE
EXTENSION
- FLEXION
ROM IS 1 F
degrees I50° 6Q0° 70° 80° s
s

TORQUE

('\ Kg-cm
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FIGURE IV-6 Torque-angular Displacement Curve for Contractuge
s { Rabbit's Knee 1st Cycle. The hysteresis loop re'sembles\\'
the curve .seen earlier in Figure II-8, but with the graph inverted to
clearly locate the knee extension portion- as the upper curve. Evidence
of ligamentous failure (site of maximum failure) is noted in the last 7
to 8 degrees where the.loading curve levels off parallel to the horizontal

axis. (Adapted from Woo et al.2%4),
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Due to the omission of both fundamental operational definitions and passibly incomplete

‘&tistw:d analyses of data, comparisons between studies are at best difficult.

4.6 Discussion of Statistical Tables c
Results dnd statistics are pxeSented in the form of tables with subheadings:

a. means (standard deviations)

b. ANOVA summary, and when applicable (c, d, e)

\
- € Scheffe companisons of groups
N
d. Scheffe comparisons of cycles /

e. Tukey tests.
. & ‘ -
Results for the two-faetor analysis of variance are in Tables 1 - 6, while results for the one-

factor analysis of variance are in Tables 7 - 10. The results are related to each of the stated hypotheses.

v. -
Hy: Areas of hysteresis for control knees are essentially the same for each group and for each of the

three cycles.
\J
Results and statistics in Tab%e [V-l(a,b,é) compare the areas of hysteresis of control knees for
the three treatment groups over three cycles. There were no statistically significant differences among
~"the three treatment groups (p>0.05). Ho'we?er. statistically significant differences were noted between
cycles { and 2 (p = 0.00), “and ‘between cycles 1 and 5 (p = 0.00). The absence of statistically

significant differences between treatment groups supports hypothesis Hy and confirms similar findings

v
v

from previous researchers.: 13.254

In analyzing bone-ligament-bone specimens (via load-deformation cycles to a predetermined peak
displacement), previous studies have reported a decregse in area of hysteresis loop with repeated cycling.
45,234, 236 Despite the decrease, no mention was made of statistically s‘ighiﬁcant_ differences b_e_tWeen

- . o 3 .
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Meoans {(Shanbard Deviations) for
Arcan of Hystereses (mme ) of Control Rnees for
Theee Croupes over Thiee Cyeles
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.
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TABEL IV ihH

Compagtaons for
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TABLE 1V

N

1c

for

ANOVA Summary of
Arcas of 1lysteresis (unn]) ol Contionl Knees,

Thiee Croups over Thriee Cycles

iy Al n !
(A ER
prbres ot Watte
(R RTRY ) t TR
[N VA T o e t g 0o,
[N BT ' ot a0
(AN | <0 IR TS BRYS
(AL RN BN (R T TN T ! (LRI
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[ AT Do Lant o0 . [N I A BRI TH
R PR B S I A T STE N AR s BN S}
Scheffe Comparisons of
Unweighted Main Effects of the Three Cycles v

Comparisons of Uy les

It

11

O

&
N

&

[N

Und

»th

sth

Probabibity

Contrast b Ratio
LR8O .00 26,281 0.000%
13063 .08 6678 n.oon*
(RN SRS BT T 0,304 I'_l'll

®"Statistically signitican’ (p< 0.0%)
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atcas However, 1t should be remarked that Woo et al =¥ i discussing hysterests toops (trom torqgue
angular displacement cunves)dentifted no difterence i area of hysteresis between the Istand Sthovele
ttesting control rabbats” knees)

Thepresence of decreasing arca with repeated cycling (viscocelastic behavioun ™™ 2 has been
desanbed as a Ttansient sotteming” of the hamentous substance . yiekding decreasing peak loads as
“softenmng” contiued ¥ MY I3 Wth applied st and stain rate remarning gonstant, this
sottenung with repeated cydling was present with shght decreases i the peak load

It would appear that the present investigator’'s findings of statistically stgmticant ditterences
between Ist dnd 2nd cveles, also between Ist and Sthocycles, support this hypothesis ot “transient
al’ts

softening” (Figure [V-3) The difterence between the results of this study and the study by Woo et

could be possibly expliuned by the eftect ot preconditoming as done by Woo et al 254

H> Arcas of hysteresis tor treated knees vary from group to group and cycle to cycle Regardless of
cycle, the arcas ot the immobihised-only group (Group 1) are largest, with the areas of the

. —
exercsed jornt-mobilised group (Group 3) the smallest. The arcas of the exercised group (Group

2y are shghtly larger than those of Group 3. For all groups, the firstacycle area 1s the largest,

with cach subsequent cycle area being much smaller
&

. Results and statistics 1\n Table IV-2(a.b.c.d,e) compare the areas of hysteresis for treated knees

»
(of the three treatment groups) over three cycles. A staustically significant difference (p = 0.046)
occurred between Groups 2 and 3. Companng the threé cycles, there were statistically significant
differences between both 1st and 2nd cycles (p = 0.00) and also between st a:\d_Sth cycles (p = 0.00).
Comparisons of 1st cycle areas of hysteresis showed statistically significant differences between

Groups 2 and 3 (p <0.05) and Gyoups 1 and 3 (p <0.05). The value of the means for Group 3 Ist cycle

areas of hysteresis was the smallest, while the value for Group 2 was the largest. Further significance
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TABLE IV 2n
Memms (Standard Deviations) for
Arcas of Hysterests (mm?) of Treated Knees for
Three Groups over Three Cycles
N
}
Fitoup It Cydle Jhd Chyele Sth Cyele
Caonp 17T IR SO0 RE (0N 10RO I (03 1L 0 0 (340
tImmab only )
[} .
Coonp * SO0 66 (6 R0 6 [ I N A B L TN B SO G s om)
(t\) '
th N
Cooup 4 PIA0 R (1 TRK.GO) ELROO 00 (700 1) LU V6, (h80.4
[ SRS AN PRI TS
( ‘N\,ml-e‘v tn ctecte @ numbec GF subfects 106 grour gl
, .
TANLE 1V 2b
ANOVA Summary of
Comparisons for Arcas of Hysterests (mm7) of Treated Knees
for Three Groups over Three Cycles
Sentce of \ariation sum o Dt Mesan i From,
hyuares Squares Ratio
HBetweon )
Ireatment Coroups (1) O L0t L0 I8 02467 -0R
| RO 0497 F .09 2 0. 7485t .08 1074 0.090°
Within Croups ' ¢
| AN 0.1014E .00 16 O RRAE 08
Wittun
Cryeles () RE ”.ﬁf:l?l‘((\ﬁ
Ist, ’nd, S5th 2 O 335310 1035685 0.000*
~ b
Thteraction 0135500 4 0. 3638 -08 DTRG048 -
Wathin
Cyvole brror 0417900 32 0.1306F 08
*Statistically signiftcant (p< O 0%
B

TABLE 1V-2¢
Scheffe Comparisons of
Unweighted Main Effects of the Three Cycles

e - — &

[ Comparisons of Cycles Contrast . F Ratio Probability 1
Ist & 2nd 0.14212F+05 73.474 0.000*
Ist & 5th 0.15057E+05 82.466 0.000* v
Ind & 5th 0.84455E.03 ©0.259 0.773
*Statistically signiticant (p< 0.05) >
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TABLE 1V 2d
Scheffe Comparisons of
Unwelghted Main Effccts of the Three Treatment Groups
\
.
Compattsons of Croups Contrast I Ratio Probabihity
st & Ond 01716909 0L7HR (l_ztl‘(’»‘
Ind K drd O 396K =01 3762 0.M6*
st & 4 0220 pak0) 1,304 0,299
TStatistically significant tpe 0 0%
TABLE 1V 2¢ -
Tukey Procedure for Comparisons of
Ist Cycle Arcas of Hysteresis of Three Groups
Croup ! (”“ q J
N 3 R) 16 H.04h®
! 3 3 16 1.01*
L ! 3 16 1.23
N ®.tatistically significent {p 0.09, q 3.6
r
.
*
- A ) \
- -
Ed
¥
!
*
Al
oa
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SITE O MAXIMUM FAITLURL \

EXTENSION

-~y

FLEXION

A /1 1 1

Cycle Finiah

FIGURE 1V-7

= RO™ (aog(..s)s$0 ( ”
Torque-angular Displacement Curve (Rabbit #39

Ex Jt-Mob) 1st Cycle. The site of maximum failure
occurs late in the knee extension portion of the curve. The slope of
curve increases slowly from the beginning to near the end of the
off in the last few degrees. There is evidence

range before levell;

of failure throughout’ the total 50° ROM.



of these findings is summarnzed and discussed at the end of this section on the results of the statistical
tables

At the oasct of the study, it was thought that dramatic differences in terms of Ist cycle of
hysteresis would be evident between groups. Unexpected results wcr-c obtaned, with obvious signs of
capsular ligamentous failure. The most severe destruction appeared to occur in the st cycle loops of
Group t: whereas. in the same cycle, measurably less damage was sustained in Group 2. In Group 3
(Ist cycle). appreciably less damage was sustained than in Group 1 (Figures V-1, 2, 3, 7). The marked
differences in areas of hysteresis between Ist and 2nd cycles, and between Ist and Sth cycles were also
noted by Woo et al. =>4

It would appear from the Ist cycle graphs (Figures [V-1, 2) that Group 1 did undergo extensive
t.earing of the contracture soft tissues (extra and intra-anticular structures). Surprisingly, this damage
was not at all visually evident, un' apparent incongruity that, nonetheless, i1s consistent with the
findings of Kennedy et al.'2® Their findings indicated that it was possible at maximum failure for a
ligam’emous specimen to appear intact visually, despite considerable destruction and disorganization of

collagenous fibrils (as revealed by the scantung electron microscope).

H3  The hysteresis area ratio of st cycle to 2nd cycle (treated knees as compared to control knees) is

greatest for Gl:oup 1 and smallest for Group 3. The area ratio of Group 2 is slightly greater than

that of Group 3.

Results and statistics in Table IV-3(a.b) compare the hysteresis area ratio, Ist to 2nd cycle
ztreated and control knees), of the three groups. There‘wa.s a statistically significant difference bgtween
. treated and control knees (p = 0.00). Therg were no statistically significant differences among the three
treatment groups.

Y

\ , .
N . \,



TABLE 1V 3a
Means (Standard Deviations) for

Nysteresis Area Ratio of Ist to 2nd Cycle for Treated and
Control Knees of Three Groups

Y

Group Treated Area Ratio Normal Area Ratio

Croop 197 0G0 (i) 1,62 (.20)
(Immob only)
Group =® no (zan 142 (.23)
{Fx)
Group 3 7.0 (316) 1.36 (.18) ¢
(Ex It Mob) \

()Numhel in circle - number of subjects 1n group.

TABLE 1V-3b
ANOVA Summary of
Compartsons for Hysteresis Area Ratio of Isl\t:: 2nd Cycle

fof Treated and Control Knees of Three \Groups
A 4
Source of Varpation 5“"‘ of D.F. "‘10“'] lt. Prob.
e _Ddquares - © Squares  Ratio "7
Between
Freatment Croups (1) 0 13R8E-03 18
2.3 0.2003E.02 2 10,015 1.360 0.285
Within Groups
s I, 2,3 0.1178E.03 16 7.363
Within
Area Ratios (AR) 0.5303L03 19
Treated, Control 0.3908E+03 1 390.766 58.108 0.000*
T — AR .
Interaction 0.1716E.02 2 8.580 1.276 0.306
Within
Area Ratjos Error 0.1076£+03 16 6.725

'Statistlcaliy signiticant (p< 0,0%)

=
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A partial comparison can be made between the results of Woo et al.>* Akeson et al.'! and the
present tindings: A
1. The previous researchers analy zed five cycles (50° - 80° ROM) followed by five more cycles (45°
- 95° ROM).
2 For 50° 10 80° ROM, the l1st cycle area of hysteresis was 10x greater for the control knee area,
while by the Sth cycle it had reduced to 3 times.
3 For 45° to 95° ROM the immobilise(; group’s Ist cycle was 6 times greater than the control
knee area; while-by the 5th cycle the immobilised group had also reduced to 3 times. 2
\
Following one week remobilisation'! it wgs found that for the 50° - 80° arc of motion, the arca
of hysteresis was-8 times greater than the control and for 45° - 95° ROM. the arca was § times greater
than normal. However, for These remobilisation results, it i§ not stated if there was only one cycle of
motion at 50° - 80° ROM or five cycles as in garlier work. 254

L
H4: Torque or ‘stiffness’ is minimal for control knees and essentially the same for each treatment

N
group.

Stiffness proved minimal for control knees and was essentially the same for each group. Because

of the similarities in curves between groups and between cycles, statistics were not calculated for each

group of control knees. Figure [V-4 illustrates a typical torque-displacement curve for a control knee

over the varying cycles (Ist, 2nd, and 5th). Thg, curve can be contrasted with that produced by the

»

arthrograph alone (Figure III-8). .

Hs:  End-range stiffness slgpes (torque) for treated knees demoanstrate éreatest stiffness in the st cycle

of al‘groups and are much lower, starting with the 2nd cycle of all groups Torque is greatest in

Group 1 and least in Group 3, with Group 2 torque slightly more than that of Group 3.

14 -
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Results and statistics in Table 1V-4 (a.b.c) compare end-range stiffness for treated knees of three
groups over three cyclc-s (2nd, 5th, and 7th cycles). No statistically sigmficant differences appeared
between groups: however, there were significant differences bc'lwccn cycles. These differences appeared
between the 2nd and Sth cycles (p = 0.025) and also between the 2nd and 7th cycles (p = 0.00). The
difference between the Sth and 7th cycles was almost statistically significant (p = 0.09).

Conclusions from these results (Figure [11-11) may not be warranted, as it has been clearly
demonstrated that ligamentous falure has occurred in all Ist cycle hysteresis loops. with dramatic
differences in hysteresis area of the 1st cycle as compared (0 the 2nd. Failure is evident also in the
obvious ditferences in shape of the loops. The upshot of tus is a distinct possibility that cycles
subsequent to the 1st cycle are drastically altered 1n both shape and area because of damage sustained in
the st cycle.

Results and statistics 1n Table IV-5 (ab.c) compare nud-range Slit’t‘ness for the three treated
knees of three groups over three cycles (2nd, Sth. and 7th cycles). No “slatistically significant
differences emerged between groups, yet did appear between cycles: 2nd to Sth (p = 0.00), 2nd to 7th
(p = 0.00), and Sth to Tth (p = 0.036) ;Figure m-1h). ‘

Results and statistics in Table IV-6 (a,b) compare end-range and mid-range stiftness cycles for
treated-knees of the three groups over the 2nd cycle. There was a statistically significant difference
between end-range stiffness results and mid-range stiffness results (p = 0.001).

End-range stiffnéss measurements (last 6° of motion) could not be made for first cycle loops,
because nearly all hysteresis loops exhibited points of maximum failure before attaining end-range.

The absence of differences bétween (ﬁt;fness measurements (mid-range and end-range) for the

three groups over three cycles (2nd, 5th, and 7th) can be explained in terms of Ist cycle ligamentous

destruction and the subsgquent cycling of specimens affer failure.
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TABLE IV-4a
Mcans (Standard Deviations) for

End range Stiffness Cycles (mm)*° of Treated Knces of
Three Groups over Three Cycles

Group nd Cycle ’ Sth Cycle 7th Cycle
Group I('ﬂ 2R (1559 27.43 (15.00) 26,14 (13.98)
(lmmob only)
- L&, . P ‘ - :
Group 2 25200 (H.,M) 2480 (H.8D) 2440 (6.09) .
(Ex)
. 6 . .
Grouwp 1€ 667 (rLod) 2507 (6.77) 2433 (6.4%)

(Ex Jt-Moty

()N\:mbet in circle « number ot subjects in group
®*To convert end-range stittness from millimeters to Nmm multiply the mililimeter
value by 7.88N,

.TABLE tv-4b
ANOVA Summary of
Comparisons for End-range Stiffness Cycles (mm)** of Treated Knees
“for Three Groupe over Three Cycles

Source of Varnation Sum of D.F. .Moﬂ" k Prob.
S Squares - Squares  Ratle | 7
Between ,
Treatment Groups (T) 0.6047F+04 17 355.706
1, 2,3 0.6720E+02 2 33.602 C.084  0.920
Withim Groups
1,2, 3 0.5976E.04 15 39R.388
Within
kEnd Range Cycles (ERC) 0.7800E.0Z 36 2.167 . )
2nd, 5th, 7th 0.3208E+02 2 16.042 13.190 0.000*
T - ERC
Interaction 0.5727E.01 4 1.432 1.177  0.341
Within -

ERC Error 0.3649E+02 30 1.216

*Stetisticelly slgn“lc_ant (pc 0,0M
**To convert end-range stitfness from millimeters to Nem, multiply the millimeter
value by 7.88N, :

TABLE 1V-4c
Scheffe Comparisons of

Unweighted Main Effects of the Three Cycles

l Comparisons of Cyclés Contrast F Ratio Probability
.2nd & 5th 0.10619E+01 4.172 0.025¢
* .
2nd & 7th 0.19016E+01 13.379 0.000°*

. S5th & 7th 0.83968E+00 2.609 0.090°

*Statistically signtficent (p< 0.0%)



TABLE 1V -Da

Mcan (Standard Deviations) for

Mid range Stiffaess Cycles (mm)** of Treated Knees of

Three Groups over Three Cycles

R
Croup ’nd Cyveole H5th Cyvcle
. ®
7
Group I() T 14 (1) 68) 12710 (R.75)
(Tmmob only) ¢

Group '_'(5) D600 (v

(k) )
Group !(6) 1617  (H.HK)
(Ex Jt Mob)

(@]

Number 1n ircle

16,40 (4.92)

12,33 (5h.60)

7th Cyole

1071 (7.20)

th

.20 (4.45)

10,67 (H.47)

number of subjects in group

%70 convert mid.range stiftness from millimeters to Nmm, multiply the

millimeter value by 7 B8N,

TABLE 1V-5b

ANOVA Summary of Comparisons for
r,A\(mm)“ of Treated Knees

Mid range Stiffness Cycleld

for Three Groups over Three Cycles

" Sum of

Source of Vartation .
Squares

Between

Treatment Groups (1)
| IR

0.2R65E 404
0.2439E.03

Within Groups
0.2643E.04

Within
Mid range Cyveles (MRCY 0.6200E.03
nd, Sth, 7th 0.4904F+03

I MRC
Interaction 01742092
Within

MRC trror 0.9531¢.02

D.F Mean

- __Dquares

i 168,529
2 121.946

\
15 176.208
G

36 17.222
2 245.188
4 4.304

30 3.177

S

Ratio

0.692  0.516

77.174  0.000*

1.371 0.268

*Statistically significant (p< 0.0%)

*eTo convert mid-range stittness from millimeters to Nmm, multiply the millimeter

velue by 7.88 N,

TABLE 1V-5¢

_ Scheffe Comparisons of
Unweighted Main Effects of the Three Cycles

J—

J
=
l Comparisons of C)'Z'lcs Contrasts F Ratio Probability J
2nd & 5th 0.54873E+01 42.648 0.000°*
2nd & 7th 0.71095E+01  71.592 0.000*
S5th & 7th 0.16222E+01 3.727 0.036*

. o
*Stetistically significant (p< 0,03)

¥
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TABLE 1V-6a

(1

Mcans {Standard Deviations) for

End-range and Mid-range StHfness
Treated Knees of Three Groups

Group IG) CR.

mmob-only)

Group '.’(5) 25,
(Ex)

L roup 3@) 26.

(Ex Jt-Mob)

o o Sum ol i Mean Fo
[ Source of Variations Squares D.F. Squares Ratio Pmb.J <
T T :“Q<*‘;;. ~
hd "
Between . he
Treatment Groups (T) 0.3042E+04 417 178.941
1, 2,3 0.4897E+02 2 24.483 0.123 0.885
Within Groups \
1, 2,3 0.2992E+04 15 199.483
Within
ERC, MRC 0.1103E+04 18 61.278
2nd Cycle 0.5044E.03 ! 504.380 17.424 0.001*
T — (ERC, MRC) }
Interaction 0.1098E+03 2 54.899° 1.896 0.184
Within |
0.4342E+03 15 28.948 |

71 (15.5M

200 (5.9

67 (7.07)

.

Yycles (mm)** of
ver One Cycle

Group End-range Stiffness/2nd Cycele Mid-range S(lﬂn(‘sé/L‘ml Cycle

1914

22.60

16.17

{11.58)

(4.96)

(H.98)

ONumMr/ﬁ\ circle = number ot subjects in group
**To convert end-range and mid-renge stittness from millimeters to Nmm,
multiply the millimeter value by 7_88N,

TABLE 1V-6b

ANOVA Sumisary of Comparisons for
End-range and Mid-range Stiffness Cycles (mm)** of
Treated Knecs for Three Groups over One Cycle

(ERC, MRC) Error
Y

|

*Statistically llgr)l“cant (p<0,0%)

**To convert entd-range and mid-rang~ stiffness from millimeters to Nam, wltlp}.v
> the millimeter value by 7.88N,

118



Hg:  Finst cycle stiffness slopes (torque) of the treated knees are greatest for Group 1 and least
for Group 3, with Group 2 slightly more than Group 3.

-

Results and statistics in Table IV-7 (a,b.c) compare Lst cycle stiffness slopes (torque) of treated
knees for three groups. Statistically significant differences were in evidence between Groups | and 2 (p
= 0.049) and also between Groups 1 and 3 (p = 0.037). No significant differences were seen between

Groups 2 and 3.

To analyze the point of maximum failure further, ist cycle vertical displacement and angular

F Y
displacement to failure were examined more closely (Figure HI-10).

Results and statistics in Table IV-8 (a,b) compare 1st cycle vertical displacement at point of
linear load for three grbups of treated knees. No statistically significant differences were found among
these three groups. )

Results and statistics in Table V-9 (ab.c) compare Tst cycle angular displacement at point of
hnear load for three grou;;s of treated knees. Statistically significant ditferences were found between
Groups | and 2 (p = 0.016) and also Groups 1 and 3 (p = 0.015). There were no statistically significant
differences between the results from Groups 2 and 3. '

The mean results of angular displacement at failure (degrees within the 50° total ROM) were:

20.59° for Group 1
38.40° for Group 2
38.60° for Group 3.

Group | failed on avergge at 41% of total range, while Groups 2 and 3 failed at 77% of total
range — in other words, at less than half the total range and at approximately three-quarters the total
ROM.
. .

Results and statistics in Table IV-10 (a,b,c) compare displacement at failure, expressed as the

" ratio of vertical fo angular displacement for st cycle treated knees of three groups.

- -
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TABLE 1V-7a

* Croup I®

1st Cvcle
Slopes

TABLE 1V-7b

L Source of Variations

Between

{Immob-only)

61.33 (25.43)

Mcans (Standard Deviations) for A
Ist Cycle Stiffness Slopes (Nmm) for
Treated Knees of Three Groups

32.04 (12.42)

(Ex) (!‘Lx Jt-Mob)

Group 2©

, Group 3@)

30.4€ (9.87)

Ouambe! in circle = number ot subjects in group.

ANOVA Summary of
Comparisons for Ist Cycle Stiffness Slopes (Nmm) of
Treated Knees for Three Groups

Sum of . Mcan I
L nD.F. . Frob.
o Squares Squares Ratio

Treatment (frnups (1)

s

I, 203 0.4013E+04 2 0.2006E+04 5.32 0.017°¢
Within
Cvele Error 0.6037E-04 16 0.3772E.03 >
I 4
Total 0.1005E+05
*Statistically significant (p<0.0%).
TABLE 1V-7d X
Scheffe

Post-hoc Pairwise Contrasts of the Three Groups

Grou Mean
P Difference

Standard

: w
Error Lower

l.‘

1 2 ~gd29
e 2-3 1.61
1-3 3090

116.78  -58.43
126,76  -2B.63

116.78 1.76

Upper DFI°' DF2 F Jn Prob,
-0.15 2 16 7.35. 3.67 0.049°*
31.86 2 16 0.02 0.01 0.990

16 8.18 4.09 0.037°

60.05 2

*Statistically significant (p< 0,0%)

120



R

TAME BV Ra
Means (Stamdard Deviations)

st Cycle Verttoal Displacement (mm)** ot

'oint of

’(Il
Lincar Load for Thice Crome of Treated Rnees
{hoemeds Gl (V) (1 It Mot
) o 'S &
Coroup r Coreugp a Coroty Ve
Nttt ot
ALE R S | PIs 40 g3 6t B1 00 (2 aay
e prlove e et
"n, I D I T N N A N RN TT RN
“n POt et Al S A et Cnm my L ime e T Nmm . mo) T iy the
1Y e Al t AN

N N
TABLE 1V Kb
ANOVA .\uulmuvy of .
Compartisons for Ist Cycle Ver®at Displacement (mm)*° at
Potnt of Lincar Load for Three Groups of Treated Knees
N Cum of [XTRY
1 Tt ol Nyt en v 1t ) i Frroh
l Sqreares .\(‘\ldll’\
e taneeny
Treatment ©oroaps (1}
1. . 03 a6t 0 [ I 0.0
.\
\\M\\,u
NooCacte Frros O IONE 0, it Joe,
Lotal (O COR A o1, ;
/
.03
Sstatiticalty signitioant to . 0 0% 4 0 &€ {
. , N
el et vmerioal dinplocement from myllimeters to Nem. muliiply the . L
millimeter valus 6y 7 RBN,
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TANBLE IV 99
Mceans (Standard Deviations) for

e
Ist Cycle Angular Displacement {em)** at Point of Lincar
Load for Thice Groups of Treated Knees
{Tnimob ulvl)) (t\) {Ly )t Moty
Anp b '\ 6
! Coroup Y Croup o' Coroup &
Displacement
Cm 1040 (1t 14 (31N 190 (o n
deprees SO R L RAL (6 WL (L
{ ‘N\.ml-m In c it e sumbe e ot autiiacta 10 Qoo
STl Cenvert moguiar dlagplacemant trom centimeters to degrees. multiply cent) *
meter value Ly 1 QR N
TABLE 1V 9b
ANOVA Summary of
Comparrisons for 1st Cycle Angular Displacement (¢m)** at
Point of Lincar Load for Three Groups of Treated Knees
Sum of Mean i
Sonrce of N attion " [ RN B . ! Prob.
Squares Squares Katio
fletweon
Treatment Groups (1)
b R UR I TR R 18103 TAK O 0.005
Within
Crole brrog O 38RTH .01 HY RETGL
Total D.7572003

*Statisticoally signtticant (@ 0.0%)
®**lo convert angular displacement from centimeters to degrees, multiply the centi-

meter value by 1, 987

TABLE 1V-9d
Scheffe

Post hoc Pairwise Contrasts of the Three Groups

Standard

M(;arl'! 7 . . I
. oW ppe MY W2 ‘ 5, Frob
Group Difference Error Lower tlpper  DEL DI ' (-1 v
1-2  -8.02 7.52 .62 16.41 216 10.81 541 0.016°
23 0.10 8.10 777 7.57 216 0.00  0.00 0.999
-3 -9u2 /r’"‘ -16.51 S1.72 2 16 1105 553 0.015*
’

/ *Statistically signiticent (p< 0,0%)
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TABLE TV 10

Means (Standard

Deviations) for

Ratlo of Vertical to Angular Displacement at Point of Lincar Load

Nuring the 1st Cycle for Three Groups of Treated Knees

th

Koatre Vertaeal to
Aot oag

Ppbac e nit

TABLE IV 10b

Comparisons for Displac

ninob ondy

(YY
Croup 1

Nomtese 1o o 11y

() (hx e Moty
6 &
Copoup 1'( Coroup ((
[ U B R 481 ¢ 050
le Bumter ot SGec s 1a \.n:,p

ANOVA Summary of

ement ot Fatlure as Expressed inoa Ratto of Vertical

to Angular Displacement for 18t Cycle

Soutee of Nartation

Boetweon

Preatment Coromps (1
oo
Within
Katio brror
Totat
*

TABLE IV 10d

Suny of

.

\({Udl('\

)
0. reeat cof

0o, Kb

02089101

Treated Knees of Three Groups

-
Near f o
. ' Froh.
Beuates Ratto
N [ANTE) AR I 0.005H*
A
Th a0,

Shtatistleatly <ignificant (< 0.0%)

- Scheffe
Pust hoc Pairwise Contrasts of the Three Groups
L 4
Mean Stamtard 3
[ - 1 )" 4 B . »

CUR L erence brror fLower pper - DEL DE2 I (71 Prob
P2 0,34 0.0l 0.73 0.05 2 16 5.65 283 0.089
A 0.2 o.ue 0.20 0.61 2 16 1.88 0.94 0.412
[ (L 0.02 0.16 0.93 2 16 1443 .22 0.006°

*Statistically signtticant (p< 0.0%)



Earhier findings of angular displacement did produce xluusucally‘stgmﬁcanl findings between;
Groups I and 2 and also between Groups 1 and 3 Vertical displacement findings were not statistically
stgnthcant However for ratio of vertical to angular displacement values statstically sigmificant
ditterences were tound between Groups | and 3 (p = 0 006), with approaching signihicance between

Groups 1 and 2 (p = 0 089). »

‘

Table IV, 11 summanzes the relavonship between vertical and angular displacement along with
area s1ze. To clanfy these differences further, Figure [V-8 illustrates vertical displacement at fatlure,
angular di$ptacement '.u‘f;ulurc, st cycle slopes and. to a certain extent, arca size under the linear
loading cycle

The significance of the st cycle hysteresis loops in terms of arta and stffness measurements is
very clearly shown on the graph (Figure [V-8). Group 1 presents with a\‘!mrp increase 1n the slope in
the linear regron and fatls earlier in the S0° range (at 20.59°), but with a greater Ist cycle area. Both
Groups 2 and 3 fail at a similar pornt in the 50° range (at 38.4° aftd 38.6°). However, the vertical
displacement of Group 2 is much higher, as shown by the long sleeb slope 1n the linear region. Due to

\

this steeper slope, the underlying area of Group 2 is much larger than that area underlying the curve of
) . .
Group 3.

Table [V-12 illustrates the hysteresis loop area sizes for each cycle in tum. The area of Group |

for the Ist cycle is 7.5 times greater than the control area; this relationship by the 2nd cycle, has

.

decreased to 1.25 times greater than the control area. For Group 2, the area of the Ist ¢ycle is 6.7 times
greater than the control, and this relationship has decreased to 1.7 times in the 2nd cycle. The Ist cycle
area for Group 3 is 4.5 times greater than the control, but is the same area by thé 2nd cycle.

These comparis;)ns iltustrate the dramatic differences between 1st and 2nd cxclc areas for each
individual group. Identifying the area difference between the st and 2nd cycles ‘in Figure -1, one can

v

more clearly observe the destruction taking place in the 1st gycle. By the Sth cycle there is very little

difference between treated and control knees.
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TABLE 1V-11
Comparisons of Vertical Displacement, Angular Displacement
and Ist Cycle Area Size for Three Groups
Vertical Angular Area Size Vertical vs.
Displacement Displacement For Entire Angular
(at failure) (at failure) 50° Cycle Displacement
Group 1 186.69° Nmm 20.59° 7.5x Contr0< 9.8
Group 2 234.29 meLn/) 38.45° 6.7x control ~6.\§
]

Group. 3 166.32 Nmm 38.65° 4.5x control .~ 4.3
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TABLE 1V-12
Descriptions of Hysteresis Loop Areas

Comparing st Treated Knee Cvcle to Ist Control Khee Cycle

(comparing group ‘hysteresis means)

Group 1 (Immob-onlv) Rx area = 7.5x% control area
Group 2 (Ex) Rx arca = 6.7x control area
Group 3 (Ex Jt-Mob) Rx area = 4.5x control drea

Same Repeated for 2nd Cvcle

Group 1 (Immob-only) Rx area = 1.3x control area
CGroup 2 (Ex) Rx area = 1.7x control area
Group 3 (Ex Jt-Mob) Rx area = control area

Same Répeated for 5th Cycle

Group 1 (Immob-only) Rx area = .71x control area
Group 2 (Ex) Rx area = 1.3x control area
Group 3  (Ex Jt-Mob) Rx area = .77x control area

Comparing Means of a Total Sum of Individual Ratios

Ist to=2nd Cycle for Treated Knees
Group 1  (Immob-only) 1st to 2nd cycle ratio = 9.8

Group 2 (Ex) Ist to 2nd cycle ratio = 6.5

"

Group 3 (Ex Jt-Mob) Ist to 2nd cycle ratio = 7.3
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To summarize, statistically significant results for 1st cycle findings were:

1) areas of hysteresis for treated knees

between Groups 2 and 3 (p < 0.05)

between Groups 1 and 3 (p < 0.05)

11) first cycle stiffness slopes

between Groups 1 and 2 (p = 0.049)

between Groups I and 3 (p = 0.037)

i1)  angular displacement

between Groups | and 2 (p = 0.016)

between Groups | and 3 (p = 0.015)

v) ratio of vertical to angular displacements (rise/run)

between Groups 1 and 3 (p = 0.006)

and'nlmost statistically significant between Groups 1 and 2 (p = 0.089).

The results for Group 3 for Ist cycle findings as compared to Groups | and 2 were:

1) statistically significant smallest area of hysteresis -

i1) differences in means, though not statistically significant, with:

+  least vertical displacement for Group 3

< least stiffness for Group 3

«  smallest ratio vertical to angular displacement for Group 3

R

iii)  almost identical angular displacement, witlll Group 3 slightly further into the range.

'

The 1st cycle area of hysteresis was largest for the exercised group and smallest for Group 3.

The failure of Group 1 fairly early in th:;ﬂc\(

2 and 3 (at about three-quarters the

anticipated. The hypothesis (H;) did not take into consideration the possibility of lig

full range) resulted in a smaller area of hystere

during the 1st cycle. \/

at less than half the full range) as, compméd to Groups

ig than originally

)

ntous failure

128



Because of early faillure of immobilised-only specimens, the first cycle slope measurement
(linear region) becomes even more criical - mud-range and end-range sutffness measurements are no
longer applicable. During the first cycling motion, there was most likely tearing ot 1) fibrotatty tissue
adherent to the articular tissue, 1) anomalous crosslinks, ti1) synovial fold adhesions. and  1v)
collagenous fibre im;rccp( point binding sites.

After only one week of remobilisation, or one week of remobilisation in conjunction with
spcclﬁcjoinl-mobll%satmn treatments, significant differences were apparent between the three groups.

It would appear that less tissue damage occurred during cycling of the knees of Groups 2 and 3.
As a result of their treatments, the tissues were more pliable for Groups 2 and 3.

As noted previously, motion is vital for the synthesis of proteoglycans and collagen. It had been
previously observed that the water and hexosamine (sugar residue of GAGS) levels had increased
dramatically after one week of remobilisation.!! With a partial recovery of water and hexosamine

concentrations, motion should enable the process of lubrication and maintenance of crifical distance
|

between existing collagenous fibres to begin more eftectively. As compared to the other groups, the

immobiliseg-only group demonstrated the steepest slope in the 1st cycle, due to the relative absence of

motion prior to testing.

During motion (exercise and joint-mobilisation), extraneous intermolecular and intramolecular
crosslinks are broken down. Fibrous adhesion sites at the articular cartilage, fibrous proliferation
within the joint spacg, adherent synovial folds, and overlapping collagenous fibres are stressed and
stretched. Joint-mobilisation functioning more locally should enhance these changes even more
specifically than the exercised group.

During joint-mobilisation, there should also be a direct effect on the collagenous sheaths

surrounding the ligament (endotenon, epitenon, paratenon). These sheaths run perpendicular to the long

axis of the ligament. No mention has been made of the effect of immobilisation on these sheaths.
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However, one could postulate that the nomal ‘binding ™ function of these sheaths would become
’ |
greatly exaggerated

The fibre meshwork of joint capsules 1s loose enough to allow the required tlexibility for

3

movement. When collagenous fibres are laid down or replaced (synthests or degradation), the length and

mobility ohﬁe»r;bres between attachments is dependent upon motion of the fibres during the pernod
of formation.'?7 f there is no motion, the fibres will tend to shorten and form dense rather than loose
meshworks. 4

During immobtlisation, there 1s an increase in rate of collagen synthesis, collagcﬁ degradation,
and rate of crosslink f.ormalion.“' 3.10 The relatively immature collagen and cro.%slinks should respond
well to motion. As the collagen matures during remobilisation, anomalous crosslinks should break
down and the remaining grosslinks organize appropri%(ely along lines of applied stress.

It has been postulated that joint-mobilisation will specifically restore the loss in anterior tibia!
gliding in relation to the femur,' '7'pr0vide a specific lubrication effect for the joint surfaces,!** and
locally stretch the joint capsule and periarticular joint structures.!’? The additional benefits of joint-
mobilisation were decidedly apparent in 1st cycle results.

A more specific description of how joint-mobilisation increases available joint range and
subsequently decreases joint stiffness may include:

1) stretching of the entire multi-directional meshwork of the joint capsule through traction:

it)  anterior and posteri(ngstretéhing of the joint capsule during antenor tibial gliding (increas'ihg
mobility of collagenous fibres in the direction required for knee extemio:;): . ﬁ'.

iit)  stretching of: intr!ta_{ﬂjcular fibrous tissue, ligamentous sheaths, sites of abnormal crosslinks,

and s€ar tissue (developing between layers of capsular meshwork): and

iv)  lubrication of the joint, meniscii, and ligaments.

-

-

‘ 13 . i
4.7 Clinical Relevance



I The lack of accurate measuring tools tor.physiotheraptsts to quantufy joint stuffness 1s very
evident. With regard to subjective measurements, Rhund et al'*! t"ound that patients were incapable of
disunguistung between jont stiffoess and pan. As well, these same patients were unable to define the
symptoms of stffness in a consistent manner

As avalable objective measurements, the Stoddard-Pans joint motion classification and
N - . . »
Maitland’s movement diagrams are 3 means of scml—qu;ﬂft\lmllvely measuring joint stiffness 8-

.

However. both of these measuremients are based on the application of well-developed manual skalls.

'\

In this parq«;uhl‘"s(i‘(!?fwbolh. groups 2 and 3 failed at a similar point tn the 50° range (at 38 .4°

and 38.6°). Dcﬁ:f ” nir'l‘ilar.i(y of the total range of motion, the quality of the stiffness present
throughout the range wag de(f‘x:lcd.ly different. The use of Maitland’s movement diagrams would
adequately record these differences. However, not everyone will develop excellent skills in order to
appreciate the quality of this joint movement.

The need for an arthrograph suitable for climcal use becoglir.bscxtrémely apparent. With a more
accurate documentation of initial joint stiffness, physicians and physiotherapists alike would be able to
ry any improvement in the quality of movement as a result (if the applied treatment.

' Arthrographs have been developed for glinical use as well as for scientific usage. However, these
arthrographs have bee‘n developed only for the knee%: 2!0- 215 and metacarpophalangeal (MCP)
joints. 107. 225. 259 More recently, an even more portable microprocessor-controlled arthrograph has
been developed for the MCP joint.*® Unfortunately, these.anhrographs ar: joint specific and only for
these two joints.

2. This study confirms (l\1e beneficial effects of joint-mobilisation a.nd exercise ta decrease joint
stiffness throughout the mngé‘ (Figure IV-8).

With repeal§ graded joint-mobilisation movements of either traction or gliding, a

physiotherapist ser\Lie) during the treatment a gradual increase inthe mnge of motion and a decrease in
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the joint resistance felt. In other words, there is probably increasing elongali;)n of the joint L:apsulc
with decreasing amounts of required force. ) ) :
Each repeated grade movement (Grades 3 and 4) could be likened to n:pgaled hysteresis loops
within the hncar region (Figure [1-7). As these loading and unloadlng cycles.are repeated. the strain
© increases with decreasing stress levels. As well, the area of hysteresis becomes smaller and smaller.237
How far into this linear region graded traction or gliding rﬁovemems occur is t;nknown. P:m's”‘2
reasons that if joint-mobil;sations and joint-ganipulations remain within the elastic region, the
" connective tissue will retum to its original resting length once the stress is n‘m0ved\9 Furthermore, to
gaig ROM, the joint must be stretched into the plastlc region, for a permanent deformation or
~lengthemng has occurred on unloadmg Viidik 2*7 stated that with repeated cyclic tes(s wnhm the linear

s

region, some of the change in length is reyersible or recoverable (elastic effect), while the plastic
) - 0'

component is not recoverable. .

-

. N .
If permanent deformation results from Joint-mobilisation, how long will this permanent

elongation effect remain? If a joint is nat used normally with its newly-aéquired 'ROM. the joint will
once again suffer from immobilisation effects. In othe-r words, the patient must maintain new
movement by means of home&:‘xercises; spe‘ciﬁc-joint mobili:y exercises, as well as stretching
exercises to maintain and increase the extensibility of the surrf‘)unding soft tissues.??-62. 127, 128. 135,189,

Farfan! stressed the importance of strengthening exercises to help',m‘aintain the normal
functioning of this newly-acquired ROM. If was much easier to pre'vent muscle and joint tightness and
stiffness “by frequently repeated activity” than to correct it once Et had div}eloped.m

During a period of remobilisation, tendons and ligaments regain their ultimate strength at an
extremely slow rate (Figure TV-9). Not only do tendons and ligaments take an extremely long time to
recover, but there are also regions of periosteal absorption at the bone-ligament attachment points. 250

It is unknown how long it would take for the periosteum to return to normal.

@
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FIGURE IV-9 Ultimate Strength and Time Group ‘Comparisons.
- Following two months of immobilisation the conjectural
- recovery of treated ligamentous tissue ‘improves the-least for the active
exercise ‘(Active<Ex) group, greater for the muscle stretching with actiye
exercise  (Stretch-Ex) *group and greatest for the active -éxercise with
muscle’ stretching and joint-mobilisatien (Ex* JteMob Stretch Ex) group.
-Despite the ifitense "treatment - for these groups, even at the end-of ene
. year, the recovery has not reached the normal leve] and definitely not . -
to the level achieved in the normal exercised group during the same time .
period. ‘(Adapted’and modified from Akeson et &l.8). . ’ T
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“Prescribed exercises which increase the forces being transmitted to ligaments. tendons, and

bones will maintainrand generally increase the strength and functional capacity of these structures.”*%

With our awareness of the deletenious effécts ot jont-immobilisation, it must tre stressed to the patient
to maintain an exercise level to increase joint mobility and to stretch surrounding soﬁ tissues
(muscles, fascia, and skin) in order (:) keep these tissues stretched as well as lubricated at the
colligenous levet.7®

3. Within the limitations of this study, conclusions clearly indicate the beneﬁcial‘effccts of joint-
mobilisation. This confirmation of beneficial effects on animal subjects needs to be reconfirmed on
human subjects. Use of a rabbit model allows a consistency within the many variables present. The
same control of the many variables' would be next to impossibJIe with hum:u; subjects. Funhen;lofe.

tests on the contribution of suffness from just the joint complex (removing muscle, fascia, and skin)

could not be done in the human.

4. The skills of physiotherapists, orthopaedic surgeons, mechanical engineers, theumatologists,

and patients, to mention a few, are needed in the development of an arthrograph. To further the studies
on the effects of joint-mobilisation, the physiotherapist must work as a team with members of other

professibns. “As with many other areas in onhopaedics. it will be only through the benefits of applied

*
]

research that the efficacy of clinical practice can be maximized.”’®
“
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VoCONCLUSTONS AND RECONMMENDATIONS

<1 Conclostions
" Statistical and Obscryatiopnal Coonclusions
Atler onby one week of emobithsation, cither by aiselt ot e conpunction with jout

mobilisation, difterences became apparcnt between treatment proups . Beoetits ol jont mobihisation

were particulardy evident mn the Iseovdle Tnthis ovele Group 2 as compated o Groups Lo 2 had the

smallest area of hysteresis (statisiical b sipmticant bemween Groups and 3and Groups 2 and ) least

stittness 1 the Iincar region tonly staisucally signthicant between Groups Tand 2 and Groups 1 and

N

voleast vertical displacement at tatlure (oo statnstically sipmticant difterencesy. and the smallest tatio

-

ot vertical to angular displacement at tature conly statsucally sigmticant between Groups Hand )
thrgure IV X
Both Groups 2 and 3 taled at very nearly the same pomnt n the range (3% 47 and X 67
respectively i however, at this pont, the joint stiftness tor Group 3 was less than tor Group 2 (with no
-l\l.lll,\lnxnll) sipmiticant differencesr This dittesence ot stitfness was shown, as aillustrated in
Friyure [V X wath a tigher verncal displacement at fatdure tor Group 2 and likewise steeper slope
thowever no statstically signiticant ditterences were toundy In other words, both groups had nearty
wentical ROM (mottony, yet the stiftness of the jomnt (quality of moton) was substantially datferent

At present, it s unknown when, or tf, complete recovery of tendon or ligament strength can

oceur after extended immobihisation 1t can be recalled that on the load-deformation curve for a bone-
[

.

ligament-bone specimen (as modified from Noyes et al'®®)

.

(Figure 11-11). the group of monkeys
remobihised (free active exercise ) tor 12 months, presented with a load-elongation curve that had not yet
reached a “nomal’ (controb) level. Thus. despate tree active exercise for 12 months, ‘normal” levels ot
tendon and ligament strength had sull not been reache.

As a result of the tindings of the présent study. the investigator speculates that a group allowed

free active exercise — and receiving specific joint-mobihisaton — would have achieved strength levels
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notably closer to the normal” curves than did the exerased only group Aneven hugher level of tendon
or Izament sticngth might have been achieved Morcover, the investigator s ot the opriuon that, with
jotnt mobilisation. strength pans could have occurred at a taster rate and the Tevel ot strength
ultimmately attamable would have been signthicantly higher

b. Projected Conclusions

Frercsed normal hgamentous iissue, compared to wunevercised normal higamentous tissue,
demonstrates greater stitfoess, higher maxiaimum load at fadure, and greater maximum energy at talure
(Figure 11 11 Furthermore, Figure 1V-9 outliies the recovery penod for hgamentous tissue, tollowing
two months of mmobtilisanon, and allows strength-compansons with normual higaments: There as a
tapid loss of ligament s;rcnglh with unnobilisation, and yet an extremely gradual and tong recovery of
this .\’tr(ingm occurs over a penod of 12 months or more B0 By ercived -normal hgamentous tissue
EX (N) - is depicted at 100 per cent strengthr by one year's et whereas unevercised-normal tissue (N)
1y deprcted at 90 per cent 1n the same time

There 15 a progressive increase i post-immobihisation higament strength. This progression
vanes trom
1) least strong post-tmmobthisation group active exercise only (Active-Ex). to
1) stronger post-immobilisaton group: active exercise + muscle stretching {Stretch-Ex), to
m)  the strongest post-immobilisation group: active exercise + muscle stretching + joint-

L ]
mobuisation (Jt-Mob Stretch Exy (Figure [V-9).

5.2 Recommendations
L. Cycling Range of Motion
a) ¢ The chosen ROM was unsuitable for this particular study. The immobilised group failed

at 20.6°. The ideal ROM for testing joint stiffness would be well below the region of failure,

preferably within the linear region.



by As part of a turther pdot study . small repeatnng Toading untoadimg cveles frther and
turther nto the range would solate the desued range of motion Ths p.umu!;n approach has been
descnbed by Unsworth et at?" tor testing ot the human MCP jomts Despite the preconditioning
citects ot these repeating cvales these eftects are desuable to cyching thiough too kuge a ROM

<) Use ot hugh speed motion plcllm\\“ Or use of mICroscopy 120 Could turther dovument
damage tahing place duning the Cvchong ROM
N Changes i Arthrograph

The adeal machine would not tgece the test speamen ta tollow the prescribed machine
displacemient. but would allow flexron and ¢extension of the specimien to oceur naturally  For more
accurate results, a future arthrograph for testing the rabbit’s knee should eliminate unnecessary forces
trom tnction and gravity caused by shims. counterbalance. fixed mactune axis point, and tour fixation
sties on the tibia and femur The machine as it was did produce some undesirable torces and torsion on
the hnee joint

The purpose. ot the tetlon tubes was to allow physiological axial rotation or changing centre of
rotation to occur without inducing unnecessary torces on the speamen. These tubes had a better “give”
to them than the inttial design with fixed pins into the bone. As the tubes accommodated to the ever-
changing knee axis points. the machine axis pomnt remained fixed, It could not be ascertamed that
fnction in the teflon tubes was entirely eliminated.

As well, the onset of failure of the specimen could have been hastened by the imtial knee
position. 1) ubia already rotated since the start of the immobilisation period, and 1) choosing of shims
as well as the postboning of the limb within the tubes.

3 A tremendous amount of work has been done on tesung biomechamical properues of tendons and
ligaments in isolgtion, with much less emphas.ls on the joint capsule. Because testing by means of

arthrograph involves the entire joint complex, the findings from these tests are more clinically
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stgnificant to the practitoner concermied about jont stuttness Further research needs to be directed into
the development of arthrographs both tor clinrcal and laboratory research.
1
[o summary. animproved expenment would begim with a small displacement ¢ycle and would
monotonically increase 1 magnitude  In this way. the mmmum cycle causing damage could be
identfied, and the stffness of the joint could be determuned without damaging the specimen. As well,
an inproved testing apparatus would permit physiological testing The specimen would not be forced

to tollow the trajectory of the machme and would not include fnction from the machine components in

ity results
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RECORLCING SUBJECTIVE MEASUREMENTS OF JOINT STIFFNESS
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]
VISUAL ANALOGUE

| |
[ !
No stiffness

F‘~“*‘”“‘mcm’A"‘“‘“—ﬁ

Very severe stiffness

s

FIGURE A-1

The above solid, horizontal line represents a continuum of joint stiff-
ness in terms of a uni-dimensional, ordinal scale with no stiffness at one
end and very severe stiffness at the other end. The length of the line,
or distance from 0 cm (no stiffness) corresponds to the amount of stiffness
subjectively experienced. Accordingly, a subjett marks the line and 1-:hus

indicates their subjective perception of their joint stiffness.*® °®'®"
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® 5-POINT VERBAL SCALE

O No stiffness

O Mild stiffness

U Moderate stiffness
() Severe stiffness

0 Very severe stiffness

FIGURE A-2

The abO\'/e scale is an example of a 5-point ‘vegbal scale. It is a
descriptive unidimensional, ordinal scale for recording joint stiffness where
stiffness ranges in order of increasing severit&, from no stiffness to very

. 42, 96, 181
severe stiffness.
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® NUMERICAL RATING SCALE

{0 No stiffness
i1

(i2

8]
037
a8
9

010 Very severe stiffness

FIGURE A-3 "

The above scale records joint stiffness as a unidimensional ordinal
scale (with equal appearing intervals), where tt}e number 0 indicates no
stiffness and the number 10 indicates very severe stiffness. The number
chosen by the patient corresponds to their subjective perception of their

joint stiffness.”® **'®' d



B GUTTMAN SCALE

(31 Walking on a level surface
02 * Walking on a slightly inclined, flat surface
()3 Sitting onto a high stool

(04 Ascending staj

»

05 Putting on socks or nylons

06 Sitting crosslegged

FIGURE A-4

The above scale illustrates a Guttman scaling teghnique fo‘r“,.knee-
ROM in which functionai activities gre sequenced in terms of ingreasir;g.
required ROM. The mesult is a uidimensional, cumulativé;sc'afle which..

, _
records joint stiffness. In terms of the scale, ihability io p:rform one

activity implies that it would be impossible, to perform another activity

158

..

‘rther up on the scale; however, no di,ffic‘ultya should be -ekperienced with .-

. ° .
performing an activity further down the scale.”’ **.¢*» ¢ This hypo-

thetical scale is untested for va.ty or reliability.

P
.
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After 9 eelf:.’ the first group of ten rabbits will be sacrificed. A repeat

X-ray just before $acrifice will ensure the maintenance of the fixation position

during the pefdod of immobilisation. The lower limbs will be disarticulated at
the hip Joint and all the skin of the hind 1limb removed. The nuscles will be
divided in a circumferential manner at approximately 4 cm above and 3 cm below
the knee joint line. This circumferential inclsion will serve to eliminate the
nuscle and skin-factors involved in the Joint contracture created by the
1mmobllisatlon.

The measuring instrument, a modified Wright-Johns-Goddard arthrograph, b}
will measure the amount of torque required to extend and to I'_'lex the rabdbit's
knee thmough varying ranges of motlon. A Hewlett-Packard Hodel 7041A X-Y recorder
w1ll yield the torque-angular displacement curve for this extension-flexion cycle.

Both the contracture and the control knee for each rabbit from group 1 will
he tested on the arthrograph.

For both the second and third groups of 10 rabbits, the immobilisation
fixation will be removed at the end of nine weeks. The ratbits will be allowed
to Tun free in their individual pens for an‘additiongl three weeks. In addition,
the third group of rabbits will receive specific joi‘rlxtﬁ—mubulsation treatments
to the contracture knee three times per week. Both groups of rabbits will be
sacrificed at the end of three weeks. The testing procedure as described for
group 1 will be repeated for both the contracture and control knee for each
rabbit.

For the pilot group of rabbits, the immobilisation fixation will be

removed after seven weeks. After two weeks of free exercise and joint-mobilisatlon

treatments three times per week the rabbits w9’1 be sacrificed and the
biomechanical testing performed.

FEASIBILITY:
The pilot group of five rabbits will help to fanillarize the investigator

with the procsdures involved and will identify future potential problenms.
The Hewlett-Packard Model 7041A X-Y recorder and arthrograph ¢can be - .
obtained on loan from the physical therapy department. ) '
The S.M.R.I. Animal Unit at Ellerslie is well equipped with the raqui.t-eq
pens and an isolated area far removed from other amimals. ‘Restraining Jjackets
will be provided by the unit for the treatment sessions. The investigator will
perform-all the testing and treatment procedures. Surgical and radiological
procedures will be performed with the assistance of-a surgical tech.nician and

DPr. Secord. ’ - : ‘ .

- .
M . . N . .
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IMMOBILISATION SURGICAL PROCEDURE
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lmmobilisation Surgical Procedure

The rabbit was first anaesthesized through a face mask, utihizing halothane with 3 S per cent
oxyren at a flow rate of 3 hters/munute. The entire left lower extremity was then shaved from gromn to
ankle Followmng thus, the shaved leg was prepared wath soap and water wash and then stenlized by
pauntng  with a skin antiseptic. Betadine solution (U.S P 4opwcal solutton 1 per cent iodine - 1} per

- - 3

cent povidone)  All surgical mstruments. gowns. and gloves had been previously stenhzed in the
autoclave

The rabbit (except for its hund limb) was draped with two small stenlized drapes. One stenthzed
lap sponge enclosed the lt:ﬁ toot. Both the lap sponge and two small drapes were held in place by seven
Backhaus towel clips. Thrpughout surgery, the techmeran stabilized the tett hind imb i 4 position of
futl knee flexion )

Two incisions were made. The first incision, just lateral to the ubial tuberosity, separated the
tibtalis antertor muscle from the Gbia. The peaosteum was separated medially, lul’cr;\lly, and a httle

o

infertorly to the tibial (ubt%usny.

A second incision separated the lateral aspect of the quadriceps from the tensor fascia latae. A

gentle opening of the Mayo scissors further separated the quadniceps from the tensor fascia latae, just

cnoixgh to allow a finger under the belly of the quadriceps to separate the middle-proximal femoral |

.

attachment of the quaariceps from the bone. Bleeding was minimal.
The periosteum and tibialis ante‘ior were retracted from the tibia, and the quadageps plus tensor
fascia latae were retracted from the antenor femur.

A 2.4 mm diameter stainless stee! Steinmann pin, with truncated point, functioned as a drill bit

for a hand bone drill and was inserted in this manner just below the tibial tuberosity (extending from

- anteriof to posterior aspect of the tibia). After the pin pierced the tibia, careful drilling directed the pin

”

through the mid-posterior femur.

b4
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To allow shghtly cayer aceess to the antenior aspect of the temur undemeath the quadneeps, a
nbben retractor was used 1o hold the soft tssues ot ll.u‘ thigh and leg apart Then, a hexagonal nut was
threaded onto the tp of the Stemnmann pin that pierced the antenor femur (ard extended beyond by
about S mm and emerged under the quadrniceps muscle Another hexagonal nu{ was aftixed onto the

other end of the pin. located at the anterior aspect of the ubia. Then the antenior ubial nut was
|
/

ughtened shightly to bring the knee mnto complete flexion, while at the same time the posiion of the
antenior temoral nut was mamntaned The excess length of the pin was cut ot antenor to the ubia
’

(using wire cutung pliers)

Using a 3-0 Dexon on a taper cutting needle, the vanous layers ot tissue were stitched together,
one laver at a time, with continuous sutures.
kg

An intramuscular ijection (0 2 cc long acting pemctling was given and the anacsthetic mask
rcm(‘vcd A lateral view X-ray film was then taken of(hcAlcﬂ hind hmb.

Once the rabbits were alert (approximately one hour), they were transported to Ellerslie. These
animals were observed to resume normal levels of activity well within 24 hours post-surgery. All

rabbuts moved freely in their pens, weight beanng on the left hind limb when at rest ang partial weight
?\’c;mng with the ankle 1n plantar tlexion when hopping around inside the pen. )

The nmmubihsa(ion period for all three groups was 57 days. Dates for immobilisation surgery

-

were staggered over a six week period to allow sufficient ime for testing. No more than three or four
v . Is
t

rabbuts were tested op the athrograph on any one day.
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Pilot Studies
3

Over two yearns, fourteen different prlot studies were pertormed analy zing etfects of a number ot

vartables such as:

a, Sex of Animal Subjedts r

In previous rescarch studies on the effects of joint-immobilisation, researchers tended to utilize
1 -
rabbits of the male sex. although the expcnrﬂgnlul rattonale for this was not mentioned, > & 9 1011,

PLI7 253 254 The present investigator found female rabbits easter to both handle and treat. In pilot

4 . .
studies. the males tended to “thump’ their hind hinb when disturbed or fnghtened. an action that led to

~N

many femoral and tbtal fractures in the immobilised limb.

)

It has been noted in the literature that, with rabbuts, correct handling techmique was necessary to

prevent forced hyperextenston of the lumbar spine. which could lead to senous injury ' Correct
L J .
handling technique was made quite difficult with male rabbits. For instance, when the were removed

trom their cages, they tended to struggle vigorously to get free. By contrast, female rabbits seamed

quicter and less aggressive dunng handling.

T ‘
b. Form of Immobilisation
RY ! ) , -
. U] Steinmann pin with hook
-

This method was initially described by Woo et al.>%* A 2.4 mm Steinmann pin was inserted
through the tibla and ,‘hooked over the anterior aspe(fef the femur (under the quadriceps muscle). An
‘ !

~

* anterior tibial nut maintained the kned ina fully fléxed position. =

There were several drawbacks to this procedure. For instance, after insertion of the pin through
the (il;‘m? a'hook was cre:}ted by bending the pin with pliers. This-bending levered a substantial force
through the tibia and resulted in numerous tibial fractures. The majority éf hooks also ;ended to slip

off the femur by the second or third week. Moreover, the actual surgical procedure severely traumatized

the quadniceps muscle while attempts were made to hook the pin over the femur. e

-
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L

") Steinmann pin with nut on only one end

Thuis method was mitially descnibed by Akeson.? A Steinmann pin was nserted through both
the tibta and femur. An anterior tibial nut mantained the knee in a fully flexed position.

Rabbits tended to be very active within their pens. Subjected to this frequent movement, the

~

femoral aspect of the pin nugrated from the femur, allowing more and more flexion-extenston of the
knee — to such an extent that the pin was often dislodged entirely from the temur.

) Nvlon u.)rd

A small diameter, multi-filament, nylon cord was used to hold the ubia and femur in full
tlexion. It was by means of a lateral incision that the cord was inserted. anterior to the femur and tibia,
uriderneath the quadnceps and tibialis anterior muscles. The cord itself, however, tended to rupture after
one or two weeks. - .

n) External fivation of metal plates and threaded pins

This device proved too cumbersome for the rabbit to move: moreover, it casily caught in the

.

mesh of the cagé
vl Plastazote splint
With their leg placed in a plastazote splint, the rabbits tended to gnaw at the exposed foot. Also,

i sores developed under the edge of the splint. Successful use of PVC-plastic splints has been reported in

the literature, however subject rabbits’ knees were placed in full kneq’\extemion. o ‘

.

vi)  Steinmann pin ?'irh\two nuts, ong at eitherend _° - e . -

This surgical ifnmobilisation technique which was ultimately chosen produced minimal bleeding

s A

and trauma to the tissues of the rabbit’s hind limb. Use of both anterior tibial and femoral nuts resulted

in a particularly stable immbbilisation. Incidence of fractures was minimal.

» Ry .
] \‘



171

«. Diameter of Fixation Pin

Dunny the first plot studies. many temoral and tbral fractures were suhsl;uncd in the carly post-
immobilisation stage. It was thought that the size of the Steinmann pin could be a factor in fhus
overly-high incidence of tracture. Thus, pins ranging in size from 2 0 mm to 3.2 mm were (n'cd, with
a 2.4 mm diameter yielding the lowest inadence of post-surgical fractures Pins larger than lfl;\l s1ze

resulted 1n the hughest incidence of fractures dunng syreery. and pins smaller than 2.4 mm broke (not

the bone) within two weeks post-surgery.

d. Cage Dimens#ns and Flooring

Over the course of many pilots studies. different cages wcrc; used, varying 1n dimension from a
width ot 1.5 meters ;md'leng(h o.f 1.8 meters to the final dimensions of 50 cm x 50 cm x 50 cm. Cage
stze proved to be one of the most critical factors 1n reducing the tnadence of fracture to an acceptable
level It appeared that the larger the cage dimensions were, the greater was the incidence of femoral and |
tbial tractures of the immobilised limb. Inside the larger cages, the rabbits were able to pick up speed
whilst hgbping and tcn(led generally to engage in more gross movements. The possible effect of such
EIOSs movemens in conjunction with the speed may have béen an increase in stress applied (o0 the

N L4

bone, already weakened by the insertion of a pin. This weakening may well be significant in that
Miiller et al'** have reported a S0 per cent reduction in bone torsional strength lasting from one to two
months tollowing insertion, or removal, of aAsinglé, surgical screw wiﬁn the diaphyseal region of the
bone. ‘

Any detrimental effect of cage size had been downplayed until a panic. time when the
incidence of tractures seemed excessively high. A consulung veterinanan analyzed the problem as being
the size of cage, not the surglcal procedure (anht M: personal commuriication, 1984)

In addilion. problems with fractigres (lower limb and lumbar) have been reported in p‘zist. research

involving rabbits where the cage flooring was wire mesh, such as in standard rabbit cages, and the

“

/ » |
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rabbits” legs immobtlised (Secord DC: personal commumcation, 1984). In the present study, for -
N ‘ - . - . - N "
instance, if the imniobilised limb became ciught in the wire meesh, the rabbit frequently attempted to

free the limb with sudden Jerking movements. These movements often resulted in fractures. Onee the
cage tlooring was changed trom wire mesh to'wood sawdust ;ma shavimgs, the wcidence of fractures "zmod

hind limb paralysis greatly decreased.

- . :
. 1y
. NN L
€. Envirgamental Factors B . ’ -
L 4 . . : .
. . - X ‘ B
Rabbits are easily frightened by noise and the presence of other larger animals ' Even young s

\
rabbits, if frightengd unduly and often. can die of heart failure (Secord DC: personal communication,
1984). Accordingly, the cages were placed in a quiet location away from the noises and presence of
. * ) . ., " o . » : N y

other anumals.

f. Arthrograph

To provide more reliable resultss the ongmal :mhrogmph demgn was modmed The %ngmal

fixation arms nigidly fixated the rabbit’s hind limb within two metal beds and forc;d the knee to move L e
na su’nple arc with a tlxed axis of rotauon. This fixed axis was unhke the conummlly changing zvush ‘ g

of the knee _;omt that normaHy shifts throughout its range of motion. The onglnnl nigid ﬁxntxon forced

‘an abnormal apphCanon oﬁloads onto tf\e knee )omt :md ylelded an mcrease in measun:d knee friction.

©

The new litnb suPpon systema}lowed the ubla and femur to > moye mdependemly of one anotber T

“in response. to any force placed upon it by the fnee ﬂexioq-extension motiQn. Therefore, the. ability of
the grthrograph to isolate frictional force from other forces in the knee was farther enhanced™ -~ PO
v N "
» 1 ® R ’ - ’
. . ,
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L2 - -
~ 788N

b2

S

N vemcal dlsplacemem &vas 111 mm at the pomt of lmea; load

w

Calculations

-

of Ist Cycle Stiffness Sloflesﬂﬂ

4

. ﬂ . . ) . . - ) . . -~ ey
The #33 immobihsed knee wilkbe ysed as an example for the delernjination of suffness slopes

(Figure ll]-l()).

[N

ct lmear load whscalculated by dmdmg rise by run, or vemcal dlsplacemcm by :mgular dlsplncemcm

As ptevnously calculated in secﬁon 3 7p*the'qngula.r dlsplace‘menl for mbbn #33 was. 8l mm cmd;

>

-

..

»

».

o

.

E

Machine uhbmuon with the-500 gm weight was ra.pgaled six times pnor to Jutmg of the

3

Avemge dunng #33 mactune test =

Momeat apphed during calibgation (same for all leslS) =462.4 Nmni (—Figum.lllf-‘)»);_ﬂ

ontrol knee aﬁd also six times priog to testmg theweated knee (Fxgunqlll -8),

58 7 mg1 deflection under 500 gm lmd

RY

. AR .
Cahbration of verticd displacement from millimete¥s to Newtons: .

P

-

N

L4

462.4 Nmm
V 58.7 mm

7,8‘8v’Nm,m/mmi

7.88 N

r

\

®

o

»

—

H—

. - : s Lo ’ ‘
b ~"hgmfore. the vcm'cal disp‘lacem:én,( af 5877 mm e;emed by the 500 gm-foad-was.equivalent to

-

%o

nun

&= 8mex 0. l98°/rnm

'v

N

.

o™

N -

-

®

Angular dxspldcemgm (same, for .';ll testsf‘-— . l98°/mm The slopc of, lhe Ist: cycle to the pomt

‘a

' Fos #33 xmmo!gxséd Kngg:

D o

3

+

angular drspucoment to. pomt oP lmear toad on x axxs o

16.04°' -

1

Y

-

T

P

L
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1

'f

-

1
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vertical displacement to ponat of Iinear load o the Y axis -~

asce

11l mm x 7.88N ~

874.68 Nmm N

i

rnse = 87468 Nmm .
un . 1604° - ' Lo ]

54.53 Nmm/®

Calculation of Energy *
Y

s+ Enmergy =ara (mm-) x vertical displacement (N) x angular displacerent (degrees/mm)

Using #33 mﬁnobﬂised Ist cycle as an example:

“Energy - = 21,299 mm’ x 7.88 N x 0.198°/mm
S C o
- = 21.299 mm x 788 N x 00.198°
¢ MY
= 3323155 Nmm” K
L . A .
= 3323155 Nmm°x 21 rad
: ‘ . 360
- . - ‘,:1- ) ] i S \
Lo - = -¥79.1 Nmm (rad) '
) ~ & . ‘J{:‘
. . . )““?\
. By -
& \ P § I3
X R .
. ' ot
; i
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Q) ‘Areas of Hysteresis (mmﬂ of Control Knees
for three groups over three cycles

( \:t;T;#-”_ (Imup#‘ ‘*4ilis;t_(fy(‘l(? 2nd 'C_vcle 5th Cycle
01 1 2,074 1,388 1,475
a
05 1 3,075 1,760 2,074
l‘() 1 839 750 1,111
. 21 ' 1 2:317 £,209 1,052
27 ] 3,965 2.799 2,477
33 1 2,628 1,574 1,387
40 l © 2,095 1,667 1,364 -

12 2 3,037 2,079 1,994
13 2 2,239 1,609 1,458
22 2 2,823 2,473 2,281
28 2 2,476 2,155 2,007
31 2 4,642 2,828 2,164
36 2 2,962 1,690 “ 1,628
- 3 3,459 2,136 1,740
17 3 2,690 1,844 2,124
23 3 1,994 1,757 1,411
30 3 1,695 . 1,192 1,110
32 =3 1,831 1,332 1,290
39 3 3,468 3,060 2,545
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| , 2
@ Arcas of Hysteresis (mm”) of Treated Knees
for three groups over three cveles

{s]r;,-w}; Groupr Ist (vele ondovele 5eh w&?]
W'M\*_VM S T

1 1 16,518 2,466 1,732

5 1 33,054 2,590 1, 366
10 1 19,447 2,497 1,272
21 : | 10,320 1,199 956
27 1 16,148 1,427 849
33, 1 21,299 1,268 1,034
40 1 11,313 2,479 703
12 2 18,211 5,044 3,148
13 2 30,440 ¢ 5,355 4,166
20 2 10, 264 3,148 2,252
T 2 26,262 4,686 3,571
31 2 14,718 1,476 1,042

36 2 22,515 2,064 1,0

11 3 13,525 . 2,503 1,019
-

17 3 5,277 2,732 2,000
23 3 13,515 1,757 1,129
30 —_—3— 9,421 764 '537‘
32 3 14,462 2,445 1,645
39 + 3 12,517 1,193 653
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RN
A,

(@) Hysteresis Area Ratio Ist to 2nd Cycle for Treated and Control Knees
. of three groups

rSubject# Group# Treated Area Ratio Control Area Ratio
1 1 6.70 1.49
5 1 12.76 / 1.76
, /
10 1 7.79 ni2
21 1 8.61 1.92
*
27 1 11.32 1.42
33 1 16.80 1.67
40 1 (s 4.56 1.26
12 2 3.61 1.46
13 2 5.68 1.39
22 2 3.26 1.14
28 2. 5.60 1.15
.
31 2 © 9.97 1.64
£ 36 2 10.91 1.75
i hd
r . .
11 3 5.40 1.62
'
17 3 ' 1.93 1.46 -
23 3 7.69 1.13
30 3 12.33 1.42
32 3 , 5.91 ’ 1.37
3 10.49 1.13

. 39
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A !
' ® End-rangg Stiffness Cycles (mm) of Treated Knees
. for three groups over three cycles
. L '
Subject# Group# 2nd Cycle 5th Cycle 7th Cycle
1 1 25 21 19
5 1 62 60 56
Q() 1 40 38 37
J\ 1 17 17 17
27 1 15 15 15
33 T 19 18 17 -
40 1 23 23 22 ]
12 2 22 22 20
22 2 27 25 bs
-
28 2 20 21 21
31 - 2 21 20 20
36 2 36 3% 36
11 3 31 28 27.
17 3 32 32 31
23 3 22 21 20 ;
30 ] 3 13 12 12/
32 .3 " '29 29 28
39 3 © 33 29 28
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'

Mid-range Stiffness Cycles (mm) of Treated Knees
for three groups over three cycles
Subject# Group# 2nd Cycle 5th Cycle 7th Cycle
1 1 13 . 7 6.
5 1 38 28 23
10 1 22 - 12 11
217 1 11 7 6
+

27 / 1 9 7 6
33 1. 7 . 4 3
0y 1 34 T 24 20
12 2 20 b élu 12

22 2 7 24 17 15

¥
28 2 22 . 16 16
31 2 16 10 10
36 32 31 25 23
11 3 15 9 7
.17 3 20 18 16
23 3 12 .8 }\ 6
'30} 3 7 5 4
32 3 24 21 19
)\ .
39 -3 19 13- 12
Fau S




' First Cycle Stiffness Slopes (Nmm) of Treatec. Knees

for three groups

182

Subject# . Group# First Cycle Slopes
1 1 ' 60.37
5 1 93.60

" 10 1 94.27
21 1 35.11
27 1 60,19
33 1 65.56
0 1 20.18

p .
12 . 27.53
13 2 45.38
22 20 23.36
28 2 45.35
31 2 . 1145
36 2 . %14'
11 3 31.34
17 ¥ 23.35
23 3 50.18 °
30 3 27.99
32 '3 30.94
39 3 ~ 18.73
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(@) First Cycle Vertical Displacement (mm) at Point of Linear Load
for three group$ of treated knees
Subject# Groﬁp# Vertical Displacement
1 1 55
\
5 1 11
10 1 138
21 1 50 .
27 1 69
33 1 111
40 116
12 100
13 177
22 84 *
-
38 2 2 136
<
- 31 2 86
. 36 2 127
’ .
11 3 ; ) 94
T 3 S .
23 .3, ; 81
| 30 - : 3 - 35
N X B
32 § 3, R TR (. S
EAREE LR
39 Yoo 3" .
. i N L '

e P
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First Cycle Angufar Displacement (cm) at Point of Linear Load
for three groups of treated knees
N

Subject# Group# -Angular Displacemer;t
1 1 6.7
\
5 1 8.2 ’
N
10 1 15.2
21 1 9.0
. .

27 1 6.8
33 1 8.1
40 1 18.8
12 2 oo 18.7

13 2 20.4

/o 2 24.2 \
~ :
28 2 13.7
31 2 20.7
36 2 18.8
11 3° : 19.8
“17 3 ' 25.2
23 . 3 [ i 15.8
P 30 3 8.8
¢ o ’ v .

-3‘.' 3 _ 24.2
39 3 N ' + 23.3
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\ A\

(9 Ratio Vertical to Angular Displacement at Point of Linear Load

3\

for three groups of treated knees

Group# Ratio Vertical to Angular

Subject#
1 1 0821
4
5 1 1.476
10 1 1.021
LI
21 1 -0.556
Y 1 1.015
33 1 1.370
40 ,,j ' 1 0.617 ' A
‘ L
12 . 2 \ 0.535
14
13 } 2 - 0.868 o
22 2 . 0.347
28 2 .. % 0993
31 2 0.415 -
36 2 oo 0.676
11 {4 0.475
17 3 ~ 0.361
. ) .
23 3 . 0513
A 30 3 B lo.gs_)‘s
) LR,
32 3 : 0417
3 0.438

39
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