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Abstract 

The purpose of this investigation was to document the influence of the 
antertor cruciate ligament (ACL) in eontrolling the rf)mamie interaction 
between the femur and tibia. Twenty subjects were initially selected to 
participate based on the results of arthroscopie and proprioceptive tests 
which established the presence of a uni-lateral, third degree rupture of the 
ACL. Examination of the contralateral knee confirmed the absence of 
previous ligament disruption. The characteristics of the dcficiency were 
quantified on the Oenucom Knee Arthrometer (OKA). Thesc measures 
documented the extent of bilaterai anterior Iaxity asymmetry that existed 
for each subject. Sagittal laxity asymmetries of 5 mm or greater served as 
an inclusion criteria for protocol completion and reduced the sample from 
twenty subjects to fifteen. Rotation shifts of the instant center knee axis 
were documented in two dimensions to reflect the effects of in-vivo 
cartilage degeneration. Three anatomical points were identified on the leg 
with the subjects' thigh securely positioned in the OKA. These inc1uded: (l) 
the tibial tuberosity, (2) a point on the tibial crest approximately 15 cm 
inferior to it, and (3) the medial epicondyle of the femur. A BASELINE 
(tm) goniometer was attached to the leg and monitored flexion angles. A 
110 ± 5 N force was applied at the joint throughout a range of motion 
(ROM) beginning at 100° and continuing to -10° by 10° increments. The 
anatomical markers were digitized throughout the range and quantified in 
referenee to ~hree orthogonal planes: (l) frontal, (2) sagittal, and (3) 
transverse. Numerical coordinates generated in the sagittal plane were used 
to compute the instant center (lC) of the knee according 10 the method of 
Reuleaux (1876). A spline function established the best fitting curve of the 
IC coordinates obtained throughout the ROM. Displacement variables 
were extrapolated from joint rotation profiles generated from these 
coordinates. Abnomlal displacement migrations of the le parameler were 
demonstrated to occur in exten~ion. Migration displacements evaluatcd 
between 30° and 0° shifted anteriorly 5.07 ± 1.86 mm for intact knees and 
6.97 ± 2.06 mm for involved knees. This was determined io be significant 
at the 0.05 level of confidence and correlated weil with c1inical findings. 
Mean migration displacements evaluated in flexion (between loo° and 70°) 
were not found to differ significantly between knee conditions. 
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Abstrait 

Le but de cette éturle était de documenter l'influence du ligament croissé 
antérieur en déterminant l'interaction dynamique entre le fémur et le tibia. 
Le première sélection de vingts participants était basée sur les résultats de 
deux examens. Les examens arthroscopie et proprioception ont établi la 
présence d'une rupture unilatéral du ligament croissé antérieur. Les 
caractéristiques de la rupture ont été mesuré par la GENUCOM. Le mesure 
de déplacement antérieur du tibia en relation du fémur à établi le degré de 
non-symétrie entre les deux genoux de chaque participants. Une différence 
de 5 mm ou plus d'élévation pour le déplacement antérieur entre les deux 
genoux a servi comme un critère d'inclusion qui, en effet, a réduit le 
nombre de participants de v ingts personnes à quinze. Les changements de 
rotation pour le centre instantané de gepl)u ont été documenté en deux 
dimensions pour refléter les effets d'une dée":nérescence du cartilage. Avec 
la cuisse du suject bien sécurer dans la GENUCOM, trois points anatomie 
ont été identifiés sur la jambe: (1) frontal, (2) un point sur la crête du tibia 
15 cm en bas de la tuberosité et (3) l'épicondyle medial du fémur. Une 
goniomèter était attaché aux jambes pour mesurer les angles du flexion. 
Une force de 110 ± 5 N était appliquée à l'articulation du genou à un angle 
de 10° jusqu'à 100° par une augmentation d~ 10° chaque fois. Les 
coordonnées à trois dimensions ont décrit les points anatomie en trois plan: 
(1) frontal, (2) sagittal, et (3) transverse. Les coordonnées générer dans le 
plan sagittal ont été utilisé pour calculer le centre instantané du genou par 
la méthode Reuleaux (1876). Une fonction spline a été utilisé pour 
produire une courbe qui représentait les coordonnées du centre instantané à 
chaque angle de flexion. Les variables du déplacement pour la rotation de 
l'articulation on été extrapolé. Les résultats ont démontré des migrations 
exceptionnelles du centre instantané quand l'articulation du genou était en 
extension. Entre 30° et 0° de flexion le déplacement antérieur pour les 
genoux non-blessés était 5.07 ± 1.86 mm, par contre le déplacement était 
6.97 + 2.06 mm pour les genoux blessés. Cette différence était significatif à 
a=0.05 et en même temps était en corrélation avec les résultats clinique. Il 
n'y avait pas de différence significatif pour les migrations qui mesuraient 
entre 100° et 70° de flexion. 
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CHAPTER 1 

INTRODUCTION 

Numerous attempts by researchers and clinicians to describe the 

mechanics of the knee joint abound in the litcrature. Dcspite the spccificity 

of clinical evaluations, technological advaneemcnts in tes~ing apparatus, 

complex mathcmatieal modeling, and the sophisticated power of complllrrs, 

an accu rate description of knee motion (and related kinematic parametcrs) 

still presents unique problems to the researcher. In part, this problem stems 

from the complexity of the knee joint itself; the accepted ideology among 

scientists and clinicians that knee motion is functionally thrce dimensional 

in nature (Kennedy et al., 1974; Markolf et al., 1976, Noyes ct al., 19XO). 

However, uni-planar analyses are commonly performed by researchers in 

an attempt to document knee motion in specifie terms. Although this 

appro'l.ch seemingly negates the true physiological structure of the joint, the 

assumption is an acceptable one because knee motion occurs primarily in 

one plane; the sagittal plane (Frankel & Nordin, 1980). 

In an attempt to describe the influence of the anterior cruciate ligament 

(ACL) in controlling knee joint mechanics, a methodology is proposed 

which will objectively quantify criterion variables influenced by the 

geometrical configuration of the joint surface and the compliant properties 

of the supporting ligaments. In this way uni and multi-planar motion 

parameters will be obtained to specifically document the effects of ACL 

dysfunction on joint integrity. 



L.l NATURE A ND s.cDn.w: THE PROBLEM 

In the past, the response of developing adequate rnethodologies for 

evaluating knee joint stability have been rooted in an attempt to determine 

the roles of various ligamentous structures in-vitro. Markolf et al., (1976) 

measured the force-displacement response curves of thirty-five normal 

cadaver knees with the intention of quantifying knee joint stability. The 

non-linear load-displacement curves dernonstrated that laxity and stiffness 

characteristics reflected the structural integrity of the joint. Although 

isolated section of the ACL produced the greatest measure in anterior 

laxity, stability was affected to sorne extent by virtually every sectioning 

procedure. 

Other studies have examined the translational and rotation al 

characteristics of the loaded tibia relative to a fixed femur. Marquette 

(1988) suggested the most problernatic and destructive occurrence to the 

ACL deficient patient was the resulting rotatory instability that often 

accompanied its rupture. Lipke et al.. (1981) examined the anterolateral 

and anteromedial stability of seventeen fresh cadaver knees. He observed 

statistically significant increases in anterolateral instability when the ACL 

was sectioned. This confirmed the clinical Î'11pression of others that the 

ACL appeared to be the primary constraint preventing excessive rotation 

of the tibia on the femur. A similar study was conducted by Shoemaker & 

Markolf (1985). An apparatus was developed to sirnulate compressive Ioads 

on the knee joint without restricting other motions of the knee. In this way 

the force-displacement and tibial torque rotation responses of fresh cadaver 

specimens could be examined. The response curves were analyzed in terms 
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of stiffness and laxity parameters. Il was revealed that sectioning of the 

ACL always increased anterior and torsional laxity while eliciting 

corresponding reductions in stiffness. 

These in-vitro studies are significant for two reasons. Foremost, they 

have established the relationship between laxity and stiffness parameters 

with in-vivo values obtained in normal subjects. Such comparisons are 

essential to ensure that the stiffness and laxity parameters which are 

measured accurately reflect the status of the knee joint and not artifacts 

produced by various testing apparatus (Markolf et al., ]984). Secondly, 

such investigations highlight the complex interaction that exists between 

anterior displacement and tibial rotation. This complexity stems in part 

from the the compliant properties of the ACL and in part from the 

geometrical configuration of articulating bone. 

Internai derangements of the knee can also be detennined by the instant 

center (lC) pathway of the joint (Soudan & Van Audekercke, 1979; 

Frankel et aL, 1971; Frankel & Nordin, 1980). Since the instant center 

pathway of the joint describes joint movement, and since joint movement 

correlates with anatomical restrictions, it follows that the place and 

pathway of the instant center will reflect the structural integrity of the 

joint. Frankel et aL, (1971) described a kinematic method to elucidate the 

correlation that existed between tissue derangement and mechanical 

derangement in two dimensions. The instant center pathway was 

determined by the method of Reuleaux (1876) in which the disp)acement 

of two points on a link were identified in successive positions. 

Perpendicular bisectors were then drawn for each pair of displaced points, 



the intersection of W'hich located the centroid for that particular 

displacement. In this way the centroids were plotted and comparisons were 

rnaà~ between intact and involved knees. Results of the investigation 

revealed abnormal instant center pathways for the involved knee when 

cornpared to consistent pathways that were observed for the twenty-five 

intact knees (Frankel et al., 1971). 

Gerber & Matter (1983) confirmed this observation and reported that 

degenerative changes in the structural integrity of the knee joint were 

ultirnately reflected by discrepancies in instant center profiles between 

involved and intact knees. He suggested that ligament deficiency resulted in 

a breakdown of sorne "normal" kinematic synergy between the femur and 

tibia. Müeller (1985) documented the nature of this synergy. He suggested 

a basic mechanisrn of movement between the femur and tibia could be 

described as being a combination of "rolling" and "gliding". This 

rnechanism was directly influenced by the architecture of the joint surface. 

Müeller hypothesized that if "pure" rolling were to occur the femur would 

literally "roll off" the tibial plateau at approximately 45 0 flexion. 

Similarly, if "pure" gliding were to occur the metaphysis of the femur 

would engage on the posterior rim of the tibial plateau at apl'roximately 

1300 of flexion. Furthermore, he discovered an accurate plot of the contact 

points between the femur and tibia revealed that a normal rolling to gliding 

ratio did not remain constant throughout the entire range of motion. In 

actuality, consistent synergistic ratios were discovered to be "range 

specific" occurring in extension and late flexion only. 

4 



U. STATEMENT !lE THE PROBLEM 

The literature is replete with evidence documenting the functional 

importance of the ACL in promoting knee joint stability. This stems from 

the results of clinical investigations that indicate the ACL is the most 

frequently tom ligament within the knee joint (Johnson, 1983). However, 

despite the frequency of injury to this particular structure, physicians and 

researchers have yet to develop an accurate, non-invasive methodology of 

quantifying a variety of motion parameters that reflect aClual degenerative 

changes in joint mechanics that accompany ligament dysfunction. Typically 

physicians rely on clinicat techniques to document joint deficiencies. The 

examiner applies unknown forces and moments to the joint and 

subsequently observes the displacements and rotations he elicits. This 

becomes problematic when discrepant diagnoses result from the subjective 

interpretation of the clinical findings. 

Clearly such proprioceptive techniques for assessing knee joint stabilily 

are inadequate. The ACL is the only completely intra-articular ligament of 

the knee that has no capsular attachments. This precludes the possibility of 

palpating for structural deficiencies (Odensten & Gilquist, 1985). Although 

many experienced c1inicians develop a qualitative "feel" for the laxity and 

stiffness parameters elucidated by joint manipulation, the reliability of the 

examining procedure is still subjective and questionable (Markolf et al., 

1976; Markolf & Amstutz, 1987; Marshall & Baugher, 1980). 



In an attempt to identify a more effective approach of characterizing 

knee joint dysfunction, it is imperative to adopt a mechanical measure of 

relative tibio-femoral motion for two reasons. Foremost, it wou Id provide 

objective data to assist in decision making regarding knee joint stability. 

Secondly, it would provide information regarding the relative 

effectiveness of rehabilitative strategies. Ideally such measures should 

reflect the three dimensional characteristics of the knee joint. However, 

kinematic descriptions that attempt to de scribe joint synergy frequently 

adopt a uni-planar model of knee motion. Both methods can yield useful 

biomechanical data (Frankel & Nordin, 1980). Regardless of the approach 

taken, researchers agree that the parameters must reflect the geometrical 

configuration of the joint surfaces and the compliant properties of the 

ligaments, if they are to be considered !lseful descriptors of knee motion. 

Motion parameters sensitive to these underlying constraints will most 

accurately reflect the unique structural interaction which exists between 

bone and supporting compliant ligaments. Discrepancies resulting from a 

breakdown in this interaction will therefore be reflected by contralateral 

differcnces between dependant measures obtained bilateraly for uni-Iateral 

deficient subjects. In this way quantifiable phenomenon resulting from 

structural deformation to the ACL can objectively be quantified. 

Ll PURPOSE !lE THE STUDY 

The purpose of this investigation was to employa knee arthrometer as an 

objective testing device to characterize instant center joint rotation patterns 

of ACL deficient knee joints under a loaded condition and throughout a 
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range of motion. Displacement shifts of this parameter are thought to 

reflect the dynamic rt.1ationship between bone and compliant ligaments 

(Gerber & Matter, 1983; Moeinzadeh et al., 1983). A methodology was 

developed to document this inter-active synergy. This facilitated the necd to 

adopt a protocol which quantified three dimensional and uni-pl anar motion 

parameters in specifie terms. 

Uni-planar motion parameters established quantifiable laxity and stiffness 

characteristics for each subject. The results of these measures provided 

objective documentation from which to select subjects exhibiting "critcria

established" joint symptoms. Clinical techniques eliciled the motion 

parameters of interest. l11ese parameters were defined and tcstcd in lhis 

study as secondary research hypotheses. This reflected the nced for 

establishing the structural integrity of the joint as a condition for subjecl 

inclusion (according to an established laxity asymmetry criteria) while al 

the same time, demonstrated the subordinate nature of these hypotheses in 

light of the primary research hypotheses; the focus of the investigation. 

Li SECONDARY RESEARCH HYPOTHESES 

(1) There will be no significant difference between anterior terminallaxity 

(AL) parameters evaluated at 130 ± 5 Newtons by the Lachmans test 

performed at 30° and 20° flexion for intact and involved knees. 

(2) There will be no significant difference between anterior midrange 

stiffness (A~vlRS) parameters evaluated between 40 and 60 Newtons while 
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pcrforming the Lachmans test at 30° and 20° flexion for intact and 

involved knees. 

(3) There will he no significant difference between internaI tibial rotation 

(lTR) parameters measured in degrees at 9 + 2N-m while performing tibial 

torsion tests at 90° flexion for intact and involved knees. 

(4) There will be no significant difference between anterior translation 

parameters of the lateral tibial plateau (A TLP) measured in millimetres 

while performing internaI tibial torsion tests at 90° flexion for intact and 

involved knees. 

LS. PRIMARy RESEARCH HYPOTHESES 

(1) There will be no significant differences between displacement 

parameters of the IC of rotation measured in the sagittal plane for intact 

and involved knees hetween 30° and 0° flexion in the vertical (Y) axis. 

(2) Thcre will be no significant differences between displacement 

parameters of the IC of rotation measured in the sagittal plane for intact 

and involved knees between 100° and 70° flexion in the sagittal (Z) axis. 

Ln DELIMITATIONS AND LIMITATIONS 

nIe following delimitations and limitations apply to this study: 
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Delimitations 

(1) Subject profile is limited to ACL deficient knees. 

Limitations 

(l) Asymmetrical differences between right and left knees prior to the 

subjects injury are assumed to be statistically negligible. 

(2) Subjects included in this investigation may not have isolated ACL tears 

due to the likelihood of damage to other supporting structures upon injury. 

(3) The active state of the muscles involved in contracting against a 

resistive load was not directly monitored. 

(4) Instant center motion parameters are quantified in the sagittal plane on 

the assumption of uni-planar motion. 

1.1 ABBREYIA TIONS 

(l) AMB - anteromedial band; a band of fassicles originating at the 

proximal aspect of the femur attachment and inserting at the anteromedial 

aspect of the tibial attachment. 

(2) PLB - posterolateral band; the remaining band of fassicles al the 

posterolateral aspect of the tibial attachment. 

{) 



(3) A TLP - anterior trétns]ation of the lateral tibial plateau; subluxation of 

the ]ateral tibial plateau relative to a fixed femur. 

(4) GKA - Genucom Knee Analyzer; a knee arthrometer developed to 

measure three dimensional motion parameters reflecting knee joint 

dysfunction. 

(5) AL - anterior terminal laxity; a measure of the amount of anterior 

tibial translation in millimetres of the tibia relative to a fixed femur in 

response to an applied anterior load of 130 ± 5 Newtons. 

(6) AMRS - anterior midrange stiffness; a measure of ligament eomplianee 

measured in N/mm. It is eomputed as the inverse slope of foree

displacement eurves obtained by the GKA. 

U Definitions 

(l) Anterior cruciate ligament deficieney is defined in this study as a 

condition in which subjects exhibit bilateral anterior laxity asymmetries of 

five miIlimetres or greater in the sagittal plane. These subjects were 

identified by clinical tests performed on the OKA. AlI subjeets were 

initially referred to the study by an Orthopaedic Surgeon who had 

originally diagnosed their deficiency by proprioceptive and arthroscopie 

means. 

10 



CHAPTER II 

REVIEW OF THE LITERA TURE 

2.1 INTRODUCTION 

The knee joint is the largest and perhaps the most complex joint in the 

human body. More accurately it is commonly described as being an 

"interactive network" between passive and active structures that combine to 

promote knee joint stability . Passive structures include the geometry of 

articulating bone and supporting ligaments while the active structures 

constitute supporting musculature and tendons (Mcleod, 1985). Together 

these structures interface to effect joint synergy and reflect the integrity of 

joint kinematics. Ultimately, this interaction res~lts in a variety of unique 

three dimensional movements which occur at the joint. In directional lerms 

these movements inc1ude flexion, extension, translation, and rotation. 

However, the knee is commonly studied as a two-dimensional, uni-planar 

"hinge" joint for two reasons. Foremost, by restricting knee motion to uni

planar measures it becomes possible to focus upon the essentials of the 

problem under investigation (Moinzadeh et al., 1983). Ultimately such 

studies establish the foundation for the development of more realislic three 

dimensional models that attempt to describe knee motion. Secondly, the 

role of the ACL in promoting joint integrity is weIl documented. The 

..... general consensus among researchers is the belief that the ACL is a 

primary anterior and secondary rota tory stabilizer of the knee (Markolf ct 
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aL, ] 976; Kennedy et aL, 1974; Noyes et aL, 1980). Rovere & Adair 

(1983) reported that the ACL provided an average of 86% of the total 

resisting force to anterior translation of the tibia. Müeller et aL, (1988) 

dec1ared that the function of knee rneasurements was to reflect motion 

parameters influenced by the greatest possible motion between the tibia and 

femur. Since the ACL is the primary restraint of anterior translation, and 

since the bulk of knee motion occurs primarily in the the sagittal plane, it is 

evident that two-dimensional measures can yield legitimate, kinematic data 

in the description of joint motion. 

U MECHANISM DE IN.lURY 

There is little doubt that the ACL is the most frequently tom ligament 

within the knee joint (Johnson, 1983). Although Noyes et aL, (1983) 

suggested football and basketball related rnishaps constituted the majority 

of ACL ruptures in athletes, virtually aIl sporting activities can potentially 

subject the ligament to a similar fate. This rnay be attributed to the 

mechanism by which structural deformation is typically associated. Three 

major categories of in jury have been proposed in the literature: (1) forced 

hyper-extension, (2) forced flexion and external rotation of the tibia on the 

femur, and (3) forced hyper-flexion of the knee (King et aL, 1986). 

Kennedy et al., (1974) suggested the most common mechanism included 

some component of hyper-extension with or withcut tibial rotation. In fact 

the "isolated rupture" scenario for ACL's was characterized by King et al., 

(1986) as occurring in deceleration activities in which the foot was firmly 

planted, the knee extended, and the tibia internally rotated. Another 

mechanism commonly cited as eliciting ACL damage are anteriorly 
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directed forces applied to the posterior aspect of the proximal tibia (King 

et aL, 1986). This mechanism occurred with the knee positioned in 

complete flexion or extension and typically resulted from a "clipping type" 

action commonly witnessed in American football. 

U ANTERIOR CRUCIATE LIGAMENT ~ATQMY 

The ACL is an intra-articular but extra-synovial ligament. As such, il lies 

within the capsule of the joint but not within the synovial membrane 

(Welsh, 1980). The dimensions of the ACL have been examined in 

numerous investigations. Its average length was found to be 3H.2 + 6.8 

mm; its average width Il.1 ± 3.9 mm (Rovere & Adair, 1983). It attaches 

to the anterior aspect of the tibial plateau in front of the tibial spine and 

extends upwards and backward through the supracondylar notch to insert 

over the back of the lateral femorai condyle. As the ligament passes 

backward it "tums on itself' through 90° and inserts (not as a distinct 

cord) but rather spreads out over a broad fIattened area. Functionally this 

results in portions of the ligament remaining under tension and accounts 

for the ability of the ACL to stabilize the joint throughout a range of 

motion (Welsh, 1980; Girgis et al., 1975). Furthermore, the "turning" of 

the ligament on itself gives the ACL an "isometric" characteristic such that 

no actual lengthening or shortening of the ligament occurs with movemenl. 

More accurately, there is is a tightening of different components within the 

ligament throughout different phases of movement. The actual overall 

length of the ACL remains unaltered (Welsh, 1980). This unique structural 

feature has clinical importance. It accounts for the fact that the ACL is 



commonly tom as an isolated entity from relatively inconsequential trauma 

(Welsh, 1980; Kennedy et al.,1974). 

M. KNEE, .JOINT GEOMETRY 

ll1C unequal profile lengths of the femoTal condyles has been described 

even in historical writings. Viewing the femur axially from below, one is 

struck by its asymmetry. In general, the medial condyle is distinguished by 

the presence lOf an extra weight bearing surface (Müeller, 1983). The tibial 

plateaus provide reciprocal articular surfaces for the femoral condyles with 

the medial tibial plateau being slightly concave while the laterai plateau 

presents a "cartilage cap" making it slightly convex in profile (Welsh, 

1980). 111e unique structural features of the se bony surfaces combine with 

the compliant properties of ligaments to facilitate a variety of three 

dimensional movements throughout the normal range of motion. These 

include flexion, extension, translation, and rotation. 

Müeller (1985) described automatic rotation which he observed to begin 

in the last 20° of extension. During the final stage of extension, the lateral 

femoral condyle "impinged" on the tibia at the terminal sulcus, while the 

annular scctOT of the medial condyle was thus freed to glide backwards. 

This was a direct result of the longer, more curved articular surface of the 

medial femoral condyle. Lateral rotation of the tibia on the femur initiated 

the "scrcw-home" mechanism of the joint. This phenomenon characterized 

the extreme complexity of knee joint dynamics and has provoked many 

controvcrsial l'unctions of the ACL to be proposed. The general consensus 

now appcars to be that rotational stability is a function of the ACL 
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secondary to its primary role of resisting anterior displaccment of the tibia 

on the femur in the sagittal plane (Butler et al., 1980; McLeod, 1985; 

Gurtler et al., 1987). 

U KNEE .JOINT KINEMATICS 

It is generally agreed that the true physiologicai motion at the knee is a 

combination of rolling and gliding between the tibia and the femur 

(Frankel et al., 1971; Müeller, 1985). Many different authors have studied 

this concept but the Wt~er brothers were the first to describe the 

combination of rotational gliding and rolling as being significant to 

understanding knee joint dynamics (Frankel & Nordin, 1980). By marking 

the points of tibio-femoral contact throughout the range of knee motion the 

brothers made two important observations: (1) the point of contact on the 

tibial surface moved posteriorly as knee flexion increased, and (2) the 

distance between points of contact on the femorai condyle were twice as far 

as the corresponding distance between the points of contact on the tibial 

plateau. These results c1early demonstrated that a unique ratio of rolling to 

gliding existed within the knee joint; more specifically that the femoral 

condyle rolled and glided simultaneously over the tibial plateau as the knee 

moved throughout a range of motion. 

More recently Müellet (1985) and Harding & Blakemore (1980) have 

examined the kinematic principles of motion in the knee joint initially 

proposed by the Weber brothers. The results of their investigations 

indicated that an accurate plot of the contact points between the femur and 

tibia suggested that a quantifiable ratio between rolling and gliding existcd. 
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Although this ratio did not remain consistent throughout the entire ROM, a 

consistent 1:2 and 1:4 (rolling to gliding) ratio was evident at specifie 

points through the range. Furthermore, these authors suggested that ACL 

dysfunction ultimately resulted in a breakdown of the normal kinematic 

synergy between rolling and gliding in the knee joint (Müeller, 1985). 

M THE INSTANT CENTER PATHWAY 

The method used to describe the motion between the femur and tibia in 

the sagittal plane is called the instant center technique. This technique 

facilitates a description of the relative motion of two adjacent body 

segments and is obtained by the method of Reuleaux (1876) (Frankel et a!., 

1971). According to this method, the instant ce. \; (!r is found by identifying 

the displacement of two points on a link as the link moves from one 

position to another. Lines are drawn to connect the displaced pair of points 

on the link and the perpendicular bisectors of the se lines are subsequently 

computed. The intersection of these bisectors locate the "centroid" or 

instantaneous center . 

Gerber & Matter (1983) suggested that abnormal shifts in the le 

reflected in-vivo cartilage degeneration. Interestingly, specifie increments 

of flexion and extension were found to have a pathological instant center of 

movement. Frankel et al., (1971) confirmed this observation. Operative 

exploration of internally deranged knees revealed that areas of 

degenerative cal1ilage in the femur and tibia contacted each other at exactly 

the range of movement for which the abnormal instant center had been 

found. The authors concluded that repetitive movement around an 
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abnormal IC was the basis of "repetitive microtraurna" leading to 

degenerative arthritis of the knee. 

Clinically, the pathway of the IC of a joint can he detennined by taking 

successive roentgenograms of the knee in different positions from full 

extension to 90° flexion by 10° increments. The film is exposed and 

superimposed in pairs placing one tibia on top of the other. The Reuleaux 

(1876) method for locating the lC for each intervai of motion is applied: 

(1) corresponding points on one of the films are located, (2) lines are 

drawn between these corresponding points, and (3) perpendicular bisectors 

of these Hnes are constructed to !ocate the centroid upon intersection. 

Frankel et al., (1971) applied this method to elucidate the mechanism by 

which tissue derangement caused mechanical derangement. In so doing 

thirty knees with known internaI de rangements were analyzed. Centroid 

abnormalities were observed in aIl cases. This seemed to indicate that the 

roentgenographic method employed by Frankel accurately characterized 

knee joint dysfunction and that any study investigating a similar 

phenomenon might weB be served to include it in its protocol. Such is not 

the case. 

Soudan & Van Audekercke (1979) identified sorne limitations to 

Frankels' approach in studying human joint kinematics. First, it was 

unlikely that the x-ray plate was positioned perfectly parallel to the joint 

when sequential radiographs were taken. In such instances a deformed view 

of the real pl anar motion would be registered on film. Second, inaccuracies 

arose when the link was not kept perfectly fixed during the procedure or 

when the joint moved out of the plane of motion from sequence to 
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sequence. Finally, the application of the Reuleaux (1876) method to 

roentenography reduces the multi-planar joint to a uni-planar "hinge" joint. 

A more practical and accurate approach to the le concept was suggested by 

the authors. It was felt that by computing the instant centers from data 

points and curve fitting methods inherent inaccuracies associated with the 

qualitative analysis of x-ray interpretation could he avoided. A quantitative 

analysis of the le concept is proposed in this study. Instant center of 

rotation curves are computed from three dimensional spatial coordinates 

and spline functions establish the best fitting curve for each rotation profile 

generated throughout a ROM. 

U THE EFFECT nE ACL INSUFFICIENCY 

The ACL is an essential structure on which aIl mammals depend for knee 

joint stability. Il is the keystone that controls the fluid complex flexion and 

rotational motion of the normal knee (Cabaud, 1983). Anatomically it is 

weIl established that the ACL consists of elastic and collagen fibres and is 

comprised of two princip le parts: (1) a smaller anteromediai band (AMB) 

and, (2) a more bulky posterolateral band (PLB). Girgis et aL, (1975) 

suggested the best way to visualize these two components was to think of 

theln as being a narrow medial band with a brJad laterai part joined 

together (along their length) by soft material which pennits them to move 

differently. This geometric configuration is responsible for the tightenin~ 

and loosening of the different band portions throughout the ROM of the 

knee (King et aL, 1986). Simply stated, each portion of the ACL 

contributes to different aspects of knee stability throughout a ROM and as 

such, is susceptible to different stresses. Amoczky (1983) confirmed this 
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observation. He reported that when the knee was extended the PLB (B' B) 

of the ACL was taut while the AMB (A' A) remained moderately lax (Fig 

lA). As the knee was flexed however, the femoral attélchment of the ACL 

assumed a more horizontal orientation. This resulted in a tightening of the 

AMB (AI A) with a corresponding loosening of the PLB in comparison (B' 

B) (Fig lB). Other authors have investigated the geometry of the ACL and 

support the existence of anteromedial and posterolateral bands as being 

an accurate description of ACL anatomy (Furrnan et al., 1976; Hsieh & 

Walker, 1976; Kennedy et al., 1974; Marshall & Baugher, 1980; King et 

aL, 1986). Such studies establish the unique relationship which exists 

between the spatial orientation of the ACL in flexion and extension and its 

function as a constraint of joint motion .. 

Herein lies the fundamental key to understanding the intricate kinematic 

synergy that exists between the femur and tibia; the realization that the 

rol1ing-gliding mechanism that charaeterizes femoral motion is directly 

affected by the shape and tension of the ACL band components as they 

change throughout a ROM. In flexion the AMB of the ACL is extremely 

taut. This facilitates gliding of the condyles on the tibial plateau by the 

anterior medial bands' ability to hold the femoral head in position as Jate 

flexion ensues (Girgis et aL, 1975; Müeller, 1985). In extension however, 

the PLB becomes tightened relative to the AMB and femoral gliding is 

promoted. Again this may be attributed to the anehoring effeet the 

posterolateral component of the ACL has on the femur in extension (Girgis 

et al., 1975; Müeller, 1985). Clearly this demonstrates that anatomie 

continuity of the two band c,?mponents eomprising the ACL direetly 

influence the nonnal rolling-gliding synergy prevalent in the knee joint. 
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Specifically, ACL dysfunction limits the gliding phenomenon and promotes 

rolling due to the inability of the ACL to effectively anchor the tibia on the 

femur. 

Müeller (1985) described a four-bar linkage model that quantified the 

rolling-gliding ratio for an intact knee. A series of fourteen points were 

unevenly distributed on the surface of the femoral condyle and tibial 

plateau respectively. It was detemlined that the distance covered by the 

condyle relative to the plateau was directly influenced by the geometrical 

configuration of the articulating bone and reflected a rolling-gliding 

mechanism. In extension the distance covered on the f(;lHUr was nearly 

twice that on the tibia. In flexion the distance covered on the femur was 

approximately four times that on the tibia. MüelIer suggested that in order 

for the condyles to accommodate the increased distances they must travel 

relative to the tibial plateau, supporting compliant tissue must serve as an 

effective anchor to prevent the the femur from literally rolling off the 

tibial plateau. A complex synergy between articulating bon~ and compliant 

supporting ligaments clearly exisled to maintain the normal kinematic 

characteristics of the intact knee. 

Müeller (1985) suggested the roJling-gliding ratio was 1:2 in extension 

and 1:4 in flexion and that the restraining properties of the ACL became 

compromised upon ligament dysfunction. Since excessive rolling is a 

unique characteristic of ACL deficiency, and since the kinetic synergy is 

compromised accordingly, it holds that migratory shifts of the IC of 

rotation can be quantified to refl.ect knee joint dysfunction in specifie 

terms. Furthermore, if migratory shifts of the IC are "range specifie" 
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(occurring in Jate exteflsion and flexion respectively), it holds that a three 

dimensional coordinate system that documents quasi-dynamic knee motion 

throughout a ROM might weil identify pathological centroid motion within 

the confines of established X, Y, and Z axes. Gerber & Matter (1983) and 

Frankel et al., (1971) reported that pathological movements of the IC 

resuIted in joint compression and distraction at specifie points throughout a 

ROM. The Genucom Knee Analyzer (GKA) quantifies femoral 

compression and distraction along a vertical (Y) axis . Therefore1 

disruption of the kinetic synergy between the femur and tibia for ACL 

deficieot knees will primarily be reflected by translations of the IC along 

the Y axis defined in this study. Instant center coordinates were also 

quantified in this study between 100° and 70° along a sagittal (Z) axis. 

Thes~ "range specifie" parameters were selected for two reasons: (1) 

preliminary data did not seem to characterize the deficiency in quantifiable 

terms throughout the eotire ROM, and (2) existing literature stated that the 

ACL was functionally most taut at the ends of its range of motion (Girgis 

et aL, 1975; Amoczky, 1983). 

U PASSIVE STRUCTURES 

The physiological and mechanical properties of various knee ligament 

structures have been described in detail by many authors. While there is 

gencral agreement that the priolary function knee ligaments is to limit the 

1110tion bctween the tibia and femur, conflicting results abound in the 

literature conceming the definitive influence the ACL has on joint stability. 

Fukubayashi et aL, (1982) explored the anterior-posterior motion of the 

tibia as it moved from 0° to 90° flexion for nme normal cadaver knees at 
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15° increments. Tibial displacenlent, rotation, and torque variables were 

quantified in response to applied loads of up to 125 Newtons. 

Measurements reported of intact knees consistently showed that an anterior 

force produced an internaI tibial torque and subsequent internai tibial 

rotation. Selective sectioning of the ACL resulted in over doubling the 

amount of anterior displacement when compared to intact knees. 

Marquette (1988) described the debilitating anterolateral rotatory 

instability in jury. He suggested such injuries were brought about by two 

events: (1) increased anterior drawer of the tibia, and (2) a shifting of the 

knee axis to a point further medial. This medial shifting of the knee center 

creatrd an increased lever arm relative to the lateral tibial condyle and 

resulted in the production of a larger angular radius. The combination of 

an increased lever arrn with a corresponding increase in anterior tibial 

displacement resulted in anterior subluxation of the lateral tibial plataeu. 

Ahmed et al., (1987) determined the contribution of the ligaments to the 

load-resistance mechanism of the knee between 40° and 90° flexion. rllle 

tension generated in selected fiber bands of the four major knee ligaments 

were measured in-vitro. Ligament strain analysis revealed the AMB and 

PLB of the ACL lengthened in internaI rotation. Such investigations 

demonstrate that in addition to acting as an anterior-posterior stabilizer, an 

important function of the ACL is to act as a restraint to internai tibial 

rotation. 

Markolf et al., (1978) suggested a necessary prerequisite for evaluating 

knee integrity involved the analysis of force-displacement curves that 

traced the knees' structural response to applied loads during a clinical 



examination. Such tracings would pennit the calculation of knee stiffness; a 

parameter that in the past had been "[elt" by clinicians, but never actually 

quantified. He supported the inclusion of stiffness measures as a necessary 

parameter to define knee stability in specifie terms. 

Shoemaker & Marko]f (1985) measured the effects of seriaI sectioning of 

the media] collateral ligament (MeL), the ACL, and finally the effects of 

combined sectioning of both ligaments on anterior-posterior force

displacement response curves for seven cadaver knees. Effects of joint load 

on ligament deficient knees were evaluated on the bases of stiffness and 

Jaxity parametefs. Stiffness was defined as the slope on the force

displacement curve while laxity was defined as the distance in millimetres 

the tibia was displaced from the femur in the sagittal plane. Initial 

sectioning of the MCL had no significant effect on total absolute laxity; 

however, when the ACL was sectioned first there were large increases in 

anterior laxity and corresponding reductions in ante ri or stiffness. 

In the same study changes in the stiffness patterns of the curves obtained 

were also noted. The authors observed a definite "break-point" in the curve 

which was marked by a sudden decrease in stiffness. This phenomenon 

occurred midrange and initiated the non-linear response curves 

characteristic of knee dysfunction. They suggested that the congruent 

surface geometry and contact forces that normally restrict anterior

postcrior dis placement were overcome by loads applied mid-range 

(Shocmakcr & Markolf, 1985). This resulted in an observable "break

point" in the rcsponsc curvc and was auributed to the support of the 

prinuuy rcstraining ligament. It appears therefore, that quantification of 
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this midrange stiffness parameter is neccssary to provide additional 

information regarding ligament integrity. 

Butler et al., (1980) specifically identified the primary and sccondary 

stabilizers contributing to knee stability. By measuring the restraining 

force which developed in individual ligaments during tibial displaccmcnt 

the primary "workers" and secondary "helpers" in resisting joint 

displaeement were characterized. In this way the relative importance and 

function of a single ligament was assessed in terms of the per cent of total 

restraining force which it provided. The authors concluded from their 

studics on restraining forces that for each of the planes of knee motion, 

only one or two ligaments acted as primary restraint. The other ligaments 

provided only a secondary restraint. Specifically it was diseovered that the 

ACL provided 85 ± 1.9% of the total anterior restraining force at 90° 

flexion and 87 ± 1.8% restraining force at 30° flexion. Furthermore, it was 

determined that 11le posterior cruciate ligament (PCL) provided virtually 

no restraint to anterior translation of the tibia at ail flexion angles. 

The results of these investigations support the inclusion of stiffness and 

laxity parameters as being appropriate criterion variables for 

charaeterizing knee joint dysfunction. This stems from the established 

importance the ACL has in promoting knee integrity and the need 10 

quantify ACL dysfunction in specifie terms. 
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U EVALUATION !lE KNEE LAXITY 

'Ille Lachmans test has become recognized as being the most reliable and 

non-invasive clinical tool for determining the integrity of the ACL 

(Gurtler et al., 1987). Gurtler et al., (1987) reviewed the c1inical and 

operative findings of 250 knees presented for surgery with internaI 

dcrangements. The operative findings were correlated with the classical 

anterior drawer sign at 90° and 30° flexion. AIl knees having isolated 

operative findings of ACL tears resulted in a positive Lachmans test 

pcrformed at 30° flexion. The authors reported that the Lachmans test was 

the only clinical test to consistently elicit joint symptoms associated with 

ACL dysfunction. 

Rossenberg & Rasmussen (1984) further clarified the functional 

characteristics of the ACL du ring clinical test in-vivo. Normal subjects 

were examined using arthroscopy and a special probe which was designed 

10 measure tension in the material it contacted. The tip of the probe was 

calibrated in millimetre increments and a spring scale mechanism on the 

handle allowed the surgeon to apply a known force to the ligament. The 

amount of tibial displacement was simultaneously recorded. Tension in the 

ACL was evaluated before and during testing with a drawer test perfonned 

at 90° and 15° flexion respectively. Baseline tension was reported as being 

consistently greater at 15° flexion. Results of this study support the 

spccificity of the Lachmans test as an indicator for assessing ACL integrity. 

Gurtler ct al., (1987) proposed three reasons for the superior results 

obtained in cvalualing ACL dysfunction with the Lachmans test. Pirst, the 
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test is performed in a position of eomfort for the subjeet with the knce 

slightly flexed between 10° and 30° degrees. Second, protective spasm of 

the hamstring muscles is negated with the joint extended. Such spasms oftcn 

inhiblt anterior translation of the tibia on the femur. Finally, thc geometrie 

continuity of the joint in extension is such that the anterior aspects of the 

femoral condyles are in a position whieh does not obstruet antcrior 

translation. 

~ THE NEUTRAL POINT 

Despite widespread agreement that knee evaluation is most aecurately 

perforrned with the knee positioned between 15° and 30° flexion, there is 

Hule agreement regarding the clinical significance for establishing a 

"neutral zone" prior to evaluation. Furthermore, researchers are hard 

pressed to define this parameter in specifie quantitative or qualitative 

terms. Butler et al., (1980) defined "neutrality" as being the point along 

force-displacement curves where stiffness parameters were "smallest". 

Fukubayashi et al., (1982) declared the "inflection point" (a transilory 

plateau between anterior-posterior load-displacement curves) bcst 

represented the neutral zone. 

Torzilli et al., (1981) examined a "stable" population of 18 males and Il 

females in an attempt to establish Honnal criteria that would describc knee 

motion. In their study the neutral pomt was defined in general terms as 

being the "unloaded" position. They suggcsted the establishment of the 

neutral point was a critical factor for the accu rate diagnoses of knce 

deficiencies in order to prevent the "l'aise positive" drawer phenomenoll 
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[rom bcing clicited. Thb situation can result in the mis-diagnoses of an 

ACL whcn in reality, it is the PCL that is structurally deficient. Confusion 

stems [rom "tibial sags" which occur in response to the extreme posterior 

position assumed by the shank (due to gravitational forces) at the on-s:!t of 

the cIinical evaluation. When anterior loads cause the shank to "drawer 

forward" in such cases, the examiner may weIl misinterpret the positive 

drawer as being symptomatic of ACL dysfunction. Torzilli et al., (1981) 

demonstrated that such a phenomenon was unlikely to occur for subjects 

presented with intact knees. Using a series of roentgenograms the authors 

detennined that me an differences in neutrai positions between "stale" male 

and female subjects were not statistically differnt. Furthermore, the 

difference in neutral zones bilateraly were found to be equally distributed 

in the anterior and posterior direction. Finally, the authors reported 

negligible differences to exist between right and left knees for the motion 

parameters obtained for aIl subjects. This finding supports the assumption 

of bilateral symmetry made for the subjects participating in this study. 

Despite the confusion in defining the neutral point in specifie tenns, the 

need for establishing a neutral zone as a prerequisite for accurately 

diagnosing the acutely injured knee is apparent. However, for patients 

exhibiting chronic instability associated with third degree isolated ruptureB 

of the ACL, the need for establishing a definitive neutral point assumes less 

significance due to the inability of the tibia to "sag posteriorly" (Butler et 

al., 1980). 
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UQ ACTIVE STABILIZEUS 

The surrounding musculature and tendons constitute active stabilizers and 

function to promote knee joint stability (Baretta et al., 1986). Soiomonow 

et al., (1987) studied the ligament-muscle reflex arc. He exposcd cat ACL's 

by wrapping them with a wire which allowed the investigators to "stress" 

the ligament. EMG electrodes werc inserted in the quadriceps and 

hamstrings to monitor activity. During the ACL loading cycle there were 

no EMG discharges from the supporting musculature. Whcn Ùle applied 

loads were substantially increascd to forces approaching structural rupture, 

the hamstrings "discharged" vigorously while the quadriceps remained 

inhibited. This "pain induced" type of reflex seemed to protect the ligament 

by recruiting additional posterior pull fronl the hamstring to sustain the 

applied load. However, this reflex arc mechanism could Ilot provide 

sufficient protection to the knee when the applied load exceeded the 

maximum sustainable limits of the ligaments and muscle. 

Solomonow et al., (1987) described another type of "pseudo reflex" arc 

which originated from the joint muscle receptors. He termed this arc "joint 

capsule-hamstring reflex". As ACL dcficient subjects performed maximal 

isokinetic extensions at 15° /sec, the knce was observed to subluxate 

anteriorly at 40° of flexion. The rcsulting EMG activity revealed 

quadriceps inhibition and hamstring stimulation. This suggested that this 

particular reflex may not actually prevcnt subluxation, but more accurately 

correct for il. The author proposcd slIch corrective mechanisms wcre 

learned and as such, could not be considcred as being truly reflexive. 

Furthermore, the authors notcd that bccausc subjects had ruptured their 
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ACL's, such reflex excitation could not have come from receptors within 

the ACL, but rather from receptors in the joint capsule or hamstrings 

themselves. 

Other investigations have studied the effects of musculature on stiffness 

and laxity parameters. Of the numerous studies performed, there is general 

agreement among researchers that the surrounding musculature increases 

joint stiffness and decreases joint laxity. Johnson and Hull (1988) found that 

rcsisting musculature could increase internaI rotatory stiffness by 100% 

and external rotatory stiffness by 320%. This marked increase in stiffness 

was accompanied by a 20% reduction in rotatory laxity. 

Louie & Mote (1987) performed a detailed study on the partial and 

compound effect of the various musculature that cross the knee joint. The 

contributions of maximally contracting quadriceps was found to increase 

joint stiffness by 218% over the passive muscular condition at 90° flexion. 

An increase of 314% in stiffness was recorded at 10° flexion when the 

quadriceps were active. Thcse results seemed to suggest that the 

contribution of musculature to knee stability is sensitive to flexion angle. 

More specifically, these data suggests that a flexed knee is more vulnerable 

to sllslaining an in jury th an the extended position since joint stiffness is 

substantially reduced in flexion. The contribution of the hamstrings to the 

maintenance of joint stability \Vas also examined by the same authors. At 

90° flexion. contraction of the hamstrings was found to reduce totallaxity 

to 24% of passive laxity conditions while the quadricep activity reduced 

passive laxity conditions to 77%. This suggested that the hamstring 

contribution to knee stability was lluee times greater relative to the 
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contribution of the quadriceps at 90° flexion. A similar trend was observed 

in extension. 

These studies are significant because the y establish the relationship 

between knee joint stability and the contribution of supporting musculature 

to stiffness and laxity parameters. Specifically, it was detennined that knee 

joint stiffness increased while joint laxity dccreased when the hamstrings 

and quadriceps were activated. The implication of this finding to the 

assumption of muscular passivity is an important one. It is evident lhal 

inadvertent contraction of surrounding musculature by subjects tested in 

this study will manifest in the motion parameters quantified by the OKA. 

Specifically, muscular activity will be retlected by corresponding decreases 

in laxity and corresponding increases in stiffness parameters for subjects 

tested bilateraly. It is essential therefore, that stiffness and laxity 

parameters he incIuded as descriptors of joint motion for two reasons: (1) 

to further characterize the nature and extent of the in jury . and (2) to assess 

the extent of muscular activity generated by subjects throughout the testing 

protocol. 

UlINSTRUMENTED DEVICES 

The need for an objective knee testing device is apparent. Presently, two 

testing devices commonly used by clinicians to quantify knee laxity include 

the Stryker Knee Laxity Tester and the KT 1000 Knce Arthrometer. Both 

devices measure anterior-postcrior tibial excursions at a varicty of flexion 

angles however, the data gencratcd by these instrumented devices arc 

suspect for three reasons. Forcmost, tibial translations arc reduccd to uni-
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planar measures and do not reflect the three dimensional characteristics of 

knec joint motion. Secondly, soft tissue is not compensated for anywhere in 

the testing procedure. As a result, measurement errors due to the presence 

of soft tissue between the measurement apparatus and the bones and 

ligaments can not he accounted for. Finally, both devices quantify Iaxity as 

a function of tibial translation relative to the amount of patellar excursion. 

Cleal"ly the validity of a measure which does not account for the subject 

specifie tracking patterns of the patella is suspect. 

2.11.1 THE GENUCOM KNEE ANALYZER 

The Genucom Knee Analyzer (GKA) is a computer based system 

designed to produce in-vivo force-displacement data. It consists of a force 

plate and a three dimensional goniometer linkage system interfaced with a 

microcomputer. Unlike the uni-planar measures of tibial displacement 

obtained by the Stryker and KT 1000, the OKA accommodates the t1lfee

dimensional structure of the knee joint by quantifying orthogonol multi

pl anar tibial motion. The six degrees of freedom linkage electrogoniometel 

measures displacement responses to forces applied in six directions. 

Translational motions are quantified by anterior-posterior, medial-IateraI, 

and proximal-distal applied loads. Rotational motions are quantified by 

loads eliciting varus-valgus, internal-external, and flexion-extension 

moveIllcnts. Additionally, an inherant s'Jft tissue compensation procedure 

accounts for fcmoral motion associated with tibial manipulation. In this 

way the relative position of bOl1cS to examiner applied loads can be 

quantificd by accommodating bone dis!Jlacement typically associated with 

soft tissue compliancc in a clinical examination. The need for such 
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compensation protocols is apparent. Torizilli et al., (1981) suggested that 

objective measures must somehow compensate for femoral motion 

associated with soft tissue compliance. 

ZJl. SOFT TISSUE COMPENSA l'ION PROCEDURE 

Multi-planar tibial motion is described in relationship to a three 

dimensional coordinate system defined by the OKA. An orthogonol matrix 

establishes an X, Y, and Z plane in which aB motion parameters arc 

defined and characterized. By convention the X plane defines an 

orthogonol Y axis and is reflected by femoral compression and distraction. 

The Z plane defines an orthogonol X axis and is reflected by medial-Iateral 

femoral motion. The Y plane defines an orthogonol Z axis and is reflected 

by anterior-posterior motion. These axes interface to quantify joint 

movement in aIl planes simullaneously and are defined relauve to a fixed 

femur (Fig 2). With the electrogoniometer measuring femoral motion, the 

certified Genucom examiner applies translational and rotational loads to the 

femoral condyles. The OKA records the amount of femoral displaccment 

associated with the examiner applied loads to a fixed femur. These 

loads are applied on two scparatc occasions and the resuJting force

displacement curves aresaved by the device and compared to detenlline the 

reliability of the obtained measures.In so doing, the stiffness characteristics 

of the displaced femur within the soft tissue confines of the thigh are also 

computed and saved. (lt is essential that comparisons be made between 

stiffness characteristics and forcc-displaccment curves generated for each 

subject and not with a pre-establishcd curvc reflecting "ideal tissue dcnsity" 

as adipose: muscle ratios are subjcct specifie with high inter-subjcct 
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variability). A Pearson Product Moment Coefficient correlates the number 

of discrepant stiffness measures obtained at identical force values gencnlted 

between foree-displacement curves. The number of rneasures that diffcr by 

less than 2 mm per unit force are reported to the examiner as a total 

pereentage of correlated values. High perr.;entages therefore refleet similar 

compression and stiffness eharacteristics between compensation trials and 

support the reliability of the obtained measures. This infonnation is stored 

on the OKA and reflects the magnitude of femoral displaeement associated 

with translational and rotationalloads applied at the femoral condyles. Any 

are subject specifie with high inter-subject variability). A Pearson Product 

Moment Coefficient correlates the number of diserepant stiffness measures 

obtained at identieal force values generated between force-displacement 

curves. The number of measures that differ by less than 2 mm per unit 

force are reported to the examiner as a total percentage of correlatcd 

values. High percentages therefore renect similar compression and stiffncss 

characteristics between compensation trials and support the reliability of 

the obtained measures. This information is stored on the GKA and rcflccts 

the magnitude of femoral displacemcnt associated with translational and 

rotationalloads applied at the femoral condyles. Any subsequent examiner 

applied load to the tibia will incvitably result in femoral motion 

aceompanying relative tibio-fcmoral motion. This results in a "gross" 

measure of relative bone displacement that is c1early affectcd by the 

amount of tissue compliance within the thigh. The effect of this gross 

measure is accommodated by statistically subtracting the stiffness· 

displacement measures associatcd with femoral compression at the on-set of 

the compensation procedure .0 yielcl a "net" tibial displacement rneasure. 
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'4.. 
The GKA has been demonstrated as being effective in identifying joint 

deficicncics (Oliver & Coughlin, 1987; Brien & Hoshizaki, 1986). 

Hoshizaki & Matthews (1989) esrablished the day to day variability of 

measures obtained with the device. Inter-tester variability was also 

examined. Results of their investigation demonstrated that motion 

paramcters obtained on a battery of clinical tests remained consistently 

stable bctween trials and between days. Furthermore, inter-tester 

variability was demonstrated to be statistically insignificant on six of the 

eight dcpcndant measures. In the two cases where tester variability did 

exist, the vaiues obtained were weIl within the functional range of knee 

laxity (Hoshizaki & Matthews, 1989). All measures were evaluated at the 

0.05 confidence levd. The authors concluded that the GKA provided 

rcliable data between trials, between testers, and from day to day. 

2.13 SllMM ARY 

The destabilizing effects of ACL deficiency on the functional and 

biomechanical characteristics of knee motion were described. However, 

controversial information abounds in the literature regarding the role this 

important structure assumes in promoting joint integrity for three reasons: 

(1) in-vitro methodologies negate the true physiological and anatomical 

cont inuit y of the knee joint by their invasive design, (2) the three 

dimensional nature of the joint is difficult to model and has resulted in the 

assumption that knee motion may be reduced to uni-planar measures, and 

(3) interprctatiol1s of proprioceptive techniques attempting to describe joint 

dysfunclioll are subjective. In light of thcse limitations it becomes c1ear that 

quanti ricat ion of motion paramctcrs attempting to document the 
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destabilizing effects of ACL dysfunction must meet two essential criteria: 

(l) measures must reflect the corresponding structural deficits associatcd 

with the in jury , and (2) measures must attempt to characterize the dynamic 

interaction which is known to exist betwcen bone and compliant ligaments. 
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~ '. CHAPTER III 

METHODS AND PROCEDURES 

J..l. INTRODUCTION 

Clinical techniques for evaluating knee stability are subjective and 

often result in discrepant diagnoses (Torzilli et al., 1981). In an attempt 

to identify a more effective in-vivo approach of characterizing knee 

joint dysfunction, it is imperative to adopt an objective mechanical 

measure of knee motion (Markolf et al., 1978). Ideally objective 

measures should aUempt to replicate and assign a value to the 

parameters "felt" clinically. Additionally, such measures should reflect 

the dynamic interaction which exists between articulating bone and 

compliant ligaments (Huiskes et al., 1987). 

The purpose of this investigation therefore, was to develop an 

objective, non-invasive methodology that would document and 

characterize the effects of isolated ACL dysfunction on knee motion. 

Two essential components of the study involved: (1) the quantification 

of a variety of three dimensional motion parameters to confirm the 

extent of a diagnosed deficiency, and (2) the documentation of the 

"quasi-dynamic" link synergy reflecting relative tibio-femoral motion 

throughout a ROM in the sagittal plane. In this way synergistic motion 

parameters were identified for instant center of rotation coordinates 

obtained for intact and involved knees. 

38 



U SUBJECT SELECTION 

A total of twenty subjects were selected to participate in this study. 

Male and female adults between the ages of 18 and 33 years were 

examined by an experienced Orthopaedic Surgeon. Clinical tests 

involving proprioceptive joint manipulation identified those subjects 

having uni-IateraI, second degree ruptures of the ACL according to a 

modified scale proposed by Houghston et al., (1976) (Appendix A). In 

this classification of joint instability a grade two in jury was 

characterized by an anterior tibial laxity range of 5 to 9 millimetres. A 

grade three in jury was characterized by an anterior tibial laxity range 

of 10 to 15 millimetres. Confirmation of the subjects clinical instability 

was accomplished by an arthroscopie examination performed by the 

same surgeon in thirteen of the twenty cases. AlI subjects were then 

evaluated on the GKA by a certified examiner. A series of three 

bilateral anterior drawer tests were then performed on each subject. 

Anterior terminal laxity pararneters were quantified at 130 + 5 

Newtons. Subjects were then screened for protocol completion based on 

the following criteria; (1) clinical examination of the contralateral knee 

revealed an absence of previous ligament disruption. (This was 

confirmed by the subjects' disclosure of previous non-treatment or 

in jury to the joint), and (2) the presence of bilateral laxity asymmetries 

between involved and intact knees of 5 millimetres or greater. Markolf 

& Amstutz (1987) reported that ACL dysfunction was characterized by 

mean contralateral asymmetries of five millimetres. This inclusion 

criteria reduced the sample size ta fifteen subjects. 



3.3 DESCRIPTION OF THE STUDY 

The experiment consisted of three parts. The first part of the study 

established the reliability of the OKA to accurately quantify the instant 

center (IC) of rotation motion parameter throughout a ROM. The 

second part of the study objectively established the presence of a 

subjectively diagnosed deficiency. In so doing, those subjects not 

exhibiting anterior bilateral laxity asymmetries of five millimetres or 

more were exc1uded from continuing on with the third part of the 

investigation; a kinematic analysis of relative tibio-femoral motion. In 

this part of the investigation the method of Reuleaux (1876) was applied 

to compute le of rotation displacement parameters for intact and 

involved knees throughout a ROM. 

3,3,) PART 1 

The shape reliability of the le joint rotation patterns were detennined 

initially for two reasons: (1) the presence of a consistent shifting 

phenomenon of the IC throughout a ROM would establish the stability 

of the three dimensional spatial coordinates used to compute the 

parameter according to the method of Reuleaux (1876), and (2) the 

curves facilitated the identification of de pendant measures at the ends of 

the range that reflected the dynarnic synergy between the femur and 

tibia. The reliability of the G KA to accurately quantify inter-trial and 

within-subject variability of the le of rotation parameter was then 

statistically assessed. The following methodology elucidated the 

measures of interest. 
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One subject was evaluated. No previously diagnosed structural knee 

joint deficiency was documented. The OKA was used to obtain three 

dimensional spatial coordinates of three anatomical bony landmarks: 

(1) the tibial tuberosity, (2) a point on the tibia} crest 15 centimetres 

inferior to it, and (3) the medial epicondyle of the femur. The proximal 

aspect of the shank was loaded with an anteriorly applied force of 120 

Newtons as the tibia moved throughout a ROM. The femur remained 

fixed as the shank was positioned from 100° flexion to -10° extension by 

10° increments. Quantification of anatomical spatial coordinates every 

10° provided the preliminary data from which to compute the IC of 

rotation coordinates. Ten trials were performed consecutively on two 

sequential days. Reuleaux coordinates generated in the sagittal plane 

were plotted against flexion angle and a spline function established the 

best fitting curve. In this manner a total of twenty unique graphs were 

plotted to depict the migration shifts of the IC of rotation parameters 

throughout a ROM. Pearson Product Moment Correlations (PPMC) 

determined the shape-reliability of the graphed profiles within trials and 

between days. High correlations indicated good shape-reliability. The 

variability of relative le coordinates were evaluated at two distinct 

ranges along the curve: (1) in flexion between 100° and 70°, and (2) in 

extension between 30° and 0° degrees. lC displacement coordinates were 

identified at the ends of the range for two reasons: (1) secondary 

constraining and supporting structures interface midrange to maintain 

joint stability (Girgis et al., 1975), and (2) ligament stiffness is 

compromised greatest at the ends of the range (Amoczky, 1983). Since 

IC parameters are influenced by the rclationship between the relative 
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position of link se!5ments and ligament stiffness, it holds that 

pathological migration patterns of IC coordinates would manifest 

predominantly in those situations in which the structural integrity of the 

ACL was compromised greatest; at the ends of the range. For this 

reason IC of rotation displacement parameters were quantified in 

specifie terms along the Y axis in extension and along the Z axis in 

flexion. Specifically, the difference between the minimum and 

maximum Reuleaux coordinates obtained between 30° and 0° degrees 

were statisticaly assessed for reliability along the Y axis and reflected 

link synergy in extension. Similarly, the mean Reuleaux coordinate 

obtained along the Z axis (between 70° and 100° degrees of flexion) 

subtracted from the maximum Reuleaux coordinate (obtained between 

20° and 50°) reflected link synergy in flexion. Means and standard 

deviations of the calculated IC parameters established the presence of a 

quantifiable and consistent migration phenomenon at the ends of the 

range. A two-tailed t-test evaluated significanee at the 0.05 confidence 

level. 

3.3.2 PART Il 

It was imponant to confirm the nature of a subjectively diagnosed 

deficiency and to establish the extent of clinical laxity asymmctry 

between knees for each of the twenty subjects tested for two reasons: (1) 

it provided objective documentation from which to assess the structural 

speciticity of the in jury, and (2) it established a quantative rationale for 

including only those subjects adhering to the joint symptom criteria of 

bilateral laxity asymmetry. These subjects were identified by 
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performing a series of bilateral clinical tests on each of them using the 

GKA. A certified examiner conducted the tests. Stiffness and laxity 

motion parameters were quantified Those subjects exhibiting bilateral 

anterior laxity asymmetries of five millimetres or more were accepted 

for protocol completion. 

J...i THE GENUCOM T~~T 

The Genucom system is controlled by a software package developed 

by its manufacturer (Farro Inc.). A six component force dynamometel' 

is built into the seat of the chair and measures the forces, moments, and 

torques applied by the examiner to the knee joint. A six degrees of 

freedom linkage goniometer attaches distally to the tibia in order to 

measure the joint angle and relative tibial-femoral displacements 

associated with the application of these loads. These measures are 

accurate to plus or minus one millimetre on translation, plus or minus 

one degree on rotation, and plus or minus one pound on any applied 

force (Oliver & Coughlin, 1987). Testing began by "installing" the 

subject into the device. This involved seating the subject into the 

Genucom chair in a reclined, supine position. The trunk, hips, and 

femur were subsequently stabilized. This was accomplished by 

restraining the subjects' thigh with three "restraining pads". The lateral 

thigh pad was secured first. A 130 Newton force was then applied to the 

mediai thigh pad and tightened. A 90 Newton posteriorly directcd force 

was then applied to the superior thigh rcstraint pad and tightened. More 

subtle femorai motions were accounted for by the cnsuing soft tissue 

compensation protocol which followed the subject installation 



procedure. This ensured that motion parameters reflected "relative" 

bone displacement and not "gross" tibial displacement; the latter 

measure being influenced by femoral tissue compliance within the thigh 

upon joint manipulation. Soft tissue measures eliciting correlation 

percentages of 90% or higher between tissue comp~nsation trials were 

prerequisites for continuing the testing protocol. 

The effective knee center was then computed in the following manner. 

Seven anatomical landmarks were identified on the shank and femur 

respectively. These included: two points on the tibial crest, the tibial 

tuberosity, the medial and lateral tibial plateaus, and finally the medial 

and lateral femoral condyles at half-width (Fig 3). Each landmark was 

subsequently assigned an X, Y, and Z coordinate relative to a computer 

established origin. A digitization procedure identified the spatial 

location of each landmark in three orthogonol planes. The effective 

knee center was then computed based on the relationship between 

anatomicallandmarks in the transverse, frontal, and sagittal planes. The 

intersection of these spatial coordinates established the effective knee 

center of the joint in a neutral (unloaded) position. The location of the 

medial and laterai tibial plateaus were also quantified. They were 

determined as being positioned one centimetre from the knee center 

computt"'d in the transv.::rse plane. In this way subluxation of the lateral 

tibial plateau (A TLP) could be expressed as anterior translation of the 

plateau center in response to an applied load. Position coordinates of the 

effective knee center were also expressed in response to examiner 

applied loads relative to the knee center initially computed. This 

infomlation was stored on a patient disk which inserted into one of two 
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1 & 2: Tibial Crest 

3: Tibial Tuberosity 

4 & 7: Tibial Plateau 

5 & 6: Femoral Condyles 
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disc drives at the base of the machine. The force applied to the shank 

was monitored and simultaneously recorded with tibial displacement 

measures associated with the translation. This information was saved on 

a patient diskette and graphed to depict the force-displacement and 

torque-rotation response curves elucidated for each subject after the soft 

tissue disp]acement measures were statistically removed from the data. 

ld.l TESTING PROCEDURE 

Once installed into the G KA and the soft tisnue compensation 

procedure completed, each subject experienced a series of bilateral 

clinical tests. Three anterior drawer tests were perfonned by a certified 

examiner with the knee flexed: (1) at 900
, (2) at 900 with the foot 

externally rotated 100
, (3) at 30°, and (4) at 20° degrees.An anterior 

load of 130 ± 5 Newtons was then applied to the proximal tibia in each 

instance. The OKA recorded the relative displacements associated with 

the incremental increases in force at a frequencyof 15 Hertz. Anterior 

terminal laxity (AL) parameters were quantified at 130 ± 5 Newtons 

and refIected total anterior translation of the tibia relative to a fixed 

femur at each flexion angle. Edixhoven et al., (1987) reported that 

second and subsequent cycles of drawer curves were always 

reproducible while first-cycle reproducability was questionable for 

force-displacement curves obtained with instrumented devices. For this 

reason three trials were performed for each drawer test to 

"precondition" subjects to the loads they would experience. The 

terminal force value of 130 ± 5 Newtons was chosen for two reasons: 

(1) il approximated values applied by clinicians evaluating knee joint 
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stability by proprioceptive methodologies, and (2) il reduced the 

potential of further injury to the ACL associated with the application of 

higher loads. 

Antedor midrange stiffness (AMRS) was quantified from foree

displacement data obtained by anterior drawer tests fOT two reasons: (1) 

the parameter was thought to refleet the support provided by the 

primary restraining ligament and (2) stiffness parameters obtained 

midrange most aecurately reflect the tautness of the ACL (Shoemaker & 

Markolf, 1985).This measure was evaluated between 40 and 60 

Newtons. The stiffness value was eomputed as the inverse slope 

connecting the two data points closest to the 40 and 60 Newton force 

values obtained in the testing procedure. In other words, stiffness was 

represented as the inverse of a line established by two data points: one at 

40 Newtons and one at 60 Newtons. If for any reason these specifie 

values could not be identified on the load-displacement curves 

generated, the two data points closest in proximity to them were used in 

the analysis (provided they feU between the 40 and 60 Newton range). 

A series of three internal-external tibial rotation tests were then 

perfonned with the subjects' knee positioned at 90° flexion. A torque of 

Il N-m was then applied in each instance unless the subject experienced 

pain in response to the applied load. In tluee such cases the l-.lrque loads 

were reduced to accommodate the individual pain thresholds of the 

subject. InternaI tibial rotations (ITR) were measured in degrees in 

response to incrernental increases in torque values generatcd internally 

and externally. Addi tionally, antcrior translation of the lateral tibial 
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plateau (ATLP) was simultaneously recorded in response to the Il N-m 

torque load. 

The laxity and stiffness parameters obtained in this part of the 

investigation were used to supplement a thorough patient examination 

and history. As such, the quantification of these motion parameters 

served primarily a descriptive function as opposed to the selective 

function of anterior laxity parameters obtained earlier in the proto col. 

U EXPERIMENTAL DESIGN 

One-way ANOV A's established statistical significance between knee 

condition (Factor A) on each of the dependant measures: AL, AMRS, 

ATLP, and ITR. Two levels of knee condition were assessed: involved 

and intact. The dependant variables were statistically evaluated at the 

0.05 confidence level. 

FACTOR A: KNEE CONDmON 

lnvolved 1 Intact 

Three two factor ANOV A's assessed the laxity and stiffness 

characteristics of the subject profile across flexion angle. Factor A 

inc1udcd four levels of flexion angle while Factor B included two levels 

of knce condition. ln this manner AL, AMRS, and ATLP were 
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evaluated for significance at the 0.05 confidence level. A Tukey Post

Hoc means comparison ident)fied the locus of the interaction between 

Main Effects for each dependant measure. 

FACfORB FACTOR A: FLEXION ANGLE 
KNEECONDmON 20° 30° 90° 90° & 10° ER 

Intact 
Involved 

J,&PARTW 

The third part of the invesl igation documented the le joint rotation 

patterns of intact and involved knee joints according to the method of 

Reuleaux. Three dimensional spatial coordinates obtained with the GKA 

were used to compute this motion parameter according to the following 

methodology. Each subject was installed into the Genucom. The femur 

was secured and three anatomical landmarks were identified on the 

patients' leg: (1) the tibial tuberosity, (2) a point on the tibial crest 

fifteen centimetres inferior to Ït, and (3) the medial epicondyle of the 

femur. A BASELINE (tm) goniometer was then attached to the 

subjects leg such that diagnostic reference markings wcre aligned WiÙl 

subjects greater trochanter anô lateral malleolus respectively. This 

allowed the angle of the joint to be monitored constantly. The examiner 

th en manipulated the leg throughout a ROM beginning at 1000 and 

continuing to -10° by 10° incremcnts. An anterior load of 125 ± 5 

Newtons was orthogonaly app] ied to the proximal aspect of the tibia for 



two reasons: (l) the :leutral point was difficult to detect clinically and 

was not considered as being a constant point of evaluation in unloaded 

conditions, and (2) the deficiency had to be elucidated from bilateral 

comparisons made between intact knees subject to identical loads. 

Loading throughout the test protocol remained constant and was 

continually monitored. This ensured that any variation between instant 

center graphs generated might be attributed to the phenomenon under 

study and not to variations which existed in less consistent loading 

techniques. A pulley mechanism which effectively applied and 

monitored the desired load throughout the protocol was developed in 

lieu of a manually applied loading system in which technique was 

predetermined to be examiner specific and variable. As such, the 

mechanism designed met three essential criteria: (1) the load was 

applied orthogonal y to the shank as it moved throughout the range 

described, (2) the load was applied as a constant force of 125 + 5 

newtons regardless of the shanks position in space, and (3) the 

mechanism accommodated the digitization of three anatomical 

landmarks as the leg moved throughout the range prescribed. In light of 

these criteria the following mechanism was designed. 

Two steel poles were connected by an articulating joint. One vertical 

pole was positioned perpendicular to the ground while a shorter 

horizontal pole was attached orthogonaly to the top of the vertical pole. 

These poles provided the skeletal frame for the device. Four pulleys 

were strategically affixed to the poles: two on the vertical pole and two 

on the horizontal pole. The Stryker force applicator monitored the 

amount of force applied to the tibia through a spring mechanism and 
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corresponding force ~cale. This device was used in conjunction with tlle 

pulleys to monitor the loads generated throughout the procedure. 

Specifically, a rope passed over each pulley and was attached at one end 

to the handle of the Stryker. The other end of the rope supported a 

weighted load of twenty five pounds which hung freely in space. The 

Stryker was then positioned hehind the tibia at the proximal end of the 

segment such tllat the application of the prescribed load elicited anterior 

translation of tlle tibia at the tibial tuberosity (Fig 4). ~111e pulleys Nere 

positioned such that three anatomical landmarks could he digitized in 

three unique positions per pulley. Initially these landmarks were 

digitized at 100°, 90°, and 80° of flexion. Other pulleys facilitated the 

digitization of me same three anatomical landmarks but with the knee 

positioned differently in space. For ex ample the second pulley allowed 

the landmarks to be digitized at 70°, 60°, and 50° respectively. This 

process was repeated for the remaining two pulleys. In this manner 

complete digitization of the anatomical landmarks in all positions 

throughout the range could be accomplished without compromising the 

established loading criteria. In this way any variation that occurrcd 

between instant center profiles generated between knee conditions could 

then be attributed to the shifting phenomenon of the le and not to 

inconsistencies inherent in the loading technique. This procedure was 

important in tlle assessment of ligament disruption as the position of the 

selected anatomical landmarks were effectively described in reference to 

three orthogonol planes: (1) a transverse plane identified by the X axis, 

(2) a frontal plane identified by the Y axis, and (3) a sagittal plane 

identified by the Z axis. These coordinates were ultimately used to plot 
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SCHEMATIC OF THE LOADING MECHANISM 
DESIGNED TO APPL y AN ORTHOGONOL LOAD 

TO THE TIBIA THROUGHOUT A RANGE OF MOTION 

F=120+SN 

W=mg 

Figure 4 
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the instant center graphs according to the method of Reuleaux (1876). 

They were obtained three sequential times for the intact and involved 

knees respectively. For the purposes of this investigation only the Y 

and Z coordinates were used to compute the displacement of the IC 

because parameters obtained in the transverse (X) plane in a 

preliminary study did not seem to characterize the deficiency in specifie 

terms. 

U CALCULATION !lE THE INSTANT CENTER 

The instant center coordinates w~re calculated by a computer 

program which established the relative position of three anatomical 

landmarks as they became displaced from one position to another 

throughout the range. These landmarks included: (1) the tibial 

tuberosity, (2) a point on the tibial crest approximately fifteen 

centimetres inferior to it, and (3) the medial epicondyle of the femur. 

This last point effectively established an origin from which the IC 

coordinates were measured. In this way, discrepant measures obtained 

between digitized link eoordinates (due to inadvertent shifts of the 

subjects leg between trials) were compensated for by expressing them 

relative to an origin that was equally affected by the same motion. The 

perpendicular bisectors of the the tines connecting corresponding 

displaced tibial landmarks wcre then constructed by linear algebraic 

equations. The intersection of constructed bisectors established the IC 

whose coordinates were obtained by simultaneously solving the 

equations of the lines describing the bisectors. This procedure occurred 

every 10° throughout the ROM. In this way eleven IC coordinates were 



generated by the computer for analysis. Another computer program 

plotted the le values. The Y and Z coordinaté was graphed separately in 

relation to flexion angle. A spline function established the best fitting 

curve to conne ct the plotted coordinates so that the relative 

displacements of the le could be quantified in millimetres throughout 

the entire range. The analysis was restricted to le coordinates obtailled 

in flexion (between 100° and 70°) and extension (between 30° and 0°). 

Functional instabilities associated with the deficiency were reported as 

relative migration displacements throughout the ROM. 

J.l STATISTICAL ANALYSIS 

A one-way ANOVA evaluated the statistical significance between 

knee conditions of the le of rotation parameters obtained in flexion and 

extension respectively. Factor A included two levels of knee condition. 

Displacement parameters along the Y and Z axis were statistically 

assessed at the 0.05 level of confidence. Means and standard deviations 

were also reported for the measures. 

FACTOR A: KNEE CONDITION 

lnvolved 1 Intact 

Additionally, each subjects' joint rotation pattern was evaluated 

bilateraly and ipsilateraly for shape reliability. Pearson Product 
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Moment Coefficients assessed the variability within and between knee 

conditions. 

RIGHT INVOL VED LEFT INTACT 

RIGHT INVOLVED a fi 

LEFTINTACT fi a 

NOTE: a denotes ipsilateral "within" knee comparison 

fi denotes contralateral "between" knee comparison 

J..2. SUMMARY 

The ability of clinicians to accurately assess knee joint stability is 

hampered by the subjectivity associated with proprioceptive 

examinations. A methodology is proposed to objcctively document the 

functional and kinematic asymmetries observed between involved and 

intact knees for subjects exhibiting clinical symptoms associated with 

isolated ACL dysfunction. 
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CHAPTER IV 

ANALYSIS AND RESULTS 

!J. INTRODUCTION 

The results presented in this chapter are divided into three sections. 

Section one reflects the preliminary part of the investigation in which the 

method of Reuleaux (1876) was evaluated for reliability throughout a 

range of motion (ROM). Three dimensional spatial coordinates used to 

compute instant center (lC) joint rotation patterns were evaluated for 

reliability and consistent motion parameters were identified in specifie 

tenns at the ends of the range. Section two charactedzes the nature and 

extent of a subjectively diagnosed deficiency. The descriptive statistics 

presented describe motion parameters obtained by the Genucom Knee 

Analyzer (GKA) and reflect the structural integrity of the knee joint. 

Discrepancies in these variables reflect the asymmetrical characteristics 

between knee conditions for the subject sample investigated. Section three 

documents the effects of ACL dysfunction on IC joint rotation patterns 

obtained under a loaded condition and throughout a range of motion. 

Displacement shifts of IC parameters obtained from joint rotation profiles 

were thought to reflect the quasi-dynamic link synergy between bone and 

compliant ligaments (Gerber & Matter, 1983). 
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USECTIONI 

The reliability of the GKA to accurately quantify inter-trial and within 

subject variability of the le of rotation parameter was statistically asscssed 

in late flexion (delta Z) and extension (delta Y). Pearson Product Moment 

Coefficients (PPMC's) determined the shape reliability of the graphs within 

trials and between days. These data addressed two important concems: (1) 

it established the consistency of the le shifting phenomenon throughout a 

ROM, and (2) they facilitated a means by which to establish specifie and 

objective motion parameters that accurately reflected link synergy. Thcse 

data was compiled on a single subject with no previously diagnosed 

structural knee joint deficiency. Ten trials were performed on two 

sequential days. The results are presented in Tables 1 A and 1 B 

respectively. No significant differences were observed between and within 

trials. 

Table lA: Shape Reliability of 
le Rotation Profiles Obtained 

Within Trials and Between Days 

Day 
1 
2 

1 by 2 

Trials 
1-10 

11-20 

R-Value 
Within 

0.96-0.99 
0.91-0.97 

(a=0.05) 
Betwccn 

0.94-0.96 

Table lB: Descriptive Statistics; 
le of Rotation Variability (mm) 

Day 1 
delta Y 3.2 ± 1.2 
delta Z 2.6 ± 1.4 

Day 2 

3.5±1.4 
2.9 + 1.8 

t-value 
t < 2.101 
t < 2.101 
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USECTION Il 

It was essential to confirm the nature of a subjectively diagnosed 

deficiency and to establish the extent of clinical laxity asymmetry between 

knees for each subject tested for two reasons. Firstly, it provided objective 

documentation from which to assess the structural specificity of the injury. 

Sec.Jndly, it provided a basis for which to inc1ude only those subjects 

exhibiting statistically significant laxity asymmetries of five millimetres or 

greater. A series of bilaterallaxity tests perfonned by a certified examiner 

on the OKA generated the data presented in the following sections. 

!aU SUBJECT INFORMATION 

A total of twenty subjects were initially selected to participate in the 

investigation. An experienced Orthopaedic Surgeon identified those 

subjects exhibiting clinical symptoms associated with "isolated" ACL 

dysfunction by proprioceptive and (whenever possible) arthroscopie means. 

Ail subjects were required to fill out a consent form, which described the 

nature of the study (Appendix B), and a subject information form 

(Appendix C). The latter provided the tester with a more detailed 

description of each subjects pathological history. This information was 

important to obtain as it supplemented the diagnostic findings of the 

physician by identifying those patients exhibiting associated structural 

deficiencies. Furthermore, it provided invaluable information in the 

j~llerprctation of IC of rotation profiles obtained in the latter part of the 
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investigation. Because conclusions were to he drawn based on the shapes of 

the le patterns generated between knee conditions, it was logical to 

establish common characteristics of in jury between subjects from which 

shape comparisons would ultimately be made. Relevant information 

collected from these questionnaires is summarized in Table 2. 

Subject 

1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

Table 2: Subject Information Summary 

Gender 

F 
F 
F 
M 
M 
M 
M 
F 
M 
M 
F 
M 
M 
F 
F 
M 
M 
M 
M 
M 

Al:e Date of Injury Sur{:cry ACL 

24 Dcc., '86 X 
18 May, '88 scope X 
21 Nov., '87 X 
27 Jne., '82 scope X 
21 Dec., '87 scope X 
28 Mar., '86 X 
33 May, '86 scope X 
19 Apr., '87 X 
31 Jne., '86 scope X 
31 Mar., '89 scope X 
19 Jan., '84 sc ope X 
22 Feb., '87 scope X 
22 Apr., '86 X 
23 Jne., '84 sc ope X 
20 Apr., '88 scopc X 
21 Feb., '89 sc ope X 
25 Fcb., '84 scope X 
28 Mar., '89 X 
24 Apr., '89 X 
25 Jul., '88 scope X 

LEGEND 
ACL: Anterior Cruciale Ligament 
MM: Medial Meniscus 
LCL: Lateral CoIlate"aI Ligament 
* AC: Asymmetry Criteria 

MM 

X 

X 

X 

MCL LeL 

X 

X 

X 
X 
X 

X 
X X 

The "X's" denote the structures injured for each subject as weIl as those 

subjects exhibiting documented laxity asymmetries of five millimetres or 

AC 

X 
X 
X 
X 

X 
X 

X 
X 
X 
X 
X 

X 
X 
X 

X 
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greater. lbis "asymmcLfy criteria" (AC) reduced the sample size to fifteen 

subjects. The results presentcd throughout the remaining pages reflect the 

data obtained from the reduced sample. 

i.U. One-Way ANOYA Resylts 

One-way ANOV AIs evaluated significance between knee conditions on 

each of the dependent me as ures identified to characterize the nature and 

extent of the in jury. The results are presented in the tables 3A-3H. 

Table 3A: One-Way ANOVA Summary 
AMRS @ 20° 

Source of Variation df F Ratio F Prob. 
Between 1 10.96 0.0026 * 
Within 28 
Total 29 

Table 38: One-Way ANOVA Summary 
AMRS @ 30° 

Source of Variation df F Ratio F Prob. 
Between 1 9.350 0.0049 * 
Within 28 
Total 29 



Table 3e: One-Way ANOVA Sumnlary 
AL @ 90° 

Source of Variation df F Ratio F Prob. 
Between 1 0.747 0.3947 
Within 28 
Total 29 

Table 3D: One-Way ANOVA Summary 
AL @ 90° and 10° ER 

Source of Variation df F Ratio F Prob. 
Between 1 1.638 0.2111 
Within 28 
Total 29 

Table 3E: One-Way ANOVA Summary 
AL @ 30° 

Source of Variation df F Ratio F Prob. 
Between 1 9.985 0.0038 * 
Within 28 
Total 29 

Table 3F: One-Way ANOVA Summary 
AL @ 20° 

Source of Variation df F Ratio F Prob. 

Betwccn 1 22.93 0.0000 * 
Within 28 
Total 29 
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Table 3G: One-Way ANOVA Summary 
ITR @ 90° 

Source of Variation df F Ratio F Prob. 
Between 1 2.750 0.1055 
Within 28 
Total 29 

Table 3H: One-Way ANOVA Summary 
ATLP @ 90° 

Source of Variation df F Ratio F Proh. 
Between 1 1.360 0.2508 
Within 28 
Total 29 

4.3.3 DESCRIPTIVE ST A TISTICS 
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The means and standard deviations for each dependent measure are 

summarized in the tables 4A through 4E. A number of "conditions" are 

identified in each table. These conditions identify the angle at which each 

of the dependent measures were evaluated and are clearly defined. The 

dependent measures of interest included: anterior tenninal laxity (AL), 

anterior midrange stiffness (AMRS), internaI tibial rotation (ITR) , and 

translation of the medial (ATMP) and laterai (ATLP) tibial plateau. 



CONDITIONS: 

Condition 1: 20° 
Condition 2. 30° 
Condition 3: 90° 
Condition 4: 90° with 10° ER 
Condition 5: 90° with 10° IR 

Table 4A: Des4:riptive Statistics; 
Antcrior l.axity in mm 

Condition Intact Involved 
1 6.8 + 2.2 12.9 ± 4.5 
2 10.9 ± 3.4 15.7 ± 4.8 
3 8.8 + 2.7 10.2 + 3.4 
4 7.1 + 2.5 8.8 + 4.6 

F Prob. 

0.0000 • 
0.0038 • 
0.2184 
0.2111 

Table 48: Desl:riptivc Statistics; 
Anterior Midrange Stiffncss in N/mm 

Condition Intact Involved F Prob. 
1 17.8 + 6.7 10.7 + 6.3 0.0030 • 
2 10.7 + 3.2 7.3 ± 2.9 0.0049 • 
3 15.1 + 8.2 12.8 + 5.Y 0.3947 
4 23.0 + liA 16.2 + 6.0 0.5000 • 
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Table 4C: Descriptive Statistics; 
Internai Tibial Rotation in degrees 

Condition Intact Involved 
3 
3 

5.3 ± 2.8 
21.1 ± 5.5 

6.7 + 2.3 
21.8 ± 8.4 

Table 4D: Descriptive Statistics; 
Anterior Translation of the 
Medial Tibial Plateau in mm 

Condition Intact Involved 
4 0.6± 1.1 0.6 +1.1 

Table 4E: Descriptive Statistics; 
Anterior Translation of the 

Lateral Tibial Plateau in mm 

Condition Intact Involved 
5 0.9 ± 1.2 1.7 + 2.6 

4.3.4 Iwo-Factor ANOVA Summary Table 

F Prob. 
0.1050 
0.7413 

F Prob. 
0.9448 

F Prob. 
0.2508 
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Table 5 summarizes the results obtained by the two-factor ANOV A. 

Anterior midrange stiffness (AMRS) and anterior tenninal laxity (AL) 

were evaluated at each flexion angle across knee condition. Asterisks 

r indicate Main Effects at the 0.05 level of confidence. 



Table 5: Two-Factor ANOV A 
Summary of Results 
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FACfORB FACTOR A: FLEXION ANGLE 
DEPENDENT MEASURE 20° 30° 90° 90° & 10° ER 

AMRS * * * 
AL * * 

4.3.5 Tukey Post-Hoc Mean Cornparisons 

A Tukey Post-Hoc comparison identified the locus of the significance for 

each dependent measure obtained across flexion angle. Table 6 presents the 

results expressed as interactions between the means presented in Tables 

4A and 4B respectively. 

Table 6: Tukey Post-Hoc Mean Comparisons 

Condition varjable Mean Comparjsons Tukey Rana:e 

INTACT AL (mm) (1) 10.9 with 6.8 3.74 
(2) 10.9 with 7.1 3.74 

AMRS (N/mm) (1) 23.0 with 10.7 3.74 
(2) 23.0 with 15.1 3.74 

INVOLVED AL (mm) (1) 15.7 with 4.8 3.74 
(2) 15.7 with 8.8 3.74 

AMRS (N/mm) (1) 16.2 with 10.7 3.74 
(2) 16.2 with 7.3 3.74 
(3) 12.8 with 7.3 3.74 
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~ SECTION III 

Section III documents the effects of ACL dysfunction on the IC of joint 

rotation profiles obtained under a loaded condition and throughout a ROM. 

Intra-subject reli ab ilit y coefficients established the statistical characteristics 

of the displacement patterns ipsilateraly and contralateraly. 

4.4.1 INTRA-SUB.JECT SHAPE RELIABILITY 

Each subjects' joint rotation pattern was elucidated three times according 

to the method of Reuleaux (1876). Three dimensional spatial coordinates 

obtained on the GKA were used to plot the desired rotation patterns. Each 

pattern was evaluated contralateraly and ipsilateraly for shape reliability 

throughout a ROM. Pearson Product Moment Coefficients detennined the 

variability within and between knee conditions. The results are presented in 

Table 7. 



------------------ --- - --

Table 7: Intra-Subject Reliability 
Coefficients Within and Between 

Knee Conditions 

WITHIN BE'TWEEN 
Subject Intact Involved 

2 0.69 0.61 0.28 
3 0.68 0.75 0.59 
4 0.83 0.74 0.31 
5 0.85 0.67 0.26 
7 0.86 0.84 0.56 
8 0.73 0.81 0.20 

10 0.93 0.71 0.55 
Il 0.92 0.63 0.19 
12 0.64 0.47 0.89 
13 0.97 0.80 0.69 
14 0.78 0.64 0.13 
16 0.85 0.97 0.82 
17 0.85 0.97 0.82 
18 0.88 0.68 0.53 
20 0.79 0.82 0.71 

0.79 0.72 0.38 

4.4,2 ONE-WAY ANOYA RESULTS 
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One-way ANOVA's detennined the statistical significance of the le of 

rotation parameters between knee conditions. These parameters were 

evaluated in late flexion (delta Z) and in extension (delta Y). The results 

are presented in tables 8 and 9 respectively. 



Table 8: One-Way ANOVA Summary 
of the le of Rotation Parameter 
Obtained Between 1000 and 700 

Source of Variation 
Between 
Within 
Total 

df 
1 

28 
29 

F Ratio F Prob. 
0.7344 0.3993 

Table 9: One-Way ANOVA Summary 
of le of Rotation Paramct~rs 

Obtained Between 30° and _100 

Source of Variation 
Between 
Within 
Total 

df 
1 

28 
29 

4.4.3 DESCRIPTIYE ST ATISTICS 

F Ratio F Prob. 
7.021 0.0130 * 
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'lbe means and standard deviations were detennined for delta Z and delta 

y across knee condition. The results are presented in Table 10. 

Table 10: Descriptive Statistics 
of the Instant Center Parameter (mm) 

Variable 
delta Z 
delta Y 

Knec Condition 
Intact 

3.05 ± 1.42 
5.07 ± 1.86 

Involved 
3.59 ± 1.87 
6.97 ± 2.06 

F Prob. 
0.3993 
0.0131 * 
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4.4.4. DISPLACEMENT PROFILE ASSESSMENT 

Figures 5 and 6 depict the displacement profiles of the IC of rotation as it 

moved throughout a ROM. 111e vertical (Y) axis rcflects the <lIllOllnt of 

anterior and posterior translation of the IC or rotation measured rclat ive to 

a fixed femur. The non-linear displacement profiles depict a series of 

"peaks" and "valleys" whieh appear at specifie points throughoul Ihe range. 

These eurves have been interpreted along three specifie sections of the 

profile and are identified as three distinct phases: (1) a preliminary phase 

(between 100° and 70°), an intermediate phase (bctwcen 70° and 30°), and 

(3) a tertiary phase (between 30° and 0°). These phases appear to conlain 

consistent pattems of displaeement throughout the range and renect the 

quasi-dynamic link synergy for intact and involvcd knees. Specifically, 

posterior shifting of the le of rotation was documented in the preliminary 

phase for aIl profiles generated. The shape and magnitude of this 

migration proved to be a consistent motion characteristic regardless of the 

subjects' knee condition. The peaks and valleys doeumented in the 

intermediate region of the eurve (between 70° and 30°) demon~trated less 

consistent trends. Although this phase of the displacement profile was 

characterized by a peak occurring between 45° and 30° (preceded by a 

valley between 70° and 45°), the relative magnitude of "inflection points" 

defining these curves varied within and between subjects. Tertiary pha~es 

revealed consistent profile patterns within subjeets but the magnitude of 

inflection points defining the peaks and valleys varicd c()nsid,~rably bctwccn 

knee conditions. Interestingly this phase did not seem 10 tel mindte a~ a 

definitive peak or valley withill or between knee eondition~. 
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Figures 7 and 8 depict displacement profiles of the le of rotation 

parameters quantified along the sagittal (Z) axis. Migration of the le along 

Ihis axis refleeted proximal and distal translation of the le relative to a 

fixcd Femur. These profiles were interpreted in three phases which 

identificd specifie ranges of knee flexion throughout a ROM. Non-linear 

displaccment profiles revealed a series of peaks and valleys within each 

phase. A consistent distal shifting of the le of rotation characterized aIl 

profiles obtained between and within knee conditions. The shape, 

magnitude, and number of inflection points comprising these profiles 

appcarcd to be symmctrical. 
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CHAPTER V 

DISCUSSION OF RESUL TS 

U INTRODUCTION 

Proprioceptive methodologies for assessing knee joint stability onen 

result in discrepant diagnoses (Markolf et al., 1976). This stems from the 

subjective interpretation of clinical evaluations. The purpose of this 

investigation was to employ a knee arthrometer as an objective testing 

device to characterize instant center (IC) joint rotation patterns of ACL 

deficient knee joints. It was hypothesized that, in conjunction with three 

dimensional motion parameters obtained by the same device, unique 

kinematic profiles reflecting in-vivo joint integrity could ultimately be 

established to eharacterize the deficieney in specifie temlS. This facilitated 

the need to implement a protoeol which quantified "uni" and "multi-planar" 

dependent measures. 

The data presented in this chapter are divided into three sections which 

reflect the component parts of the investigation. Section one evaluates the 

reliability of the technique used to compute le of rotation motion 

parameters. Section two examines the nature and extent of a subjeelively 

diagnosed deficienc:y. Section three documents joint rotation profiles 

which were obtained under a loaded condition and throughout a ROM. 

These profiles refleet the quasi-dynamic link synergy bclwccn bonc and 

eompliant ligaments (Gerber & Matter, 1983; Frankcl et al. 1971). 
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USECTION 1 

Pearson ProduC't Moment Coefficients (PPMC's) detennined the shape 

reliability of the IC of rotation profiles within trials and between days. 

These data were essential to obtain as they established the consistency of the 

OKA to accurately define tluee dimensional spatial coordinates. Table lA 

presents the results. PPMe's obtained within trials on day one varied from 

0.96 to 0.99 and on day two from 0.91 to 0.94. Between-day coefficients 

ranged from 0.94 to 0.97. Two conclusions can be drawn from the se data. 

Forcmost, it is clear that IC of rotation coordinates computed according to 

the method of Reuleaux (1876) provided a stable measure of joint motion 

throughout a range. This supported the reliability of the technique in 

docunlenting link synergy. Secondly, since three dimensional spatial 

coordinates were used to ~ompute two dimensional displacement profiles, 

and since good shape reliability within the between profiles was observed, 

the rcliability of the OKA to quantify orthogonol knee motion was 

confirmed. 

Table 1 B documents le of rotation variability at the ends of the range. 

Migratory shifts of the le in flexion (delta Z) were 2.6 ± 1.4 mm for day 1 

and 2.9 ± 1.88 mm for day '2. ln extension (delta Y) these shifts were 

observed to be 3.5 + lA mm and 3.2 ± 1.2 mm between days. Mean 

parametcrs were not found to be significantly different between days when 

asscssed hy a two-tailed t-test at the 0.05 confidence level. These data 

confirmcd the presence of a consistent and quantifiable shifting 

phcnomcnon of the le throughout a ROM. 
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U SECTION Il 

Motion characteristics were established between knee conditions to 

determine the nature and extent of a subjectively diagnosed deficicncy. 

The results of bilateral c1inical tests perfonned on the GKA by a ccrtified 

examiner were summarized in tables 4A through 4E. These paramctcrs 

were interpreted in light of the secondary research hypotheses initially 

proposed in chapter one. Specifically these hypotheses pertained to the 

relationship between stiffness and laxity measures and the angle at which 

they were quantified. 

5.3.1 LAXITY MEASURE~ 

The data in Table 4A document significant laxity asymmetries bctween 

knee conditions for measures quantified in extension (conditions 1 & 2) but 

not for laxity measures quantified in flexion (conditions 3 & 4). Clearly, 

ACL dysfunction does not de-stabilize the joint unifonnly throughout a 

ROM. There are two logical explanations for this. The first relates to the 

functional characteristics of the ligament. Since the ACL is compriscd of 

two principle parts - an anteromedial band (AMB) and a posterolateraJ 

band (PLB) - and since each band contributes to different aspects of knee 

stability throughout a ROM, it follows that the band component rcsisting 

knee extension was the only structure of the ACL significantly damaged. 

King et al., (1986) and Girgis ct al., (1975) establised that the bulk of the 

PLB was tightest betwecn 30° and 0° degrees and was the principle 

structure reslsting hyper-extension. The same study also established that 

the AMB only became tight in flexion (between 1000 and 90° dcgrl-cs). 
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The authors suggested lhat the c1inically perceptible drawer sign would 

occur in flexion under two conditions: (l) when the ACL was entirely 

severed, or (2) when the AMB of the ACL was structurally deficient. 

Although the subjects participating in this investigation were diagnosed as 

being ACL deficient, no infonnation was obtained regarding the specifie 

location of the injury along the ACL. However aIl subjects were asked to 

describe the circumstances surrounding their in jury and most of them 

reported a hyper-extension type mechanism. As the PLB of the ACL is 

tightest in extension (while the AMB remains loose by comparison), it is 

not unreasonable to support a band-specifie explanation for the laxity 

measures obtained with the knee positioned at 20° and 30° degrees. 

The second explanation for the results obtained in Table 4A relates to 

the structural characteristics of the knee joint in flexion. Rossenberg & 

Rausmussen (1984) suggested that a knee positioned at 90° flexion functions 

like a "roller and trough". The authors likened the acutely convex 

structure of the posteriOI femoral condyles to a "roller" and the tibial 

articular surfaces (with intact menisci) to a "trough". They proposed that 

forward movemer.t of the tibia on the femur during the drawer test is 

prohibited without "deflecting" the joint space vertically to accommodate 

the roller-trough geometry of the articulating bones (Fig 9). Under 

nonnal circumstances this deflection is prevented by the tense capsule and 

collateral ligaments that contribute to joint stability. Consequently the 

ACL is effectively "buffered" by the roller-trough systenl. During the 

Lachmans test howevcr, the anterior contact point of the femur assumes a 

"flatter" orientation on the tibia due to the nature of the conta~jng surfaces 
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bclwccn the distal femoral condyles and the tibial plateaus in extension (Fig 

10). This geometrial relationship promotes anterior translation of the tibia 

on the fcmur without requiring a perquisite vertical deflection. 

'Ibe rcsults of Tukey Post-Hoc Mean Comparisons for laxity and stiffness 

rncasurcs obtained in the various "conditions" are presented in Table 6. 

Although the literature is replete with studies documenting the effectiveness 

of the Lachmans test in identifying ACL dysfunction, controversial 

infonnation exists regarding the specifie angle at which the test should he 

pcrformed to elicit optimal resuIts. (TypicaHy the knee is positioned 

somewhere between thirty and fifteen degrees.) Interactions of mean laxity 

parameters across flexion angle addressed secondary hypothesis one. It 

stated: there will be no signifieant differences between AL parameters 

evaluated ... by the Lachmans test performed at 30° and 20° flexion for 

intact and illvoived knees. Analysis of the data requires that this hypothesis 

be rejected. A significant difference was found to exsist between laxity 

measures at each flexion angle. Specifieally AL measures quantified at 30° 

were found to be significantly higher than AL measures quantified with 

the knce positioned in any other angle. The clinical implication of this 

finding is the assumption that, to be considered useful descriptors of knee 

motion, anterior laxity data should be perfonned at 30° on the OKA. 

5.3.2 STIFFNESS MEASURES 

Thc data in Table 4B docllInent stiffness asymmetries. Significant 

differcnccs wcre noted bctwecn knee conditions l, 2, and 4. Interaction of 

A~1RS paramcter mcans across flexion angle addressed secondary 
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hypothcsis two. It statcd: there will he no significant difference between 

AMRS parameters ... while pcrforming the Lachmans test at 300 and 200 

flexion for intact and involved knees. Analysis of this data reveals 

significant stiffness asymmetries to ex,sl between values quantified 

midrange in extension (conditions 1 and 2) and in flexion (condition 4). 

These results arc not surprising. Since AMRS is computed as the inverse 

slope of force-displacement data obtained from laxity curves, and since 

laxity measures were greatest in extension for involved knees, it is logical 

to expect stiffness measures to follow a similar trend. Unlike laxity results 

however, a significant difference in stiffness asymmetry was noted in 

condition 4. Tukey Post-Hoc comparisons established this position (900 

flexion with 100 external rotation) as being a potential "tell-tale" sign of 

joint integrity because significant stiffness asymmetries were documented 

between this condition and aU others. However, caution must he exercised 

in interpreting the clinical importance of this finding. Two factors must be 

considered. Foremost, performing an anterior drawer in which the tibia is 

externally rotated potentially results in compression of the joint capsule. 

Furthermore, intact meniscal pads block the motion occurring between the 

femoral condyles and the tibial plateaus. As 80% of subjects tested in this 

investigation had no meniscal injuries associated with the primary 

deficiency, the possibility of infJated stiffness values (due to meniscal 

blocking of the condyles) is ever present. Secondly, torsionalloads applied 

at the joint are frequently pcrceivcd by subjects as being uncomfortable, 

unnatural, or even painful. Frcquently "defense mechanisms" kick-in 

during a clinical evaluation. Inadvertent contraction of supporting 

musculature by the subjccts in the hopes of accommodating the "unnatural" 

motion bcing clucidatcd is Hot unlikely. Johnson & Hull (1988) detennined 
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that resisting musculature cou Id increase joint stiffness by as l11uch as 

320%. Inflated stiffness values affect joint stability by dccreasing 

potentially significant laxity measures (Markolf et al.,1978). 

SaUIORSIONAL INSTAIHLITIES 

Tables 4C through 4E document the rotational characteristics associated 

with isolated ACL dysfunction. These data address secondary research 

hypotheses three and four. Surprisingly, no significant differences were 

obr,e;ved for any of the conditions investigated. This may he explained by 

considering the concept of secondary restraints. Noyes et al., (1980) 

suggested that joint laxity is not only affected by the loss of a single 

ligament. but also to a change in the interaction between a dcficient 

ligament and supporting seconday structures. These structures provide 

secondary restraints to knee motion once the primary restraint has been 

structurally compromised. Consequently, the results of clinical tests might 

weIl elicit deflated laxity measures despite the deficit present in the 

primary restraining ligament. Although 47% of the subjects tested in this 

investigation reported damage to other structures, the dara presented in this 

study do not suggest secondary structures were significantly compromised. 

~ SECTION ru 

The third part of the investigation documented the le of joint rotation 

profiles of knee joints according to the method of Reuleaux (1876). The 

patterns were obtained three times bilateraly under a loaded condition and 

throughout a ROM. 



M,lINTRA-SUBJECT RELIA BILITV nE. E. PROFILES 

Each subjects' le of joint rotation profile was evaluated ipsilateraly and 

contralaterly for shape reliability. The results presented in Table 7 

document low Pearson Product Moment Coefficients (PPMC's) for joint 

rotation patterns obtained within and between knee conditions for the 

subject sample tested, when compared to PPMC's obtained on a single 

subject in Part one of the investigation. Profile coefficients evaluated 

ipsilateraly ranged from 0.59 to 0.88 for intact knees and from 0.47 to 

0.97 for involved knees. Mean coefficients were detennined to he 0.79 and 

0.72 for intact and involved knees respectively. These results suggest that 

ipsilateral shape reliability between profiles generated within knee 

conditions are relatively stable. Furthermore, mean coefficients 

demonstrate that the shape reliability of joint rotation patterns are 

compromised to the same degree within knee conditions. When cornpared 

to PPMC's obtained for a single subject, shape reliability for the sample 

decreased 19% for intact knees and 24% for involved knees. This 

observation might be explained by cons ide ring the "stress" each joint was 

subjected to during the evaluation procedure. Anterior loads of 120 + 5 

Newtons were applied throughout a ROM while spatial coordinates were 

quantified accordingly. This procedure was performed three times per 

knee for each subject tested. Each trial took. approximately 10 micutes to 

complete. In light of this, it is not unreasonable to expcct inadvertent 

contraction of supporting musculature to manifest at sorne point throughout 

the protocol in an attempt by the subject ta alleviate a potentially stressful 

situation. In the single subject case, 10 trials were performed over a series 
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of hours. Consequently the joint was not subjected to the same intense 

testing protocol experienced by the other subjects. Since IC of rotation 

profiles are influenced by the compliant properties of ligaments and the 

geometry of articulating bone, and since active contraction of musculature 

is documented to affect the interaction between these structures, it is likely 

that IC profiles depicting "pure" link synergy became compromised by the 

effects of inadvertent muscular contraction of subjects being tested. 

Shape reliability coefficients decreased by 60% for contralateral 

comparisons obtained for the subject sample when compared to reliability 

coefficients obtained for the single subject. This observation is easily 

explained. Contralateral comparisons for knees in which no deficiency has 

been documented should be reflected by similar lC profiles. rnle data 

presented in this study support this notion. PPMC's obtained between knee 

conditions for a single subject without a documented deficiency displayed 

good shape reliability ranging from 0.94 to 0.96. However, cO:1tralateral 

profile coefficients obtained for the ACL deficient subjects revealed poor 

shape reliability ranging from 0.13 to 0.89. (The mcan coefficient was 

determined to be 0.38). Two conclusions can be drawn from this: (1) 

joint synergy is influenced by the structural integrity of the ACL, and (2) 

this synergy can be quantified by applying the method of Reuleaux (1876) . 

M..1. DISPLACEMENT PROFII.lE ASSESSMENT 

Figures 5 and 6 depict the displacement profiles of the IC of rotation as 

it moves throughout a ROM. The vertical (Y) axis documents the amount 

of anterior and posterior translation of the IC measured relative to a fixed 



femur. (Although IC of rotation profiles were generated for every subject, 

only the results of two subjects appear in this study because they reflected 

the trends and characteristics observed in the rotation profiles). 

The non-linear eur'/es were interpreted along three specifie sections of 

the profile but only the preliminary and tertiary phases were eonsidered as 

being important in characterizing knee motion. In the preliminary phase a 

demonstrated posterior shift of the lC was eonsistently observed between 

1000 and 700 degrees flexion (Fig 5). The net displacement of the lC 

within this range was demonstrated to be insignificant retween knee 

conditions. There are two explanations for this phenomenon. With the 

knee positioned between 1000 and 70° degrees flexion, displaeement shifts 

quantified by a vertical plane in response to a sagittaly applied load will not 

manifest to the extent they might if quantified in a sagittal plane. Seeondly, 

the effeet of gravit y acting through the joint ean not he overlooked. The 

subject was positioned in the OKA such that the flexed knee hung freely in 

space. Clearly this situation does not mirror normal weight bearing 

conditions. In this position, the posterior shift of the lC in flexion might 

well be effected more by gravitational forces and less by synergistic link 

mechanisms. Furthermore the ACL prevents tibial translations along a 

sagittal plane and not along a vertical plane. As a result, even deficient 

ACL's will not effect significant displacement shifts within the confines of 

a plane that masks the effects of its true motion. It was for this reason that 

IC profiles were also quantified along a Z axis throughout the ROM - to 

account for inherent motion limitations of uni-planar analysis. 
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The patterns which occurred in the intermediate phase (between 70° and 

30°) demonstrated good shape reliab ility contralateraly, however, data 

wcre Ilot extrapolated from tbis part of the curve. Since the focus of the 

investigation was to examine the effects of the primary restraining 

ligament, ar.d sinee secondary restraints engage midrange to promote joint 

stability, the intennediate phase was considered inconsequential in light of 

the hypotheses established at the on-set of the experiment. 

Tertiary analysis of profiles obtained between knee conditions 

demonstrated significant displacement asymmetries of the le of rotation. 

'This region was charaeterized in aIl instances by a series of anterior and 

posterior migrations of the le refleeting eorresponding "peaks and 

valleys". Although the shapes of the se profiles did not seem to charaeterize 

the deficiency in specifie terms, the relative magnitude between inflection 

points defining them did. Specifically, le displaceement shifts for intact 

knees revealed a "net" anterior translation of 5.7 + 1.86 mm in comparison 

with 6.97 + 206 mm for involved knees. These were determined to he 

signifieantly different at the 0.05 level of confidence. Since profiles were 

computed from le coordinatcs which defined the limits of anterior and 

posterior translation throughout a ROM, and since reliability coefficients 

were demonstrated to be low between these coordinates (Table 7), it was 

cIear that kinematic asymmetries between knee conditions would be 

demonstrated by discrepancies in the relative magnitudes of the inflection 

coordinates and not by discrepancies in the actual shapes of the profiles 

obtained. A qualitative analysis of the profiles confinned this observation. 

Comparisons between intact and involved displacement migrations of the 

IC along a vertical axis reveals each profile to contain four "valleys" at 
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identical points throughout the range (Figs 7 and 8). Visually, profiles 

may he distinguished from each other by a "peak" present at 00 for the 

involved knee which is noticeably absent from the intact condition. 

Interestingly, this tenninal peak appeared quite randomly throughout the 

profiles generated; it was just as likely to manifest in intact knee profiles as 

it was for involved. 

Figures 7 and 8 depict displacement profiles of the le of rotation along 

the sagittal (Z) axis. These curves were also interpreted along three 

distinct phases. Qualitative analysis of the curves reveal consistent distal 

shifting of the le of rotation as the knee approaches extension. 

Quantitatively displacement parameters were evaluated in the preliminary 

phase only. (Analysis of the profiles along a sagittal axis would account 

for motion characteristics associated with joint synergy in flexion). Results 

document a 3.05 + 1.42 mm distal translation of the IC for intact knees in 

comparison with 3.59 ± 1.87 mm shift for involved knees. This shift was 

not determined to he significant at the 0.05 level of confidence and suggests 

that pathological changes in knee joint dynamics occur primarily in 

extension. 

Mal CLINICAL IMPLICATIONS 

The results of the joint rotation profiles obtained bilateraly suggest that 

flexion and extension do not proceed identically for joints presented with 

structural deficits when compared to normal knees. A specifie pattern of 

abnormality was demonstrated to exist in extension. This pattern was 

reflected by oisplacemtnt migrations of the IC of rotation between 30° and 
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00 and not by shape discrepancies between profile curves throughout a 

ROM. Clearly the ACL does not de-stabilize the joint uniformly. AH the 

data presented in this study 8uggest that knee motion is compromised 

greatest in extension for subjects exhibiting clinical symptoms associated 

with ACL dysfunction. For individuals wanting to participate in sports on 

a recreational or competitive level, it is essential that the joint be stabilized 

by sorne mechanism in extension. Knee orthoses have been developed with 

this restraining property in mind. Many commercially available braces are 

designed to prohibit hyperextension by mechanically restricting the ROM. 

MSUMMARy 

In the past rotation patterns have been documented objectively by 

roentenographic methodologies in which a. series of x-rays were taken of 

the knee as it moved throughout a ROM. Researchers detennined that joim 

deficiencies were characterized by the shapes of the profiles obt:\ined. 

Gerber & Matter (1983) and Frankel et al., (1971) demonstrated that 

normal IC motion was characterized by parallel movement of the joint 

surfaces which reflected gliding. Abnormal knee motions in the same 

study were characterized by anterior and distal shifts of the le from 40° to 

20° and reflected joint compre:;slon and distraction. 

The IC of rotation profiles obtained in this study suggest that the 

rolling-gliding mechanism is a complex interactive phenomenon which is 

not effectively characterized by profile shape. Although deficient knees 

displayed a pattern similar to the one observed by other investigators, these 

patterns did not differ significantly from patterns computed for intact 
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knees. More accurately, le of rotation pattems obtained by the method of 

Reuleaux (1876) reflected the extent by which joint mechanics had bccn 

compromised l>ecause of the deficiency and not the kinematic locus of the 

in jury itself. 
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CHAPTER VI 

SUMMARY AND CONCLUSIONS 

6.1 INTRODUCTION 

Injuries to the knee joint have received more attention in the medical 

literature over the past ten years than any other joint in the body (Clancy, 

1983). In light of the increasing incidence of knee injuries, an emphasis 

has been placed on the importance of early clinical recognition of joint 

symptoms (Girgis et al., 1975). In the past, idenff;cation of knee deficits 

were limited to a physicians' ability to elicit joint symptoms accompanying 

ligament dysfunction, however, such proprioceptive methodologies are 

subjective. As such, clinicians and researchers have recognized the need to 

provide objective data which would assist them in decision making 

regarding knee joint stability. The purpose Qf this investigation therefore, 

was to develop a protocol that wou Id employ an objective testing device in 

an attempt to characterize knee motion in specifie tenns. 

6.2 RESULTS AND FINDINGS 

6.2.1 TUREE DJMENSIONAL MOTION CUARACTERISTICS 

Laxily and stiffness characteristics were quantified by the Genucom 

Knee Analyzer (GKA) in a variety of positions. These parameters 

reflected the three dimcnsional motion characteristics of the knee joint and 
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were obtained in reference to three orthogonol planes. Anterior terminal 

laxity (AL) was measured in four conditions. Each condition rcflectcd a 

different angle at which the variables were obtained. The highest rcported 

laxity value was 15.7 + 4.8 mm for an involved knee positioned at 30°. 

However, anterior laxity asymmetries between knee conditions werc 

greatest at 20° with a 6.1 mm difference observed bilateraly. This 

compared with a 4.8 mm bilaterallaxity asyrnmetry observed between knee 

conditions at 30°. Similar trends were noted for stiffness (AMRS) 

parameters quantified at identical flexion angles. These data suggest thht 

functional properties of the ACL are compromised rnost in extension. 

The rotational characteristics of the ACL were established by 

quantifying tibial plateau displacement in a transverse plane. lnterestingly, 

there appeared to be no significant differences between knee conditions for 

the subjects tested in the study. This finding refutes sorne research 

indicating that structural damage to the ACL resuJts in increased rotatory 

instability (Funnan et al., 1976; Roy & Wang, 1987; Markolf et al., 1984). 

This observation is explained by considering the concept of secondary 

restraints. Secondary restraining structures "engage" when the joint is 

stressed to promote knee stability (Noyes et a1. 1 1980). Furthermore, sorne 

of these investigations examined the rotational characteristics of the knee 

joint in-vitro. Clearly these results negate the interactive cOdtinuity that 

supporting musculature, ligaments, and the joint capsule have in 

maintaining joint integrity by their inva~ive design. The clinical 

implication of these findings is that knee joint stability is not compromiscd 

uniformly throughout a ROM. 



6.2.2 PROFILE ASSESSMENT OF THE IC OF ROTATION 

Je of rotation profiles were obtained according to the method of 

Reuleaux (1876) under a Ioaded condition and throughout a ROM. The 

non-linear displacement curves were evaluated along tluee specifie sections 

of the profile. Tertiary phase analysis of profiles obtained between knee 

conditions demonstrated significant displacement asymmetries of the le in 

extension (delta Y) but not in flexion (delta Z). Although the shapcs of 

these profiles did not seem to characterize the deficiency in specific tenus, 

the relative magnitude between inflection points defining them did. This 

suggests that the rolling - gliding mechanism is a complex interactive 

synergy between articulating bony geometry and compliant ligaments. 

This synergy must be evaluated as an integrated mechanism which cannot 

be resolved into its component kinematic parts. 

6.3 SUMMARY 

This investigation attemptl!d to document specific motion characteristics 

associated with ACL deficits. The laxity and stiffness parameters 

associated with the clinical evaluation have been weIl established in the 

literature. However, the quasi-dynamic interaction between bone and 

compliant ligaments throughout a ROM have not been studied to the same 

extent. Results presented in this study suggest that the method of Reuleaux 

(1876) has a dcmonstrated potential for characterizing link synergy and is 

reflectcd by le of joint rotation profiles. Abnormal displacement 

migrations were demonstrated to occur in extension. These abnormalities 
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correlated weIl with clinical findings. Migration displllcements evalualed 

between 30° and 0° in the vertical (Y) axis varied from 2.41 mm 10 10.43 

mm for intact knees and 3.ï6 mm to 11.03 mm for deficient knees. Mean 

parameters were quantified as being 5.07 ± 1.8fi mm and 6.97 ± 2.06 mm 

for intact and involved knees respectively. Using a "cut-off' point of 6.0 

mm, the methodology proposed in this study identified 83% of the subjccts 

tested as being ACL deficient. Although 17% of the subjects would have 

been mis-diagnosed according to this Ci iteria, it must be remembered that 

le profiles provide integrated joint information in a "quasi-dynamic" 

situation as opposed to convention al measures obtained under more "slatic" 

conditions. Furthermore, IC data was quantified in the hopes of 

supplementing clinical measures; not in the hopes of replacing them. 

6,4 CONCLUSIONS 

The following conclusions may be drawn from the results presented in 

this investigation: (1) that ACL dysfunction does not de-stabilize the joint 

uniformly throughout a ROM, (2) that the mcthod of Reulcaux (1876) is a 

technique that demons~rated effectiveness in establishing profile 

asymmetries between knee conditions along a vertical (Y) axis, and (3) that 

abnormalities in le of rotation profiles are attributed to discrepancies in 

the relative magnitude between inflection points defining them and not to 

the shapes of the profiles themselves. 
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6.5 RECQMMENDAIIONS FQI~ FURIHER STUDy' 

This investigation supports the notion that le of rotatlon motion 

parameters may prove effective in the design and evaluation of knee 

orthoses. Since le profiles are comprornised greatest in extension, and 

since a quantitative measure of normal link synergy cao be obtained within 

the Iimits of this range, the ability of the device to promote "normal" 

synergistic mechanisms might be objectively evaluated . 
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APPENDIX A 

CLINICAL GRADING SCALE 

IO~ 

The classification scale described by Houghston et al., (1976) dealing with 
rotatory and straight knee ligament instabilities utilized a grading system 
for the severity of the instability. This system was proposed by the 
Committee on the Medical Aspects of Sports of the American Medical 
Association and was published (1968) in a handbook entitled "Standard 
Nomenclature of Athletie Injuries". 

The grading scale was as follows: 

Grade 1+: Mild instability (O-5mm) 
Grade 2+: Moderate instability (5-10 mm) 
Grade 3+: Severe instability (10-15 mm) 

For the purposes of this investigation the scale was modified as 
follows: 

Grade 0 
Grade 1 
Grade 2 
Grade 3 
Grade 4 

No apparent tibio-femoral displacement 
Displacement between 0-4 mm 
Displacement between 5-9 mm 
Displacement between 10-15 mm 
Displacement greater than 15 mm 

This was a subjective value decided upon by the examining Orthopedie 
Surgeon while performing the Lachmans test. It was later confinned by 

arthroscopie examination whenever possible. 
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APPENDIX B 

Informed Consent 

The studies you have agreed to participate in are designed to eva1uate anterior cruciale 
ligament (ACL) deficiencies. There are three distinct parts representing three distinct 
studies. Two studies are specifically tiesigned to evaluate functional knee braces. The 
third study is designed to evaluate the biomechanical characteristics of ACL dysfunction. 
(You may he participating in one, two, or aU of the knee studies but this information will he 
communicated to you at the on-set of testing). 

The Genucom Knee Analyzer (GKA) is a non-invasive research t001 which will be used to 
gather a portion of the data required for analysis. During the Genucom assessment, 
various forces will be applied to both knee joints by a certified examiner in a series of 
clinical tests. A maximum force of 33 lbs. (110 N) will be applied to the joint. 
Additionally, the thigh muscle will be restrained by the device. The other non-invasive 
testing device to he used in this study is the CYBEX. This isokinetic machine will he used 
to measure the amount of force generated by the thigh muscle while the brace is positioned 
on the knee. In addition you will be asked to demonstrate two functional activities: 
jumping and kicking. These activities will be fIlmed. 

Il is important to appreciate that any one or series of the se proposed tests may cause sorne 
minor discomfort to you. Therefore your participati0u in this study can he discontinued at 
your discretion at ANY time throughout the protocol by communicating your intention to 
the technician. As such, you may refuse to complete one or aIl of the proposed tests. 

Ali results obtained in this study become the property of M~GiII 8iomechanics Laboratory. 
Confidentiality will be respected for ail subjects involved in the study. The resuIts and the 
interpretation of the resuIts will be made available to you up~n request at the completion of 
the study. 

1 have read and understand this forrn. My signature below reflects my consent to be a 
participant in this (these) study (studies). 

Name (Print), ______________ Date:.....-_______ _ 

Signature, ________________ Telephone, _________ _ 
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Biomechanics of Sport 
McGill University 

Subject Information Summary 
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Date ..... : __________ Gender:=--________ _ 

N ame.:..,: __________ D.O.B.: m~_-..Ild _____ -.J/y_ 

Address: _________ Height ..... : _________ _ 

_____________ Weightl-: ---------

____________ Phone: (hl'-________ _ 

Physician.; ________ _ (w) ________ _ 

Type of Injury: LEFf; ACL peL MCL LCL MM LM Other 

RIGHT; ACL peL MCL LeL MM LM Other 

Previous Surgery,-: ___________ _ 

Ligament Replacement: Goretex Dachron Other '---

Mechanism of Injury:, _________________ _ 

Date of Injury:~ __________________ _ 

Other Comments:=--___________________ _ 


