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Preface

Early in its development, the subject matter of any field of surgery is too ill-defined
and opinions are too fluid for the production of a book on the subject to be
possible. Late in its development, controversy is at an end, and although it is
still possible to produce a textbook, it is too late to produce a book that might
stimulate discussion and crystallise ideas. This book has that objective, it being
the Editor’s view that the field of the surgical treatment of arthritis of the knee
had reached an appropriate intermediate stage in 1978 when this text was written.

Three broad issues stand out as being in need of resolution before the optimum
form of surgical treatment for a given knee can be defined more convincingly
than is possible at present:

Firstly: What symptomatic and physical features of the knee are to be recorded
pre- and post-operatively, upon the basis of which comparisons can be made
between the results obtained by two different surgeons or with two different tech-
niques. The resolution of this issue requires general agreement not only upon
what features of the knee should be recorded but, crucially, upon how these
features should subsequently be presented so as to characterise a particular group
of knees.

Secondly: It has become clear that the success or failure of an osteotomy or
arthroplasty is heavily dependent upon the surgeon’s success in restoring the knee
to its correct alignment under load. Clinical results presented without reference
to this parameter (as have been most clinical results to date) are almost valueless.
In view of the crucial importance of alignment, three questions must be answered :
What is ““correct” alignment? How can the alignment of a particular knee under
load be measured accurately? How can the surgeon achieve the correct alignment
with absolute reliability at operation? In the present author’s view the answer
to the third question is bound up with the design of appropriate instruments:
in just the same way as it is difficult to draw a straight line by eye but easy
with a ruler, it is difficult to put a leg straight by eye but easy to do so with
instruments designed for the purpose.

Thirdly: If the malaligned knee is to be straightened surgically, it is essential
for the surgeon to have a clear, accurate knowledge of the nature of the gross
morbid anatomical events that are responsible for that malalignment. Only then
can he reverse them. That a surgeon should have a good working knowledge
of surgical pathology is axiomatic in most fields of surgery: oddly this area seems
to have been neglected in arthritis, so that there is still controversy, for example,
as to the extent to which medial bone destruction as against lateral soft-tissue
elongation is responsible for varus instability and why such a malalignment should
sometimes be fixed, sometimes passively correctable.

Turning to surgical treatment, the position, although still confused, is steadily
becoming clearer. Thus arthrodesis is now used only as a salvage procedure. Soft-
tissue operations, with the possible exception of meniscectomy, have nothing to
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offer in osteoarthritis (OA), and osteotomy has little or nothing to offer in rheuma-
toid arthritis (RA). Thus the early osteoarthrosic knee should be treated by conser-
vative means, by osteotomy, or possibly by unicompartmental replacement — osteot-
omy being perhaps most appropriate for young adults with a varus knee without
flexion deformity. Many surgeons and rheumatologists feel that early RA is now
best treated conservatively, although some feel that synovectomy still has a place
if disabling synovitis persists in spite of adequate conservative treatment. To under-
stand this indication the surgeon must know what constitutes *adequate conserva-
tive treatment’’ and what it can achieve.

For all other knees some form of replacement is now thought to be appropriate.
Although at first sight, there appears to be a bewilderingly wide range of implants
with which the knee can be replaced, these devices in fact fall into a limited
number of families, each of which is described in one of the chapters of this
book.

Most implants replace all the articular surfaces of the tibio-femoral joint, but
some can be used to replace only one compartment. The role of such unicompart-
mental procedures is unclear: some surgeons do not use an arthroplasty of this
type at all, while others use it in early unicompartmental OA that might otherwise
be treated by osteotomy.

If both compartments are to be replaced, the surgeon has a choice between
retaining or sacrificing the cruciate ligaments. If they are retained, a two-component
or a four-component prosthesis can be used. If they are sacrificed, the knee can
then be replaced with a fully stabilised implant (i.e., a hinge), a semistabilized
implant, or an implant having little or no inherent stability. Of these three cate-
gories, the first two require intramedullary stems for fixation to the skeleton,
but the third can be confined to the surfaces of the bones. Counter-balancing
this advantage for the minimally stabilised implants, however, is the fact that
such surface prostheses, used after cruciate sacrifice, require special instruments
for their insertion if the knee is to be correctly aligned and stabilised.

Finally, the necessity for and advantages of patello-femoral replacement are
controversial: perhaps another 3-5 years will be required to resolve this issue.
Should patello-femoral replacement turn out to be desirable, four-component im-
plants retaining the cruciate ligaments will be at a disadvantage, since the addition
of two further components to such a device would hardly be practicable.

These and other issues are dealt with in separate chapters of this book. The
basic biomechanics of the natural and replaced knee is dealt with by Prof. S.A.V.
SwansoN, Professor of Biomechanics at Imperial College London. The question
of how best to record and present clinical data describing the knee is covered
by Mr. R.C. Topp, who has been in charge of the Knee Clinic at The London
Hospital for some years, and by Prof. N. GSCHWEND, Ziirich, Switzerland. That
these two surgeons have a shared view on the subject and that this view is so
closely similar to that of the British Orthopaedic Association encourages the hope
that agreement on this fundamental issue cannot be far away. Mr. R. DENHAM,
a busy practising orthopaedic surgeon in Southampton, England, has spent some
years investigating methods by which the alignment of the leg in relation to the
line of action of the body weight can be determined in routine clinical practice.
Since it is perhaps the English-speaking countries that have most particularly
neglected the radiological assessment of knee alignment, it is appropriate to mark
our conversion by placing this chapter in the hands of an Englishman. Finally,
[ have taken the liberty of setting down some of my own observations of the
surgical pathology made at operation over the last 10 years. I have also contributed
to some of the other chapters.
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With regard to treatment, Prof. H.L.F. CURREY, Professor of Rheumatology
at The London Hospital Medical College, describes the best that modern conserva-
tive management can offer in OA and RA. It is essential for the surgeon to
understand the rheumatologists’ capabilities, since only when these have been ex-
hausted does surgery have a part to play. A Scandinavian surgeon, Prof. I. GOLDIE,
writes on soft-tissue procedures, since synovectomy remains popular for RA in
Sweden. Osteotomy is described by one of its most ardent protagonists, P.G.J.
MAQUET. Arthrodesis has been described by Sir John CHARNLEY, whose contribu-
tion to this field is too well known to require further mention. Finally, there
are five chapters describing the results to be achieved with one member of each
of the families of replacement procedures described above. In each case the origina-
tor of one of the most widely used examples of each group has been asked to
contribute, the choice of author being an invidious editorial task, arbitrarily dis-
charged.

If this volume helps to clarify the issues and does nothing else, its production
will have been justified.

London, March 1980 M.A.R. FREEMAN
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Chapter 1
Biomechanics

S.A.V. SWANSON

Biomechanics Unit, Department of Mechanical Engineering, Imperial College, London SW7 2BX, England

Mechanics is the science of forces and movements.
In most systems, the forces acting are related to
the movements occurring, and a complete descrip-
tion must therefore include forces, movements, and
their interactions. This is certainly true of any joint
of the human skeleton when the activities of ordi-
nary living are being performed; yet something
can usefully be said about the forces and the move-
ments separately. This Chapter will deal with the
biomechanics of the knee by describing what is
known of the movements and the forces, first with
reference to the natural knee and secondly with
reference to knee prostheses.

Movements of the Normal Knee

Movements Under Load and Under No
Load

One special aspect of the interdependence of move-
ments and forces is that the motion of the normal
knee is indeterminate (within limits) unless load
is applied. This is easily verified by direct observa-
tion; even in the fully extended (or slightly hyper-
extended) position, which is generally supposed
to be the one position in which the joint is
“locked” by a *‘screw-home” mechanism, laxity
or elasticity of the ligaments allows a few degrees
of ad- or abduction if the knee is not carrying
a compressive load. In all other positions, the fact
that force is needed to make the movements deter-
minate is more obvious. In kinematic terminology,
the knee joint is a ‘‘force-closed mechanism”,
whereas the normal hip joint, for example, is a
*“self-closed mechanism™. The practical signifi-
cance of this is that all descriptions, some of which
have been elaborate, of the movements of the knee
joint should be accompanied by a specification

of the force system acting when the movements
were observed.

Three-dimensional Nature of Movement

The basic movement at the knee joint when it
transmits compressive loads between the femur
and the tibia is rotation about an axis which is
not fixed relative to either the tibia or the femur.
An axis that moves relative to the bodies concerned
is known in kinematics as an instantaneous axis,
because it occupies any one position for only an
instant while the motion is taking place. To find
the successive positions of an instantaneous axis
that has a significantly three-dimensional move-
ment is fairly complicated, but the principle can
be described with reference to a simplified system
in which the axis always remains parallel to one
particular direction, i.e., it moves in space by trans-
lating sideways but not by tilting. In this case all
motion takes place in planes perpendicular to the
axis, and if one of the two bodies (e.g., the femur)
is fixed, any one point fixed in the other body
(the tibia) will move in a plane perpendicular to
the axis. If this plane is made the plane of a dia-
gram (Fig. 1), successive positions of the instanta-
neous axis will all be perpendicular to the plane
of the diagram. In any movement small enough
for the instantaneous axis not to move signifi-
cantly, a point A in the tibia will describe a small
arc of a circle; the line drawn as the perpendicular
bisector of the chord of this arc must pass through
the instantaneous axis. The same is true of any
other point fixed in the tibia. Thus if the problem
is to find the unknown positions of the instanta-
neous axis, the solution is now apparent: choose
two points, say A and B, select a set of correspond-
ing positions A,B;, A,B,, A;B; etc., draw the
chords A,A,, B,B,, A,A;, B,B;, etc., draw the
perpendicular bisector of each chord, and the inter-
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Fig. 1. Finding the instantaneous centre of the moving
tibia relative to the fixed femur, assuming the motion
to be only in the plane of the diagram. A and B are
points fixed in the tibia; their positions at the beginning
and end of a small movement are A,, B; and A,, B,;
the instantaneous centre C for that part of the motion
is the point of intersection of the perpendicular bisectors
of A A, and B, B,

m%
Y2

Fig. 2. The positions of the instantaneous axis of flexion-
extension according to ELFTMAN (1954), with the knee
flexed (left) and extended (right). In flexion, rotation
about the long axis of the tibia is possible in addition
to flexion-extension; the axis of this motion is not shown

sections of the corresponding perpendicular bisec-
tors define the positions of the instantaneous axis.
Thus in the diagram shown in Fig. 1, the intersec-
tion of the perpendicular bisectors of A;A, and
B, B, defines, for that interval of the motion, the

point C at which the instantaneous axis intersects
the plane of the diagram. Ideally the intervals
chosen should be infinitesimally small for a truly
instantaneous centre to be found; but in practice
a few trials on a particular system will show how
small the intervals need be to obtain the relevant
degree of accuracy.

If the instantaneous axis really does not tilt,
i.e., if the motion is truly two-dimensional, then
any plane perpendicular to the axis could be
chosen for the procedure described above. If the
direction of the instantaneous axis is not known,
or is variable, then the procedure for finding suc-
cessive positions of the axis is considerably more
complicated than that described above, though
based on the same principles.

Treating the system as three-dimensional, ELFT-
MAN (1954) stated that the instantaneous axis
occupied the positions shown in Fig. 2. According
to this description, at or near full extension the
axis is inclined at about 60° to the long axis of
the femur, while in flexion it is roughly perpendicu-
lar to the shaft of the femur.

Extensive observation of the movements of the
leg segments during level walking was an essential
part of the ** Fundamental Study of Human Locomo-
tion”’ performed at the University of California in
1945-1947 (EBERHART et al., 1947). Some observa-
tions were made on subjects who had volunteered
to have lightweight pylons screwed into the cortices
of the iliac crest, a femoral condyle, and a tibial
condyle under local anaesthesia, so that the relative
movements of the bones themselves could be
observed without errors due to the movement of
skin relative to bone. Other observations were
made in subjects walking with small visual targets
or light sources attached to the skin close to each
joint of the leg, multiple-exposure photography be-
ing used to record the position of these points
in three dimensions. Figure 3 shows the rotation
of the tibia relative to the femur during a walking
step, as observed in three mutually perpendicular
directions: from the side, from the front, and from
above. The three components of rotatory move-
ment thus described are not, of course, the three
customarily described as flexion, abduction, and
rotation, because only in special cases, and then
only at a few instants, is the axis of the femur
perpendicular to two of the viewing directions
(from the side and from the front). Nevertheless,
the existence of significant movement (a range of
17° in the subject chosen for Fig. 3) as seen from
the front shows that the instantaneous axis cannot
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Fig. 3. The rotation of the tibia relative to the femur
during level walking, as seen from the side (top curve),
from the front (middle curve) and from above (bottom
curve). From EBERHART et al. (1947): 19 year old male
subject

always be parallel to any given direction. During
the swing phase of a walking step, the knee joint
is under muscular loads only, and may then be
thought to be ‘““unloaded” in the conventional
sense of weight-bearing; but it should be observed
that during the stance phase, when the joint is
certainly weight-bearing, the ranges of movement
were 44°, 17°, and 4° as seen from the side, the
front, and above, respectively, in the one subject
for whom all three measurements were reported;
other subjects showed larger ranges of movement
as seen from above (see Table 1).
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Movements at the Knee
and at Adjacent Joints

At first sight, the provision at the knee of a joint
so much more complicated than a simple hinge
might seem out of place for one of the chief uses
of the leg: locomotion by level walking. It is there-
fore worth noting that the several joints of the
normal leg collectively provide what is needed for
an economical translation of the torso. The hip
is, for all macroscopic purposes, a ball-and-socket
joint with three rotational degrees of freedom. The
knee, as has just been outlined, is a joint whose
rotations about three axes are determinately re-
lated when under load. The tibio-talar joint is very
nearly a uniaxial pivot with its axis almost horizon-
tal and transverse. The subtalar complex is less
simple than it may appear, but during walking
it provides rotation about an axis that is roughly
horizontal and parallel to the direction of walking.
The path of the centre of gravity of the torso
is not a straight line as seen from either the side
or above; during the swing phase, the foot is obvi-
ously free to rotate about any axis relative to a
fixed frame of reference, but it is not free to do
so during the stance phase, unless friction between
the shoe and the ground is unusually low. This
is not the place for a full description of the kine-
matics of walking; these facts are mentioned partly
to show that the complicated nature of the move-
ments at the knee fits into the characteristics of
the complete system, and partly as a reminder that
even the most elaborate knee replacement implants
are much less subtle than the natural joint.

Two-dimensional Simplifications

It is common to write of the ‘“instantaneous
centre” of the knee, which implies that the in-
stantaneous axis is always perpendicular to a fixed
plane, usually implicitly the sagittal plane. If this
is so, the points at which the successive positions
of the instantaneous axis intersect the chosen plane
are called the instantaneous centres, and the curve
joining the successive positions of the instanta-
neous centre, often called the centrode, character-
ises the motion. Since the two bodies (the femur
and the tibia) move relative to each other, the
path of the instantaneous centre relative to the
femur will not be the same as that relative to the
tibia, and it is important to specify which of the
two is meant.



Biomechanics

Fig. 4. Positions relative to the femur of the instantaneous
centre of the tibio-femoral motion in extension and at
four angles of flexion. Normal knee, 17 year old male
(subjects aged up to 48 years showed similar patterns).
Re-drawn from FRANKEL et al., 1971

This simplification was used by FRANKEL et al.
(1971), who took lateral radiographs at intervals
of 10°-20° from full extension to 90° of flexion
with the knee not bearing weight; they discarded
radiographs showing evidence of significant rota-
tion about the long axis of the tibia, thereby mak-
ing some attempt to stay within the restrictions
implied by the assumption that the instantaneous
axis does not tilt. The instantaneous centre was
found to move; a representative set of positions
is shown in Fig. 4 (this has been re-drawn to show
the position relative to the femur instead of relative
to the tibia as presented by the authors). It will
be seen that the total movement of the instanta-
neous centre is only a few millimetres, either verti-
cally or horizontally. Such movements may be im-
portant for the internal mechanics of the knee (and
the main point of the paper by FRANKEL et al.
was that whereas in normal knees the instanta-
neous centre was always placed so that the relative
movement at the articular surfaces was tangential,
in deranged knees there was a component of move-
ment perpendicular to the articular surfaces), but
can have only a small effect on the gross move-

ments of one limb segment relative to another.
It is therefore not surprising that DENHAM and
BisHop (1978), in experiments with cadaveric
knees, found that a point several centimetres along
the tibial shaft described a path that was effectively
circular relative to the femur within the accuracy
of the observations when a pencil was attached
to the tibia and a sheet of paper fixed relative
to the femur.

How the Motion is Controlled

Because the articular surfaces are considerably in-
congruent and the menisci that reduce the incon-
gruity are flexible and mobile, the motion of the
joint cannot be controlled by these surfaces, and
the ligaments must contribute. The collateral liga-
ments obviously serve, by elastic forces, to limit
almost all the movements that can take place, but
acting alone they would be inadequate to control
antero-posterior gliding with any precision, and
the contribution of the cruciate ligaments is there-
fore important.

As is well known, when viewed laterally the cru-
ciate ligaments are crossed, and the system consist-
ing of the femur, the tibia, and the cruciate liga-
ments has often been regarded in kinematic terms
as a crossed four-bar chain. In such a chain the
instantaneous centre is always at the intersection
of the two crossed bars, and in a two-dimensional
system with rigid links the positions of the in-
stantaneous centre throughout the whole range of
motion are therefore determined. Figure 5 shows
the path of the instantaneous centre for a crossed
four-bar chain in which the dispositions of the
links are similar to those in a representative knee.
The knee differs from this model in three respects:
the motion is not two-dimensional, the cruciate
ligaments can stretch under load, and the ligaments
can be slack.

In experiments on unloaded cadaveric knees,
BLACHARSKI et al. (1975) found that the instanta-
neous axis moved significantly both by trans-
lating and by tilting; in one knee, the instantaneous
axis was inclined to the lateral horizontal axis at
an angle varying from 2°-21°, and in four of the
five knees tested the axis moved between 5 and
17 mm in a proximal-distal direction and between
10 and 15 mm antero-posteriorly, as measured in
para-sagittal planes touching the knee medially
and laterally. These observations are mentioned
here partly because the authors found that cutting



1

Fig. 5. The path of the instantaneous centre of the tibia
relative to the fixed femur, assuming that the motion
is only in the plane of the diagram and that the cruciate
ligaments function as rigid links in a crossed four-bar
chain, the other two members being the femur and the
tibia. Five successive positions of the instantaneous centre
are shown by the small circles

both cruciate ligaments produced little change in
the motions of the instantaneous axis. Whether
this would be so with the knee under load is a
different question; but the movements of the in-
stantaneous axis with the ligaments intact are un-
likely to be much larger under load than under
no load, and the translations seen by BLACHARSKI
et al. are likely to represent the upper limit of those
that occur in normal knees under load. The trans-
lations in a plane passing through the centre of
the knee could not be larger than the larger of
those observed in the two planes medial and lateral
to the joint, and in general they would be smaller;
thus, even with the reservations arising from the
use of cadaveric knees under no load, the observa-
tions of BLACHARSKI et al. suggest that the total
translational movement of the instantaneous axis
is a matter of about 10 mm in all in each direction.
This is compatible with the observations of FRAN-
KEL et al. (1971) in living normal knees not bearing
weight (Fig. 4).

Turning to the question of ligament stretching,
TRENT et al. (1976) performed tensile tests on cruci-
ate ligaments and found extensions at rupture of
about 10 mm. The same authors calculated that
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Fig. 6. The path of the instantaneous centre of the tibia
relative to the femur, constructed on the same basis as
that in Fig. 5 but with the cruciate ligaments changing
in length as calculated by TRENT et al., 1976

the cruciate ligaments increased in length by up
to 5 or 6 mm in the range of knee movement from
full extension to 105° of flexion (the posterior liga-
ment being tighter in flexion and the anterior in
extension). If the rigid system of Fig. 5 is modified
by allowing the links representing the cruciate liga-
ments to stretch as calculated by TRENT et al., the
effect on the path of the instantaneous centre is
as shown in Fig. 6.

It appears that within the error of all such obser-
vations and the variations between individuals, the
translations of the instantaneous axis can to a large
extent be attributed to the action of the cruciate
ligaments; but the articular surfaces and menisci
must have something to do with controlling the
motion.

First, the fact that the menisci are flexible and
mobile means that even with the menisci in place,
the tibial articular surface does not match the fe-
moral condyles, and the motion cannot be deter-
mined by the articular surfaces alone. To take an
extreme example, even if both femoral condyles
were of constant curvature as seen laterally, it
would not follow that the motion of the tibia rela-
tive to the femur would be one of simple rotation
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Fig. 7. If the motion of the tibia on the femur were pure
rolling with no sliding, the instantaneous centre would
always be at the point of contact. and would move poste-
riorly along the femoral and tibial condyles as the knee
flexed; three positions are shown by the small circles

about a fixed axis passing through the centre of
curvature of the femoral condyles, because the ti-
bia with the menisci in place is free to rock, within
limits, about the point of contact. If this rocking
takes place unaccompanied by sliding, the in-
stantaneous axis passes through the contact point
(Fig. 7). It is well known that the point of contact
moves over a longer distance on the femoral con-
dyles than on the tibial condyles as the knee moves
from extension to flexion; this fact means that
the motion of the tibia relative to the femur is
not simple rotation about the point of contact and
that the relative motion at the articular surfaces
usually involves sliding.

Because a major function of the articular surfaces
is obviously to transmit compressive force, it could
be argued that their shapes are simply such as
to bring a large enough area on the two bones
into contact, more or less perpendicular to the
direction of the resultant force, in positions dic-
tated by the movements of the instantaneous axis

Fig. 8. If the cruciate ligaments were inextensible and
always tight, and if the motion were two-dimensional,
successive positions of the tibia relative to the fixed femur
would be as shown, and the envelope of these successive
positions (shown as a broken line) would be similar to
a representative femoral condyle

as controlled by the cruciate ligaments. KAPANDJI
(1970) has shown that the shape of the femoral
condyle is close to that which would be obtained
by drawing the tibial articular surface in the succes-
sive positions determined by the successive posi-
tions of the instantaneous axis (supposing these
to result from the operation of the cruciate liga-
ments). This is reproduced in Fig. 8, assuming,
with KAPANDJI, that the cruciate ligaments are in-
extensible. If the cruciate ligaments are allowed
to extend, as in Fig. 6, the corresponding condylar
shape is as shown in Fig. 9. These shapes are so
close to representative actual shapes as to show
that the shapes of the femoral condyles are com-
patible with the movements imposed by the cruci-
ate ligaments.

The question as to why cruciate ligaments are
provided if the geometry of the condyles is compat-
ible, and whether the articular surfaces cannot con-
trol the motion by themselves, may be raised. The
answer is principally that incongruent articular



Fig. 9. If the cruciate ligaments are supposed to vary in
length as calculated by TRENT et al. (1976), the envelope
of Fig. 8 is modified but is still recognisably similar. (One
position of the tibia must be ignored because it is incom-
patible with the others ; the inference is that the calculations
of TRENT et al. are in error at that point. Perhaps the
calculated length of the posterior cruciate ligament at
that point would correspond to its being slack)

surfaces with very low friction could control the
motion if forces were always applied so as to be
perpendicular to the surfaces at the contact point.
If this condition were not met, the articular sur-
faces would slide and the joint would tend to be
unstable. The provision of the cruciate ligaments,
which can exert forces with significant components
parallel to the articular surfaces, as the capsule
and collateral ligaments cannot, allows the joint
to remain stable even under a range of loading
conditions. The tangential tibio-femoral forces cal-
culated by DENHAM and BisHop (1978) and the
strengths of the cruciate ligaments measured by
TRENT et al. (1976), referred to below, suggest that
this function of these ligaments is significant in
activities such as stair climbing.

The above discussion has been on the basis of
the two-dimensional simplification commonly
adopted. In fact, the two tibial articular surfaces
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are not of exactly the same shape, and neither
are the medial and lateral femoral condyles; these
facts, together with the fact that the two cruciate
ligaments do not lie in one plane, give rise to the
three-dimensional nature of the actual motion. The
macroscopic effects of this are referred to above
and again below; the small-scale aspect was inves-
tigated by TRENT et al. (1976), who in their experi-
ments on cadaveric knees found the instantaneous
centre of rotation about the long axis of the tibia
by a method similar to that shown in Fig. 1. At
or near full extension, the instantaneous axis
passed through the medial tibial condyle, usually
fairly close to the centre of this condyle but some-
times medially; as flexion progressed the instanta-
neous axis moved laterally until in most knees it
passed through the intercondylar eminence at
about 100° of flexion. Antero-posteriorly, all posi-
tions of the axis were contained within a band
occupying a little over the middle third of the tibial
articular surface.

Movements Used in Daily Activities

The above discussion is based largely on anatomi-
cal observations and on measurements made on
cadaveric knees or subjects performing special
movements. It is natural, and relevant to surgery
at the knee, to ask what movements are used in
the activities of daily living.

In level walking, the work reported by EBERHART
et al. (1947), mentioned above, was based on ob-
servations of ten subjects in the age range
19-27 years, but mostly in their early twenties.
Other observations have been reported by
MUuURrrAY (1967), using interrupted-light photog-
raphy, and by KETTELKAMP et al. (1970), using
three-axis potentiometric goniometers. The ranges
of motion reported are summarised, and quoted
to the nearest degree, in Table 1. Any one of the
ranges quoted can vary by several degrees between
the two knees of one subject or between subjects.
A vast literature has grown up around gait studies,
and the influences of age, sex, and physique are
being investigated; for the present purpose it is
sufficient to note that three sets of observations
recorded by means of essentially two noninvasive
techniques have given results that for practical pur-
poses are the same.

Activities other than level walking were included
in a study by McLEoD et al. (1975) of the knee
movements of eight housewives in the age range
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Table 1. Range of knee motion in level walking

Authors Subjects Range of motion (degrees)
Number Sex Ages Flexion- Ad- and Rotation
Extension  Abduction

EBERHART et al. (1947) 10 M 19-27 4-19

1 M 19 66 17 4
MURRAY (1967) 30 M 20-65 70
KETTELKAMP et al. (1970) 16 M 21-35 68 11 13

6 F 22 66 10 14

23-41 years. The total ranges of flexion-extension
observed by means of single-axis goniometers with
tape recorders were as follows:

Walking: 74°
Climbing stairs: 82°
Descending stairs: 90°
Sitting in and rising from chairs: 90°

The number of knee movements during the
period of observation, including all activities, was
an average of 410 movements per hour.

Rising from a chair 430 mm high was studied
by SEEDHOM and TERAYAMA (1976) in two **normal
athletic male students’’. When rising was unaided,
the flexion angle varied from 8°-77°; when aided
by the arms, from 6°-53°.

Forces Transmitted Through
the Normal Knee

The Origin of Forces at the Knee

The knee, in common with the other joints of the
lower limb, transmits force partly because of the
weight which it supports, partly because of the
muscles acting across it, and, sometimes, partly
because at least one of the body segments con-
nected by it is being accelerated.

If no muscles acted, in symmetrical two-legged
standing each tibio-femoral joint would theoreti-
cally transmit half the weight of the part of the
body above the knees, and in one-legged standing
one knee would transmit the whole of the body
weight less the weight of the leg segment below
that knee. In fact some muscles always act, and

the effect of any muscular force, which is a tensile
force between two body segments, is to increase
the compressive force across the joint in question.
In activities other than standing, because the mo-
ment arms of muscles about the knee (or any other
joint) are smaller than the distances of the centres
of gravity of the body segments, in general the
muscular forces, and hence the joint forces, will
be larger than the weights of the relevant body
segments.

The joint forces referred to above are those
applied to the system of articular surfaces, capsule,
and ligaments. The forces in the last two are ten-
sile, and tend to increase the compressive force
across the articular surfaces ; but because the forces
in the capsule and the ligaments vary over a smaller
range than muscular forces, their effect on the
forces on the articular surfaces is less.

Methods of Measuring or Calculating
Forces

Direct measurement of forces in a natural joint
is obviously impossible within technical and ethical
constraints. The closest approach to this is the
measurement of forces transmitted through a joint
prosthesis. This was done at the hip by RYDELL
(1966), and knee prostheses incorporating force
transducers and telemetry arrangements are known
to be under development; but no results have so
far been published. Any such results would of
course relate to subjects who had needed knee re-
placement, and would not in general be relevant
to normal subjects.

Failing direct measurement, noninvasive tech-
niques have been used. The essential steps in any
such technique are to observe the positions of all



the relevant body segments, to measure the forces
exerted where the body is in contact with e.g.,
the floor, and to discover or assume which muscle
groups are acting. The calculations then made de-
pend on whether or not there are significant ac-
celerations. If there are, as in the swing phase of
walking or in more vigorous activities, both the
translational and the rotational accelerations of
the relevant body segments must be found, usually
by differentiating the displacements found from
the record of successive positions twice with re-
spect to time; then the corresponding inertia forces
and moments can be calculated. From these, the
foot-ground (or other) forces, and assumptions
about the muscles acting and their lines of action,
the joint forces can be calculated. If there are no
significant accelerations, the inertia forces and mo-
ments are ignored but the calculation is otherwise
the same.

This technique was first established by PauL
(1967) with reference to the hip, and was applied
to the knee by MORRISON (1968, 1969, 1970a
and b). HARRINGTON (1976) made the simplifica-
tion of ignoring inertia forces, on the basis that
the forces in the joints of the leg are higher during
the stance phase of walking, when the accelerations
are less important, than in the swing phase. For
activities such as rising from a chair or stair climb-
ing, it is customary to ignore inertia forces.

Accuracy of Calculations of Forces

The technique outlined above necessarily involves
many assumptions and experimental observations,
which are subject to error. Some of the major
assumptions are as follows: The masses of individ-
ual body segments cannot be measured directly,
and are commonly calculated by applying the coef-
ficients of BRAUNE and FiSCHER (1889), based on
the dissection of the cadavers of Prussian infantry-
men, to the major dimensions of the subject
observed. The mass centres of body segments move
as muscles change shape, but this effect is com-
monly ignored. If more muscle groups act than
can be accommodated in the equations, those
thought to be least important (often on the basis
of electromyographic records) are ignored. The
forces exerted by muscles are not measured di-
rectly, but are inferred by restricting their number
(as just mentioned) and sometimes by assuming
them to be related to the cross-sectional areas of
the muscles in question. The lines of action of
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the muscles are not known exactly, but are
constructed from observations made on cadavers
of the disposition of the areas of origin and inser-
tion. The forces exerted by ligaments are unknown,
and various assumptions are made about them.

Taking account of all these unavoidable assump-
tions and of the errors inherent in the experimental
observations (which are chiefly the errors asso-
ciated with observing the positions of targets on
the skin, as mentioned under “ Three-dimensional
Nature of Movement”, above), quoted values of
joint force are likely to be in error by up to 20% in
general, and sometimes perhaps by more. This is
less serious than it may seem. If the information
is to be applied to a large population, e.g., in
the design of an implant, then the forces in the
individuals in that population, if they were all cal-
culated, would vary over a bigger range than 20%
unless the population were unusually homoge-
neous. If the information is used in following the
characteristics of one individual, e.g., a patient be-
fore and after surgery, then many of the unknown
quantities about which assumptions have been
made will remain reasonably constant for the one
individual.

The Principal Forces at the Knee

Figure 10 shows a lateral view of the principal
forces acting at a knee joint. Even this array of
forces embodies some simplifications; in particular
the force in each ligament or muscle is treated
simply as one resultant force, although in fact the
force is transmitted through a finite area of tissue
and applied, not necessarily uniformly, to a finite
and usually oblique area of bone, and the contact
forces between cartilage surfaces are similarly
treated as single resultants, although the tibio-fe-
moral force is shared between the two compart-
ments and the patello-femoral force is transmitted
as two forces distributed over the two facets of
the patellar articular surface.

There are of course many ways in which the
force system could be represented. For example,
some authors have referred to a tibio-femoral tan-
gential force, and others to forces in the cruciate
ligaments. The two are not completely interchange-
able, since in some positions of the knee significant
forces can be transmitted perpendicularly to the
long axis of the tibia because the articular surfaces
are significantly not flat.
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Fig. 10. Simplified array of forces acting between the fe-
mur, tibia and patella. Each force is shown as a resultant,
whereas in fact each force would be distributed over a
finite area of tissue

Published Values for Forces

In level walking by young adult males, BRESLER
and FRANKEL (1950) found that the vertical force
(not, in general, the same as the normal tibio-
femoral force) rose to maxima of about 1.1 times
the body weight. MORRISON (1969), observing three
young adult males, found the normal tibio-femoral
force to rise to between 3.05 and 3.73 times the
body weight. HARRINGTON (1976), considering
only the stance phase and ignoring inertial effects,
found the normal tibio-femoral force to have max-
ima of twice to five times the body weight in four
normal subjects.

JoHNSON and WAUGH (1979), using basically the
techniques of HARRINGTON in a highly computer-
ised form, found the joint force to rise to a maxi-
mum of six times the body weight in one 23-year-
old normal male, and (personal communication)

to maxima of about three or four times the body
weight in older subjects who walk more slowly.

MAQUET (1976) presented a calculation based
on much the same kind of information as used
by the other workers cited, but based less on exten-
sive observations of particular subjects and more
on detailed calculations. The compressive tibio-
femoral force reached a maximum value of six
times the body weight when certain assumptions
were made about the position of the resultant
force, or maximum values from 4.2-11.4 times
body weight when different assumptions were
made.

Attention has also been paid to other activities;
these are important because knee forces would be
expected to be higher in squatting or other activ-
ities (such as stair climbing or rising from a chair)
in which body weight is supported with the knee
significantly flexed than in level walking, where
in the stance phase the knee is flexed by only a
few degrees.

REILLY and MARTENS (1972), testing a subject
with a body mass of 85 kg doing deep knee bends,
found that the normal patello-femoral force rose
from body weight at 60° of knee flexion to 7.6 times
body weight at 130° of knee flexion. Perhaps of
more general relevance are the values obtained
during stair climbing by two subjects of unspecified
body mass, which reached 2500-3000 N at 60°
of knee flexion on a 200-mm step, and in descend-
ing stairs, 2500 N on a 200-mm step and 3500 N
on a 400-mm step, both at 60° of knee flexion.
If these subjects had body masses of about 70 kg
(as can be inferred from the text) the maximum
normal patello-femoral forces ranged up to almost
five times the body weight when they were descend-
ing the 400-mm step, and 3.6-4.4 times the body
weight when they were climbing the still unusually
high step of 200 mm (a normal staircase having
steps 150-170 mm high).

SMiDT (1973) performed experiments different
from the general type described above, in that he
measured the moment about the knee developed
during resisted flexion and extension with no
weight-bearing. With 26 subjects of body mass
57-107 kg, with an average of 82.4 kg, the average
maximum normal patello-femoral force was
2160 N, or 2.7 times the average body weight; aver-
age maxima for the normal and tangential tibio-
femoral forces were 2700 and 1470 N, respectively
(3.3 and 1.8 times body weight). The last maximum
corresponded to the tendency of the tibia to move
posteriorly on the femur when the knee flexors
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Table 2. Maximum forces at the knee

Activity Authors Maximum force as multiple of body weight
Tibio-femoral, Tibio-femoral, Patello-femoral,
normal tangential normal

Knee bends REILLY and MARTENS, 1972 7.6

DENHAM and BisHop, 1978 2.2 0.5 3.5
PERRY et al., 1975 (cadaver) 2.1°

Resisted extension SMiDpT, 1973 33 0.4 2.7

Rising from chair SEEDHOM and TERAYAMA, 1976 2.04, 2.85 1.09, 1.04 2.36, 2.36

Climbing steps REILLY and MARTENS, 1972 3.6-44

Level walking MORRISON, 1969 3.05-3.73

HARRINGTON, 1976 2-5
JounsoN and WAUGH, 1979 6
MAQUET, 1976 6 0.6 3

a

were acting; with the extensors acting, the corre-
sponding value was 340 N (0.44 times body weight)
in the opposite direction.

PERRY et al. (1975) used a different method
again; they inserted force transducers in to the
tibia, patella, and quadriceps tendon of a cadaveric
leg from which soft tissues other than those about
the knee had been removed, and loaded the prepa-
ration vertically through the femoral head. The
normal tibio-femoral force corresponding to a load
of 225 N at the femoral head was, for example,
600 N when the knee was flexed to 30°. The normal
patello-femoral force, as a multiple of the vertical
force applied to the femoral head, rose from 0.1
at 5° of knee flexion, through 0.6 at 30° and 1.2
at 45°,to 2.1 at 60°. In a live subject, the resultant
force applied to the upper end of the femur would
be the weight of that part of the body being
supported, i.e., rather less than half the body
weight in two-legged squatting and rather less than
the body weight in one-legged squatting or climb-
ing.

SEeEDHOM and TERAYAMA (1976) studied two nor-
mal young males rising from a chair, and found
the following maximum values, expressed as multi-
ples of body weight: normal tibio-femoral force
2.04 and 2.85; normal patello-femoral force 2.36
and 2.36; tangential tibio-femoral force 1.09 and
1.04.

DeNHAM and BisHor (1978) studied three sub-
jects doing knee bends with both legs weight-bear-
ing. The forces calculated were presented on a basis
of the angle between the thigh and the vertical,

Multiple of vertical force on femoral head, not of body weight (see text).

and rose from low values to high values as this
angle moved from 10°-40°. At a thigh angle of
40° the normal patello-femoral force was between
2.5 and 4 times the body weight, and it attained
maxima, at thigh angles up to 80°, of 3.75-5 times
body weight. In another subject, a physical training
instructor, at a thigh angle of 40° the normal
patello-femoral force was 3 times body weight and
the normal tibio-femoral force was 1.5 times body
weight, and maximum values of 3.5 and 2.2 times
body weight, respectively, were reached when the
thigh angle was 60°. These authors introduced
some refinements and avoided the error, made by
many earlier authors, of assuming the quadriceps
and patellar tendon forces to be equal.

For ease of comparison, the maximum forces
found by the authors quoted above are collected
in Table 2.

Mode of Transmission of Force
Through the Normal Knee

Tibio-femoral Joint

The basic means by which force is transmitted
across the knee joint are clear: the femoral and
tibial condyles are loaded in compression ; the me-
nisci are loaded in compression and, because they
are wedge-shaped in cross-section, may be
squeezed outwards radially and thereby stretched



12 — Biomechanics

circumferentially ; the ligaments can transmit only
tensile forces, and the capsule can transmit tension
and, to some extent, shear forces.

In the various investigations referred to above,
the force calculated to be transmitted across the
knee joint is usually that transmitted by the system
including the articular surface, ligaments, and cap-
sule but excluding any muscles. There is therefore
some uncertainty about how this force is shared
between the components of the joint. Because the
ligaments and capsule transmit only tensile forces
and the resultant force across the joint is com-
pressive, if the ligaments transmit significant forces
the articular surfaces must transmit correspond-
ingly higher compressive forces to provide the
same resultant force.

HARRINGTON (1976) considered, with various
simplifying assumptions, the contributions made
by the ligaments to force transmission in the stance
phase of level walking. He found that in most
subjects the anterior cruciate ligament transmitted
force (to a maximum of about 250-400 N) during
the early part of the stance phase and the posterior
cruciate (to a maximum of about 300-500 N), in
the later part of the stance phase. The medial col-
lateral ligament transmitted trivial forces during
the stance phase, but the lateral collateral transmit-
ted significant force, up to about 400 N, during
the second half of the stance phase. Considered
against his calculated tibio-femoral forces of 2-5
times body weight (1400-3500 N for a typical
body weight of 700 N), these values are not negligi-
ble, but they do suggest that the uncertainty sur-
rounding any values of force calculated without
knowledge of the ligamentous forces is less than
the variation between individuals. The ligamentous
forces that can be inferred from the observations
of TRENT et al. (1976) are rather lower than HAR-
RINGTON’s. According to the results of MORRISON
(1969), ignoring the forces in the cruciate ligaments
leads to errors of less than 10% in the resultant
joint force, which is compatible with the other
findings just discussed.

MORRISON, HARRINGTON, and JOHNSON and
WAUGH agree that during most of the stance phase
of level walking more compressive force is trans-
mitted through the medial than through the lateral
compartment. In three of HARRINGTON’s four sub-
jects, more force was transmitted laterally than
medially during about the first 10% of the stance
phase, following heel strike. MAQUET (1976) states
that ** the load is distributed almost evenly on both
plateaux ™.

From a knowledge of the distribution of load
between the two compartments, it is natural to
proceed to consideration of the contact areas in
the two compartments. A few measurements have
been reported. WALKER and HAJEK (1976) made
methyl methacrylate castings of the joint space in
cadaveric knees from which the menisci had been
removed, a load of 1500 N being applied while
the cement was fluid. In three specimens, two nor-
mal and one with slight degeneration of the carti-
lage, the contact area on the lateral side ranged
from 1-1.6 cm?, and that on the medial side from
1.4-2.5 cm?. The area on the medial side was fairly
consistently larger, by 40%-50%, than that on the
lateral side, and both areas decreased fairly consis-
tently from full extension to 90° of flexion.

KETTELKAMP and JacoBs (1972) used a different
technique, in which knee joints obtained at ampu-
tation were subjected to nominal loads of 30-80 N
(up to about one-tenth of typical body weight)
and were then surrounded by radiopaque liquid
and radiographed along the axis of load. Thirteen
specimens gave mean contact areas of 3 cm? later-
ally and 4.7 cm? medially at full extension, reduc-
ing to 2.4 and 3.8 cm?, respectively, at 35° of flex-
ion; standard deviations were about 1 cm?. Ma-
QUET (1976) used a similar method, but applied
loads of 2000-2500 N after ensuring that the ra-
diopaque liquid had penetrated to all parts of the
joint. With the menisci intact, he found contact
areas of 9.8 cm? laterally and 10.2 cm? medially
at full extension, reducing to 4.8 and 6.7 cm?, re-
spectively, at 90° of flexion (most of the reduction
occurred between 20° and 50° of flexion). With
the menisci removed, the contact areas were
reduced to about two-thirds of the above values.

Since  MAQUET’s contact areas at loads of
2000-2500 N are up to about 10 times larger than
those of WALKER and HAJEK at loads of 1500 N,
there is apparently a difficulty. One would expect
MAQUET’s method to give a low estimate of the
area, since the tendency would presumably be to
expel the fluid incompletely. As MAQUET points
out, when so high a load is applied the axis along
which it is applied (determined by the experimen-
ter) will influence the deformation of the cartilage
in the two compartments and hence the two con-
tact areas; but the effect on the sum of the two
areas could hardly explain the difference between
his results and those of WALKER and HaJEK. Those
of KETTELKAMP and JACOBS pose less of a problem,
becausc they were obtained at very low loads; they
are potentially compatible with those of MAQUET.
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Taking from Table 2 the highest forces estimated
to act during level walking and the largest contact
areas, a maximum force of about 6 x 700 N acts
on a total area of about 20 cm?, giving an average
compressive stress of about 2.1 MN/m?. From the
information available it is not possible to say with
certainty that the average stresses in the two com-
partments are or are not the same. Most calcula-
tions of forces agree, as reported above, that the
axis of the resultant force is medial rather than
lateral, and all measurements of contact area agree
that the medial area is larger than the lateral; thus
it is probable that the average stresses in the two
compartments are roughly equal rather than con-
siderably different. This of course refers to normal
healthy subjects in level walking, and the suggested
average stress under maximum load is the stress
at the interface between the two cartilage surfaces,
or between the meniscus and the adjacent carti-
lage; if one function of cartilage is to distribute
stress, the stresses at the cartilage-bone junction
may be more nearly uniform.

[t is difficult to suppose that healthy menisci
transmit no force, but how much they transmit
has long been a subject of speculation or assertion.
The fact that they are wedge-shaped in cross-sec-
tion means that they could easily be squeezed out
radially (the friction being very low) and therefore
transmit very little load, but this movement is
resisted by their having significant circumferential
stiffness and being at least partly attached to the
tibial plateau. Since they do not constitute
complete rings, their circumferential stiffness
would be irrelevant if their horns were not
tethered, as they are. Such an arrangement, with
more flexible location round the rest of the circum-
ference, can in principle allow the menisci to
change shape as required by the changing curva-
ture of the femoral condyles, while still remaining
stiff enough to carry load. Since two thicknesses
of cartilage plus the thickest part of the meniscus
are more compressible than two thicknesses of
cartilage (unless the latter is appreciably thicker
or softer than the cartilage in contact with the
menisci), the menisci would transmit a share of
the total load less than that commensurate with
their area, unless they were preloaded. This could
be achieved by arranging for the unloaded menis-
cus to be a little smaller than would naturally
fit between the tibia and femur, so that these two
bones would be held apart and under light loads
the tibial plateau enclosed within the inner margin
of the meniscus would not touch the femoral con-

dyle. As the load is increased, compression and
outward movement of the menisci would, with this
arrangement, allow load to be progressively
transferred through the region of direct tibio-femo-
ral contact. At some particular load the average
stress in the region of direct contact would be
the same as in the region covered by the menisci,
and at higher loads the stresses in the region of
direct contact would be higher than under the me-
nisci. If the menisci do transmit significant forces,
as seems inherently probable, it seems probable
in turn that they do so under some such arrange-
ment as that just outlined.

WALKER and ERKMAN (1975), using a casting
technique similar to that of WALKER and HAJEK
(1972) mentioned above, found that at no load
virtually all contact was through the menisci; in
the medial compartment some direct tibio-femoral
contact was seen at loads of 500 N and upwards,
but in the lateral compartment there was hardly
any direct contact until the load had reached about
1000 N. SHRIVE etal. (1978) used a different
method, first used by DAy et al. (1975) at the hip,
in which load-bearing elements are successively
removed and the proportions of the load transmit-
ted by the several elements are calculated from
load-deformation curves measured at each stage.
SHRIVE et al. concluded that the menisci transmit-
ted at least 45% of a load of 1000 N. They
reported also that at loads below about half the
body weight there was a gap between the tibial
and the femoral condyles. BLAIMONT et al. (1975),
by attaching strain gauges to the outside surface
of the tibia at nine points around the circumference
5 mm below the tibial plateau, showed that at
loads of up to 400 N the effect of meniscectomy
was approximately to halve the strains in the corti-
cal bone, showing that a significant fraction of
the load had been transmitted to the more periph-
eral bone covered by the menisci.

All these observations, though incomplete and
indirect, suggest strongly that at higher loads the
menisci transmit a significant part, probably about
half, of the total tibio-femoral compressive force,
whilst at lower loads, perhaps those of below body
weight or half body weight, the distribution of
load is less certain but probably little or none is
transmitted by direct tibio-femoral contact.

Patello-femoral Joint

The resultant patello-femoral compressive or nor-
mal force calculated by various methods is often
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assumed to act in a parasagittal plane but need
not do so. Differences in the activity of the com-
ponents of the quadriceps can impose a medial
or lateral component of force on the patella, which
can be transmitted in part by differing tensions in
the two retinacula but is almost certain to be trans-
mitted as unequal components of force on the two
facets of the patella that contact the femur. Simi-
larly, even small changes in alignment, which are
inevitable when the knee is not a simple hinge,
will result in medial or lateral components of force
in some or all of the tissues attached to the patella,
and it would be remarkable if in these circum-
stances the resultant patello-femoral force always
acted precisely in the same plane, even in a normal
healthy joint. The shapes of the joint surfaces (a
groove instead of a surface flat from side to side
on the femur, and a correspondingly two-faceted
surface on the patella) allow such variations in
the direction of the force to be safely accommo-
dated, within limits.

MATTHEWS et al. (1977) measured patello-femo-
ral contact areas by a dye-transfer method, the
patella being coated with dye and pressed against
the femur with a load of 893 N. The total area
ranged from 170-320 mm? (average 230 mm?) at
15° of flexion and from 340-440 (average 380) mm?
at 60° of flexion. At full extension the patella did
not touch the femur. Combining their measure-
ments of contact area with values for the patello-
femoral force calculated from the results of MORRI-
soN (1970a, b) and others reported by SMIDT
(1973), MATTHEWS et al. calculated average contact
stresses ranging up to 2.5 MN/m? in level walking,
up to 7.4 MN/m? in walking down a ramp, and
up to 12.6 MN/m? during resisted isometric qua-
driceps contracture. If the rather higher forces esti-
mated by other workers (see Table 2) had been used,
higher stresses would have resulted.

It is difficult to obtain truly comparable esti-
mates of the contact stresses in the patello-femoral
and tibio-femoral joints. Confining the discussion
to level walking, if the results of MoORRISON, used
by MATTHEWS et al., are applied to the tibio-femo-
ral contact area reported by MAQUET, an average
stress at maximum load of about 1.1-1.3 MN/m?
would result. This is appreciably lower than the
2.5 MN/m? obtained for the patello-femoral joint
by MATTHEWS et al., but in view of the wide varia-
tions in tibio-femoral contact area as reported by
different workers, it would be rash to conclude
from these few calculations made from observa-
tions recorded by different people on different spe-

cimens and using different techniques that the
patello-femoral joint is more highly stressed in lev-
el walking than is the tibio-femoral joint. Whereas
in level walking the patello-femoral force is smaller
than the tibio-femoral (according to MATTHEWS
et al. and to MAQUET), in other activities, such
as stair climbing and rising from a chair, the two
forces are more nearly equal, and the patello-femo-
ral stress is then higher than the tibio-femoral.

Average stresses in the hip under loads of 3
times body weight of about 1-2 MN/m? were
reported by DAy et al. (1975), and ApaMs et al.
(1978) reported local pressures of up to about
8 MN/m? with averages of 1.6-3.6 MN/m? during
simulated level walking. Even with the necessary
caution about comparing results from different
sources, it seems clear that the average stresses
in the hip, the tibio-femoral, and the patello-femo-
ral joints are of the same order of magnitude. Pre-
sumably the local stresses in the knee vary over
the contact area at least as widely as at the hip,
since the hip joint surfaces are more nearly con-
gruent than those at the knee. DAy etal. and
Apawms et al. found that at the higher loads used
the maximum stress was up to about 3 times the
average.

The Strength of the Normal Knee

Strength of the Intact Joint

BARGREN et al. (1978), in the course of tests on
various knee prostheses, tested three natural knees
by applying compressive force along the axis of
the bones with the knee held in full extension.
Failure was observed at 8300, 7600, and 7300 N,
respectively. These strengths are about 10 times
a typical body weight, which suggests an adequate
reserve of strength if maximum loads of about
3-4 times body weight are regularly applied, but
not much reserve if the higher estimates of 6 times
body weight (see Table 2) are correct. The speci-
mens tested were from the cadavers of three per-
sons aged 35, 36, and 36 at death.

Strength of the Bone Tissue

BARGREN et al. (1978) reported indentation tests
performed on the cancellous bone of the tibia at



the levels of section required by the four designs
of prosthesis implanted and tested by them. A
modified ROCKWELL hardness test was used, in
which a conical indentor with a total angle of 120°
was loaded until a force of 90 N was applied; the
average stress under the indentor was calculated.
The results thus represent the stresses the cancel-
lous bone supported when indented by up to about
2.5 mm. It is not possible to obtain a knowledge
of the stress that can be supported without damage
when applied in the living joint directly from these
results, but comparisons between different re-
gions of one tibia and between different tibiae
should be valid.

The average indentation stress for any one tibia
varied from 1.1-5.2 MN/m?. In general, the higher
stresses were obtained at the more proximal levels
of section, and the region under the intercondylar
eminence was weaker than the medial and lateral
regions; but at any one level of section there was
wide variation between tibiae.

CoLLEY et al. (1978) extended the work of BAR-
GREN et al. to the femur. The same trends were
observed (the bone was stronger with increasing
proximity to the articular surface, and stronger
in the condyles than in the intercondylar region),
but indentation stresses measured with the same
method ranged from 10-40 MN/m?.

DUCHEYNE et al. (1977) tested cylindrical speci-
mens 5 mm in diameter removed from femora. The
compressive strength (taken as the stress at the
point of first collapse on a stress—strain diagram)
was typically 1-12 MN/m?; in five femora, the
maximum values ranged from 10-17 MN/m?2,
while in a sixth femur (65 year old female) the
maximum was 35 MN/m?2. Specimens extracted
further from the articular surface were in general
weaker than those from closer to the articular sur-
face.

Any comparison of these measurements with the
estimates of the applied stresses in the tibio-femo-
ral joint made from published estimates of the
forces acting and the total contact areas should
be made with great caution, because a large
number of assumptions have now been accumu-
lated. For what it is worth, the comparison sug-
gests that even in healthy knees the margin of
safety in the tibia is not very large, but that
in the femur it is larger. A true comparison
cannot be made until more is known of the
actual stress distribution under loads, as distinct
from the average stress over the whole contact
area.
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Table 3. Strengths of knee joint ligaments

Source Ligament Force (N) at rupture
Maxi- Mean Mini-
mum mum

TRENT et al., Lateral collateral 660 380 180

1976 Medial collateral 740 520 300

Anterior cruciate 1700 620 280
Posterior cruciate 1200 560 250

Strength of the Ligaments

TRENT et al. (1976) tested some or all of the four
ligaments from each of six knees from cadavers
in the age range 29-55 years. The forces at rupture
were as given in Table 3. These forces are typically
less than body weight (about 700 N), and the mi-
nima are about one-quarter or one-third of body
weight. Since ligaments are not torn even in re-
peated normal activities, these results support the
calculations referred to above, suggesting that the
forces transmitted by the ligaments in normal
walking are considerably smaller than those trans-
mitted as compression between the articular sur-
faces.

Forces in Misaligned
Natural Knees

Effects of Misalignment

By “‘misalignment” is meant an alignment, in
valgus—varus or in flexion, sufficiently outside the
normal range to change the distribution of forces
significantly. Because the knee is a pivot roughly
halfway along the leg that is loaded in compres-
sion, any misalignment is likely to produce in-
stability and to be progressive. In a purely mechan-
ical system, the instability could easily lead to
catastrophic collapse, but in the leg any potential
collapse is resisted by soft tissues whose tensile
properties are time-dependent, and therefore even
if muscles could not be brought into action col-
lapse would be slow.
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Fig. 11. Line of action of the resultant force between the
femoral and the tibial condyles in a normal knee, as seen
from the front. (This is not the same as the resultant
force across the knee joint, which includes the forces in
the ligaments, tendons and muscles)

Valgus Misalignment

In a knee whose alignment is within the normal
range, the resultant force between the tibial and
femoral condyles passes somewhere near the centre
(in the medio-lateral sense) of the joint, as shown
in Fig. 11. This is a consequence of the interactions
of all the forces about the knee joint. As mentioned
above, most published results agree in placing the
line of action of the resultant force medially rather
than strictly centrally during most of the stance
phase of walking, so that more than half the total
force is transmitted through the medial compart-
ment.

If the knee is re-aligned in more than the usual
valgus, the effect in an inanimate system would
be to transfer force from the medial to the lateral
compartment, and an alignment could be found
at which all the force would be transmitted through
the lateral compartment. A further increase of
valgus would lead to collapse unless sufficient ten-
sile forces could be developed in the medial tissues,
principally the collateral ligament. Since the system
is not inanimate, the lines of action and the magni-
tude of the forces can be adjusted, within limits,

and there is therefore not a determinate relation-
ship between valgus misalignment and the medio-
lateral distribution of force. JOHNSON and WAUGH
(1979) have confirmed this by their finding that
many patients load the medial compartment pre-
ferentially despite valgus deformity of the knee.

There must be some limit to such compensa-
tions, and if this limit is exceeded a valgus defor-
mity or instability must be expected to increase.
Whether instability or deformity results is as much
a biological as a mechanical matter, but in general,
if the bone is strong enough not to collapse in
the lateral compartment then excessive lateral mi-
gration of the resultant force will result in stretch-
ing of the medial soft tissues and a valgus instabil-

1ty.

Varus Misalignment

The sequence is as for valgus misalignment, but
the changes are in the opposite direction and the
possibilities for compensation by changed muscu-
lar actions are different.

Flexion Misalignment

The knee can be held in flexion (or a few degrees
of hyperextension) with little muscular action, but
to hold it under load when flexed requires applica-
tion of a significant moment by the quadriceps,
with consequent forces in the patello-femoral and
tibio-femoral joints. Present knowledge of the ef-
fects of sustained stress on cartilage does not per-
mit precise statements about the effects, but it
seems clear that in general they are bad. Thus
a knee that had developed even a slight flexion
deformity would be expected to show more degen-
eration of cartilage than a normal knee. Clearly,
the greater the flexion, the larger the joint forces
and presumably the more serious the effect on
the cartilage.

Obliquity of the Joint

Obliquity is not in exactly the same category as
the misalignments just considered, but can conve-
niently be considered here. If the joint is oblique,
in the sense that the tibial plateau is significantly
inclined to the long axis of the tibia as seen from
the front, the effect is that the resultant force be-
tween the tibia and the femur is transmitted partly
as shear instead of virtually wholly as compression.
The friction between the articular surfaces is negli-



gible, and shear forces can be transmitted only
by pressure between the appropriate femoral con-
dyle and one side of the intercondylar eminence
on the tibia, since none of the soft tissues is well
placed for this purpose and their stiffness is such
that significant shear force would displace the fe-
mur sideways on the tibia enough to create contact
of the kind described. The effect of such contact
is hard to predict, but in general load-bearing con-
tact between cartilage surfaces that have not been
in contact for long periods of time is detrimental.

Biomechanics of Knee Replacement

The biomechanical considerations relevant to the
design of joint replacements in general have been
discussed in various publications, and have been
expounded in some detail in a recent book (SWAN-
soN and FREEMAN, 1977). The purpose of this Sec-
tion is not to repeat such a detailed exposition,
but merely to discuss the application of the general
principles to the knee in particular.

Range of Possibilities

At the knee, there is the same choice as at any
other joint, between replacing both of any two
mating articular surfaces and replacing only one
of them. There are additional choices, as follows:
one can replace the patello-femoral joint, the tibio-
femoral joint (the latter in one compartment or
in both compartments), or both. Thus there is a
range of possibilities, from replacing only the back
of the patella or one of the tibial condylar bearing
surfaces to replacing all six bearing surfaces (two
femoral condyles, two tibial condyles, the patella,
and the patellar groove on the femur). The choice
from these possibilities and the results obtained
with the different treatments are dealt with else-
where in this book.

A closely related decision at the tibio-femoral
joint is whether to replace the functions of the
articular surfaces only, or those of the articular
surfaces and the ligaments. This is of fundamental
importance, and leads to major divergences in
prosthetic design.

The selection of materials for the prosthetic com-
ponents at the knee is based on the same consider-
ations as at other joints, although the conditions
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at the knee impose more stringent requirements
than at, for example, the hip. Similarly, the means
of fixation can be selected in much the same way
as at other joints, but certain special features of
the knee need to be considered.

Basic Requirements

The basic requirements are easily listed. The treat-
ment of which the prosthesis is an essential part
should:

1) Confer freedom from pain

2) Correct deformities or instabilities

3) Confer the necessary stability

4) Provide the ranges of motion needed for the ac-
tivities of daily living

5) Confer the above functions for an acceptable
time, preferably the remaining lifetime of the
patient

6) Leave the patient in such a state that the conse-
quences of an accident will not be unreasonably
magnified

7) Allow a practicable salvage procedure if the
prosthesis has to be removed

8) Cost a reasonable amount, in both money and,
for example, bed occupancy.

None of the above requirements is absolutely
quantifiable. Clearly, complete freedom from pain
and a guaranteed working life at least equal to
the remaining lifetime of the patient are desirable,
but if severe pain can be reduced to mild occasional
pain this is acceptable, and similarly with all the
other requirements: as in most engineering design
problems, the requirements are to some extent in
conflict, and to satisfy one fully may be to ensure
that another cannot be met fully. Perhaps the most
obvious balance is that between stability and
freedom from loosening (which is relevant to the
working life); this is discussed in some detail be-
low.

Taking the others briefly, in order, the following
can be said.

Freedom from pain is generally assumed to re-
quire the replacement of both of two articular sur-
faces. Experience at the hip (HEYWoOD-W ADDING-
TON, 1966) and at the knee (ANDERSSON et al.,
1974) with replacement of only one surface points
in this direction, which is as would be expected,
since in general both cartilage layers will be affected
by the disease and pain may originate in either
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or both of the two regions of subchondral bone.
An apparent exception is that many knees have
been replaced with a femoral component having
a continuous surface for the patella but retaining
the natural patella, with satisfactory results. On
the other hand, interest in replacing the back of
the patella is increasing, and it seems likely that
as the results of tibio-femoral replacement im-
prove, attention will be directed to symptoms aris-
ing in the patello-femoral joint which were less
important when the performance of the tibio-femo-
ral replacement was less satisfactory.

The correction of deformities or instabilities is
an obvious requirement, but complete correction
is not always necessary, or even possible if there
are deformities at the hip or ankle.

No range of motion can be laid down as abso-
lutely required, because the activities that can be
attempted will not be the same for different pa-
tients. A necessary part of the activities of daily
living, however, is lowering oneself into a chair
and rising from it, and for this the knee should
be able to flex to about 90° (see “ Movements Used
in Daily Activities”, above). If 90° of flexion is
possible, this is more than is required for level
walking, and will suffice for climbing and descend-
ing stairs, but this activity requires not merely flex-
ion but the ability to transmit substantial forces
from the patella to the femur in flexion. If this
is not possible, climbing and descending stairs will
be performed in an unnatural way. At the other
end of the range, unless the knee can move into
full extension and be stable there without volun-
tary muscular action, standing will be a tiring ac-
tivity. Ad- and abduction and rotation are not
necessary, but if they are prevented by the pros-
thesis their prevention gives rise to extra stresses,
which, as discussed below, may increase the
chances of loosening.

The working life may be limited by a number of
factors, including loosening or breakage of the
prosthetic components, wearing out, or tissue reac-
tions to wear products.

The consequences of an accident should, if possi-
ble, be no worse for the victim with a replaced
knee than for one with two natural knees. This
means, in general, that soft-tissue injury is prefer-
able to loosening or fracture of the prosthetic com-
ponents or fracture of the bones. Because accidents
are inherently unpredictable in nature, this consid-
eration cannot be allowed too much importance,
but it suggests prostheses that can dislocate rather
than those which cannot.

Salvage may be required following failure from
any cause. Formerly, infection was the commonest
cause, and salvage then usually consisted of an
arthrodesis, for which it is important to have avail-
able as large an area as possible of cancellous bone
in the femur and the tibia, and not to have removed
so much bone as to leave the leg too short. In
future, it may be expected that fewer prostheses
will be removed because of infection and more
because of loosening, and then the implantation
of another prosthesis is more likely. The require-
ments are still in general the same: the less tissue
is removed at the first operation, the wider the
range of options at any subsequent intervention.

Cost cannot be ignored, because somebody has
to pay. The cost of the prosthesis is rarely more
than 20% of the cost of the whole procedure, and
often less, so the fact that the materials of which
prostheses are made are liable to increase in cost
suddenly as a consequence of war or political
change (plastics are petrochemicals, and many
metals, such as cobalt, are mined in some of the
less stable countries in the world), though alarm-
ing in itself, is less important than it seems at
first sight. It is more important that the cost of
the whole procedure should be kept at a reasonable
level, and this coincides with the aim of minimising
the load on hospital facilities, which are becoming
saturated, at least in some parts of the United
Kingdom.

Tibio-femoral Joint

Replacement of Articular Surfaces
and Ligaments

The most important decision is whether to replace
the functions of the articular surfaces only or the
functions of the articular surfaces and the liga-
ments. This choice has to be made at all joints
(at the hip, it results in the design of either a
ball-and-socket joint that is free to dislocate or
one in which the ball is restrained within the
socket), but at the knee it probably results in a
more obvious divergence of design than at other
joints.

If it is decided to replace the functions of the
ligaments as well as those of the articular surfaces,
then the prosthesis must restrain, to some extent,
all six degrees of freedom. Flexion-extension will
of course be permitted, but extension must be lim-



ited by the prosthesis; flexion may be limited by
the prosthesis or by soft tissues. The other five
degrees of freedom (ad- and abduction, rotation,
impaction—distraction, antero-posterior gliding,
and medio-lateral gliding) must be restrained by
the prosthesis, and in the assumed absence of liga-
ments the simplest solution is to restrain all these
movements completely, by using a hinge consisting
essentially of a femoral and a tibial component
pivoting together by means of a spindle in match-
ing holes. All movements other than flexion-exten-
sion are then prevented absolutely (except insofar
as the prosthetic components deflect elastically);
flexion or extension, or both, can be limited by
stops formed on the femoral and tibial com-
ponents. If, as is almost inevitable for reasons of
strength, the femoral and tibial components are
metallic, the stiffness of all the restraints will be
some orders of magnitude higher than that asso-
ciated with soft-tissue constraints. This means that
the joint is effectively immovable in all degrees
of freedom other than flexion-extension, and that
extension certainly, and flexion possibly, will be
limited by impact between the prosthetic com-
ponents, with high forces existing for short times.
The last-mentioned effect can be significantly
reduced by simply adding a buffer of soft material
(e.g. silicone rubber) to one of the components
so as to prevent metal-to-metal contact between
the extension-limiting stops; but the former effect
is less easily modified. The most notable feature
of a hinged prosthesis is its simplicity, both in
its construction and in the operative technique re-
quired for inserting it, and any attempt to avoid
the other consequences of having a simple hinge
introduces complexities. Of the five degrees of free-
dom that are restrained by a simple hinge, rotation
of the tibia about its long axis is the one it seems
to be thought most important to preserve to some
extent. This can be done by modifying a hinge
or by starting with a different concept. The Herbert
knee, for example, uses a ball-and-socket joint,
the socket being in the femoral component and
the ball on the tibial component; the stem support-
ing the ball passes through a slot in the femoral
component, and the width of this slot can be
adjusted in relation to the thickness of the stem
to permit or prevent ad- and abduction and rota-
tion. In practice they are prevented near full exten-
sion and permitted in flexion; unless further com-
plications have been introduced, to allow rotation
is also to allow ad- and abduction. In the Sheehan
knee, an essentially similar arrangement of a stem
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passing through a shaped slot is used, although
without a spherical joint.

Whatever is done to permit ad- and abduction
or rotation, the three translational degrees of free-
dom (impaction-distraction, antero-posterior
gliding, and medio-lateral gliding) remain
completely restrained. This is probably not impor-
tant functionally, but the fact that ad- and abduc-
tion and rotation are completely restrained at and
near full extension is more likely to be important,
because any such restraint means that forces must
be transmitted that would not arise if the con-
straints were absent or less stiff. Because the system
is not statically determinate, it is hardly possible
to be quantitative about this, and the limited
number of calculations of forces from observations
made on subjects walking with replaced knees have
not yet shed much light on the matter; but it can
be said that every added constraint in principle
introduces new forces, which must be transmitted
between the prosthetic components and from them
to the bones, and that the stiffer the constraint
is the higher the forces will be. A separate consider-
ation is that minor accidents that would produce
soft-tissue injuries in a normal knee, or in a re-
placed knee in which the ligaments had been re-
tained, may cause breakage or loosening of pros-
thetic components offering rigid constraints to
movements other than flexion—extension. It is rele-
vant to note that even when some rotation or ad-
and abduction is allowed in flexion, this is usually
limited by contact between metallic components or
between one metallic and one polyethylene com-
ponent, and the constraint is some orders of mag-
nitude stiffer than would be exerted by soft tissues.
Thus the components that may be termed ‘“modi-
fied hinges” may reduce, but do not eliminate,
the problems arising from stiff constraints, which
are inherent in hinged prostheses.

Replacement of Articular Surfaces Only

An appreciation of the problems, mentioned
above, that are inseparable from the use of hinged
prostheses has led to the production of many de-
signs in which only the articular surfaces are re-
placed and whose function relies to varying extents
on the ligaments. The range of possibilities is still
enormous, but all prostheses designed on this basis
will have one feature in common distinguishing
them from hinges, either simple or modified: com-
pressive forces will be transmitted through the ar-
ticular surfaces, but tensile forces will be transmit-
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Fig. 12. In a surface-replacement knee prosthesis, a mo-
ment tending to hyperextend the knee is transmitted by
a combination of tension in soft tissues posteriorly (only
one collateral ligament is shown) and compression be-
tween the prosthetic surfaces anteriorly

ted through the soft tissues, principally the liga-
ments. This difference would be most obvious in
the rare occurrence of enforced distraction, but
it is important in the more frequently occurring
limitation of extension, in torsion, or in any other
movement. As shown in Fig. 12, in a prosthesis
of the type now being considered, a moment tend-
ing to hyperextend the knee is resisted by a combi-
nation of compressive forces between the pros-
thetic components anteriorly and tensile forces in
the collateral ligaments posteriorly (the cruciate
ligaments are not shown, but if they are present

they may contribute to the tensile forces). The hy-
perextending moment is thus resisted in effect by
two springs that act in parallel, and the stiffness
of the joint in this mode (the rate of increase of
applied moment with respect to the angle of hyper-
extension) depends on the geometry of the arrange-
ment and on the stiffness of the two springs. In
a natural knee, the anterior spring is cartilage in
compression and the posterior spring is ligament
in tension. The stiffnesses to be considered are
those of the relevant region of cartilage (and the
subchondral bone) and of the collateral ligaments;
they therefore depend on the shapes and sizes of
these components and not only on the Young’s
moduli of the materials, but in general the stiffness
of the anterior and posterior springs will be of
the same order of magnitude. Typical alloys used
for prostheses have Young’s moduli 200-300 times
higher than that of ligaments. Therefore if both
springs are made of metal (as in a simple hinged
prosthesis) the stiffness of the joint will be 200-300
times that of the natural joint. If, however, the
posterior spring is still composed of ligament, then
a simple calculation shows that even if the anterior
spring is made completely rigid the stiffness of
the joint will be only twice that of the natural
joint. Whatever the stiffness of the anterior spring,
the stiffness of the joint will be between 1 and
2 times that of the natural joint, usually nearer
2 than 1 because one component is almost certainly
metallic and the other, even when made of a plas-
tic, is made of a relatively stiff plastic and is not
of a shape to permit large deformations in com-
pression. The essential point remains, though, that
relying on tension in the collateral ligaments for
part of the restraint keeps the stiffness of the joint
in this mode at the same order of magnitude as
that of the natural joint, instead of increasing it
by a factor of 100 or more. The same applies in
other modes; e.g. an adducting moment is resisted
by compressive forces between the prosthetic com-
ponents medially and tensile forces in the lateral
collateral ligament.

Thus any design that depends on some ligamen-
tous function and replaces only the articular sur-
faces is likely to generate lower auxiliary forces
in service than a hinged prosthesis. ‘“Auxiliary
forces” is used to mean forces such as those that
arise when hyperextension, torsion, etc. are
resisted; all prostheses must transmit the basic
forces associated with walking, rising from a
chair, and other activities of daily living. Within
this broad classification, particular designs may



differ widely, both in shape and in the range of
forces generated or transmitted. Two questions
arise, the answers to which have major effects on
prosthetic design. These are, first, whether the col-
lateral ligaments only or the collateral and the
cruciate ligaments are retained; and second, the
amount of constraint provided by the prosthetic
articularsurfaces. These questions must now be con-
sidered in turn.

Retention of Cruciate Ligaments

In a severely damaged rheumatoid knee, the cru-
ciate ligaments are often significantly attacked by
the disease and of doubtful mechanical value.
Therefore the design of a prosthesis intended for
use in such knees should not depend on any me-
chanical function in these ligaments.

In osteoarthrosic knees and less severely
attacked rheumatoid knees, the cruciate ligaments
are usually mechanically sound, and the question
as to whether or not to retain them is therefore
a real one. In favour of retaining them, one can
state the general view that as much healthy tissue
should be retained as possible, and the particular
point that since the cruciate ligaments contribute
substantially to the stability of the natural knee
their removal will introduce further requirements
to be met by the prosthesis. Against these points,
others emerge on further examination. The matter
has been considered in detail by FREEMAN et al.
(1977); all that need be said here from a mechani-
cal point of view is that some mismatch between
the kinematics of the prosthesis and the kinematics
of the cruciate ligaments is almost inevitable and
must be expected to lead, via increased forces, to
increased wear or to loosening, probably in the
form of posterior sinking of the tibial component.

If it is decided that better results will be obtained
if the cruciate ligaments are not retained, then ob-
viously the prosthetic components, together with
the collateral ligaments, must provide the neces-
sary constraints in all modes.

The above discussion refers to a bicompartmen-
tal replacement. Unicompartmental replacements
are considered below.

Shapes of Articular Surfaces

Whether or not the cruciate ligaments are retained,
the shapes of the articular surfaces must be consid-
ered in relation to the fixation of the prosthetic
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components and in relation to the necessary stabil-
ity.

The design of joint prostheses can be regarded
as deciding on the balance to be struck between
instability and loosening. At one extreme, a simple
hinged prosthesis is completely stable, but trans-
mits to the bones the forces generated in resisting
all the motions that it does resist. These forces
raise the possibility of loosening, and all such de-
signs have substantial intramedullary stems pro-
vided in the attempt, not always successful, to pre-
vent loosening. At the other extreme, a prosthesis
with a completely flat bearing surface on its tibial
component could not transmit any forces other
than compressive and the (small) shear forces due
to friction, and the demands on the fixation would
therefore be the least severe that are possible; but
the risk of instability in some modes must be in-
creased. Rather than invite trouble of one sort
or the other (even though clinical experience with
designs of the two types mentioned shows that
trouble i1s not inevitable), it seems better to look
for means of making each of the two types of
trouble as unlikely as possible.

Considering first the shapes as seen from the side,
the general idea of a roller in a trough is com-
mon to many designs. The roller can have a con-
stant or a varying curvature. The trough can also
have a constant or a varying curvature; if the lat-
ter, its curvature can be equal to that of the roller
for part of the range of flexion-extension or it
can be larger throughout (it could, in principle,
be smaller throughout, but it is difficult to see
any point in such an arrangement); and the trough
can embrace the roller to any extent between not
at all (a flat tibial plateau) to halfway up the roller.
These possibilities are shown in Fig. 13. Discarding
the flat tibial plateau, each of the other arrange-
ments provides some stability in torsion and in an-
tero-posterior gliding. The degree of stability obvi-
ously depends on the exact shapes. A constant-
curvature cylindrical roller in a conforming half-
cylindrical trough would be practically immovable
in both these modes, and would behave similarly
to a simple hinge, including the transmission of
significant forces through the fixation. A roller
in a less than half-cylindrical trough will react to
torsion or antero-posterior gliding by climbing out
of the trough, which motion will be resisted by
gravity (if the knee is weight-bearing) and by ten-
sion in the soft tissues, particularly the collateral
ligaments and, if present, the cruciate ligaments.
This resistance, although the details differ, is the
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same in principle as that of the natural knee, in
which torsion or antero-posterior gliding are
resisted by tension induced in soft tissues. Pub-
lished measurements (WALKER and HSIEH, 1977,
BARGREN et al., 1978) show that some present de-
signs of knee prostheses have force-displacement
characteristics in torsion that are quantitatively
similar to those of the natural knee. The control-
ling factor is the way in which the roller (femur)
rises in the trough (tibia) as one is made to rotate
on the other, and this depends on the shapes of
the two articular surfaces. Any desired torsional
stiffness can be achieved by suitable arrangement
of these surfaces. Whilst there is certainly nothing
absolutely significant about any particular value,
it seems probable that a value close to that of
a natural knee will be about right; a large reduc-
tion in torsional stability might be dangerous,
whilst to increase the torsional stiffness signifi-
cantly would serve no useful purpose and must,
in principle, increase the forces required to be
transmitted through the fixation.

Any desired torsional stiffness can be achieved
by using either conforming or nonconforming ar-
ticular surfaces. If conforming surfaces are used,
the stiffness is controlled by deciding on the angle
of lap of the conforming part and then arranging
nonconforming extensions of the tibial component
up which the femoral component can rise. Thus
when the knee is displaced in torsion (or in antero-
posterior gliding) the contact is nonconforming;
the difference is that in its undisplaced position
a prosthesis with conforming surfaces transmits
forces through a larger bearing area, which in prin-
ciple should lead to a lower rate of wear.

Fig. 13. Surface-replacement knee
prostheses, having a cylindrical
femoral component with a flat
tibial component (lef), a match-
ing cylindrical tibial component
reaching partly up the femoral
articular surface (centre) and a
matching cylindrical tibial com-
ponent reaching to the diameter
of the femoral articular surface
(right)

Hyperextension is limited, as mentioned above,
by a combination of compressive stresses acting
anteriorly between the prosthetic components and
tensile stresses posteriorly in the soft tissues. The
only soft tissues that are certain to be available
and effective for this purpose are the collateral
ligaments, and the distance between these and the
point at which compressive stresses act anteriorly
between the prosthetic components is therefore sig-
nificant; the longer this distance, the smaller will
be the stresses required to resist any given hyperex-
tending moment. Some designs, but not all, have
included provision for increasing this distance ; but
since instability in hyperextension has never been
reported to be a significant occurrence with any
design, it must be concluded either that the precau-
tions taken by some designers were unnecessary
or that by good luck some other designs have been
used only in patients with strong posterior cap-
sules.

Considering now the shapes of the articular sur-
faces as seen from the front, two main possibilities
emerge. Either the femoral and tibial components
offer some restraint against medio-lateral gliding
or they do not. In most designs they do, either
by having in effect a pair of femoral condyles in
a pair of concavities formed on the top of the
tibial component or by having a central ridge run-
ning antero-posteriorly on a tibial component that
is otherwise flat as seen from the front. The same
considerations apply to the exact shape of any
such constraining feature as to the shape as seen
from the side; a shallower slope offers less resis-
tance to the movement it is intended to constrain,
but also induces smaller forces. At the extreme,



a vertical face with a sharp transition from the
horizontal would present a constraint limited only
by the elastic stiffness of the system, and would
transmit significant bending and shear forces to
the tibial component and to its fixation. The more
usual arrangement of a curved surface resists me-
dio-lateral gliding by a combination of gravity (if
weight-bearing), friction, and tension in soft
tissues. The exact shapes of the surfaces are deter-
mined in part by manufacturing limitations (see
below), since with the materials now used some
shapes are noticeably more difficult to make than
others.

Those designs in which the femoral and tibial
components are free to slide medio-laterally de-
pend for stability in this mode on tension in soft
tissues. Small movements in this direction would
not induce much tension in the collateral liga-
ments, but would induce shear in the capsule. Little
restraint would be added by the quadriceps and
patellar system unless the patella were located on
the femur in a groove, which in at least one design
it is not. It must be concluded, as about the appar-
ently inadequate arrangements in some designs for
resisting hyperextension, that something that looks
not quite right in theory works in practice.

Added Constraints

It has been assumed in the preceding discussion
that the prosthesis is either a hinge (simple or mod-
ified) or a replacement for the surfaces of the femo-
ral condyles and the tibial plateau (with some at-
tempt to replace the shapes of the menisci). Some-
thing between these two types is possible: surface
replacement can be combined with some other con-
nection between the two components, as in the
spherocentric, Attenborough, Sheehan, or stabilo-
condylar prostheses (see other chapters of this
book). Other variants are possible; the common
feature is that medio-lateral gliding always, and
torsion, antero-posterior gliding, and ad- and ab-
duction to different extents, are resisted by the
linkage between the two components. For the tibial
component, this means that forces are applied at
a finite distance above the articular surface
(Fig. 14), which means in turn that extra stresses
are required at the bone prosthesis interface to
transmit the bending moment constituted by such
a force. This must be bad in principle; whether
it is important in practice time will tell. Certainly
all such designs have tibial components with longer
intramedullary stems than are usual on unlinked
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Fig. 14. Surface-replacement knee prosthesis with added
constraint; if the added constraint is effective, it must
transmit forces parallel to the top of the tibia and a finite
distance above the articular surface, and extra stresses
arise between the tibial component and the tibia to trans-
mit the moment thus constituted

designs; again, while this may not matter much
in practice it must be better in principle to invade
the cancellous bone less.

The origin of linked designs lies in a belief that
unlinked surface replacements are not stable
enough for some knees. It must be admitted that
to fit an unlinked prosthesis in a knee lacking
collateral ligaments would be to invite trouble, but
this is hypothetical and the question that arises
in practice is whether the collateral ligaments with-
out the cruciate ligaments confer enough stability
when a suitable unlinked surface replacement is
used correctly. If they do, then to add a linkage
introduces more complications and, at least in the-
ory, an increased risk of loosening, to no advan-
tage. The rather theoretical discussion presented
above suggests that there is no need for a linkage.
Clinical observation will in due course provide the
answer. One possible answer is that while unlinked
surface replacements used correctly are adequate,
when used with insufficient attention to the details
of alignment they are not.

Unicompartmental Replacement

If a unicompartmental replacement is thought de-
sirable, the general considerations discussed above
apply, but with particular results.
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If one compartment of the natural tibio-femoral
joint is to be preserved, a hinged prosthesis with
intramedullary stems is hardly possible, and even
if it were possible its use would contravene the
main purpose of having a unicompartmental re-
placement, which is to remove as little natural tis-
sue as possible. Therefore a surface replacement has
to be used. This being so, it is hardly conceivable
that a unicompartmental replacement could re-
place the functions of the cruciate ligaments, and
it follows that these ligaments must be retained
(which also accords with the aim of removing as
little tissue as possible), and with them the diffi-
culties discussed above. These difficulties are if
anything made worse by the presence of the other
natural compartment, which reduces the options
available to the designer. If a unicompartmental
replacement has a geometry that is not completely
consistent with the geometry of the rest of the
joint, the effect may be loosening or increased wear
of the prosthetic components, damage to the liga-
ments (cruciate or collateral), or damage to the
remaining natural compartment if excessive loads
are induced at certain positions. The last-men-
tioned effect would defeat the purpose of using
a unicompartmental replacement. There is there-
fore little doubt that the chances of failure are
higher with a unicompartmental replacement than
with a total replacement.

It is clear that a primary aim must be to prevent
excessive tension in the posterior cruciate ligament
as the knee flexes, without inducing excessive ten-
sion in the anterior cruciate ligament in extension.
This requires nonconforming bearing surfaces that
will allow the instantaneous axis to move as re-
quired by the cruciate ligaments. The possibility
of increased wear, not yet quantified, was men-
tioned above.

The fixation of unicompartmental components
is not different in principle from that of bicompart-
mental prostheses, but it presents the same prob-
lems in a more severe form. For both the femoral
and the tibial components, the area of interface
with the bone is reduced in at least the same pro-
portion as the loads, and probably by more, since
the central portions of the tibia and femur cannot
be used; and there is no possibility of sharing a
load applied to one compartment between the in-
terfaces behind the two compartments, as can hap-
pen in bicompartmental replacements having a sin-
gle femoral component and a single tibial com-
ponent. Because the tibial and femoral bearing sur-
faces will be nonconforming, the force transmitted

between them will be more nearly a point force
than that transmitted between conforming com-
ponents, and the point of application of the resul-
tant force will move over more of the bearing sur-
faces, in general, in a unicompartmentally replaced
knee in which the motion will be controlled to
a large extent by the cruciate ligaments and the
remaining natural compartment. These effects are
common to the tibial and femoral components,
but experience with bicompartmental replacements
shows that the tibial component is more likely
to loosen than the femoral, partly because the
cancellous bone of the tibia is weaker than that
of the femur in the relevant regions (COLLEY et al.,
1978), and in a unicompartmental replacement the
tibial component is therefore more at risk of
loosening than the femoral.

From the above, it may be concluded that a
unicompartmental replacement is more likely to
encounter mechanical problems than are bicom-
partmental replacements.

Patello-femoral Joint

Patellectomy with no measures to restore the mo-
ment arm of the patellar tendon is undesirable
because it increases the quadriceps force needed
for a given extending moment, and, whether or
not the patient is feeble, the general aim should
be to reduce rather than to increase the level of
forces at the joint. With either a hinged or a sur-
face-replacement prosthesis, a range of provision
can be made for the patella. In the early years
of knee replacement, the natural patella was often
left to work against the patellar groove on the
natural femur, or partly against this and partly
against an anterior surface on the femoral com-
ponent of the prosthesis. As the importance of
the patello-femoral joint has become more fully
appreciated, more designs have presented a smooth
continuous surface over the whole of the part of
the femur likely to be traversed by the patella.
This is done with hinged prostheses and with sur-
face replacement prostheses.

This having been done, the next question is
whether to replace the back of the patella or to
leave the natural surface, perhaps after some surgi-
cal adjustment, to work against the femoral com-
ponent. Theoretically the bearing surface should
be replaced, and, as mentioned above, the apparent
success achieved clinically when the back of the



patella has not been replaced may be less acceptable
as the results of tibio-femoral replacement im-
prove. If the natural patellar articular surface is
retained, it is important that it should work against
a metallic and not a plastic femoral component,
because polyethylene must be expected to wear
considerably faster against a degenerate cartilage
surface than against metal, and the same is likely
to be true of other plastics that might be used.
If the articular surface of the patella is seriously
degenerate but is nevertheless not to be replaced,
it is obviously sensible to re-shape it to conform
roughly to the shape of the relevant part of the
femoral component.

If the back of the patella is to be replaced, the
decision as to whether or not to make it conform
to the shape of the femoral component has to
be made, and this affects the shape of the bearing
surfaces as seen in two views: from the side and
from above.

As seen from the side, it is hardly practicable
to give the femoral component a constant curva-
ture over the whole range traversed by the patella,
and the patella therefore cannot conform at all
points in the range. It seems reasonable, if it is
to conform anywhere, to make it do so where
the forces are highest, i.e., in flexion. It is relatively
easy to give the femoral component a constant
curvature in this region and to increase the radius
of curvature of the anterior flange as it rises up
the front of the femur, so as to allow a long enough
flange to lie against the front of the femur without
excessive bone removal. This means that the
patella will not conform when the knee is at or
near full extension, but at this point the patello-
femoral force is small and perhaps zero, so the
bearing stress will still be low. As seen from
the top, the anterior surface of the femoral com-
ponent can be straight or concave. The former
means that the surface is part of a cylinder (though
probably not of constant curvature) and the latter
is closer to the natural anatomical shape. If a part-
cylindrical surface is used, it can offer no sideways
restraint to the patella (except the trivial restraint
due to friction). The patellar bearing surface can
still be nonconforming, by being convex or con-
cave as seen in this view, but this is pointless,
and patellar components intended to work against
part-cylindrical femoral components might as well
have part-cylindrical concave bearing surfaces. If
some sideways constraint is thought desirable, a
groove can be provided on the front and bottom
surfaces of the femoral component (it may run

Biomechanics of Knee Replacement — 25

all the way round the component, or be replaced
by a gap between two condyles if the component
is designed to allow the cruciate ligaments to be
retained). The patellar bearing surface will then
be convex as seen from the top. If the profile of
the groove is constant, the bearing surfaces can
conform as seen from the top; at least line contact
will exist, and if the surfaces conform when seen
from the side, surface contact will exist. If the
groove has a varying profile, then clearly the bear-
ing surface cannot conform at all points in the
range of motion, and at some angles of flexion
either single-point or two-point contact will occur.
As suggested above, since the patello-femoral force
is greater in flexion than at or near full extension,
conformity is less important at or near full exten-
sion.

Whether or not the back of the patella is re-
placed, the use of a long anterior flange on the
femoral component necessitates careful attention
to the alignment of the extensor apparatus. If this
is neglected, either the patella will be likely to
sublux or, if it is restrained by formations on the
surface of the femoral component, excessive wear
of the patella itself or of its prosthetic surface may
result.

The fixation of a patellar component is easier
in some ways than that of other components, be-
cause the ways in which it can be loaded are more
limited. Even if it conforms to the femoral com-
ponent, the angle over which the two surfaces con-
form is limited by the geometry of the whole sys-
tem, and the patella is effectively a shallow trough
pressed against the femoral component (unless the
designer goes out of his way to provide more con-
straint by arranging a protrusion on the patellar
component to engage with a narrow groove on
the femoral component); thus the twisting moment
that can be applied is limited, and the fixation
has effectively to transmit only compressive forces,
which can of course be applied eccentrically. One
potential danger in designing the fixation of this
component is that if the natural patella is reduced
to a shell by recessing the prosthetic component
deeply into it, it may be vulnerable to accidental
damage. If, to avoid this, the prosthetic component
protrudes posteriorly, the effect will be to make
the patella more prominent. Although this will also
increase its moment arm about the axis of flexion—
extension of the tibio-femoral joint, which is in
general beneficial, it may also make the patella
more likely to be damaged in accidents, and atten-
tion to the design of the femoral and patellar com-
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ponents together is needed to obtain the best bal-
ance of conflicting requirements.

Fixation

Requirements

The tibio-femoral joint must transmit compres-
sive forces, which may be applied in a range of
directions and may be eccentric to the extent of
being effectively applied to the medial or the
lateral condyles alone. This is the irreducible mini-
mum. The joint must also transmit other forces
and moments, whose magnitudes are determined
largely or entirely by the design of the prosthesis,
as has been discussed above. If a hinge is
used, all possible forces and moments will arise,
and the fixation must be designed to transmit
them. This inevitably means long intramedullary
stems, preferably of a markedly noncircular cross-
section and preferably fitted, whether with or with-
out cement, into medullary canals also prepared
to a significantly noncircular cross-section. The
noncircularity is needed so that twisting moments
are transmitted across the interfaces mainly as
compressive stresses; for a fuller discussion see
SwansoN (1977). If a surface replacement pros-
thesis is used, the magnitudes of all the forces
and moments, other than the obvious compressive
force, will depend heavily on the shapes of the
bearing surfaces. No general statement can be
made, except that increasing freedom from sublux-
ation is obtained at the cost of increased demands
on the fixation. Since very few designs have
completely flat tibial bearing surfaces, it can be
said that most designs need to be able to transmit
some twisting moment and some antero-posterior
force.

A further general requirement is that the fixation
arrangements should permit a good salvage or revi-
sion procedure if this should be necessary. In gen-
eral this means removing as little tissue as possible,
and in particular it means leaving continuous
surfaces of cancellous bone.

Methods

Acrylic cement is now conventional, but interest
in fixation by bone’s being encouraged to grow
into porous or roughened surfaces is increasing.
These matters have been reviewed elsewhere
(VERNON-ROBERTS and FREEMAN, 1977; SwaN-

SON, 1977), and this is not the place to speculate
on developments over the next few years. It is
worth noting that one bad feature of acrylic cement
(or of any other similar cement that might be in-
troduced), namely the detachment of small parti-
cles of cement, which occurs particularly if excess
cement is left at the edges of a prosthesis or if
part of the cement layer is inadequately supported,
is more serious in a knee prosthesis having an
upwardly concave tibial component than in a hip
prosthesis having a downwardly concave acetabu-
lar component; in the latter the particles of cement
tend to fall away from the bearing surfaces, but
in the former they tend to collect on the tibial
bearing surface. With the almost universal use of
a plastic for the tibial component, such particles
of acrylic cement tend to abrade the surface.

Whatever interface between the prosthetic com-
ponents and the bones is used, the strength of
the underlying bone must not be exceeded. This
means that the tibial component should engage
the whole area of the sectioned tibia, including
the cortices; and there i1s evidence (BARGREN
et al., 1978) that the cancellous bone of the tibia
is stronger near the subchondral bone plate than
further distally. The femoral component is less cri-
tical in this respect, because in any surface replace-
ment design it will almost inevitably be generally
U-shaped when seen from the side, transmitting
twisting moments as compressive stresses, and be-
cause the cancellous bone of the femoral condyles
is stronger than that of the tibial condyles (COLLEY
et al., 1978).

Performance

The strength of fixation can be assessed by labo-
ratory tests, in which loads representing (so far as
present knowledge permits) the loads applied in life
are applied and deformations and displacements,
either recoverable or permanent, are observed.
Tests of this kind have been reported by NoGi et al.
(1976), by BARGREN et al. (1978), and by COLLEY
et al. (1978). The conclusions to be drawn from
these tests are that femoral components are unlikely
to loosen in the face of ordinary loads, that tibial
components that engage less than the whole area
of the tibia are at some risk in compression, partic-
ularly if the compressive force is applied eccentri-
cally and the bone is weaker than average, and
that in torsion and hyperextension it is perfectly
practicable to design prostheses whose bearing sur-
faces will not transmit moments or forces sufficient



to loosen the fixation. All the tests reported were
performed on prostheses implanted with acrylic ce-
ment in cadaveric bones. It is certain (VERNON-RoO-
BERTS and FREEMAN, 1977) that the strength of fixa-
tion with acrylic cement cannot increase with time
in a living body, and it is as likely to decrease
as to remain constant. Fixation by ingrowth of
bone, if it succeeds at all, must become stronger
as time goes on, but presumably it attains a steady
state that, for a given shape of interface, is likely
to be at least as high as that achieved with cement,
since with cement failure usually occurs on the
bone side of the cement-bone interface and
through the soft tissue present there.

The strength of fixation can also be assessed
clinically by the incidence of loosening. Systematic
and strictly comparative observations are few;
such published observations as have been
collected by the present author (SWANSON,
1978) show loosening rates of up to about
10% with either hinged or surface-replacement
prostheses. Only limited significance can be
attached to such figures, because most hinged de-
signs have been used and reported only in small
numbers, and most surface-replacement designs,
although used in larger numbers, have not yet been
in use in large numbers for long enough for repre-
sentative results to be obtained. COLLEY et al.
(1978) reported a loosening rate of 5% at the tibia
(with a design of tibial component that has since
been improved) and of 1% at the femur; if the
loosening rate for the femoral component is main-
tained, and if the modified tibial component
loosens less frequently, as it should, then these
results may show what can reasonably be expected
from a carefully designed and implanted surface-
replacement prosthesis.

Materials

The choice of materials for knee prostheses is basi-
cally the same as for any other joint; the require-
ments of sufficient strength and stiffness, compat-
ibility with tissues, and wear performance are com-
mon. As mentioned above, the wear performance
of a material combination is perhaps tested more
severely in a knee prosthesis than elsewhere, be-
cause the upward-facing concave (in most designs)
tibial bearing surface tends to retain both wear
products and such debris as detached particles of
cement. The characteristics of suitable materials,
and the bases for selecting them, are discussed
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fully elsewhere (WEIGHTMAN, 1977a); here it need
only be stated that, of the metallic alloys that can
at present be made into the required shapes at
a practical cost, three groups are sufficiently com-
patible with the body tissues: austenitic chrom-
ium-nickel steels (“stainless steels’’), cobalt-based
alloys, and titanium alloys. Of these, only one co-
balt-chromium alloy (65% Co, 28% Cr, 6% Mo,
originally Haynes Stellite 21, now sold as “cast
cobalt-chromium alloy” under various proprie-
tory names) has been shown to be acceptable as
a bearing material on itself; other cobalt-based
alloys, stainless steels, and titanium alloys wear
unacceptably and produce undesirably variable
and high frictional forces. Some alloys from all
three groups are acceptable as bearings when the
other bearing surface is nonmetallic, but a limited
amount of evidence suggests that titanium alloys
give a higher rate of wear of a polyethylene com-
ponent than either stainless steel or cobalt—chro-
mium alloy (of the cobalt-based alloys, only the one
cobalt-chromium alloy mentioned above has so
far been used extensively as a bearing material;
a different cobalt-chromium alloy [44% Co,
20% Cr, 15% W, 10% Ni] and a cobalt-nickel
alloy [35% Co, 35% Ni, 10% Mo, 20% Cr] have
been used for structural elements [e.g. stems of
hip prostheses], for which their mechanical prop-
erties make them more suitable, but not as bearing
surfaces, for which they are less suitable than so-
called cast cobalt—chromium). Other alloys, at pres-
ent regarded as exotic, may in future become prac-
ticable if a demand for their particular properties,
combined with economic circumstances, makes it
worth someone’s while to develop means of ex-
tracting and processing them, as happened with
titanium only a few decades ago.

Plastic components are made almost exclusively
of high-molecular-weight polyethylene, which is
compression-moulded into large blocks and then
machined into the final shape from these blocks.
This process is expensive, and imposes some re-
striction on the shapes that can be made at an
acceptable cost, but direct moulding to shape in
this material has not so far been practicable be-
cause of its flow characteristics. Polyesters have
been used, but were withdrawn because of inade-
quate strength when exposed to body tissues and
fluids (WEBER et al., 1974). Polyformaldehyde is
currently used in at least one design of hip pros-
thesis (CHRISTIANSEN, 1974).

Ceramics are being used in some hip prostheses
(BourTin, 1974), and are claimed to be less reactive
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than metallic alloys and to give a lower wear rate
of polyethylene. This is believed to be because a
ceramic surface can be polished to a more consis-
tent finish than can a metallic surface, in which
the grain boundaries are more prominent. Cer-
amics can be made porous, and bone will, in suit-
able circumstances, grow into the pores; but these
attributes are not peculiar to ceramics.

The most commonly used combination is now
cast cobalt-chromium alloy against high-molecu-
lar-weight polyethylene, with stainless steel against
the same polyethylene also used on a large scale.
With either of these combinations, fatigue fracture
and wear are the limitations on working life most
likely to arise from the properties of the materials.

Fatigue fracture is a danger to which all struc-
tural elements are exposed that are cyclically
stressed, particularly metallic components in a cor-
rosive environment. At the hip, fatigue fracture
of intramedullary stems has been encountered at
rates that are not negligible (CHARNLEY, 1971,
1973, 1975; MARTENS etal., 1974; GALANTE
et al., 1975), but it is probable that metallurgical
improvements, improvements to the design of
stems, the use of different stem sizes matched (so
far as possible) to the patient’s weight and activity,
and more consistent implantation techniques will
reduce the incidence of fatigue fractures, even with
basically the same materials. With surface-replace-
ment designs, it should be easier to avoid such
high stresses as are often encountered in intrame-
dullary stems, and the danger of fatigue fracture
should be correspondingly more remote.

With wear the problem is less simple; a full
discussion is given in WEIGHTMAN (1977b). The
only large-scale long-term comparative measure-
ments of wear in service are those made by
CHARNLEY and associates, using radiography and
post-mortem examinations, on Charnley hips in
mostly elderly patients with restricted activity.
These measurements (CHARNLEY, 1974 ; CHARNLEY
and Curic, 1973; CHARNLEY and HALLEY, 1975)
show an average rate of wear of 0.15 mm per year,
with a maximum of 0.45 mm per year, in patients
operated on in 1963-65. In 547 patients operated
on in 1967-68, the average rate of wear was
0.07 mm per year (GRIFFITH et al., 1978). If these
wear rates remain roughly constant, a wall thick-
ness of S mm would allow a wearing life of about
22 years (minimum) or about 60 years (average);
many patients have of course used Charnley (and
similar) hip prostheses for more than 10 years with-
out wearing them out. Before it is concluded that

knee prostheses will wear for 20 or more years,
several points must be remembered:

CHARNLEY’s measurements were made on a fairly
homogeneous group of elderly and handicapped
patients treated by a technique that was probably
more closely controlled than is usual

Knee (and hip) prostheses are now commonly
implanted in younger and more active patients

Knee prostheses can be loaded in ways that are
not possible with a ball-and-socket joint such as
the hip, and higher local stresses are therefore al-
most inevitable, e.g., at opposite corners of a sur-
face-replacement knee when torsion is applied si-
multaneously with compression

The dependence of wear rate on stress range
in representative conditions is far from fully estab-
lished

Virtually all surface-replacement knee pros-
theses have an upward-facing concave tibial com-
ponent that is well placed to catch and retain par-
ticulate debris of cement or bone, which must tend
to increase the rate of wear.

It may be concluded that a combination of fa-
vourable circumstances would be necessary for
knee prostheses incorporating polyethylene to
wear for as long as hip prostheses.
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Chapter 2

The Surgical Anatomy and Pathology of the Arthritic Knee

M.A.R. FREEMAN

The London Hospital, London El 2AD, England

This Chapter is not concerned with the pathogen-
esis of rheumatoid arthritis (RA) and osteoarthritis
(OA) nor with the pathology of these diseases at
the cellular level, both topics that have been re-
viewed extensively elsewhere. The initial causes of
these diseases and the associated events at the cel-
lular level have been excluded, since at present
they have little or no bearing upon the surgical
treatment of these two conditions at the knee. (A
partial exception to this statement is provided by
the treatment of early RA by synovectomy and of
early OA by osteotomy and re-alignment of the
leg, topics dealt with in Chaps. 7 and 9).

This Chapter is concerned with the nature of
the gross abnormalities occurring in the arthritic
or arthrosic knee, since these must be understood
if surgical management is to be rational. It will
be argued that the fundamental element in the
surgical pathology of both diseases is the destruc-
tion of the articular surfaces (i.e., of cartilage and
of bone), followed usually by soft-tissue contrac-
ture and less often by soft-tissue rupture and elon-
gation. Although the initial cause of the destruc-
tion of the articular surfaces will not be discussed
(since this would be to enter into a discussion of
the pathogenesis), it may be said in summary that
in RA the surfaces are probably destroyed by enzy-
matic attack and by the mechanical action of ex-
posed, porotic, and irregular bony surfaces moving
against each other under load. In OA, in con-
trast, the destruction of the surfaces seems
likely to be due largely if not entirely to mechanical
factors. For this reason, and because the bone is
not porotic, the knee is usually destroyed more
slowly in OA than in RA. Although the pace of
the two diseases differs, it is nevertheless the au-
thor’s view that the mechanisms producing in-
stability and fixed deformity are the same and that
although in their *“classic” form the diseases may
be thought of as being clearly distinguishable, in
reality they occupy the two ends of a spectrum,

many knees representing intermediate points in
this continuum.

In this Chapter four topics will be considered:
some aspects of the functional anatomy of the nor-
mal knee, the incidence of various deformities at
the knee in OA and RA, some relevant observa-
tions at the hip, and the nature of the bony- and
soft-tissue pathology at the knee.

Normal Alignment and Movement

A full description of the normal topographical and
functional anatomy of the knee is outside the scope
of this Chapter. Certain aspects of these subjects
must, however, be considered if the pathology is
to be understood and if modern surgical proce-
dures for the arthritic knee, especially replacement
procedures, are to be evaluated rationally. To take
but one example: since one object of surgery is
to correct varus and valgus deformities, it is ob-
vious that the normal alignment of the knee must
be known to the surgeon. Again: in replacement
procedures some components of the knee are
removed and then replaced whilst others are re-
tained, so that it is important to establish the extent
to which these components are functionally inter-
dependent (representing elements of a single
mechanism) and to what extent they are function-
ally separate. Thus, by analogy, the function of
a motor car would be destroyed if an attempt were
made to remove the crankshaft and to replace it
with another of different design, because the crank-
shaft is functionally dependent upon other com-
ponents of the engine. In contrast, it would in
principle be possible to exchange the entire engine
for another of different design and still have a
functionally satisfactory, although different, motor
car.
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The description of the anatomy given in this
section refers to the functionally normal Caucasian
knee. It is based partly upon the author’s own
observations but it depends heavily upon previous
descriptions, especially those of Kapanpi (1970)
and of GoopreLLow and O’ConNNOR (1978). Indi-
vidual references are given only rarely since it is
now difficult to determine who first made many
of the relevant observations.

Alignment

In Extension

As viewed from the front with the knee in full
extension, the centres of the hip, knee, and ankle
lie in a straight line, the so-called mechanical axis
of the limb (LaNnz and WACHSMUTH, 1972). During
one-leg stance, this axis is just lateral to the line
of action of the body weight at the knee. Since
the line of action of the body weight (which is
vertical) and the mechanical axis of the limb con-
verge at the heel, the former is inclined to the
latter by about 3° in one-leg stance (Fig.1). If
the subject stands on both legs with the feet very
slightly apart, the two lines obviously become par-
allel and perpendicular.

The transverse plane of the knee (as defined
by a line drawn as a tangent to the distal extremi-
ties of the femoral condyles) is variously said to
lie at right angles either to the mechanical axis
or to the line of action of the body weight in
one-leg stance. These planes differ from each other,
the first being tilted upwards and laterally by
3° relative to the second (i.e., into valgus, as it
were). It seems doubtful whether this difference
is of any practical significance, especially when
it is remembered that the relevant measurements
are hard to make to this accuracy and that the
plane of the knee relative to the horizontal will
depend upon how far apart the knees are placed.
For practical purposes therefore the plane of the
knee can be thought of as being at right angles
to the mechanical axis of the lower limb and thus
at right angles to the axis of the tibia.

Because of the shape of the proximal femur and
the fact that the mechanical axis is straight, the
tibial shaft must lie in about 7° of valgus relative
to that of the femur. This angle is remarkably
constant, varying in the view of some authorities
between 5° for men and 7° for women, or being
7° in both sexes in the view of others.

M
BW
]
]
]
[ ]
57] 3°

)

Fig. 1. A diagram to show the mechanical axis of the
femur and tibia (M), the plane of the knee, and the line
of action of the body weight (BW) in one-leg stance

The critical significance of these angles for the
health of the knee is emphasised by the fact that
if either the angle between the femoral and tibial
shafts (i.e., 7°) or that between the tibial plateau
and the tibial shaft (i.e., 90°) varies by as little
as 4° the line of action of the body weight can
be moved from its optimum position to the outer
or inner thirds of the joint, whilst a variation of
10° can put the line of action of the body weight
beyond the articular surface (DENHAM and
BisHop, 1978). Such malalignments will cause sig-
nificant increases in the compressive stresses en-
countered by the bones on the concave side of
the joint and in the tensile stresses encountered
by the ligaments on the convex side.

The long axes of the shafts of the tibia and
femur as seen in the frontal plane intersect each
other in the plane of the knee. In view of this,



lateral tibial shift can be said to be present if these
axes intersect each other proximal to the knee.

Rotationally, the tibia is so placed that the tibial
tubercle lies in the anterior midline of the tibia.
This point is slightly lateral to a distal projection
of the femoral shaft and hence to the presumed
line of action of the quadriceps muscle. For this
reason, quadriceps contraction tends to displace
the patella laterally.

In Flexion

As the knee flexes with the hip in neutral rotation,
the tibia deviates neither into varus nor into valgus.
“Normal” tibial rotational alignment cannot be
precisely defined in flexion, since active rotational
movement of the tibia is possible in the flexed
knee (see ‘““Movement”, below).

Patello-femoral  alignment is  constrained
throughout the range of flexion by the bony anato-
my: the patella remains in the patella groove, i.e.,
essentially in the anterior midline of the femur
early in the range of flexion and slightly to the
lateral side of the distal midline of the femur in
full flexion.

A general point must be appreciated concerning
the connection between tibio-femoral alignment in
extension and in flexion. This is that abnormalities
in the supracondylar region of the femur producing
valgus or varus malalignment in extension will pro-
duce external or internal rotation, respectively, of
the lower leg in 90° of flexion. It is partly because
of this that the tibia lies in more external rotation
in flexion than in extension: this follows from the
presence of a 7° valgus angle between the femoral
condyles and shaft. In contrast to this reciprocal
relationship between valgus/varus and rotational
alignment in extension and flexion at the femur,
malalignments in the proximal tibia produce mal-
alignments of the same kind in both extension and
flexion. Thus, for example, internal rotation of
the leg due to a femoral abnormality will produce
lower leg valgus in flexion, whilst internal rotation
of the leg due to a tibial abnormality will produce
internal rotation in flexion also.

Movements (see also Chap. 1)

Arcs of Movement Permitted

Extension is limited by the ligaments of the knee
(see below) at a position about 5° ““over-straight”
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as judged by the axes of the distal femur and proxi-
mal tibia. When the knee is fully extended, its
axis of rotation lies behind the line of action of
the body weight in the erect posture. The body
weight then tends to hyperextend the knee, a move-
ment that can be resisted by ligament tension with-
out the support (over short periods) of extensor
muscle action. Thus the erect posture can be main-
tained at the knee without the expenditure of en-
ergy. Although this position can be maintained
without muscle action, the quadriceps muscle can
actively extend the knee up to the limit of exten-
sion.

[t should be noted that although the knee hyper-
extends, the posterior aspect of the lower limb
(i.e., the buttock, thigh, knee, calf, and heel) is
approximately straight. Thus a normal subject ly-
ing on his back with the knee braced into full
extension can raise his heel little if at all from
a flat examination couch.

In full extension the ligaments and bones of the
knee permit a negligible arc of tibial rotation and
ab- and adduction, such of these movements as
occur being due to tissue elasticity. As flexion
proceeds the tibia rotates externally (see elsewhere
in this Chapter), and because the attachments of
the ligaments approach each other as the knee
flexes (i.e., because these attachments lie for the
most part behind the axis of rotation) the tibia
becomes increasingly free to rotate and to abduct
or adduct. The former movement is under active
muscular control but the latter is not. At 90° of
flexion the range of rotation is about 30° (M ARKOLF
et al., 1976), and that of abduction and adduction
about 20°. The latter arc is difficult to measure,
since rotation of the hip gives the appearance of
tibial abduction and adduction in the flexed knee.

Flexion is limited at about 130° by contact be-
tween the soft tissues of the calf and thigh. In
this position the posterior overhang of the femoral
and tibial condyles provide an arch within which
the neurovascular bundle can lie without risk of
compression. In contrast to extension, the last few
degrees of flexion are not under active muscular
control.

Nature of Tibio-femoral Movement During
Flexion and Extension

The extent to which rolling and/or gliding occur
at the tibio-femoral joint during flexion has been
a subject of discussion for nearly a century. The
matter is fully considered by Kapanpy (1970). In
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Fig. 2. Lateral radiographs of the knee in extension (/eft) and flexion (right). Note that the femur moves backwards

across the tibial condyles as the knee flexes

the present author’s view the movements and the
relevant anatomy can be described with reasonable
accuracy as follows.

The profiles of the femoral condyles are almost
circular throughout the part of their articular sur-
faces that contacts the tibia between about 10°
and 120° of flexion. From 0° to 10° the femoral
facet have a greater radius of curvature (i.e., they
are flattened), whilst at the extreme of flexion the
radius diminishes.

In full extension the relatively flattened distal
aspects of the femoral condyles make area contact
with the anterior halves of the tibial facets, thus
tending to extrude the anterior horns of the menisci
from between the bone ends. As flexion progresses,
contact between the femur and the tibia moves
posteriorly (Fig. 2). As a consequence, by about
10° of flexion anterior contact has been lost and
the femur and tibia now contact each other over
a much smaller area, located roughly at the mid-
point of the tibial facets. Thus the anterior halves

of the tibio-femoral joint hinge open like a book
as flexion commences. Conversely, they close like
a book — to prevent further movement — near
full extension. This behaviour suggests that the
femur might act as a cam to limit extension (see
Section: ““The Limitation of Extension”, below).

From 10° to 120° of flexion the circular portions
of the femoral facets roll backwards (and thus,
because of the slope on the tibial facets, down-
wards: Fig. 3; MooRre and HARVEY, 1974) across
the posterior halves of the tibial facets.

During the final degrees of flexion the posterior
edges of the tibial facets contact, and slide round,
the sharply curved posterior extremes of the femo-
ral condyles.

Axis of Flexion and Extension

For some years it has been accepted that the posi-
tion of the axis about which the tibia rotates as
the knee flexes varies throughout the range of



Fig. 3. A lateral view of the tibia to show the backward
and downward slope of the tibial articular facets

movement. The method used by FRANKEL et al.
(1971) to determine the path of the centre of rota-
tion from instant to instant (i.e., the ‘‘instant
centres”) consisted of observing (from radio-
graphs) the relative movement of two points upon
the tibial shaft as the tibia moved on the femur
through a series of arcs subdividing the full range
of flexion. Perpendiculars were drawn to lines con-
necting each pair of points at either end of these
arcs. The intercept between each pair of perpendic-
ulars (now viewed as radii of the arc under study)
was regarded as being the centre of rotation for
that part of the range of movement, i.e., as being
the instant centre. A line connecting the intercepts
for each of the arcs taken in turn was drawn to
show the path of the instant centre.

Although there appears to be no obvious flaw
in FRANKEL’s methodology, an experimental study
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of the cadaver knee has now been reported, which
suggests that the tibia in fact rotates around a
single unmoving axis, rather than about a migrat-
ing one (DENHAM and BisHOP, 1978). In this experi-
ment a cadaver knee was fixed by the femur to
a sheet of paper. The knee was placed on its side
so that during flexion the tibia moved in the plane
of the paper. A pencil was now passed through
a hole drilled in the tibia perpendicular to the
paper so that the tibia and the pencil acted as
a protractor. As the knee was flexed from full
extension, the pencil was found to draw a circle
on the paper, thus demonstrating (directly and ap-
parently without the possibility of misinterpreta-
tion) that the tibia rotates around a single, unmov-
ing axis at the knee. This apparent conflict may
be resolved when it is realized that the total move-
ment of the instant centre is only a matter of a
few millimetres, so that the area within which it
moves can be viewed as a point in the context
of the experiment described by DENHAM and
BisHoP (see Chap. 2, Section on ““ Two-dimensional
Simplifications ™).

Antero-posterior Tibio-femoral Movement

As described above, antero-posterior movement of
the tibia on the femur always occurs during flexion
and extension. Since in everyday clinical practice
antero-posterior tibial movement in the flexed knee
is thought to reflect the integrity of the cruciate
ligaments, the obvious possibility arises that these
structures play an essential role in governing this
normal movement at the knee.

The relevant mechanism appears to have been
described first by Kapanpii (1970) and will be
summarised here. The posterior cruciate ligament
1s attached to the femur, distal to the centre of
rotation of the knee (be that a line connecting
instant centres or a point). If the femur is thought
of as flexing across the top of a fixed tibia without
antero-posterior movement, the point on the femur
to which the posterior cruciate ligament is attached
would therefore tend to move first forwards and
then upwards. Such movement cannot of course
occur because the posterior cruciate ligament is
inelastic for practical purposes: instead the femur
must move bodily first backwards and then down-
wards relative to the tibia, the latter movement
being permitted by (and presumably accounting
for) the backward and downward slope of the tibial
articular surfaces (Fig. 3).



36 — The Surgical Anatomy and Pathology of the Arthritic Knee

The anterior cruciate ligament contributes to the
reverse movement during extension (and helps to
limit hyperextension ; see below).

Although forward and backward translation of
the femur across the tibia is due largely to the
action of the cruciate ligaments, these movements
occur in the absence of the ligaments, partly be-
cause the femoral condyles roll backwards and for-
wards like wheels across the top of the tibia as
the knee flexes and extends, and partly because
the collateral ligaments act in the same way as
do the cruciate ligaments (because, like the cruciate
ligaments, their long axes are also crossed: Ka-
PANDIJI, 1970).

The force with which the knee can be extended,
i.e., the extensor turning moment, is given by the
product of the force generated by the quadriceps
muscle and the length of the lever arm through
which this force acts. The lever arm may be rep-
resented by the distance between the attachment
of the patellar tendon to the tibia anteriorly and
the point of contact between the tibia and the
femur posteriorly. Because this point of contact
moves backwards as the knee flexes, the length
of the lever arm, and hence (for a quadriceps con-
traction of given force) the magnitude of the exten-
sor moment, both increase as the knee flexes,
reaching a maximum at about 90° of flexion when
the femur contacts the posterior extremity of the
tibial articular facet.

In view of this phenomenon and the fact that
backward migration of the femur across the tibia
depends on the posterior cruciate ligament, it fol-
lows that to achieve a given extensor movement
at 90° of flexion, a more powerful quadriceps con-
traction would be required in the absence of the
posterior cruciate ligament than in its presence.
Since the patello-femoral compressive force is pro-
portional to the force generated by quadriceps con-
traction, it follows in turn that for a given extensor
moment the patella will be driven less forcibly
against the femur in the presence of the posterior
cruciate ligament than in its absence. In view of
this it would not be surprising if the loss of the
posterior cruciate ligament resulted in patellar
pain.

When they are thought of as levers, there is
an interesting similarity between the proximal tibia
and the proximal femur: the distance from the
centre of the femoral head to the greater trochanter
(i.e., the length of the abductor lever arm) is ap-
proximately the same as the distance from the back
of the tibial articular facets to the tibial tubercle

(i.e., the length of the extensor lever arm when
the knee is extended from 90° of flexion).

Limitation of Extension

The elliptical shape of the femoral condyles is of
some significance in the limitation of extension:
the femur represents a section of a cam having
a circular profile virtually throughout the range
of movement, but with a nearly flat area meeting
a corresponding flat surface on the front of the
tibial facets at full extension. When these ‘flats”
meet, further extension can only occur if the bones
hinge apart around the anterior edge of their area
of contact. Such separation (and hence hyperexten-
sion) is prevented by tension in all the ligaments
lying behind the axis of rotation of the knee (a
group that includes the collateral ligaments), by
muscle actions, and by the body weight. It is for
this reason that a cadaver knee with the collateral
ligaments intact, but with the posterior capsule
divided, will not hyperextend, provided that for-
ward subluxation of the tibia is prevented by the
anterior cruciate ligament (and the menisci; see
below). It is primarily, if not entirely, by this
mechanism that the anterior cruciate ligament acts
to limit extension, since in the cadaver knee hyper-
extension will occur in the presence of an intact
anterior cruciate ligament if the structures lying
posterior to the axis of rotation are divided.
Extension is also limited by contact between the
femoral intercondylar notch and the tibial inter-
condylar eminence, a subject discussed below.

Rotation of the Tibia About a Vertical Axis
(““Tibial Rotation”)

The femoral intercondylar notch is wider poste-
riorly than anteriorly. As a consequence, the sides
of the tibial intercondylar eminence articulate with
the walls of the notch in the fully extended knee
but they do not do so beyond about 10° of flexion.
As flexion increases the eminence becomes an in-
creasingly loose fit in the notch.

In view of the loose fit between the tibial inter-
condylar eminence and the femoral intercondylar
notch, tibial rotation on the femur cannot be, and
is not, limited by bony contact, save possibly in
full extension. Rotation is in fact limited by the
tension in all the tibio-femoral ligaments, which
develops as they are “wrung out” by the move-
ment. In full extension all the major ligamentous
structures are already tight, and thus they are im-



mediately wrung out by any attempt at tibio-femo-
ral rotation. No such movement can therefore oc-
cur in the fully extended knee (both for this reason
and because the movement is limited by bony con-
tact in the midline).

At full extension the eminence is driven into the
narrowing anterior end of the notch. As a conse-
quence, firstly further extension is prevented; and
secondly, the femur is prevented from sliding for-
wards across the medial tibial facet, because the
anterior margin of this facet runs upwards onto
the intercondylar eminence to constitute a ““wall”
across the front of the facet. In contrast, the lateral
femoral condyle is free to continue to slide for-
wards across the top of the tibia, because the ante-
rior edge of the lateral tibial facet is flat. This
continuing forward movement of only the lateral
femoral condyle on the tibia manifests itself as
tibial external rotation during the last few degrees
of extension. As flexion is initiated the tibio-femo-
ral joint is ““unlocked”, perhaps by tibial internal
rotation produced by contraction of the popliteus
muscle.

Beyond 10° of flexion the increasingly loose fit
between the tibial intercondylar eminence and the
femoral intercondylar notch allows more and more
tibial rotation to occur. This motion occurs around
an axis passing through the lateral side of the me-
dial tibial condyle (i.e., nearly through the centre
of the tibia) and thus involves backward transla-
tion of one femoral condyle across the tibia and
equal and opposite forward translation of the other
condyle. If, for any reason, the translational move-
ment permitted in one compartment were to in-
crease (or diminish) relative to that permitted in
the other compartment, the permitted range of ro-
tation would increase (or decrease) and the axis
about which the movement was occurring would
shift towards the less mobile compartment. This
fact may have some bearing upon so-called * pivot
shift’” and tibial rotational instability.

As the femur moves backwards across the tibia
during flexion, the anterior halves of the menisci
must be placed under tension and hence must to
some extent regulate backward movement of the
femur relative to the tibia. The posterior halves
of the menisci will act in a similar way during
extension to limit forward movement. Thus in gen-
eral, each meniscus restricts antero-posterior
movement of one femoral condyle on the tibia.
The loss of this mechanism in one compartment
only would tend to increase the range of tibial
rotation and displace its axis (i.e., it would tend
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to produce tibial rotational instability and * pivot
shift”).

At full extension the femur meets the tibia, leav-
ing no gap for the anterior horn of the meniscus
to occupy. The anterior horns of the menisci must
therefore be sufficiently mobile to move forwards
completely out of the articular area at the end
of extension. Similarly the posterior horns are ‘‘ ex-
truded” from the knee in full flexion.

Side-to-Side Translational Movements

In theory, side-to-side translational movement
could occur between the femur and tibia and be-
tween the femur and patella. The former is
prevented by the tibio-femoral ligaments and by
the presence of the tibial intercondylar eminence
between the femoral condyles. Similarly, the latter
is prevented by the patellar ligaments and the pres-
ence of the wedge-shaped posterior surface of the
patella between the femoral condyles. Since the
patella must move with the tibia during flexion
and extension, these two bones can be thought
of as one unit having a central keel located in
a central femoral groove.

Incidence of Deformity

Before considering the morbid anatomy underlying
the various deformities seen clinically in the arthrit-
ic knee, it is appropriate to consider their inci-
dence and nature. Although clinical impressions
abound as to the incidence of these deformities
in the two sexes, there do not appear to have been
any studies specifically devoted to this subject.
Therefore, for the purpose of this Chapter, CAME-
RON and FREEMAN (unpublished) studied a popula-
tion of patients with disorders of the knee seen
in several centres throughout the United Kingdom
and in Sweden. The population was a selected one,
since all the patients were thought to have knees
sufficiently damaged to merit total replacement.
Thus the various incidence figures presented below
for particular deformities should be understood
to be incidences in severely damaged knees, not
in all knees affected by these diseases.

Deformity, or malalignment, at the knee can
affect both the tibio-femoral and the patello-femo-
ral joints. Unfortunately, we have precise data only
for the former.
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The overall incidence of involvement of the knee
in OA and RA has been reported on by a number
of workers. Thus the knee has been said to be
the commonest site for OA (HEINE, 1926 ; COLLINS,
1949; ALLANDER, 1977) and for RA (KUHNS and
POTTER, 1963 ; GSCHWEND, 1977). In a recent survey
GscHWEND (1977) reported that the knee joint was
involved in 74% of 300 patients with RA, whilst
in a study of patients with RA attending a rheu-
matological clinic at The London Hospital, KING
et al. (1978) found that of patients whose arthritis
interferred with their ability to walk the knee was
the principal cause of this disability in 53%. Thus
deformities at this joint represent a numerically
and functionally important problem.

Material

Prior to ICLH total knee replacement at The Lon-
don Hospital and in certain other hospitals in Bri-
tain and Sweden, all patients had, for some years,
a standard preoperative assessment performed, the
records of which were kept at The London Hospi-
tal. As part of this assessment, fixed flexion defor-
mity and the tibio-femoral angle in varus and
valgus were recorded. Regrettably, the position of
the patella was not recorded until 1977. An anal-
ysis of these records has been carried out.

The records were considered adequate in 338
cases of RA and 137 cases of OA. Clearly prior
operative intervention might alter the pattern of
deformity in the knee and therefore knees in which
previous surgery had been performed were ex-
cluded. There remained 256 cases of RA and 102
cases of OA without previous surgical intervention
for analysis.

Definitions

The terms used in this study have been defined
as follows.

Valgus|Varus Alignment

Neutral

5°-10° valgus when the tibia is stressed first medially and
then laterally

Varus

0°, or more than 0°, varus when the tibia is stressed me-
dially

Valgus
More than 10° valgus when the tibia is stressed laterally

“Loose”

More than 10° valgus when the tibia is stressed laterally
and 0°, or more than 0° varus when it is stressed medially

Fixed deformity

Fixed deformity was said to be present if the knee could
not be passively stressed into the neutral range, i.e., if
the malalignment was fixed, at least in part

External rotation

No precise definition by measurement. The tibia was
classified as being in external rotation, neutral (i.e., nor-
mal alignment), or internal rotation as judged by eye
in the flexed knee

Fixed flexion deformity

A knee which could not be placed in full extension pas-
sively. (Any additional extensor lag, i.e., an inability to
maintain extension actively, was ignored for the purposes
of this study)

Examples

Tibio-femoral Tibio-femoral Description

angle with angle with
tibia stressed tibia stressed
laterally medially
20° valgus 20° valgus Valgus. Fixed deformity
present
25° valgus 15° valgus Valgus. Fixed deformity
present, combined with
instability
25° valgus 5° valgus Valgus. No fixed deform-
ity, i.e., an unstable
valgus knee
5° valgus 15° varus Varus. No fixed deform-
ity, i.e., an unstable
varus knee
10° varus 25° varus Varus. Fixed deformity
present, combined with
instability
5° valgus 5° valgus Neutral. Stable
15° valgus 15° varus Loose, i.e., an unstable

knee in valgus and in
varus




Results

The incidence of valgus and varus malalignment,
the presence or absence of fixed valgus and varus
deformity, of fixed flexion deformity, and of exter-
nal rotation deformity are set out in Tables 1-5
in relation to the sex of the patient and the diag-
nosis.

We have no precise data relating to the incidence
of patello-femoral malalignment. It is our impres-
sion, however, that medial subluxation is rare or
nonexistant but that lateral subluxation is com-
mon, especially in the valgus, externally rotated
knee.

Table 1. Sex vs diagnosis
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Table 4. External rotation deformity

Vg N? vr Loose®
OA
Male 1/15(7) 0/17(0)  3/13(23) {0/2 (-)}
Female 5/18 (28) 1/15(7)  5/19 (26) {0/3 (—)}
RA
Male 4/19 (21) 5/25(20) 2/13 (15) {0/1 (=)}
Female 54/128 (42) 7/59 (13) {1/5(=)} {4/8 (—)}

2 Number with ER

(%)
Total in that category

Table 5. Valgus, varus, and flexion contractures

Male* Female® Total
OA 47 (46) 55 (54) 102
RA 56 (22) 200 (78) 256

2 Absolute numbers (% of total in total column)

Table 2. Valgus or varus malalignment vs sex and diag-
nosis

Sex vg N? \%s Loose® Total
OA

Male 1532) 17(36) 13(28) {24)} 47
Female 18 (33) 15(27) 19(55) {3(5} S5
RA

Male 1934 2341) 13@23) {12} 56
Female 128 (64) 59 (30) {5(2)} {4(4)} 200

*  Absolute numbers (% of figure in total column)

Table 3. Valgus and varus contractures

Total Present

OA Male Valgus 15 12 (80%)
Varus 13 11 (84%)

Female Valgus 18 13 (72%)

Varus 19 14 (74%)

RA Male Valgus 19 12 (63%)
Varus 13 9 (69%)

Female Valgus 128 89 (69%)

Varus 5 {0 (0%)}

% with Vg or Vr % with flexion

contracture contracture
OA Male Vg 80 15
Vr 84 46
Female Vg 72 67
Vr 74 74
RA Male Vg 63 74
Vr 69 69
Female Vg 69 60
Vr 0) (20)
Discussion

Two preliminary points must be stressed. First,
the figures in this study are based upon a popula-
tion of patients thought suitable by a number of
surgeons for replacement of the knee. The precise
indication for this operation may vary a little from
surgeon to surgeon, but in general it is reserved
for severely damaged knees. Broadly speaking,
therefore, these results can be thought of as depict-
ing the end result of the osteoarthrosic and rheuma-
toid processes. Having said this, we believe that
the progress of the disease (and hence case selection
of the kind we have employed) will affect the mag-
nitude of the various deformities we have seen
but not their nature. Once a knee has developed
valgus or varus malalignment it is unknown in
the author’s experience for the deformity to dimin-
ish to neutral and then to increase, but in the
opposite direction. In contrast, it is commonplace
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for a deformity to remain in the same direction
but to increase in magnitude. (Loose knees are
a partial exception to this general rule and are
mentioned below.) For these reasons we have not
recorded the magnitudes of the valgus and varus
malalignments seen in this series, since it seems
likely that these would only reflect the intervals
of time that had elapsed between the onset of the
disease and referral for surgery, rather than any
more fundamental variable. For what the informa-
tion is worth, the greatest valgus angle encountered
in the knees we studied was 70°, and the greatest
varus 30°. In the case of flexion contractures we
have included an intermediate group of 5°, between
“absent” and “ present”’, since “contractures’’ of
this magnitude are hard to measure, are occasion-
ally seen in normal, symptomless knees, and even
in arthritic knees cause little disability (PERRY
et al.,, 1975). The greatest flexion deformity en-
countered was 70°. External rotation, in contrast
to the other deformities, has not been measured
in degrees and has simply been recorded as present
or absent, as judged by eye.

Secondly, it seems likely that the pattern of de-
formity and the incidence of contractures would
be different if a different genetic stock were to
be studied. Thus for example INSALL (personal com-
munication, 1977), studying a population contain-
ing a larger number of people of Southern Euro-
pean origin, who initially had a more stocky build
with a tendency to a more varus knee, has en-
countered 20 varus female RA knees in 64 female
RA knees treated: an incidence of 31%, as against
our incidence of 2%. INSALL’s corresponding figure
for RA female valgus knees was 45% (as against
ours of 64%), and that for neutral knees, 23%
(as against ours of 30%). Thus it appears that
the initial tibio-femoral alignment has an impor-
tant effect upon the nature of the deformity a knee
may develop in RA.

Having made these preliminary points, the es-
sential findings in this study may be summarised
as follows.

1) Severely damaged knees usually occur in wo-
men with RA (Table 1). Amongst the remainder,
women with OA, men with OA, and men with
RA appear with equal frequency. Thus for every
seven severely damaged knees included in this
study, four were in women with RA, and one each
in women with OA, men with OA, and men with
RA. To some extent this distribution may reflect
case selection rather than differences in the effect
of the disease. Nevertheless, it is probably true

that RA causes severe damage more commonly
than does OA (perhaps especially in women).

2) The three smaller groups (women with OA,
men with OA, and men with RA) are similar to
one another with respect to the incidence within
any one group of valgus, neutral, and varus knees:
about one-third are in each category (Table 2). In
contrast, in women with RA in this population,
varus knees virtually did not occur: two-thirds of
these patients had knees in valgus and one-third,
knees in neutral.

3) Some degree of fixed valgus or varus deformity
was present in about 75% of knees (Table 3). Fixed
deformity was most frequent in men with OA,
less frequent in women with OA, and least frequent
in both sexes in RA. The differences between these
groups were not great, however.

4) External rotation had a scattered incidence of
around 10%-20%, save in valgus rheumatoid fe-
male knees, where the incidence was 42% (Ta-
ble 4). Only in this last group were our numbers
in fact large enough to give a meaningful figure
for the incidence.

5) The presence or absence of valgus and varus
malalignment, whether in the form of instability
or of fixed deformity, did not have any clear-cut
relationship to the presence of fixed flexion. In
all male OA knees and in female RA valgus knees,
fixed flexion was less common than fixed valgus
or varus (Table 5). In other knees, however, the
frequency with which valgus or varus malalign-
ment became fixed was about equal to the fre-
quency with which flexion became fixed, and the
incidence of the latter was unchanged even if there
was neither valgus nor varus malalignment present.

6) Loose knees, i.e., knees displaying both valgus
and varus instability were rare (Table 2). Their ap-
parent incidence in this study was 4%, but of the
fourteen knees concerned, five had fixed flexion
deformities in excess of 20° and in such knees rota-
tion at the hip during stressing of the tibia might
have been mistaken for medio-lateral instability.

7) We have no precise data regarding patello-fe-
moral alignment, but it is our impression that me-
dial subluxation occurs rarely if at all. In contrast,
lateral subluxation is common, especially in knees
that are in valgus with an externally rotated tibia.
It does, however, occur in neutral and varus knees.

These findings suggest the following generalisa-
tions. In a North European population, severe
damage to the knee is equally likely to affect men
with OA, men with RA, and women with OA.
These groups are equally likely to develop a valgus,



varus, or neutral knee with or without external
rotation and fixed flexion (a possible exception
to this last point being men with OA, who are
unlikely to develop fixed flexion). In contrast, wom-
en with RA represent a special group: they are
numerous (because RA is common in women and
probably because severe damage is more common
in RA), and the pattern of deformity differs in
that (1) varus is rare, (2) valgus (specifically valgus
associated with external rotation and lateral patel-
lar subluxation) is twice as common as in other
groups, and (3) if the knee does not develop valgus
malalignment it almost always develops a flexion
contracture instead.

The question as to what anatomical abnormal-
ities cause these deformities remains.

Relevant Observations at the Hip

Arthritis of the hip has been treated surgically for
many years, and there is now little controversy
as to the nature of the gross changes taking place.
Since it seems reasonable to think that the essential
pathological processes in both OA and RA at the
hip and at the knee are broadly similar, it is worth
recapitulating the well-known changes at the hip
before considering the knee. They consist of bone
and cartilage loss and soft-tissue contracture.

Bone and Cartilage Loss

Bone and cartilage are lost from the zenith of the
femoral head and acetabulum. This accounts for
the ““wandering acetabulum ”, for a break in Shen-
ton’s line, and for true shortening of the leg. As
measured by the latter, a loss of 2cm of bone,
especially in RA, is not rare: Figure 4 shows an
example of OA in a post-mortem specimen from
which 10 cm?® of bone and cartilage had been lost
from the hip.

Soft-Tissue Contracture

It is particularly the structures on the anterior and
medial aspects of the hip (accounting for fixed
flexion and fixed adduction) and the short external
rotators and posterior capsule (accounting for
fixed external rotation) that are affected by soft-
tissue contracture. The most dramatic, well-known
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Fig. 4. The bones in OA of the hip. Note that destruction
of the zenith of the femoral head and of the acetabulum
has created a space between the bones superiorly. The
measured volume of this space was 10 cm®

example of this is a contracture of the adductor
muscles (especially of adductor longus), account-
ing for the persistence of an adduction deformity
after hip replacement unless corrected by adductor
tenotomy.

Osteophyte Formation

Osteophytes are formed particularly in OA where
peripheral cartilage persists, since only in such cir-
cumstances can osteophytes grow by endochondral
ossification (FREEMAN, 1972). Osteophytes grow
only into soft-tissue spaces (the best example being
the space created in the cavity of the hip infero-
medial to the femoral head by bone loss at the
zenith), and although they may limit movement
mechanically (and thus help to maintain defor-
mity) it is difficult to conceive that their growth
could actually produce deformity by ‘pushing”
the bones into an abnormal position.
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Ligamentous Elongation

Ligamentous elongation appears never to occur
to any significant extent in the arthritic hip, even
in RA: hypermobility and dislocation, which
would be expected if gross elongation did occur,
are never seen.

Ligamentous Rupture

The only intra-capsular ligament in the hip (the
ligamentum teres) is subject to ligamentous rup-
ture. Whether the ligament is destroyed by enzy-
matic digestion or mechanical attrition is unclear:
in RA both seem possible, whilst in OA the latter
is more likely.

Summary

At the hip, the processes responsible for the de-
velopment and maintainance of deformity appear
to be tissue loss (affecting first cartilage and then
bone) and soft-tissue adhesions and contracture
(affecting ligaments and muscles, respectively).
Ligamentous elongation either does not occur or
is only slight. Ligamentous rupture affects the liga-
mentum teres: probably it is usually due to me-
chanical attrition. Although this view is not well
documented, it is the present authors’ impression
that it is generally accepted amongst orthopaedic
surgeons.

If bone loss and soft-tissue contracture are the
cause of deformity at the hip, and if significant
ligamentous elongation does not occur at this joint,
it would not be unreasonable to expect that the
same would be true of the knee. This view is
controversial, however: valgus and varus instabil-
ity in the arthritic knee are frequently attributed
(presumably by analogy with similar instability af-
ter ligamentous injury) to “elongated’” or “defec-
tive” medial and lateral collateral ligaments, re-
spectively. However, although instability in the
arthritic knee might in theory be due to elongation,
it is equally possible (in theory) that it might be
caused by bone loss on the concave side of the
joint, a view that would be consistent with the
morbid anatomy of the arthritic hip. According
to this view, valgus or varus instability at the ar-
thritic knee could be accounted for by postulating
the presence of bone loss, and fixed valgus and
varus deformity by postulating a combination of
bone loss and soft-tissue contracture.

This controversy is not simply of academic,
pathological interest, since the object of surgical
procedures in the arthritic knee is to reverse the
gross anatomical abnormalities. For this to be
done, the nature of these abnormalities must be
understood.

The Nature of the Morbid
Anatomical Changes Responsible
for Deformity of the Knee

in OA and RA

The nature of the changes responsible for knee
deformity in OA and RA will be dealt with by
considering first instability in a varus and valgus
direction, and then the same two malalignments
but with the addition of fixed deformity. The other
abnormalities of alignment to be seen in the arthrit-
ic knee will then be considered.

Varus Instability

Theoretically, varus instability might be due to:
(1) rupture and/or elongation of the lateral soft
tissues (as after soft-tissue trauma), and/or (2) a
loss of cartilage and bone medially. Both these
pathological processes would produce the same
physical sign on the examination couch, i.e., it
would be possible to displace the tibia from neutral
to varus alignment and back again. In contrast,
if the knee were to be compressed axially (as on
bearing weight or during muscular contraction),
a knee with normal bones would tend to be stabil-
ised in normal alignment, whereas a knee with
bone loss would tend to be driven into the position
of deformity (Fig.5). It is a commonplace ra-
diological observation in the arthritic knee (1) that
bone loss is present (Fig.6) and (2) that the
affected knee falls into a position of deformity
on bearing weight (Fig. 7). (Hence the near-irrele-
vance of non-weight-bearing X-rays in the arthritic
knee.) It may be concluded — even without visual
inspection of the articular surfaces of the knee
— that bony defects are responsible, at least in
part if not wholely, for varus instability.

The possibility remains that lateral collateral
ligament elongation or rupture may also play a
part in the genesis of varus instability. However,
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Fig.5. a A diagram to show a knee without bony de-
fects but with laxity of the lateral collateral ligament
loaded in compression, as during one-leg stance. Because
the line of action of the load on the knee passes through
the area of contact between the femoral and tibial con-
dyles, there is no tendency for the joint to open laterally
and normal alignment is maintained. b A diagram to
show a knee with a medial bony defect during one-leg
stance. The load now acts to close the defect, causing
the knee to buckle into varus malalignment

the present author has never observed a frank rup-
ture of the lateral collateral ligament and lateral
capsule at operation in uninjured knees. This find-
ing does not exclude the possibility that this lesion
occurs, but it must mean that if it does, it is rare.

Elongation of a collateral ligament (as against
rupture) seems to be a likely possibility: indeed
its existence is strongly suggested by X-ray appear-
ances such as those shown in Fig. 8. It is necessary
to ask, however, what mechanism might be re-
sponsible for elongation, especially in OA, where
damage to the ligament by distension secondary
to a prolonged synovitis or by collagenase — both

Fig. 6. An antero-posterior radiograph of the knee, taken
with the patient supine. The vertical line over the tibia
represents the tibial axis, i.e., this line passes from the
centre of the knee to the centre of the ankle (the latter
is not seen). The horizontal solid line has been drawn
perpendicular to this axis. Laterally this line passes
through the upper surface of the undeformed lateral tibial
condyle. Medially it passes approximately 1 cm above the
medial tibial condyle. The horizontal dotted line passes
through the articular surface of the medial tibial condyle.
The distance between these two horizontal lines represents
the size of the medial tibial defect

conceivable in RA — seens very unlikely. A proba-
ble answer is that as the deformity on bearing
weight increases, a point is reached (at about 10°
of malalignment; see above) at which the line of
action of the resultant of the forces acting on the
knee passes medial to the most medial point of
bony contact in the joint. At, or a little before,
this stage the knee will tend to hinge open, thus
subjecting the lateral soft tissues to persistent ten-
sion (Chap. 2). Since it seems most unlikely that
the collateral ligaments are persistently subjected
to tensile forces in the normal knee, the result
may well be that the ligament is overstressed and
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Fig. 7. A radiograph of the same knee as that shown
in Fig. 6, now taken with the patient standing. Note that
the medial tibial and femoral condyles approach each
other so that the knee falls into varus malalignment. Com-
pare this X-ray with the diagram shown in Fig. 5b

Fig. 8. An antero-posterior radiograph of a weight-bear-
ing varus knee, to show the appearance of opening of
the lateral compartment of the joint. This appearance
suggests that the lateral collateral ligament has been elon-
gated, perhaps as a consequence of tensile stresses devel-
oping in it secondary to the varus malalignment. Although
the lateral compartment appears to have opened, the ra-
diological space between the lateral femoral and tibial
condyles is in fact partly occupied by articular cartilage
and the meniscus. The actual elongation of the lateral
collateral ligament is therefore much less than it appears
on this X-ray

Fig. 10a. The Tenser in place, with its blades opened, in
a knee having no bony defect. but an elongated lateral
collateral ligament (such as that shown in Fig. 5a). The
blades of the Tenser could be opened more widely in the
lateral compartment than in the medial compartment of
the knee, turing the joint into varus

Fig. 10b. The Tenser in place, with its blades opened, in
a joint having pre-operatively a medial tibial and femoral
defect such as that shown-in Fig. 5b. The blades can now

be opened more widely on the medial than on the lateral
side of the joint. When the medial and lateral soft tissues
are equally tense, this knee will lie in normal alignment
Fig. 10c. A Tenser in place, with its blades opened, in a
knee having pre-operatively a ruptured lateral collateral
ligament. In such a knee the lateral blade could theoreti-
cally be opened indefinitely, turing the knee into pro-
gressively increasing varus

>
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Fig.9. The Tenser. an instrument used in ICLH arthro-
plasty of the knee, with which the presence or absence
of soft-tissue contractures can be demonstrated at opera-

tion. Before insertion of this instrument, the cruciate liga-ﬂm

ments are divided and the tibial plateau is sectioned at
right angles to the anatomical axis of the bone. The Tenser
is then inserted into the extended knee with the solid plate
on the transected surface of the tibia. Two blades can be
screwed away from this solid plate to separate first one
and then the other femoral condyle from the tibia and
thus tense the medial and lateral soft tissues in turn. A

bar passes through the tibial plate at right angles to the
latter. The distal end of this bar must lie over the centre
of the ankle. The proximal end of the bar will lie over
‘the hip when the soft tissues are tensed only when there
is neither contracture nor elongation of these tissues on
either side of the joint. Thus by tensing the tissues, and
then noting the relationship of the proximal end of the
bar to the hip. the surgeon can judge the presence or
absence and magnitude of soft-tissue contracture or
elongation



Fig. 11a—c. The operative specimen taken from the knee
shown in Figs. 6 and 7 a The appearance of the anterior
aspect of the bone removed from the tibia. This bone
was sectioned just distal to the dotted horizontal line in
Fig. 6. Note that more bone has been removed laterally
than medially, because of the pathological loss of bone
from the medial tibial condyle. The anterior edge of this
defect has been stained with methylene blue. b The frag-
ments of bone resected from the distal aspects of the
femoral condyles have now been added to the tibial speci-
men shown in Fig. 11a. The distal femoral condyles have
been sectioned at right angles to the anatomical axis of
the femur, i.e., in 7° of valgus relative to the axis of the

femoral shaft. In this photograph the medial femoral and
tibial condyles are in contact, i.e., the pathological speci-
men represents the situation shown in the weight-bearing
knee seen in Fig. 7. ¢ The same specimen as shown in
Fig. 11b. The medial femoral bone fragment has now
been lifted to place it on the same horizontal level as the
lateral femoral fragment. This has created a gap of rather
over 1cm on the medial side of the joint. This gap
represents the defect in the medial side of the knece pro-
duced by cartilage and bony loss. The joint in this position
is approximately the same as that seen in Fig. 5. Closure
of this defect creates the varus malalignment shown in
Fig. 7
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that it therefore stretches. On this analysis, liga-
mentous elongation might be expected to increase
the malalignment in a knee that is already signifi-
cantly malaligned as a consequence of bone loss,
but not to initiate the malalignment.

That this is indeed the case may be demonstrated
at operation by using a special surgical instrument
known as a Tenser (an instrument used routinely
in ICLH arthroplasty). This instrument and its
mode of action are illustrated in Figs. 9 and 10.
It will be seen that if a Tenser were used to tighten
the two collateral ligaments in a knee that before
operation had been unstable (i.e., fully correctable
to neutral alignment passively), three possibilities
would theoretically arise. First, if the lateral col-
lateral ligament had elongated but not ruptured,
the collateral ligaments would tighten, leaving the
knee in persistent varus (Fig. 10a). Second, if only
a medial bone defect were present, the medial blade
of the Tenser would need to be opened more than
the lateral one, but the two collateral ligaments
would then tighten with the knee in anatomical
alignment (Fig. 10a). Finally, if the lateral col-
lateral ligament had ruptured, it would not be pos-
sible to tense it, so that the lateral compartment
of the knee could be opened indefinitely, turning
the knee into ever-increasing varus (Fig. 10c). The
author has never observed the last of these possibil-
ities. The first possible outcome has occurred but
has been unusual and the degree of residual defor-
mity has been slight, suggesting only slight elonga-
tion of the ligament on the convex side of the
deformity. The usual outcome is the second.

It may be concluded that material elongation
of the lateral collateral ligament is an uncommon,
late event and that rupture occurs rarely or never.
Thus varus instability in OA (and, when it occurs,
in RA) is mainly, if not entirely, due to medial
bone loss. Simple trigonometry shows that,
roughly speaking, 1 cm of medial bone and carti-
lage loss will result in 10° of varus malalignment.
Since 2 cm of tissue loss is commonplace at the
hip, 13° of varus (i.e., 20° of deformity relative
to an initial 7° valgus) might be commonplace at
the knee.

The appearances produced by such bone loss
in the tibial and femoral condyles of an OA varus
knee are shown in Fig. 11. As usual in a varus
knee, the defect is mainly tibial. In contrast to
the usual femoral defect in a valgus knee, the femo-
ral defect in the varus knee is, typically, small.
This may perhaps be attributed to the fact that
the bone of the distal femur is stronger than that

Fig. 12. An antero-posterior radiograph of a weight-
bearing knee in varus, to show contact between the inter-
condylar eminence of the tibia and the midline of the
femur, resulting in load-carriage through the medial and
central bone but not the lateral bone in the knee. Note
that the areas of bone carrying load are relatively sclerotic
and that the tibial intercondylar eminence has tilted later-
ally (see also Fig. 8).

This knee and that shown in Fig. 8 appear to display
lateral tibial subluxation. However, in Fig. 8 the medial
side of the medial femoral and tibial condyles are in line,
whilst in this figure the apparent overlap of the medial
femoral condyle is largely due to the presence of an osteo-
phyte. On the lateral side of the joint, the lateral tibial
condyle is normally more prominent than the lateral
femoral condyle. To what extent is the appearance of
lateral tibial subluxation in these knees a radiological
illusion?

of the tibia (and hence less likely to be crushed),
whilst medial patellar subluxation (leading to dam-
age to the medial femoral condyle by the patella
in a way analogous to that which occurs laterally
in a valgus knee; see below) is rare, if it occurs
at all.

As bone is lost from the medial side of the joint,
the intercondylar eminence of the tibia (1) moves
upwards relative to the femur and (2) tilts (as the
tibia as a whole tilts) so that its apex moves later-
ally (Fig. 12). The combined effect of these two
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Fig. 13. An operative photograph of an osteoarthrosic
knee in which osteophytes growing on the edges of the
intercondylar eminence have fused to convert the knee into
a “switch-back”. The whole of the proximal surface of
the tibia was ebernated and articular

displacements is to produce impingement within
the knee between the normally nonarticular central
parts of the femur and tibia. By analogy with such
abnormal bony contact elsewhere (e.g., between
the fibula and the os calcis), this process might
be expected to be painful, and to lead gradually

to the formation of a false midline joint in the
knee. The latter does indeed occur, so that the
knee comes to transmit load medially and cen-
trally, but not laterally (Fig. 12).

The formation of a false midline joint in OA
is encouraged by the formation of osteophytes at
the margins of the femoral intercondylar notch.
Such osteophytes are possibly formed by *‘crush-
ing over” of the articular margins of the notch
rather than by endochondral ossification, the
process by which osteophytes normally grow
(FREEMAN, 1972). Whatever their origin, the osteo-
phytes on the medial and lateral edges of the notch
eventually fuse to bury the cruciate ligaments and
to produce a continuous, false, central articular
surface. Progressive destruction of the weight-bear-
ing medial and central areas of the knee may
eventually re-establish weight-bearing contact be-
tween the lateral condyles, so that finally the lateral
surfaces also become eburnated to produce the
“switch-back” knee (Fig. 13).

Valgus Instability

All the arguments and observations applied above
to varus instability apply to valgus instability, save
that the bony defects are now lateral and the soft-

Fig. 14. a—e The knce in RA displaying fixed valgus defor-
mity. a An antero-posterior radiograph of the knee in
the supine patient. The valgus deformity persists because
it is held, whether the knee is weight-bearing or not, by
the presence of a lateral soft-tissue contracture. Note the
obvious tibial defect. The femoral defect is less obvious
but is nevertheless present: (see Fig. 14b). b The same
radiograph as in Fig. 14a, with the mechanical axis of
the femur added. This line passes from the middle of
the femoral condyles to the middle of the femoral head
(not seen on this radiograph). A perpendicular has been
drawn to this axis, passing through the most distal point
on the medial femoral condyle. The distance between the
lateral half of this line and the lateral femoral condyle
represents the femoral defect in this knee. Note that the
defect extends on to the distal-lateral as well as the distal
aspects of the lateral femoral condyle. This is because
the defect is produced partly by the tibia (destroying the
distal end of the femur) and partly by the laterally sublux-
ated patella (destroying the distal and lateral aspects of
the femur: see Fig. 18). ¢ An operative photograph of
the knee shown in Fig. 14a. The hip and the proximal
end of the incision are beyond the top of this photograph.
An instrument with a plate attached to it at right angles
has been passed into the medullary canal of the femur.

This plate can be seen in the lower part of the photograph.
The medial side of the plate touches the medial femoral
condyle. The approximate extent of the lateral defect (seen
in Fig. 14b) can be judged by noting the distance between
the lateral femoral condyle and the lateral side of the
plate. In fact, the true defect is not quite as great as
that shown here, since the lateral femoral condyle nor-
mally lies on a line perpendicular to the mechanical axis
of the femur (drawn in Fig. 14b) which, unlike the plate
on this instrument, is not perpendicular to the medullary
canal and hence to the shaft of the femur. d The operative
specimen removed from the distal femur shown in
Fig. 14c by resection of the bone at 83° to the long axis
of the shaft (i.e.. at 90° to the mechanical axis). A signifi-
cant amount of bone has been removed from the medial
condyle (left). On the lateral side, little or no bone has
been removed because of the pre-existing defect. e The
specimen removed from the tibia (seen in Fig. 14a) by
transecting it at right angles to the axis of the shaft.
Note that here again a significant amount of bone has
been removed from the medial side but little or none
from the lateral side. Indeed, posteriorly no bone what-
soever has been removed, because the defect was distal
to the line of section. Note that the tibial and the femoral
defects are particularly evident posteriorly

>
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d

tissue defects (if they occurred) would be medial.
Such bony defects are illustrated in an RA knee
in Fig. 14. It should be noted that the tibial defect
involves particularly the posterior three-quarters
of the condyle, the anterior margin being relatively
spared (Fig. 14e). This may be attributed to the
fact that the femur does not articulate with, and
thus will not mechanically damage, the anterior
part of the tibial condyle. The lateral femoral con-
dyle is often more grossly destroyed than the
lateral tibial condyle (Fig. 14), which may be
attributed to the fact that it is exposed to damage
not only from the tibia but also from the laterally
subluxed patella. (Lateral patellar subluxation is
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often present in such knees: its cause and its conse-
quences are discussed under ‘‘ Lateral Patellar Sub-
luxation”, below).

As with varus instability, it may be concluded
that valgus instability is mainly (if not entirely)
due to bone loss laterally, and that this loss is
explicable mainly on simple mechanical grounds.
With the Tenser, the author’s experience in knees
displaying valgus instability has been the same as
that in knees displaying varus instability. This sug-
gests that elongation of the medial collateral liga-
ment is a relatively rare, late, secondary event.

Fixed Varus Deformity

Theoretically, a fixed varus deformity could be
due only to one of two possible events: (1) ligamen-
tous elongation laterally combined with *growth”
of the lateral condyles, or (2) collapse of the bone
medially combined with contracture of the medial
soft tissues (Fig. 15). The former seems inconceiv-
able: growth (as distinct from marginal and intra-
cartilaginous surface osteophytosis) of the con-
dyles is never seen in RA nor in OA. Contractures
(e.g., at the hip, causing fixed adduction, and at
the knee, causing fixed flexion), in contrast, are
commonplace. It may be concluded that contrac-
ture formation, not growth, is at work, a conclu-
sion that reinforces the view put forward above
that instability is due to bone loss rather than
to soft-tissue elongation.

The nature of the contractures that may be re-
sponsible must now be considered. Surgeons will
be familiar with the concept of a contracture at
the hip, as already discussed in this Chapter. Al-
though such lesions are clinically commonplace,
the precise nature of the pathological events re-
sponsible for them is unclear: presumably they
are due to a mixture of shortening and fibrosis
in muscles and adhesion formation around muscles
and ligaments. Whatever their exact pathological
nature, it is now suggested that similar contrac-
tures occur in the arthritic knee (and indeed in
all arthritic joints) and that they are responsible
for the maintenance of fixed tibio-femoral defor-
mities in varus, valgus, flexion, external rotation
and lateral subluxation, for fixed patellar subluxa-
tion, and in part for an inability to flex the knee
fully.

In fixed varus deformity the presence of such
contractures can easily be demonstrated at oper-
ation. With the Tenser in place and the condyles

Fig. 15 a and b. Diagrams to show two mechanisms that
might theoretically produce a fixed varus deformity. a
The varus deformity has been produced by growth of
the lateral femoral and tibial condyles combined with
elongation of the lateral collateral ligament. This seems
impossible. b The fixed deformity has been produced by
a medial tibial defect similar to that shown in Figs. 5,
6, 7, and 11, combined with a medial soft-tissue contrac-
ture. This seems likely in reality

fully separated in such a knee, a varus deformity
persists and the contracted tissues can be felt and
seen to be tight. These tissues include the medial
collateral ligament, the medial half of the posterior
capsule, the cruciate ligaments, and the muscles
crossing the medial side of the knee. In addition,
medial osteophytes may ‘“tent” the medial col-
lateral ligament and hence contribute to the main-
tenance of the deformity by effectively shortening
this ligament. (The contracted structures are more
easily displayed on the lateral side and they are
illustrated therefore under ““Fixed Valgus Defor-
mity”’, below.)

Fixed Valgus Deformity

Lateral contractures affecting most obviously the
ilio-tibial tract and the tendonous part of the biceps
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Fig. 16. a A lateral view of a knee with fixed valgus defor-
mity during operation. A second incision has been made
over the ilio-tibial tract (arrow). At this stage of the oper-
ation, the leg lay in valgus even though the medial and
lateral soft tissues had been tensed. This implies the pres-
ence of a lateral soft-tissue contracture. b The ilio-tibial
tract has now been incised and the lateral blades of the
Tenser (seen top right) have been opened further, to cor-
rect the valgus deformity. This has caused the cut edges
of the ilio-tibial tract to separate and to be out of sight
in this photograph. A contracture of the ilio-tibial tract
(perhaps involving particularly the Tensor fascia lata mus-
cle) was mainly responsible for the fixation of valgus mal-
alignment in this knee

maintain fixed valgus deformity. If these structures
are divided, their cut ends spring apart (Fig. 16)
to allow separation of the lateral femoral and tibial
condyles with consequent correction of the valgus
deformity. In addition to the contractures men-
tioned above, a fixed valgus deformity may be
maintained by adhesions between the lateral femo-
ral condyle on the one hand and the posterior
capsule and lateral ligament on the other. Contrac-
ture of, or adhesions around, the cruciate liga-
ments may also prevent full correction of the defor-

mity. It should be appreciated that both in valgus
and in varus, the extent of the contracture may
be less than that of the bone loss: such a knee
will display some degree of instability super-im-
posed upon an element of fixed deformity. Only
the latter is due to contracture, whilst the bone
defect underlies both the instability and the fixed
deformity.

Fixed Flexion

The position of comfort in the knee (i.e., the posi-
tion of maximum intrasynovial volume) is one of
about 15° of flexion. If, because of pain, the knee
is never voluntarily extended beyond this point,
contractures (in this case probably due particularly
to adhesion formation) involving the posterior cap-
sule (becoming adherent both to itself and to the
posterior femoral condyles), the hamstring mus-
cles, and, to a lesser extent, the cruciate ligaments
may develop and physically prevent full extension.
Weight-bearing on the flexed knee then loads the
distal and posterior femoral condyles where they
articulate with the posterior half of the tibial con-
dyles, and it does so at loads significantly greater
than those borne by the weight-bearing extended
knee (PERRY et al., 1975). If, as commonly happens
in RA, the loaded bone collapses, the femur in
effect ““sinks” downwards into the posterior part
of the tibial condyles until the tibial intercondylar
eminence comes to abut against the roof of the
femoral intercondylar notch (Figs. 12 and 13).
Eventually a groove is formed, running across the
antero-distal aspect of the femoral condyles into
which the anterior margin of the tibia locks as
the knee is extended (Fig. 17). Both these bony
impingements prevent extension. Midline impinge-
ment may cause an attrition rupture of the anterior
cruciate ligament — especially in RA, when the
ligament may be weakened enzymatically and is
rarely protected by osteophytes. Such ruptures
might be considered as being analogous to ruptures
of the ligamentum teres at the hip.

Loss of Flexion

Loss of flexion is simply the reverse of a flexion
deformity, but it is not usually thought of as such.
Viewed in this light, however, it may be regarded
as being due to (1) a contracture of the quadriceps
muscle and cruciate ligaments, (2) adhesions be-
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Fig.17a and b. Lateral radiographs of an osteoarthrosic
knee having a fixed flexion deformity. a Note the anterior
osteophyte on the tibia (arrow) and the groove on the

tween the collateral ligaments and the sides of the
femoral condyles, and, perhaps (3) to posterior
osteophytosis.

Lateral Subluxation of the Patella

Lateral subluxation of the patella is seen particu-
larly in valgus, externally rotated RA knees, and
is presumably caused by the action of the qua-
driceps muscle, which must tend to pull the patella
laterally if the knee is in valgus with external rota-
tion of the tibia (Fig. 18). It is permitted by bone
loss (as are valgus and varus tibio-femoral defor-
mities), bone being lost in this case from the an-
tero-lateral femoral condyle and from the patella
(Fig. 19). In the author’s experience the deformity
is usually fixed, because the lateral patellar retinac-
ulum becomes contracted.

distal end of the femur (arrow) in the slightly flexed knee.
b Note that the tibial osteophyte and the femoral groove
contact each other (arrow) to limit extension

External Rotation of the Tibia

Usually seen in RA female valgus knees (Table 4),
external rotation of the tibia is most obvious in
the flexed, rather than in the extended, joint. There
appear to be two possible sources for a deforming
external rotation force: the laterally subluxed ex-
tensor mechanism and the biceps muscle. It seems
possible that this external rotation thrust is exacer-
bated by a loss of the internal rotation power of
the popliteus muscle since (in the author’s expe-
rience) the intra-articular tendon of this muscle is
usually absent from the rheumatoid (but not from
the osteoarthrosic knee). The tendon is presumably
ruptured by being ground between the collapsing
lateral femoral and tibial condyles. (So-called
posterior ruptures of the knee are probably in fact
due to the discharge of synovial contents through
the hole left in the posterior capsule by the retrac-
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Fig. 18. The knee (arrow) in RA, showing valgus. external
rotation, and lateral subluxation of the patella (dotted)
in the flexed knee

Fig. 19. A skyline radiograph of the knee shown in
Fig. 18. Note the lateral subluxation of the patella permit-
ted by destruction of the patella itself and of the lateral
femoral condyle. It will be recalled that the anterior
prominence of the lateral femoral condyle is normally
greater than that of the medial femoral condyle, the re-
verse of the situation seen in this knee

tion of this tendon from the joint rather than to
a rupture of the capsule: the capsule itself is very
strong and is never found to be ruptured at oper-
ation, and arthographically the synovial leak in
posterior ruptures is lateral, i.e., it corresponds

in position to the point of exit of the popliteus
tendon.)

Such unbalanced external rotation forces would
themselves be capable of rotating the tibia only
to its normal extreme and not beyond. In the au-
thor’s view, the hyperexternal rotation that occurs
in these knees is permitted by the lateral tibial
and femoral bone loss in the valgus knee, since
this will effectively relax posterior cruciate control
over the lateral but not over the medial compart-
ment of the knee. As a consequence, the equiva-
lent of a posterior drawer sign can occur laterally
but not medially ; i.e., the lateral but not the medial
tibial condyle is free to sublux posteriorly. Thus
the tibia rotates externally. Once rotated, the same
contractures that maintain fixed valgus in the
extended knee (i.e., contractures of the ilio-tibial
tract and of the biceps) will maintain fixed external
rotation in the flexed knee. Finally, the whole cir-
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