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Shape of the intercondylar notch of the human
femur: a comparison of osteoarthritic and
non-osteoarthritic bones from a skeletal sample
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Abstract

Objectives—To compare objectively the
shape of the intercondylar notch in human
osteoarthritic and non-osteoarthritic
femora.

Methods—A sample of 96 human femora
from a large skeletal population were
selected for study. These femora included
subjects with evidence of late stage osteo-
arthritis (that is, with eburnation present)
and subjects with no such evidence. The
distal end of the femur, viewed axially, was
recorded with a video camera, and digi-
tised computer images were produced.
The outline of the intercondylar notch was
extracted and represented mathemati-
cally as two functions. A functional princi-
pal components analysis was used to
identify important modes of shape varia-
tion. These variations in shape were com-
pared between eburnated and non-
eburnated femora.

Results—A statistically significant differ-
ence in the shape of the intercondylar
notch was found between the two groups.
The difference related mostly to the shape
of the edge of the medial condyle: in the
non-osteoarthritic group this tended to
exhibit a concavity; in the osteoarthritic
group it tended to be straight.
Conclusions—This observed difference
may be a predisposing factor to the devel-
opment of osteoarthritis. The morphology
of the intercondylar notch is related to the
functioning of and possible damage to the
cruciate ligaments, and damage to the
cruciate ligaments is a known risk factor
for osteoarthritis. Alternatively, this dif-
ference may be due to bony remodelling
secondary to the onset of osteoarthritis,
perhaps in response to altered biome-
chanics.

(Ann Rheum Dis 2001;60:968-973)

Osteoarthritis (OA) of the knee is a common,
painful, and debilitating condition. It affects up
to 30% of Western populations over the age of
65,' presenting a large burden for healthcare
services.”

The cause of OA is poorly understood. It is a
heterogeneous condition, which has been
likened to heart disease, with many distinct
causal pathways leading to final common
manifestations.” A known risk factor for OA of
the knee is damage to the anterior cruciate
ligament (ACL)*’ (indeed, canine models of
knee OA involve the transection of the ACL’ "),
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which is essential for the maintenance of
mechanical stability of the knee, particularly
against excessive external rotation and exces-
sive anterior translation of the tibia on the
femur. Any factor which increases the risk of
damage to this ligament is, therefore, also a
potential risk factor for developing knee OA.

Because the ACL runs through the inter-
condylar notch of the femur it is reasonable to
suppose that the morphology of the notch will
influence its functioning and the risk of
damage. Numerous studies have examined the
relationship between the width of the notch
and ACL damage in both humans*' and
animals."

Only one study has, to our knowledge,
reported measurements of the intercondylar
notch in relation to knee OA. This study by
Wada er al examined the width of the notch in
relation to the severity of knee OA in cadaveric
specimens and also a sample of patients at the
time of total knee arthroplasty.”” The study
found a smaller notch width in those subjects
with severe OA than in those with less severe or
no OA.

The studies conducted to date assessing the
morphology of the intercondylar notch have
focused on its width, either as an absolute
measure or as a ratio of the notch width to the
bicondylar width. A study by Anderson et al,
however, also examined the shape of the inter-
condylar notch using a subjective categorisa-
tion.” Five different shape categories were
illustrated which, it was suggested, formed a
continuum from an “inverted U” shape to a
“cresting wave” shape. It was noted that most
notches exhibiting narrowing fell towards the
wave shaped end of the continuum, though no
statistically significant relationship was found.
The authors of this study concluded that “the
shape of the notch may be of some significance
(in relation to ACL damage), though further
work is needed in this area.” The notch shape
may be of importance because femora could be
of equal notch width (or notch width index)
but have different shapes. Differently shaped
notches could provide very different volumes of
space for the cruciate ligaments. Alternatively,
the shape of the notch may have a more direct
impact on the functioning of the ACL.

We carried out a previous study, using
human skeletal material, to investigate the
shape of the distal femur, comparing osteoar-
thritic and non-osteoarthritic subjects.'* This
study suggested that a difference in the shape
of the intercondylar notch existed between the
two groups. However, this study was not
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directed specifically at intercondylar notch
shape and, using a landmark approach to
quantify the shape of the distal femur, used lit-
tle information about notch shape.

Given the potentially important link between
the intercondylar notch and knee OA we have
carried out a study to compare the notch shape
in OA and non-OA femora using skeletal
material. To do this, we quantified intercondy-
lar notch shape in two dimensions, in an objec-
tive manner, using all information available.

Material and methods

The study material comprised a sample of
adult femora taken from a large skeletal collec-
tion (approximately 2000 adult subjects) exca-
vated from a single site, the churchyard of St
Peter’s Church, Barton-on-Humber, in the
north of England. This churchyard was in use
from around AD 900 until being closed in 1850.
The study sample was originally drawn for an
earlier study and has been described else-
where." OA of the knee was defined as the
presence of eburnation (indicating full-
thickness cartilage loss) anywhere on the distal
femur. An attempt was made to identify every
subject within the skeletal collection fulfilling
this definition, and seek for each, two controls.
To qualify as a control, a subject needed to have
no evidence of eburnation at any joint site and
to have at least one undamaged femur usable in
this study. Standard anthropological tech-
niques were used for age and sex determina-
tion.” For the purposes of this study, and
owing to the limitations of these techniques,
subjects were aged as either over or under 45
years at death.

Twenty three subjects were found to have
distal eburnation on at least one femur. A pool
of potential control subjects was identified.
From this pool, 46 subjects were selected to
provide as close as possible a group of controls
with the same age and sex distribution. Owing
to missing femora, this selection resulted in 31
eburnated OA femora and 90 non-eburnated
control femora.

Postmortem damage further precluded the
use of 25 femora, leaving 96 for study. Seventy
two came from 36 subjects with two femora for
study and 24 from subjects with only one
femur for study. Of the 96 study femora, 21
were in the OA group and 75 in the non-OA
control group.

DATA CAPTURE
The distal end of each femur, viewed axially,
was filmed with a video camera. The camera
was fixed on a horizontal surface. The femora
were placed on this surface and allowed to rest
naturally on the posterior aspects of the femo-
ral condyles at the distal end and the greater
trochanter at the proximal end. This was
equivalent to viewing the femur from the distal
end with the knee in 90° of flexion. The
distance between the camera lens and each
femur was 30 cm. Each femur was rotated in
the horizontal plane until the articular surface
was parallel with the plane of the camera lens.
Black and white bitmap images (576%x768
pixels in size) were created by digitising the
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Figure 1 Example of digitised image.

video film. An example is shown in fig 1. All left
femora were reflected to produce “right”
images, so that the left side of any image indi-
cates the lateral side of the bone and the right
side the medial. The outline of the distal femur
was extracted by locating those pixels that lay
on the border of the bone. This outline was
stored as a vector of x and y coordinates taken
from the border pixel locations.

The region of the intercondylar notch was
defined as starting at the most inferior point of
the lateral condyle of the border of the bone
and continuing medially to the most inferior
point of the medial condyle. The most superior
point was also noted. Figure 2 indicates these
positions. Those points which lay within this
region were extracted for analysis. Postmortem
damage around the intercondylar notch region
of some femora precluded their use.

The length of the intercondylar notch was
scaled to be of unit length for each femur. Two
functions were used to represent the inter-
condylar notch, one for the medial edge of the
lateral condyle (running from the start of the
notch outline to the most superior point) and
one for the lateral edge of the medial condyle
(running from the end of the notch outline to
the most superior point). The functions were
translated to remove variation between femora
due to horizontal (lateromedial) positioning
within bitmaps. The functions were shifted so
that the central, vertical axis of each inter-
condylar notch was zero centred in the latero-
medial direction. Further scaling was em-
ployed to remove variability between femora
due to variable width size. For each femur, the
shifted functions were dilated so that the area

Most superior
point

Start of notch End of notch

Figure 2 Outline of the intercondylar notch.
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of each intercondylar notch was uniformly
adjusted to equal unit area. This process
resulted in each intercondylar notch shape
being represented as two scaled functions.

STATISTICAL METHODS
A mean intercondylar notch shape was calcu-
lated from the individual mean values of each
function. Mean shapes were calculated within
different subgroups for comparison.

A functional principal components analysis
was carried out on the two functions. Compu-
tationally, this was achieved using 100 equally
spaced points for each function (interpolated
using cubic splines), as outlined by Ramsay
and Silverman.'® Each principal component
can be considered as a “mode” of shape varia-
tion."”” A subset of the first principal compo-
nents was used for further analysis. Each mode
of variation captured by these components was
illustrated by showing the overall mean shape
minus two standard deviations of the compo-
nent and the overall mean shape plus two
standard deviations. Fisher’s discriminant
function'® was used to identify the direction of
maximal, between-group shape separation
within these components—that is, to identify
the mode of intercondylar notch shape varia-
tion that best distinguishes different groups of
femora. This was also illustrated by showing
the overall mean +2SDs. Generalised estimat-
ing equations'’ with a Gaussian error distribu-
tion were used to test formally for between-
group differences. A canonical correlation
analysis'® was undertaken to investigate sym-
metry of the shape of the notch using subjects
in which both femora were available for study.
Statistical significance was set at the 5% level.

Results

Of the 21 femora (seven subjects unilateral and
seven bilateral) for which eburnation was
evident at the distal end, 15 had eburnation of
the lateral patellofemoral region, three of the
medial patellofemoral region, two of the medial
tibiofemoral region, and one had eburnation of
both the medial tibiofemoral and patellofemo-
ral regions. The remaining 75 femora had no
evidence of eburnation at the distal end.

Table 1 presents the sex and age distribu-
tions within each group. The percentages
shown exclude those femora for which infor-
mation was not available. The eburnated and
non-eburnated femora were similar in both age
and sex distribution. About 60% of each group
came from women and the majority (around
90%) came from subjects aged over 45 at
death.

Table 1 Age and sex distributions of 96 femora used for
analysis. Data shown as No (%)

All femora Eburnated Non-eburnated

(n=96) (m=21) (n=75)
Male 40 (43) 8 (40) 32 (44)
Female 53 (57) 12 (60) 41 (56)
Unsexed 3 1 2
<45 years 709 1(11) 6 (9)
>45 years 68 (91) 8 (89) 60 (91)
Unaged 21 12 9
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Lateral

Figure 3 Mean intercondylar notch shape.

Figure 3 shows the mean intercondylar
notch shape, using all 96 femora. The lateral
aspect of the medial condyle shows a marked
concavity. The medial aspect of the lateral con-
dyle is, in comparison, much flatter. The notch
appears to turn laterally in the superior
direction.

The first five principal components ac-
counted for over 81% of the total sample vari-
ation. The sixth component accounted indi-
vidually for less than 3% of the total variation.
The first five components were, therefore, used
for further analyses.

Figures 4 A-E illustrate the modes of shape
variation captured by these components (mean
+2SDs). The first component illustrates vari-
ability mainly with respect to the lateral aspect
of the medial condyle. Interestingly, this
component seems to reflect the continuum of
shapes illustrated by Anderson er al; the
negative end corresponds to the wave shaped
end of their spectrum and the positive to the
inverted U shaped end. The second captures
variability, mainly in the shape of the medial
aspect of the lateral condyle. The third and
fourth components capture complex variability
in the shape of both condyles, contrasting
straight edges with more curved edges. The
fifth component captures relatively minor vari-
ability, mainly in the medial aspect of the lateral
condyle.

Figures 5A and B show the mean eburnated
and non-eburnated intercondylar notch
shapes. Figure 6 illustrates the mode of shape
variation best discriminating between these
two groups. There was a significant mean
difference in this mode of shape variation
between eburnated and non-eburnated femora
(p=0.002, generalised estimating equation).
The eburnated femora appear, on average, to
have straighter, less concave medial edges than
the non-eburnated femora. Further, the ebur-
nated femora had generally more symmetrical,
straight shapes compared with the laterally
curving shapes of the non-eburnated femora.

The same process was carried out to
compare shape differences between age groups
and sexes. There was no significant difference
between age groups (p=0.152, generalised
estimating equation), but there was a signifi-
cant difference with respect to sex (p=0.022,
generalised estimating equation). Figure 7
shows the mean shapes and fig 8 illustrates the
mode of shape variation best discriminating
between the sexes. The male intercondylar
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First component (34%)

Lateral

Shape of the intercondylar notch of the human femur

B
Lateral

Fourth component (8%)

notches (figure 7A) appear, on average, to have
a greater concavity of the medial edge and a
lateral “turn” in the superior direction. The
difference between men and women is similar

Figure 5 (A) Eburnated and (B) non-eburnated mean
intercondylar notch shapes.
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Lateral
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Lateral
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Figure 4 Illustration of first five principal components (with percentage of total variation). Solid line = mean + 2S8Ds of the principal component; dashed
line = mean — 28Ds of the principal component.

to that between the non-eburnated and ebur-
nated femora.

The canonical correlation analysis was car-
ried out on the 72 femora from the 36 subjects
with both left and right femora present for
study in order to investigate the possibility of
symmetry in the shape of the intercondylar
notch. The first four canonical correlation
coeflicients were all statistically significant and
ranged in value from 0.826 to 0.529, providing
evidence of symmetry of the left and right
intercondylar notch shapes.

Discussion

It has frequently been suggested,”' with
evidence, that the width of the intercondylar
notch of the femur is related to the occurrence
of ACL damage: smaller notches are more
likely to be associated with ACL damage than
larger ones. It has further been suggested that
the shape of the notch may also be important.
Given a relationship between cruciate ligament

Lateral

Figure 6  Illustration of discriminant function between

eburnated and non-eburnated femora. Solid line = mean +
2S8Ds; dashed line = mean — 2SDs.
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Figure 7 (A) Male and (B) female mean intercondylar
notch shapes.

damage and knee OA it is a logical step to con-
sider the relationship between intercondylar
notch morphology and knee OA directly.

Skeletal material lends itself well to the study
of OA* because patent signs of its presence can
be viewed clearly and directly. However, it has
clear limitations. Any study using skeletal
material is necessarily cross sectional and can-
not involve any clinical features of knee OA.
The definition of OA for this study was based
upon the presence of eburnation of the articu-
lar surface. This is indicative of full thickness
cartilage loss and therefore late stage OA. Pos-
sibly, subjects in our control group also had
OA, but at an earlier stage. The effect of this
misclassification would be an underestimation
of the true difference in notch shape between
OA and non-OA femora.

Lateral

Figure 8 Illustration of discriminant function berween
men and women. Solid line = mean + 2SDs; dashed line =
mean — 2S8Ds .
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Functional principal components analysis,
combined with classical discriminant analysis,
provided a means of quantifying shape variabil-
ity and assessing between-group differences
while facilitating a visual presentation of those
differences and overall variability. We found
considerable variability in the shapes of the
intercondylar notch of the femora we exam-
ined. The first principal component appeared
to capture the spectrum of shapes suggested by
Anderson ez al,” and accounted for one third of
the sample variation. It should be noted that
this degree of variation is pertinent to this study
sample which, given the age and sex distribu-
tion, is not representative of the general popu-
lation; possibly, in the general population this
spectrum may account for a different propor-
tion of variation and perhaps be a more
“important” spectrum of shapes. The remain-
ing components illustrated further modes of
complex shape variability.

We found a statistically significant difference
in the shape of the intercondylar notch between
the OA and non-OA control groups. This
difference is concordant with our previous
study," but because many of the femora used
here were also used in the previous study it
would be inappropriate to consider this as a
confirmatory study. Rather, it provides a more
detailed and informative analysis of inter-
condylar notch shape. The difference was
largely in the lateral aspect of the medial
condyle, with the non-OA group exhibiting, on
average, a wave shaped notch, whereas the OA
group exhibited a more inverted U shaped
notch. Interestingly, Anderson ez al, reported
that the wave shaped notch related to a smaller
width, which is perhaps contradictory to what
was observed here. One might naturally expect
the OA group to have more narrow notches
and thus have the wave shaped notch. How-
ever, in the study by Anderson ez al there was
no statistically significant relationship, and
classification of notch shape was a subjective
matter.

The observed difference in shape might be
congenital and one that increases the risk of
ACL damage (or perhaps alters knee mechan-
ics through some other route) and is, therefore,
a genuine risk factor for knee OA. However,
other than a possible decrease in the overall size
of the notch, the effect of the observed shape
difference on the ACL is not immediately
apparent. The medial aspect of the lateral con-
dyle is known to impinge on the ACL in hyper-
extension or external rotation of the tibia, but
little difference was found for this side of the
notch. An alternative explanation of the shape
difference is simply that it is due to a remodel-
ling of the medial condyle (consistent with a
varus deformity) and the development of
osteophytes purely secondary to the onset of
OA. This may be a phenomenon related
neither to the initial development nor the sub-
sequent progression of knee OA. A third possi-
bility is that the shape difference is indeed sec-
ondary to the onset of OA, but the remodelling
of the intercondylar notch then leads to ACL
damage, which in turn leads to joint instability
(or further joint instability), resulting in an
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acceleration of the condition. This might
explain why some patients with knee OA may
remain relatively stable over a period of years,
whereas others may deteriorate rapidly in a
short space of time. This scenario is essentially
the hypothesis of Wada ez al."” In their study of
notch width and knee OA they reported that
damage to the ACL was only found in those
subjects with severe disease and suggested that
a narrowing of the notch occurs after the onset
of OA, leading to ACL damage, knee instabil-
ity, and disease progression.

We found no evidence of a difference with
respect to age group. This is perhaps not
surprising, however, because very few subjects
included in the study sample were estimated to
be under the age of 45 years at death.

We found a statistically significant difference
with respect to sex. This again included not
only a difference in the lateral aspect of the
medial condyle (men having generally a more
concave edge) but also included a marked dif-
ference in the medial aspect of the lateral con-
dyle and also the superior lateral corner of the
notch. This difference is unlikely to be an effect
of the OA difference because the sex distribu-
tion of the OA and non-OA groups was very
balanced. A difference in the medial aspect of
the lateral condyle was also noted. It is of inter-
est to note that some studies have reported a
difference in notch width between men and
women. Shelbourne ez a/ found that women
have smaller notches than men, irrespective of
height." Souryal ez al also found that the inter-
condylar notch width index was smaller in
women than in men and stated that this was
not due to a disparity in bone size or overall size
but simply that the notch in men actually
occupies relatively more space in the distal
femur than in women.’ This is not a universal
finding, however, as neither LaPrade and Bur-
nett nor Teitz et al found a statistically
significant difference in notch width between
men and women.? ** The issue, in the context
of OA, is an important one. The risk of knee
OA is higher in women than men.”” One would,
therefore, expect risk factors for knee OA also
to vary between the sexes, of which this might
be an example.

This study has identified a systematic differ-
ence in the shape of the intercondylar notch of
the femur between eburnated and non-
eburnated femora. We have taken the presence
of eburnation as indicative of late stage OA.
Possibly, a difference in the shape of the inter-
condylar notch is a risk factor for knee OA but
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this can only be speculated about given the
cross sectional nature of the study. Further
clinical studies would be necessary to provide
conclusive evidence.

We thank Gerry Barber for her assistance with this project. This
work comprises part of the doctoral work by Dr L. Shepstone,
supported by a generous studentship (K0516) from the Arthri-
tis Research Campaign.
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