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Abstract. Our objective was to test the hypothesis that focal diurnal
changes occur in the femoral articular cartilage of the knee in asymp-
tomatic young adults. Six volunteers each were scanned early in the
morning, and at the end of a working day spent mainly standing. This
protocol was repeated on three successive weeks. Femoral cartilage seg-
mentations were obtained using a region-growing algorithm. These seg-
mentations then were regridded onto a 500-pixel template, and differ-
ences in the resulting thickness maps were assessed. Analysis of variance
showed no significant diurnal variation in mean thickness. There were,
however, statistically-significant diurnal changes in the thickness maps.
Cartilage thickness decreased during the day in three specific locations
which suffer the greatest biomechanical force.

1 Introduction

Osteoarthritis (OA) is one of the principal causes of disability in elderly people.
The disease is characterised by focal structural changes, and eventual loss, of
articular cartilage. The knee joint is often most severely affected, and anatomical
locations suffering the highest biomechanical force are most likely to exhibit
cartilage damage.

Recently, it has become possible to measure accurately and precisely the
volume of the articular cartilage with MRI [13,4]. Fat-suppressed 3D spoiled
gradient-echo MRI has been widely adopted, and provides good contrast with
reasonable scanning times. However, because of the shape of the cartilage, man-
ual segmentation of the images is tedious, so that for large-scale studies, it is
desirable to develop semi-automatic techniques [6]. It now appears possible that
MRI assessment of cartilage volume will be accurate and precise enough to mea-
sure OA disease progression and therapeutic intervention in small-scale trials,
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unlike the X-ray assessment of joint-space narrowing [3] which has poor sta-
tistical power. Before MRI can be employed in prospective controlled trials of
structure-modifying (cartilage-preserving) drugs, however, it will be essential to
understand potential confounding factors, such as diurnal variation.

Recently, we have described [7] a study seeking evidence for diurnal varia-
tion in the volume of the femoral articular cartilage in young adults. In that
work, there was no evidence for diurnal change in cartilage volume: the aver-
age volume change (PM MINUS AM) was −0.0010cm3 (95% confidence inter-
val −0.0945 to +0.0745), a decline of 0.1%. However, because OA is a disease
of focal changes in the articular cartilage, we wished to determine whether re-
gional diurnal changes could be detected in this data set. Further, we required
a method of analysis which incorporated no preconceptions about the location
or nature of the putative focal changes. It was therefore necessary to develop
an objective method for significance testing of focal changes in a population of
knees. The aims of this study were, therefore, to determine whether focal diurnal
variations occur in the femoral articular cartilage of the knee.

2 Cartilage Data

Six volunteers (three male, three female), aged 21–25, without symptoms of
any musculoskeletal disorder, were imaged in the morning (AM) at 07:45, and
at 16:45 near the end of their working day (PM). Their days were spent predom-
inantly in the laboratory, mostly standing at a bench. The imaging protocol,
which is described below, was repeated on three consecutive weeks. One of the
volunteers was not imaged at week two, giving a total of 34 scans.

2.1 Imaging Protocol

The MR parameters were [6]: field strength 1.0T (Siemens Impact); sagittal 3D
spoiled gradient echo; fat saturation; TR 47 msec; TE 11 msec; flip angle 40o;
192 phase-encoding steps; 64 slice partitions; matrix zero-filled to 256 × 256;
FOV 140 mm; no signal averaging, giving voxel dimensions 0.55 × 0.55 × 1.56
mm.

2.2 Segmentation

There are various approaches to segmentation of the articular cartilage. This
study employed a data-driven segmentation method (‘Tosca’ version 2.3) (IBM,
Winchester, UK) [5] giving rapid and precise measurements of volume and thick-
ness assessment at sub-voxel resolution. All segmentations were performed by
the same operator (J.E.F) and all the femoral cartilage was included in the
analysis. To segment the femoral articular cartilage, a seed-point was placed
within the area to be analysed. A region grower algorithm [15] was then started
using interactively-determined values for the cartilage. The procedure was re-
peated for each slice in the data set. To ensure anatomical accuracy, minor ad-
justments to the segmented regions were required occasionally. A proportion of
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the segmentations were checked by a musculoskeletal radiologist (I.W.). J.E.F.’s
intra-observer coefficient of variation with this approach is 1.5% [6]. This semi-
automatic technique was considerably faster than manual segmentation. The
latter can be rather operator-dependent and, because of the time-consuming
nature of the operation, prone to errors due to operator fatigue. Typically a
complete semi-automatic cartilage volume measurement was produced in less
than an hour.

3 Thickness Mapping

The 3D thickness distribution of the cartilage was obtained by a generalisation
of a method previously used in 2D [16]. In 3D, the method consists of three
stages:

1. Each of the contours of each of the cartilage segmentations was used as
input data to an automatic landmark generation algorithm. This produced
the same number of corresponding points on each of the contours across all
cartilage examples.

2. Each of the cartilage examples was re-sampled by linear interpolation to
contain the same number of corresponding slice contours, each with the
same number of defining points.

3. Thickness measurements were made at a number of corresponding points
defined by a medial axis for each slice of each cartilage example.

These stages will now be described in more detail below.

3.1 Generating Correspondence between Contours

An automatic landmark generation algorithm [8] was used to create sets of cor-
responding landmarks on each of the slice contours of each of the segmented
cartilage examples. This approach is possible because the topology of the slice
contours does not change in a set of sagittal scans of the femoral cartilage. The
algorithm is based upon a pair-wise corresponder which is used to match pairs
of input shapes and measure the cost of these matches. The corresponder is
used to produce a matrix of match costs between all pair combinations of the
set of input shapes. The pairs with smallest matching costs are then merged to
produce mean shapes. These mean shapes comprise the next level of a binary
tree of merged pairs. Pairs of shapes are matched and merged at each level until
a single mean shape exists at the root of the tree, the input shapes being the
leaves of this tree, see Fig 1. A set of Nl landmarks may be placed upon the mean
shape at the root using, for example, a critical point detection algorithm [17].
These landmarks may then be propagated through the branches of the tree to
the leaves using the fact that correspondences exists between each pair and its
mean. In this way, a set of Nl corresponding landmarks is produced on each of
the input shapes.
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Fig. 1. A binary tree of merged shapes is produced using a pair-wise correspon-
der. Landmarks are propagated from a single mean shape at the root of the tree,
to the example shapes at the leaves.

The pair-wise corresponder takes a pair of densely sampled shape boundaries,
A and B, and produces a sparse set of corresponding of point pairs on those
boundaries in three stages:

1. Sparse polygonal approximations to A and B, A′′ and B′′, are generated
using the critical point detection algorithm of Zhu and Chirlian [17]. These
are simply sparse representations of A and B - no correspondences are es-
tablished at this stage and the two polygons will normally have differing
numbers of vertices; nA′′ �= nB′′ .

2. An initial estimate of corresponding sparse polygons, A′ and B′ are made.
This stage uses a correspondence algorithm based on arc path length. The
assumption is made that if a proportion of the boundary, say 5%, of the arc
path length of A exists between two of the vertices of A′′, then there should
be 5% of the arc path length of B between the two points on B which
correspond with those on A′′. A least-squared Euclidean distance metric
between sets of corresponding points is used to optimise this correspondence.

3. The initial set of correspondences generated in stage 2. is refined. This stage
uses a greedy optimisation scheme to modify the correspondence pairs. This
produces sparse polygons A′ and B′ which are similar in shape to one an-
other and have similar representation errors with respect to their defining
boundaries A and B.

3.2 Slice Interpolation

Correspondence between contours of each segmentation is not sufficient to pro-
duce a mapping between each segmentation example. We require correspondence
between surfaces. This is achieved by linearly interpolating a new set of Nc slice
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contours between the first and last of the stack of contours representing each
segmentation, see Fig 2. Each segmentation is now represented by a set of Nc

contours, each having Nl defining vertices.

Fig. 2. Each example must have the same number of contours, each with the
same number of defining vertices.

3.3 Thickness Computation

The medial axis of the points in each re-interpolated slice was found using the
algorithm described by Shapiro [14]. A set of Nt equally-spaced points was gen-
erated along the medial axis. For each point, the thickness of the cartilage was
given by the distance between the intercepts of the normal to the axis with the
inner and outer surface, as shown in Fig 3.

The points, (xi
j , y

i
j) and (y

o
j , xo

j ), of intersection of the normal to the jth point
along the medial axis with the inner and outer surface respectively, are found
by solving the equations,

(xm
j − xi

j) cos θ + (ym
j − yi

j) sin θ = 0
(xm

j − xo
j ) cos θ + (ym

j − yo
j ) sin θ = 0 (1)

where j = 1 . . .Nt. The thickness, t of the cartilage at each point is given by

tj =
√
(xi

j − xo
j )2 + (yi

j − yo
j )2. (2)

This slice-by-slice method overestimates thickness where the slice plane
is < 90o to the surface, e.g. between the condyles: however since the thrust
of our work is to measure differences in thickness, these small systematic errors
should cancel. In any case most of the condylar surface, both load-bearing and
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Fig. 3. Thickness measurements made in 2D along the medial axis of the contour
defining the cartilage on one slice.

non load-bearing is very close to 90% to the sagittal plane. By measuring the
thickness with respect to the medial axis, the measurements are robust to small
indentations on the cartilage surfaces.

3.4 Thickness Maps

The resulting thickness distribution maps are analogous to those obtained by
other workers using different algorithms [12,10]. Each 3D example was re-sampled
to produce a correspondence of Nc = 25 sagittal slices with Nl = 38 landmarks
as defining vertices. The medial axis of each slice was sampled to give Nt = 20
thickness values so that a 25× 20 point thickness map was generated. The diur-
nal change for each subject on each day was represented in the difference map,
PM MINUS AM. The population mean diurnal difference was obtained from
the mean of all seventeen PM MINUS AM maps. Additionally, a mean thickness
value was calculated from each of the 34 thickness maps.

4 Statistical Analysis of Global Changes

Analysis of variance was used to test the hypothesis that there was a diurnal
change in the mean thickness. The data were fitted using date, time of day and
gender as fixed terms and subject-within-gender as random. To judge date, time
of day, their interaction and how each interacts with gender, their interaction
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with subjects-within-gender were also fitted. The reproducibility of the method
was assessed from the test-retest coefficient of variation (CoV). For each sub-
ject, i, the CoV is the standard deviation, σi, for a series of measurements on
that subject, divided by the mean volume, µi, for the subject. The overall test-
retest CoV for a group of N subjects is then

√∑
i(σi/µi)2/N . An assessment

of the ability of the method to measure small weekly changes was obtained from
the sum of the week-to-week term (i.e. variance for a volunteer of a given gender
on a given date) σ2

subj(date×sex) and the residual term σ2
residual in the analysis of

variance: the CoV for a weekly difference is then
√
2(σ2

subj(date×sex) + σ2
residual)∑

i µi/N
. (3)

5 Statistical Analysis of Regional Changes

To test whether there was a statistically significant pattern of diurnal redistri-
bution of the cartilage thickness, a principal component and linear discriminant
analysis of the 34 thickness maps was performed. This analysis was undertaken
without any prior assumptions about which locations might be most susceptible
to diurnal change.

– With the assumption of identical covariance matrices for the two groups, a
Principal Component Analysis (PCA) [9] on normalised thickness vectors,
t, was performed, giving a set of eigenvectors, P.

– The original vectors were projected onto the eigenvector basis P, giving tP.
This is a data reduction step which helps to reduce the complexity of the
problem.

– A Linear Discriminant Analysis was performed on the projected vectors,
using AM and PM thickness patterns as separate classes. This gave the
vector, d, which provided the best discrimination between AM and PM.

– The eigenvectors, tP, were projected onto the discriminant vector d, giving
tPd.

– The scalar values derived from this projection for each thickness map were
tested to see if there were significant differences between the AM and PM
maps, using the two-tailed Student’s t-test.

6 Results

6.1 Mean Thickness

Analysis of variance (Table 1) also showed no evidence of diurnal variation in
mean thickness. There was a trend to thicker cartilage in males than females,
consistent with previous observations from MRI in young people [2,11].
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Term Cause of variation Mean thickness / mm

Fixed terms Effect (95% confidence interval)

sex male minus female 0.52(1.07,-0.03) P = 0.059
date week 1 vs week 2 vs week 3 0.11(-0.24,0.36) P > 0.05
time AM minus PM 0.02(0.22,-0.17) P > 0.05

Random terms Contribution to total variance

subj(sex) given gender 53.8% P = 0.036
subj(date×sex) given gender on given date 25.5% P = 0.006
subj(time×sex) given gender at given time 12.4% P = 0.02

residual 8.3%

Table 1. Analysis of variance for mean thickness. For the fixed term date, data
shown are for week 1 minus week 2; for week 1 vs week 3, and for week 2
vs week 3, (not shown) the effects were similar (all P > 0.05). Also included
in the analysis of variance were the four cross terms (time×sex), (time×date),
(date×sex) and (time×date×sex). These were fixed in the analyses, and none
was significantly different from zero. P is the probability that a term contributed
to the residual a significant additional source of variance. Although the terms
‘subj(date×sex)’ and ‘subj (time×sex)’ appear significant, the significance was
lost when the outlying data from volunteer at week 3 were omitted.

6.2 Spatial Dependence of Thickness

We sought to test the hypothesis of focal diurnal changes in regional thickness,
perhaps associated with regions of mechanical loading. Fig. 4 is a colour map
showing the mean of all seventeen PM MINUS AM maps. Cartilage thickness de-
creased during the day in specific locations: in the patellofemoral compartment,
in the lateral tibiofemoral compartment, and in the medial tibiofemoral compart-
ment. Elsewhere cartilage volume was unchanged or became thicker. Projection
of the original thickness vectors, t, onto the first two principal components of
the PCA analysis showed a clear separation between the different subjects, but
did not separate the AM and PM images. However a significance test of the pro-
jection tP of the measurement vector onto the discriminant mode, giving tPd,
showed that this diurnal change in the distribution of cartilage thickness was
indeed statistically significant (p < 0.05). This discriminant vector is shown in
Fig. 5.
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Fig. 4.Overall cartilage thickness difference map, i.e. the average of seventeen in-
dividual AM MINUS PM difference maps. The scale represents thickness change
in mm. During the day, cartilage thickness decreased by ∼ 0.5 mm in dark blue
regions, while in red regions thickness increased by ∼ 0.5 mm. Patellofemoral
compartment is at right of figure, medial tibiofemoral compartment is bottom
left in figure, lateral tibiofemoral compartment is top left.

Fig. 5. Two instances of the principal components of the diurnal thickness vari-
ation. By moving along the vector which best discriminates between AM and
PM measurements in the space of the principal components, we can examine
the local changes to the cartilage thickness. These two figures show extremes
in variation at +2 and -2 standard deviations from the mean of the cartilage
thickness. The red areas are those which exhibit the greatest deviations from
the mean, while the blue areas exhibit the least variation.
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7 Conclusions

Patients with OA lose cartilage not uniformly, but preferentially at certain lo-
cations, so that focal measurements of thickness will provide more information
than volume alone, provided that good statistical power can be achieved. The
method employed in this study allows multiple images from the same or differ-
ent subjects to be regridded onto a standard template. Image analysis using this
standard template allowed an objective evaluation of regional thickness changes
common to our population, and allowed tiny physiological changes in articular
cartilage thickness to be detected from data acquired using a standard clinical
MRI protocol. A strength of the approach is that the evaluation is not influenced
by prior expectations about which locations might be most likely to change. Nev-
ertheless, diurnal cartilage thinning in this study was observed precisely at those
sites known to be most susceptible to OA [1].

References

1. P. G. Bullough. Osteoarthritis and related disorders: pathology. In J. H. Klippe
and P. A. Dieppe, editors, Rheumatology, volume 2, pages 8.8.1–8.8.8, London,
1998. Mosby Yearbook. 337

2. M. Cova, F. Frezza, I. Shariat-Razavi, M. Ukmar, R. S. P. Mucelli, and L. D.
Palma. Valutazione con risonanza magnetica degli aspetti della cartilagini ialine
articolari del ginocchio in funzione dell’età, del sesso e del peso corporeo. Radiol.
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