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Abstract. A method for automated determination of the distribution
of hip joint cartilage thickness from in vivo magnetic resonance (MR) im-
ages is described. Three-dimensional (3-D) filtering techniques are com-
bined with the shape constraint of the ball and socket constitution of the
hip joint to accurately detect and quantitate thin structures of cartilages.
The method consists of three steps: 3-D cartilage enhancement filtering,
detection, and quantification. First, the cartilage and articular space re-
gions in MR images are effectively enhanced by 3-D radial directional
second-derivative filtering based on the sphere approximation of the hip
joint. Next, the initial regions of the cartilages and articular space are
detected from the filtered images using thresholding and connectivity
analysis. The boundaries of these regions provide the initial descriptions
for the subsequent refinement processes. Finally, the boundaries of carti-
lage regions are accurately localized and quantitated three-dimensionally
through subpixel edge searching. The effect of partial voluming on the
accuracy of the estimated thickness is evaluated by means of software
simulation studies, and the usefulness of the method is demonstrated
through experiments using in vivo MR images of a normal volunteer and
actual patients.

1 Introduction

Because determining the distribution of articular cartilage thickness is consid-
ered to be particularly important in the diagnosis of joint diseases, especially in
their early stages, in vivo determination of cartilage thickness has received con-
siderable attention. Magnetic resonance (MR) imaging is regarded as the most
suitable modality for cartilage imaging because it provides inherently higher
contrast with surrounding tissues than computed tomography (CT) [1]. Several
successful results have been reported with respect to knee joint cartilage deter-
mination from in vivo [3,4] as well as in vitro MR images [2]. In the case of
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hip joint cartilage, however, although in vitro thickness measurement have been
studied [5,6,7,8], no practical method applicable to in vivo MR images has yet
been reported.

In the work reported in this paper, our aim was to develop a computerized
method for the segmentation and thickness quantification of hip joint cartilage
from in vivo MR images of the type that are obtained routinely. MR images are
acquired during leg traction so as to clearly depict the articular space, which
permits the discrimination of the femoral and acetabular cartilages [9]. Our
intention is to use the method we have developed in clinical studies to investigate
the relationship between the progress of joint diseases and cartilage thickness
distribution, which will require its application to a large set of data obtained from
patients and normal volunteers. This means that segmentation from surrounding
tissues and thickness quantification need to be carried out without painstaking
operator interaction yet with acceptable accuracy.

Our approach is to use three-dimensional (3-D) filtering techniques com-
bined with the shape constraint of the ball and socket constitution of the hip
joint to accurately detect and quantitate thin cartilage structures. The method
consists of three steps: 3-D cartilage enhancement filtering, initial segmentation
of cartilage regions, and accurate determination of cartilage edges for thickness
measurement. Thin parts of cartilage are easily disposed to collapse due to noise,
low resolution, and/or the partial volume effect. Filtering techniques designed
to enhance small collapsed vessels in 3-D images, such as those obtained in MR
and CT angiography, have been studied [10]. We use such a filter to enhance the
cartilage regions and the articular space regions between femoral and acetab-
ular cartilages, which enhances sheet-like structures but is modified based on
the constraint of the spherical shape of hip joint. The subsequent cartilage seg-
mentation is significantly improved using the filtered images. The boundaries of
these segmented regions provide good initial points for final subpixel localization
of cartilage edges.

2 Methods

The method fully utilizes the constraint of the hip joint shape. That is, it assumes
that both the femoral and acetabular cartilages are distributed on a spherical sur-
face. The thickness is measured radially from the center point of a sphere, which
is an approximation of the femoral head. We define the locations of cartilage
edges as the zero-crossing points of directional second derivatives of Gaussian-
smoothed 3-D images. The directional second derivatives are taken in radial di-
rections from the center point of the sphere that approximates the femoral head.
The problem is how to search for and select the outer and inner edges of the
femoral and acetabular cartilage regions from among all the zero-crossing points
detected along each radial direction. Our approach is to extract the approximate
cartilage and articular space regions so that their boundaries provide good ini-
tial points for the zero-crossing search. Multi-scale directional second-derivative
filters are used to enhance the cartilages and the articular space between the
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femoral and acetabular cartilages, which facilitates segregation from surround-
ing tissues and the recovery of thin structures that have collapsed due to noise
and/or the partial volume effect. Thresholding and connectivity analysis are
then applied to extract the approximated cartilage and articular space regions.
Even though the boundaries of these extracted regions do not exactly coincide
with the zero-crossing positions, the search process successfully locates them by
a simple ascending/descending method if the boundary is situated within the
slope region that includes the zero-crossing we are seeking and does not include
any local maxima and/or minima. In the following sections, each step of the
method is described in detail.

2.1 Interpolation and Cartilage Enhancement Filtering

3-D MR images are interpolated using sinc interpolation [10] such that each
voxel is isotropic in all three directions and, further, so the image size is doubled.
Let I(x) be the interpolated original 3-D MR image and∇2I(x;σ) be the Hessian
matrix of the 3-D MR image blurred by the isotropic Gaussian function with
the standard deviation σ, which is given by

∇2I(x;σ) =




Ixx(x;σ) Ixy(x;σ) Ixz(x;σ)
Iyx(x;σ) Iyy(x;σ) Iyz(x;σ)
Izx(x;σ) Izy(x;σ) Izz(x;σ)


 , (1)

where partial second derivatives of the Gaussian blurred image I(x;σ) are rep-
resented by expressions like Ixx(x;σ) = ∂2

∂x2 I(x;σ), Iyz(x;σ) = ∂2

∂y∂z I(x;σ), and

so on. Here, Ixx(x;σ) is computed by { ∂2

∂x2 G(x;σ)} ∗ I(x), where G(x;σ) is the
3-D isotropic Gaussian function and ∗ denotes the convolution.

Figure 1(a) shows a typical MR image of the hip joint cartilages. The bright
regions of the femoral and acetabular cartilages are separated by the dark region
of the articular space. Both the cartilage and articular space regions are typically
sheet-like structures with spherical shapes in 3-D.

The cartilage and articular space enhancement filters are based on multi-scale
directional second derivatives whose directions are the 3-D radial directions from
the specified center point of a sphere that approximates the femoral head. Let c
be the center of the spherical approximation of the femoral head. The cartilage
enhancement filter to enhance bright structures is given by

Icartilage(x) = max
i

{−D(x;σi, c)}, (2)

where
D(x;σi, c) = r�∇2I(x;σi)r, (3)

in which r = x−c
|x−c| .

Similarly, the articular space enhancement filter to enhance dark structures
is given by

Ispace(x) = max
i

D(x;σi, c), (4)
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Figure 1(b) shows a filter-enhanced image of the cartilages. During this stage
of the process, operator interaction is necessary to specify the center point c of
a sphere that approximates the femoral head, which is a simple task that does
not involve trial and error.

2.2 Segmenting Cartilage and Articular Space Regions

The filtered images Icartilage(x) and Ispace(x) are thresholded, with the thresh-
old values being determined through operator interaction. Using connectivity
analysis, the approximated regions of the acetabular cartilage Sacet, the femoral
cartilage Sfem, and the articular space Sspace are extracted.

Figure. 1(c) shows the result of thresholding a cartilage-enhanced image. In
Figs. 1(f) and (g), 3-D surface renderings of cartilage-enhanced and original MR
images are respectively depicted. Comparison of these images clearly demon-
strates the usefulness of cartilage enhancement filtering. Figure 1(d) shows the
result of femur cartilage, acetabular cartilage, and articular space segmentation.
Note that the boundaries of the cartilage regions provide good approximations
of the inner edges (bone-attached) of the cartilages, while the articular space
boundaries furnish outer edge approximations in the area where the acetabular
and femoral cartilages overlap.

During this stage, operator interaction is needed to specify the threshold
value and any one point included in the connected components. The operator
often needs to manually remove unwanted connections to segments outside the
regions.

2.3 Subpixel Edge Localization and Thickness Determination

The extracted 3-D cartilage regions are thinned to a width of one voxel by non-
maximum suppression along the radial directions of filter-enhanced cartilage
images. A cartilage thickness is assigned to each point of the thinned acetabular
and femoral cartilage regions.

For each point of the thinned cartilage regions, the profile of the directional
second derivative D(x;σe, c) is reconstructed along the radial directional line
that passes through this point and originates from center point, c, of the sphere
approximating the femoral head. Here, σe is the standard deviation of the Gaus-
sian blur combined with the second derivative computation. Similarly, binary
profiles are reconstructed along the same radial directional line for the binary
images of the segmented acetabular cartilage Sacet, femoral cartilage Sfem, and
articular space Sspace.

The profile reconstruction is performed at subpixel resolution by using a tri-
linear interpolation for the directional second derivative and a nearest-neighbor
interpolation for the segmented cartilages and articular space images. Let D(r)
be the profile of the radial directional second derivative, and let Sacet(r), Sfem(r),
and Sspace(r) be the profile of the segmented binary images. Here, r denotes the
distance from the center of the sphere approximation, c.



342 Yoshinobu Sato et al.

Cartilage edges are localized in two steps: finding the initial point for the
subsequent search using Sacet(r), Sfemur(r), and Sspace(r), and then searching
for the zero-crossing of D(r). Figure 1(e) shows a zero-crossing map of D(x;σe, c)
as the binary image thresholded by zero.

In the edge localization of acetabular cartilage, the initial point of the inner
edge, pin0 , is given by the maximum value of r that satisfies Sacet(r) = 1 if it ex-
ists. Otherwise, the edge localization process terminates. The initial point of the
outner edge, pout0 , is given by the maximum value of r that satisfies Sspace(r) = 1
if it exists. If Sspace(r) = 0 and Sfemur(r) = 0 for all r, pout0 is given by the
minimum value of r that satisfies Sacet(r) = 1. Otherwise, the edge localization
process terminates.

Given the initial point of the search, if D(pin0) < 0, search outbound (the
direction in which r increases) along the profile for the zero-crossing position pin.
Otherwise search inbound. Similarly, if D(pout0) < 0, search inbound toward the
center along the profile for the zero-crossing position pout. Otherwise search
outbound. The thickness, tacet, is given by |pin − pout|.

Localization of the femoral cartilage edges and thickness determination are
done in a similar manner.

3 Experimental Results

3.1 Imaging Protocol and Implementation of the Method

3-D MR images of sagittal and coronal sections were obtained using 3-D-spoiled
gradient-echo sequences (SPGR) with a surface coil [9]. Each 3-D MR image
consists of 60 slices of a 256 × 256 matrix obtained with a 160-mm field of view
(FOV) and a 1.5-mm slice thickness. Since 160

256 = 0.625 (mm), the original voxel
size was 0.625× 0.625× 1.5 (mm3).

The original MR images were trimmed and then interpolated to make voxels
isotropic and to double the resolution as described in Section 2.1. In the cartilage
enhancement filtering, the three standard deviations of Gaussian blurring were
used; their values were σi = 2(i−1)/2 (pixels), where i = 1, 2, 3. Here, one pixel
corresponded to 160

2×256 � 0.31 (mm) since the resolution was doubled. Details of
the implementation of the second derivative computation combined with Gaus-
sian blurring to obtain the Hessian matrix are described in [10]. In the cartilage
edge localization, σe = 1 (pixel) was used for the zero-crossing search of the
directional second derivative D(x;σe, c).

3.2 Synthesized Images

To evaluate the accuracy limits of the method, we used 3-D synthesized images in
which the partial volume effect was simulated. Each original synthesized image
consisted of a 600 × 600 × 600 matrix, which was reduced to 60 × 60 × 25 by
averaging a 10 × 10 × 24 region to simulate partial voluming. We regarded the
voxel size of an original image to be 0.0625× 0.0625× 0.0625 (mm3). Thus, the
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voxel size of the reduced image was 0.625 × 0.625× 1.5 (mm3), which was the
same voxel size as the real MR images. The images included a sheet structure
with a bar profile of a constant thickness distributed on a sphere with a 40-mm
diameter, which is a typical diameter of the femoral head. The reduced images
were interpolated to obtain a 120× 120× 120 matrix using sinc interpolation as
described in Section 2.1. Other reduced images with 120 × 120 × 120 matrices
were also generated from the original synthesized images by averaging a 5×5×5
region to simulate “high-resolution” MR imaging.

Figure 2(a) shows the mean of estimated thickness of sheet structures with
a constant thicknesses in the slice passing through the sphere center, where the
effect of partial voluming on accuracy should be minimal. Figure 2(b) shows
the estimated thicknesses in the slice at a distance 12.5 mm from the center of
the sphere (whose radius is 20 mm), where the effect of partial voluming should
be considerable. Plots of thicknesses estimated from high-resolution synthesized
images can be regarded as giving a good approximation of the inherent accuracy
limitation of thickness estimation due to image resolution and σe value with-
out partial voluming. Deviations from high-resolution image plots represent the
effects of partial voluming on accuracy in Fig. 2(a) and (b). To observe the ef-
fect of partial voluming on accuracy, the variations in the estimated thicknesses
were plotted against the distance between the slice plane and the sphere cen-
ter (Fig. 2(c)). The plots for high-resolution image were almost ideal for every
distance (not shown).

3.3 In Vivo MR Images

The method was applied to five sets of in vivo MR images, each containing two
3-D MR images of sagittal and coronal sections. One set was obtained from a
normal volunteer; the others are patient data. Two of the sets are the left and
right hip joints of the same subject. Figure 3 shows the thickness determinations
using in vivo MR images for a patient with hip dysplasia. The results recon-
structed from coronal and sagittal sections are well correlated, and from them,
almost the entire cartilage distribution can be observed. Figure 4 shows thickness
determinations for the normal volunteer, which reveal the acetabular cartilage
distribution to be quite uniform (Fig. 4(b)). In contrast, abnormally thick areas
of acetabular cartilage are clearly depicted in the distributions obtained for the
patient with hip dysplasia (Fig. 3(a)).

Table 1 summarizes the segmentation results. Due to partial volume effects,
the range of the reconstruction along the slice direction was typically around 30
mm while the diameter of the femoral head was around 42 mm. The amount of
operator intervention was acceptable in all the cases.

4 Discussion and Conclusions

We have proposed a method for the segmentation and quantification of hip joint
cartilages from in vivo MR images with a minimum amount of operator interven-
tion. 3-D radial directional second-derivative filters with Gaussian blur enhance
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the cartilage and articular space regions to provide the initial descriptions for
the subsequent refinement processes that accurately localize the cartilage edges.
The accuracy limits of the method were evaluated using synthesized images, and
it was successfully applied to five sets of in vivo MR images. Our goal is to apply
the method we have developed to a large set of patient and normal volunteer
data in a clinical study.

The only operator interventions required are the specification of the center
point of the femoral head and the initial segmentation of cartilage and articu-
lar space regions. This initial segmentation potentially involves trial and error
in order to determine an appropriate threshold value for obtaining the con-
nected component without unwanted connections to other structures. The op-
erator sometimes needs to manually remove unwanted connections. However, as
shown in Table 1, such interventions are minimized by the effective enhancement
of the cartilage and articular space regions.

The method assumes that the hip joint is spherical. As shown in Figs. 1(a)
and 4(a), this assumption is appropriate for most subjects; an 18◦ error in the
direction along which the thickness is measured results in an estimated thickness
error of around 5 %, since cos(18◦) � 0.95. Thus, small errors in direction will not
seriously affect the thickness estimation. However, the assumption of sphericity
is inappropriate in the cases of badly deformed hip joints. We are now planning
to extend the method so as to incorporate automated estimation of the optimal
direction.

In the previous reports, the estimated thicknesses were validated by compari-
son with the sections of specimen [2,6,8] or the manual traces by radiologists [3].
In contrast with previous work, we carried out software simulation studies to
derive the basic characteristics relating to the effect of partial voluming on ac-
curacy. The partial volume effect is more serious in the hip joint than the knee
joint due to its spherical shape. We are now conducting in vitro studies using
both normal and high-resolution real MR images of a resected femoral head to
further corroborate the effect of partial voluming on accuracy.
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Table 1. Summary of segmentation results.

Subject Sagittal/ Disease Estimated Range of # of manual
(Left/Right) Coronal femoral head reconstruction operations:
Age/Sex diameter (mm) along slice cartilage/

direction (mm) space

A(L) Sag Normal 42.0 30.625 1/0
24/F Cor volunteer 37.5 0/0

B(R) Sag Hip dysplasia 42.0 30.000 2/1
24/F Cor bilateral 31.250 0/0

B(L) Sag Hip dysplasia 42.0 28.125 3/1
24/F Cor bilateral 31.250 0/0

C(R) Sag After Chiari 46.5 25.000 1/2
39/F Cor pelvic osteotomy 25.000 0/2

D(R) Sag Osteoarthritis 42.0 31.250 0/2
43/F Cor 31.250 0/0

The number of manual operations means the number of the operations that were necessary to remove
unwanted connectivity by putting zero within a manually specified rectangular parallelepiped region
during the interactive segmentation processes (Section 2.2), that is, the number of manual cutting
operations needed to correctly segment out the cartilage and articular space regions.

(a) (b) (c) (d) (e)

(f) (g)

Fig. 1. Enhancement and segmentation of cartilage and articular space regions.
(a) Original MR image. (b) Filter-enhanced cartilage image. (c) Binary image
thresholded from filter-enhanced cartilage image. (d) Initial segmentation of car-
tilage and articular space regions (white: femoral cartilage, gray: acetabular car-
tilage, black: articular space). (e) Zero-crossing map of the directional second
derivative D(x;σe, c). (f) Surface rendering of filter-enhanced cartilage image
(left: top view, right: side view). (g) Surface rendering of original MR image
(left: top view, right: side view).
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(a) (b) (c)

Fig. 2. Accuracy evaluation of estimated thickness. (a) Estimated thicknesses
of sheet structures with constant thicknesses in the slice passing through the
sphere center; σe = 1 pixel and σe = 2 pixels were used (1 pixel = 0.31 mm).
The results for ten constant thicknesses were plotted (0.4, 0.6, 0.8, 1.0, 1.2, 1.4,
1.6, 2.0, 2.4, 2.8 (mm)). The estimated thickness for high-resolution synthesized
images (σe = 1 pixel) is also shown. (b) Estimated thicknesses in the slice at a
distance of 12.5 mm from the center of the sphere whose radius is 20 mm. (c)
Variations in the estimated thicknesses against the distance between the slice
plane and the center of the sphere. σe = 1 pixel was used.

(a) (b)

Fig. 3. Cartilage thickness distributions of a patient of with hip dysplasia (sub-
ject B(R) in Table 1). The original MR image and intermediate results are shown
in Fig. 1. Thicker (thinner) cartilages are represented by red (blue) regions. Red:
16 pixels, green: 9 pixels, blue: 2 pixels (1 pixel = 0.31 mm). (a) Acetabular car-
tilage. Reconstruction results of coronal (upper) and sagittal (lower) sections are
viewed from the inferior (left) and posterior (right) directions. (b) Femoral car-
tilage. Reconstruction results are viewed from the superior (left) and posterior
(right) directions.
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(a) (b) (c)

Fig. 4. Cartilage thickness distributions of a normal volunteer (subject A(L) in
Table 1). (a) Original MR image. (b) Acetabular cartilage. Reconstruction results
of coronal (upper) and sagittal (lower) sections are viewed from the inferior
direction. (c) Femoral cartilage viewed from the superior direction.
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