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ABSTRACT

The design of most ulnar head implants is currently not based on
studies of anatomical variations. To enable prosthesis design based
on anatomical features, a method is developed for the detection of
the ulna surface that articulates with the radius head. The articu-
lating surface is detected by combining partial articulating ulna sur-
faces detected in CT scans of different individuals in different poses.
Correspondences between ulnae of different individuals are estab-
lished through the construction of a statistical shape model (SSM)
of the ulna head. The articulating surface is attached to this SSM,
allowing the detection of articulating surfaces in ulnae that are not in
the training set of the model.

As a simple shape is desirable for prosthesis design, three
quadratic surfaces were fitted to the articulating surfaces of 40 ul-
nae. The mean fitting error for the simplest surface, a cylinder, was
0.20 mm. As this error is smaller than the voxel size of 0.3 mm
isotropic, it was concluded that the articulating ulna surface can be
satisfactory approximated by a cylinder part.

Index Terms—Statistical shape model, Skeletal model, Pros-
thesis, CT, Articulating surface, Quadratic surface

1. INTRODUCTION

The ulna is one of the two bones in the lower arm. Together with
the radius it forms the radio-ulnar joint that is positioned at approxi-
mately 2 cm below the wrist (See Figure 1). When rotating the wrist
(pronation and supination), it revolves around the radius along an
articulating surface. Two common pathologies are arthritis of the
articulating ulna surface and joint instabilities as a side effect of pre-
vious surgery in the lower arm [1].

Although operations without a prosthesis are often successful at
relieving pain, the treated wrists often suffer from instability, pain on
stress loading of the upper limb, weakening of grip, loss of forearm
rotation and diminished lifting capacity [2, 3]. The use of prosthe-
ses has been proposed, to restore the normal range of motion and
stabilize the load-bearing of the wrist. However, prosthetic failure is
common and the design of most ulnar head implants are not evidence
based, i.e. based on studies of anatomical variations [2]. Herbert, et
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al. [1] described a prosthesis that replaces the ulna head, and is fix-
ated with a stem inserted in the ulna. This prosthesis stabilizes the
joint, but allows only mediocre load-bearing and a limited range of
pronation/supination motion. These problems are attributed to large
shape differences between the prosthesis and the original ulna head.

Gordon, et al. [3] advocate deriving an ulnar head implant de-
sign from anthropometric studies of the distal ulnar head. Large vari-
eties in the shape of the ulna head are reported, e.g. by investigating
slices of CT scans [3] or radiographs [4]. Although these measure-
ments were not performed on the full three-dimensional surface, the
variations found signify the complexity of developing universal, off-
the-shelf, implants.

It is essential to determine which part of the ulna actually artic-
ulates with the radius when designing a prosthesis to replace a part
of the ulna head. In [5] a detection method for articulated surfaces
is proposed. This method defines adjacent bone surfaces to be artic-
ulating if the surface normals have approximately the same orienta-
tion. This approach, however, is not appropriate for the radio-ulnar
joint, as maximally 60% of the ulnar joint-surface is adjacent to the
radius [6]. When pronating or supinating, the joint-surface contact
decreases to less than 10% in full supination and pronation. Delin-
eation of the articulating surface by hand is practically not feasible,
both due to the difficulty of assessing the surface in a sliced view
and the pose differences of radius and ulna in different scans. Marai,
et al. [7] proposed a method for cartilage detection, in which they
assumed that cartilage was present on all articulating surfaces. Sur-
face parts with less than a user-specified distance to adjacent bones
are classified as articulating. Unfortunately, this method was only
tested on a single wrist and required multiple scans per individual (7
in their example).

The goal of this paper is to obtain a statistical description of the
articulating surface of the ulna from just a single scan per individual.
Creating such a description is complicated since partially detected
articulating surfaces from different individuals must be fused into
a single model. This modeled surface is deformed to identify the
articulating surface of the ulna heads under investigation. Potential
analytic descriptions of the articulating surface are investigated, to
facilitate the construction of prostheses.

2. MATERIALS ANDMETHODS

To detect the surface on the ulna head that articulates with the radius,
the following steps are taken:
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Fig. 1: (a) Anatomy of the wrist, with pronation and supination mo-
tion shown. (b) CT slice of the wrist. The horizontal arrow points to
the articulating ulna surface of the radio-ulnar joint and the vertical
arrow to the processus styloideus.

1. A statistical shape model (SSM) is built of ulna heads.
2. Partial articulating ulna surfaces are detected and combined
into a model of a complete surface using the correspondences
found in step 1.

3. Quadratic surfaces are fit to the articulating surface model to
obtain analytical shape descriptions.

The following sections describe these steps in more detail.

2.1. Data and segmentation

The training data for the statistical model and the articulating surface
model consist of 40 CT scans of healthy wrists. The images were ac-
quired on an Mx8000 Quad CT scanner (Philips Medical Systems;
Best; The Netherlands). The acquisition parameters were: collima-
tion 2×0.5 mm, tube voltage 120 kV, effective dose 75 mAs, rotation
time 0.75 sec, pitch 0.875; the scans were made in ‘ultra high reso-
lution’ mode (i.e. small focal spot size). Reconstructions were made
with convolution kernel E, a field of view of approximately 150 mm,
a slice increment of 0.3 mm and a matrix of 512 × 512 pixels. The
voxel sizes were approximately 0.3 × 0.3 × 0.3 mm. All scans were
resampled to isotropic voxels of 0.3 mm isotropic using linear inter-
polation.

The ulna and radius in all scans were segmented using a
Geodesic Active Contour Level set segmentation [8, 9] and rep-
resented by a triangulated surface.

2.2. Statistical shape model of the ulna head

An Active Shape Model [10] was constructed that models the part
of the ulna containing the articulating surface (See Figure 2a). This
SSM was based on the vertices of the triangulated surfaces of the
ulna heads:

xi = x̄ + Pbi (1)
in which xi represents a shape, x̄ the mean shape, P a matrix con-
taining modes of variation and bithe shape parameters. The vectors
xi and x̄ consist of the concatenated coordinates of points.

All data were truncated at 1.5 cm from the top of the ulna and an
unbiased registration algorithm [11] was used for initial alignment.
Then, parts of the aligned ulna heads, containing the articulated sur-
faces, were selected by manually defining two cutting planes: one
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Fig. 2: (a) Ulna with the part selected for registration in green. (b)
Schematic visualization of a radius and ulna in two positions with
partially detected articulating surface in gray.

plane at 1.5 cm from the top and one perpendicular plane between
the processus styloideus and the articulating surface (See Figure 2a
for the selected ulna part). This was done to exclude variations in
ulna parts that are not relevant (e.g. processus styloideus). A second
unbiased registration was performed using the selected ulna parts,
to obtain a more accurate alignment of the surface of interest. Esti-
mating corresponding points based on minimum Euclidean distance
was found to be inaccurate in regions with large curvatures [12].
Good correspondences are essential, as these will be used to com-
bine data from different individuals (See Section 2.3). Therefore,
a dense correspondence map between each pair of surfaces was es-
tablished using coordinates as well as surface normals. Considering
two triangulated surfaces A and B, the correspondence between a
point ai on surface A and a point bai on surface B was defined by
the minimum Euclidean distance in a six-dimensional space:

bai = arg min
bj

‖ai − bj‖

with ai =

[
pi

λni

]
and bj =

[
pj

λnj

]
, pi, pj the point coordi-

nates and ni, nj the surface normals. The weight λ was experimen-
tally determined. Based on these correspondences, the mean surface
shape S and deviations from the mean shape were computed as well
as the modes of variation.

2.3. Articulating ulna surface

Similar to [5], surfaces are considered to be articulating if the surface
normal pairs of adjacent surfaces point in approximately opposite
direction. Normals were sampled from the CT data at each surface
point by calculating Gaussian derivatives (σgradient = 2 voxels)
on both the ulna and the radius surfaces in all 40 scans. For each
point on the ulna surface a closest point on the radius surface was
found. The (partially) articulating surface SP,i, with i = 1, . . . , 40,
was detected by selecting point pairs whose normal vectors made an
angle of at least 170◦ (See Figure 2b). To discard outliers, all points
having a distance from the radius larger than 5 mm were discarded.

The partially articulating surface portions are to be merged into
one complete articulating surface part SA. This complete articulat-
ing surface was defined by all the points for which at least one cor-
responding point was classified as articulating surface, i.e. by taking
the union of the partial surfaces SA = ∪SP,i,∀i = 1, . . . , 40. Since
the articulating surface is a subset of the points in the SSM of the
ulna head, the shape variations of the articulating surface are also
known.
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2.4. Analytic descriptions of the articulating surfaces

The SSM describes articulating surfaces as point clouds. Molds for
prostheses, however, are often based on second order surface de-
scriptions. Therefore, second order polynomial descriptions of the
articulating surface were obtained by fitting a general quadratic sur-
face, an elliptic cylinder and a cylinder to the points on each of the
articulating surfaces. The general elliptic surface Q was represented
by the equation:

u
T Qu = 0 (2)

where u = [x y z 1]T is a vector with normalized coordinates andQ
is a symmetric 4 × 4 matrix. Q can describe any quadratic surface,
e.g. paraboloids or ellipsoids. The elliptic cylinder was represented
as:

u
T Cellu = 0, Cell = T T diag ([a b 0 − 1]) T (3)

where diag ([a b 0 − 1]) is a diagonal matrix, T is a rigid transfor-
mation, and 1/

√
a and 1/

√
b are the lengths of the axes of the el-

lipse perpendicular to the symmetry axis of the elliptic cylinder. The
cylinder was represented by (3), with b = a.

To be less sensitive to outliers on the detected articulating sur-
face, robust fits were performed using an Iterative Reweighted Least-
Squares (IRLS) process [13] with the Beaton-Tukey biweight as a
weighting function. This process iteratively minimized the sum of
the quadratic distances between the articulated surface points and the
quadratic surface. As distance measure, Taubin’s distance approxi-
mation [14] was used. This distance approximates the Euclidean dis-
tance between points and quadratic surfaces in a non-iterative way.

The mean distances between the articulating surface and the fit-
ted surface was used to determine which of the fitted surfaces are an
accurate approximation of the articulating surface.

3. EXPERIMENTS AND RESULTS

3.1. Statistical shape models

To assess how many training shapes are needed for an accurate sta-
tistical description, the SSM was constructed based on a subset of
the available bones. This model was then fit to a test bone that was
not used to create the SSM. All modes of variation, i.e. the number
of selected bones minus one, were included in the fitting process. As
an error measure, the mean distance D̄ between the surface points
predicted by the model and the surface points on the test bone was
computed. The experiment was carried out for N = 5, 10, . . . , 35
training shapes and repeated 10 times with randomly selected test
and training shape selections. For an increasing number of shapes,
the SSMwas better able to approximate shapes not in the model (See
Figure 3). This is supported by a decreasing D̄. Approximately 20
shapes were sufficient to describe the ulna head with a mean error be-
low the voxel size (0.3 mm isotropic). The number of 40 shapes was
therefore considered adequate for constructing an accurate statistical
shape model. The weight λ was tested for the values 0, 0.5, . . . , 5.
When λ was set between 0.5 and 2.5, good correspondences were
observed visually, with little differences for different values of λ.
Accordingly, λ = 1 was chosen.

3.2. Articulating surface detection

The detected articulating surface on the mean ulna head is shown
in Figure 4a. All partially articulating surfaces were inspected by
an expert and regarded anatomically feasible. Due to the absence
of a ground truth, the complete articulating surface was qualitatively
examined by three experts, who considered it accurate.
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Fig. 3: Mean distance D̄ between real surfaces and predicted sur-
faces by the SSM as a function of the number of shapes N used to
build the model. The error bars denote the standard deviations (10
experiments). The dotted line indicates the voxel size.
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Fig. 4: (a) Distribution of detection rates of points on the articulating
surface. (b) Detected fraction f of complete articulating surface as
a function of the number of partial surfaces n. The error bars denote
the standard deviations (10 experiments).

The distribution of wrist poses was non-uniform and therefore
not all articulating surface parts were detected with the same fre-
quency of occurrence. Figure 4a shows the distribution of detection
rates over the surface of the ulna head. The red patch in the left
part of the articulating surface reveals that most of the wrists had a
supinated pose.

To assess the reproducibility of the detection method, the depen-
dence of the articulating surface on the number of partial detected
surfaces was investigated. From a number of n = 5, 10, . . . , 35 par-
tial surfaces, a surface was constructed. An extra partial surface (not
in the set of n surfaces) was drawn randomly. The fraction f of the
articulating surface points in this partial surface that is also part of
the composed surface of n partial surfaces was computed. This ex-
periment was repeated ten times and the resulting values are shown
in Figure 4b. With 20 or more partial surfaces, on average more
than 90% of the newly drawn surface is detected and the curve flat-
tens. This means that the newly drawn surface only adds few surface
points (< 10% of the partial surface). From this it was concluded
that 40 partial surfaces are sufficient for a consistent description of
the articulating ulna surface.

3.3. Analytic description of the articulating surface

A general quadratic surface, an elliptic cylinder and a cylinder were
fit to the articulating surface of all n = 40 ulnae and the mean
distances di between the articulating surface points and the fitted
quadratic surface were determined. For each type of quadratic sur-
face, the average distance d̄ = 1

n

∑n

i=1
di and its standard deviation

are listed in Table 1. For all three surfaces, the mean distance d̄ was
well within the voxel size (0.3 mm isotropic).
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Surface d̄ (mm) r̄1, r̄2, r̄3 (mm)
General quadratic 0.05 (0.05) 11.5 (6.8), 8.4 (2.8), 6.8 (2.0)
Elliptic cylinder 0.17 (0.12) ∞ (0), 8.0 (1.2), 7.2 (1.1)
Cylinder 0.20 (0.13) ∞ (0), 8.5 (0.8), 8.5 (0.8)

Table 1: Mean distances between articulating surface points and fit-
ted surface and mean ellipsoid axes. Standard deviations are between
parentheses.

All fitted general quadratic shapes were found to be ellipsoids.
The mean lengths r̄1, r̄2, r̄3 of the axes of the quadratic shapes (See
Figure 5b) and their standard deviations are also listed in Table 1.
These are parameters of interest for prosthesis design. The mean
measured cylinder radius of 8.5 mm lies very close to the standard
measure of 8.4 mm currently used for standard ulna prostheses [3, 2].
The minimum and maximum radius found were 7.0 mm and 11.1
mm, respectively.

4. DISCUSSION

In this paper a method was proposed for modeling the complete ar-
ticulating surface from single scans of different individuals that con-
tain only partial representations thereof. The detected articulating
surface allows for measurements in three dimensions, contrary to
earlier work, e.g. [3, 4].

A general quadratic surface, an elliptic cylinder and a cylinder
were fitted to 40 articulating surfaces. The simplest shape, the cylin-
der was able to describe the surface with a mean error of less than
the voxel size. Consulted experts estimated the accuracy with which
a prosthesis can be placed around 1 mm (No data on these accuracies
was found in the literature.). As the mean fitting error of a cylinder
is far below a millimeter, it is likely to be an appropriate basis shape
for prosthesis design (See Figure 5a).

The detected articulating surface was attached to a statistical
shape model of the ulna head. This model can be deformed to denote
the articulating surface on ulnae that are not in the training set.

Although the detected articulating surface was deemed accurate
by experts and the reproducibility of the detected surface was high, a
quantitative assessment of the surface contour is still lacking. Using
multiple scans per individual, in different poses, complete articulat-
ing surfaces may be detected and used for validation of the SSM of
the articulating surface.

The current contour of the articulating surface is not well-
defined (See Figure 4a). In future research a description of the
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Fig. 5: (a) Mean ulna head, with the articulating surface in green and
the fitted cylinder in blue. The blue line denotes the center line of
the cylinder. (b) Ellipsoid with axes r1, r2 and r3.

contour of the articulating surface will be derived. With this descrip-
tion the developed SSM can also be used to determine the optimal
placement for an ulna prosthesis.
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