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Abstract: The etiology of ankle osteoarthritis is not enough elucidated, and similar to hip and knee
osteoarthritis, the ankle osteoarthritis caused cartilage loss and pain in daily life. However, the ankle
osteoarthritis has a worse prognosis than the hip or the knee osteoarthritis. Considering the ankle
osteoarthritis skeletal structure is important in selecting the appropriate surgery for the patient. Selecting
the appropriate surgery will lead to an improved prognosis. X-ray images and Computed Tomography
(CT) scan images are usually used to classify ankle osteoarthritis, but the evaluation of 3D bone structure
is difficult and the classification based on two-dimensional measurements of X-ray and CT images may
vary among medical doctors. The purpose of this study is to investigate the three-dimensional geometric
deformation characteristics of tibial plafond by using statistical analysis. Deformation characteristics
were found in high severity ankle osteoarthritis compared with mild group. In particular, there was a
statistically significant difference in the varus deformity of the articular facet of medial malleolus and
tibial plafond between stage 3B and mild group (p < 0.006), and the hyperostosis of the medial malleolus
between stage 4 and mild group (p < 0.002). These results suggest that patients with severe ankle
osteoarthritis have common deformity characteristics in the tibial plafond. On the contrary, there was no
significant difference in the deformity of the edge of anterior and posterior tibial plafond. Such
phenomena suggest that the edge of anterior and posterior tibial plafond deforms regardless of ankle
osteoarthritis. This study contributes to the scientific advancement of ankle osteoarthritis surgery.
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I.

INTRODUCTION

A

bout 15% of the world's adult population suffers
from joint pain and disability due to osteoarthritis
[3], and osteoarthritis of the foot accounts for about 1%
of that [1]. Similar to osteoarthritis of the hip and knee,
osteoarthritis of the ankle wears away cartilage and
causes pain in daily life. However, the outcome and
prognosis of ankle osteoarthritis are not as good as those
of hip and knee osteoarthritis. In severe cases of ankle
osteoarthritis, the bones start to collide with each other.
Corresponding Author:

Examining the bone shape of ankle osteoarthritis is
important in choosing the right surgery for the patient.
Choosing the right surgery can lead to a better prognosis.
There is less clinical and basic research on ankle
osteoarthritis than on hip and knee osteoarthritis. The
etiology of primary ankle osteoarthritis is not fully
understood [9]. Knowledge of the basic etiology is
essential for the selection of appropriate surgery for
ankle osteoarthritis [10]. Various analyses of ankle
osteoarthritis have been performed based on data
obtained from radiographic and CT images [5,9,12,13].
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Ankle osteoarthritis has been classified into four levels
and five stages in the Takakura-Tanaka classification
system [4,7]. To classify ankle osteoarthritis in clinical
practice, X-ray and CT images are usually used.
However, two-dimensional analysis by the human eye
has problems such as variability of results depending on
the subjective criteria of the clinician. Regardless of the
significance of three-dimensional analysis, there are few
reports of three-dimensional analysis of tibial plafond in
ankle osteoarthritis. Three-dimensional analysis studies
of the articular surface of the tibiofemoral joint and the
tibia have been developed [11,15]. Three-dimensional
shape statistical analysis was applied to the osteoarthritic
tibial plafond. Three-dimensional geometric analysis of
the tibia has already been performed. However, it is
limited to healthy subjects and the geometry is only
localized. The tibial region needs to be elucidated
gradually. In addition, it is important to investigate
deformity features that are not caused by osteoarthritis to
study ankle deformities. The purpose of this study was
to investigate the three-dimensional geometric
deformation characteristics of tibial plafond according to
the classification of ankle osteoarthritis and the
deformation characteristics independent of ankle
osteoarthritis by statistical analysis.

A

II. DATA COLLECTION
Study Population

The study population consisted of twelve ankle
osteoarthritis patients (sex: female, 18 feet: 10 right, 8
left, age: 69.3 ± 6.5 years). All included patients had the
Japan nationality. The ankle osteoarthritis patients were
classified into four levels and five stages using Takakura
and Tanaka classification [4,7]. Fig. 1 shows X-ray
images of ankle osteoarthritis at each level and stage.
Each level and stage of the classification were as
follows:
stage 1: No joint-space narrowing, but early sclerosis
and osteophyte formation.
stage 2:

Narrowing of the joint space medially.

stage 3A: The obliteration of the joint space was limited
to the medial malleolus.
stage 3B: The obliteration extended to the roof of the
dome of the talus.
stage 4:

The obliteration of the whole joint space with
complete bone contact.

The number of the joints for patients at each stage
was three joints in normal, one joint in stage 1, three
329

joints in stage 2, two joints in stage 3A, four joints in
stage 3B, and five joints in stage 4. In this study, the mild
group consists of normal, stage 1, and stage 2.
We captured the CT images at the Heisei Memorial
Hospital, which is a social medical corporation under the
cooperation of the Nara Medical University. This study
has been approved by the medical ethical committee of
Nara Medical University.
B

Scanning Condition

In this study, the foot images were captured using a
CT scanner (Optimal CT 600, GE Healthcare Inc). The
subjects were in the supine position during CT
acquisition. In addition, a medical compressor
(DynaWell® loading device) was used for the subjects
assuming that ankle joint loading in stance position. The
CT scan was performed using the compressor while axial
loading 300 N. The imaging interval was 0.625 mm. The
right foot images of each subject were assigned to the left
foot images by reversing the right foot images of each
subject concerning to the sagittal plane.

A.

III. ANALYSIS METHODS
Three-Dimensional Bone Shape Model

The data obtained from the CT scanning was an Xray image. The slice images were output in the format of
a medical imaging standard called Digital Imaging and
Communication in Medicine (DICOM). In this study, a
resolution of 512 x 512 pixels and a density resolution of
16 bits were used for DICOM. Three-dimensional bone
models were manually created from the DICOM data.
ITK-SNAP allows the stacking of specified regions from
the DICOM data to create 3D bone models in
Stereolithography (STL) and Visualization Toolkit
(VTK) format. The 3D bone model was created for each
subject.

B.

Quantification of Bone 3D Deformity

To quantify the bone deformation of each subject, the
volume registration method was employed [6,8]. The
volume registration method relates similar regions by
calculating the deformation field that minimizes the
luminance error between two volumes. We adopted the
approach proposed by Szeliski and Coughlan [6]. The
computed deformation field is represented by a threedimensional grid. The deformation field consists of
control points. Each control point had three degrees of
freedom, consisting of three translations. The volume
size of the image data used was 256 × 256 × 256 voxels,
and the control points were placed at every 16 × 16 × 16
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voxel vertex, so the number of control points was 4913
(17 × 17 × 17) and the total number of degrees of
freedom was 14739. The displacement of the control
points is a quantified value of the shape difference
between the two volumes. Figure 2 shows the definition
of the coordinate system in this study.
C.

Principal Component Analysis

Principal Component Analysis (PCA) [2] was
conducted on the values of the tibial plafond deformity
characteristics quantified by the volume registration
method. The PCA was used for dimensionality reduction,
characteristic extraction, data compression, and
representation of significant factors as principal
components. The PCA transforms the variables that
represent distinctive displacement field changes into
principal components [14,16]. Each principal component
visualizes the geometric changes in the tibial plafond.
Principal component scores were evaluated with
Welch’s t-test. The level of statistical significance was
defined as p < 0.01.

A.

Some principal components have common features
because each principal component has multiple
deformities. For example, in Figure 4, one is +2σ1 and
the other is +2σ2. In Figure 4, the anterior medial
malleolus deformities are the same between the bones,
but the other deformities of the bones are different from
each other. In the first and second principal components,
the anterior medial malleolus is indeed deformed. From
Figure 5, they are +2σ1 and -2σ1, respectively. Thus, the
anterior medial malleolus is a factor in the deformation
of the 1st and 2nd principal components.

IV. RESULTS
Principal Component Analysis Results

Figure 3 shows the distribution of principal
components obtained by PCA on the displacement field
of the tibia. The diagonal graph in Figure 3 shows the
probability density of each principal component. To
investigate the correlation between the principal
components and the stage of osteoarthritis, Figure 3
shows the distribution of the principal components from
the first to the sixth principal components. The weighting
coefficients were set to +2σi or -2σi to emphasize the
differences in deformation characteristics. σi is the
standard deviation of the i-th principal component score.
B.

Characteristics
Components

of

1st

-

6th

the medial malleolus. Contribution rate: 21.3%.
3rd principal component
Features: sharping and extending medial malleolus,
flattening posterior and anterior medial malleolus.
Contribution rate: 9.8%.
4th principal component
Features: the hyperostosis of the edge of anterior
tibial plafond, translation of tibia plafond for lateral,
flattening and the hyperostosis of anterior medial
malleolus, the hyperostosis of posterior medial
malleolus. Contribution rate: 9.7%.
5th principal component
Features: Z-axis rotation (-) of the medial malleolus,
the hyperostosis of anterior tibial plafond.
Contribution rate: 6.4%.
6th principal component
Features: the hyperostosis of the anterior medial
malleolus, sharping posterior medial malleolus, the
reduction of the edge of the tibial plafond.
Contribution rate: 6.3%.

V.

DISCUSSION

In the 2nd principal component, a statistically
significant difference (p<0.006) was found between
stage 3B and the mild disease group (Figure 6). Figure 7
shows the deformities of bone shape by the 2nd principal
component. As the 2nd principal component increases,
the part of the tibial plafond outlined in red in Figure 7
changes. This indicates that the tibial plafond is varus
deformed and the medial malleolus is varus deformed.
Tashiro et al. reported that the articular surface of the
tibial plafond and articular surface of medial malleolus
in ankle osteoarthritis groups was varus deformity [5].
Therefore, the present study is partially consistent with
that report.
Furthermore, a statistically significant difference (p
< 0.002) was found between stage 4 and mild groups
(normal, stage 1, and stage 2) in the 4th principal

Principal

The features of tibia deformity represented by each
principal component and the contribution rate of each
principal component were as follows:
1st principal component
Features: Z-axis rotation (+), flattening medial
malleolus, the hyperostosis of the edge of tibial
plafond, varus deformity of the articular facet of the
medial malleolus. Contribution rate: 28.1%.
2nd principal component
Features: Z-axis rotation (-), flattening medial
malleolus, varus deformity of the articular facet of
330
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component (Figure 8). Figure 9 shows the deformation
of bone shape by the 4th principal component. As the 4th
principal component increases, the edge of the anterior
tibial plafond declines, and the edge of the posterior
tibial plafond increases.
In the 3rd principal component, there was no
significant difference between normal subjects and stage
2, 3B, and 4 subjects (Figure 10). This suggests that the
3rd principal component is deformed regardless of ankle
osteoarthritis stages. Figure 11 shows the tibial plafond
deformities of the 3rd principal component change. As
the 3rd principal component increases, the edge of the
anterior and posterior tibial plafond shrinks as if the
umbrella were shrinking. This suggests that the anteriorposterior deformation of the edge of the anterior and
posterior tibial plafond is not caused by ankle
osteoarthritis progression.
The limitation of this study is that the number of
subjects is small. Stage 3A, which was particularly small
in number but high in severity, is also likely to have a
characteristic deformity. It is also necessary to identify
the characteristics of early stages, such as stage 1 and
stage 2, which were defined as mild in this study. Since
ankle osteoarthritis is supposed to worsen in stages, it is
possible that characteristically deformed in stages, either
from the beginning or from the middle. In this
experiment, Figure 3 did not show the clear relationship
and consistent deformity between each stage of ankle
osteoarthritis and principal components. However, this
study suggests a clear relationship between the mild
group and high severe patients which high severity ankle
osteoarthritis has a characteristic deformity and that the
tibial plafond has deformity characteristics not caused by
ankle osteoarthritis.
VI. CONCLUSION
This study performed geometric shape statistical
analysis by using PCA for the tibial plafond and the
medial malleolus. The sum of the cumulative
contribution rate of the sixth principal component is
reached 80%. This study has not been raised concerning
the consistent deformity between each stage of ankle
osteoarthritis and principal components. However, threedimensional bone shape structure features in stages 3B,
and 4 were found in the 2nd and 4th principal
components, respectively. Statistically significant
differences were found in the varus deformity of the
articular facet of the medial malleolus and tibial plafond
between stage 3B and the mild group, and the
hyperostosis of the edge of anterior tibial plafond and the
medial malleolus between stage 4 and the mild group.
The analytical results suggest that patients with high

severity ankle osteoarthritis have tibial plafond common
deformity characteristics and that the tibial plafond has
deformity characteristics not caused by ankle
osteoarthritis progression. This study contributes to
revealing the tibial plafond deformity characteristics in
ankle osteoarthritis, and to the clarification of the
deformity characteristics of ankle osteoarthritis, which
may lead to the elucidation of mechanism, surgery
planning, and early diagnosis.
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(a) From diagonally above (b) From the bottom
Fig. 2 Definition of the coordinate system. (a) and (b)
are the distal part of the tibia. Medial malleolus and
tibial plafond are in the red and yellow circle of (a),
respectively. The articular facet of medial malleolus
and edge of anterior tibial plafond are in red and yellow
circle of (b), respectively. The red, green, and blue lines
represent X-axis, Y-axis, and Z-axis respectively.
Origin: The intersection of the tibial plafond and Z-axis.
X-axis: Cross-product Y- and Z-axes.
Y-axis: The axis of the shaft of the second metatarsal.
Z-axis: The axis along the tibia length.

Fig. 1 ankle osteoarthritis classified into four levels and
five stages. Orange characters are ankle osteoarthritis
stages [4,7].

A
C
B

Fig. 3 1st-6th principal components score. PC is principal component. Each principal component was shared
across the y-axes across a single row and the x-axes across a single column. The diagonal plots showed probability
distributions in each principal component. A, B and C are one-dimensionalized and magnified in Fig. 6, Fig. 8
Fig. 10 respectively.
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-2σ2

Average

+2σ2

Fig. 7 Deformity of tibial plafond shape in 2nd
principal component.

Fig. 4 Difference between +2σ1 (green) and −2σ1
(orange) in the average tibia. The green tibia is the
average tibia added +2σ1 and the orange tibia is the
average tibia added −2σ1.

Fig. 5 Difference between +2σ1 (green) and +2σ2 (blue)
in the average tibia. The green tibia is the average tibia
added +2σ1, and the blue tibia is the average tibia
added +2σ2.

Fig. 8 4th principal component score. * Indicates a
significant difference (p < 0.002).
-2σ4
Average
+2σ4

Fig. 9 Deformity of tibial plafond shape in 4th
principal component.

Fig. 6 2nd principal component score. * Indicates a
significant difference (p < 0.006). ** Indicates a
significant difference (p < 0.007).

Fig. 10 4th principal component score. There was
no significant difference among normal, stage 2,
stage 3B, and stage 4 (p > 0.05).
-2σ3

Average

+2σ3

Fig.11 Deformity of tibial plafond shape in 3rd
principal component.
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