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Abstract

3D planning of a corrective osteotomy of a radius malunion requires a healthy reference which is
not always available. A shape completion model could create a reference bone based on the unaffected
part of the malunited bone. The aim of this study is to develop and validate a shape completion model
for clinical use.

A statistical shape model (SSM) was developed based on CT scans of 80 healthy radii. This SSM
was expanded into a shape completion model to predict the distal 12% of the radius, based on the
proximal 88%. Nine other CT scans were used to validate this model and to set hyper parameters that
dictate factors of the available data. Finally, eight more CT scans were used to test the performance of
the shape completion model.

The average accuracy of the shape completion model, measured through a root mean square
difference, was 0.42mm (SD 0.10) and the average Hausdorff distance was 3.57mm (SD 1.09). The
predicted radii were comparable to the actual radii, with the differences mainly found at the radial
styloid, Lister tubercle and the sigmoid notch. The radiocarpal articular surface was often well
predicted.

In conclusion, the current shape completion model showed to predict clinically useable models that
have error margins that are comparable with previous models described in literature. Future research
should compare the use of the shape completion model to the use of the contralateral radius to find what
technique works more optimal.

1 Introduction

A symptomatic distal radius malunion is often treated with a corrective osteotomy. The malunion
usually requires a multiplanar correction. This is difficult to achieve free-hand, and 2D X-rays give
insufficient information to plan this correction [1]. Therefore, planning of radius osteotomies are
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increasingly performed in 3D, after which 3D printed patient specific (saw and drilling) guides are
designed.

The 3D planning is performed by mirroring and aligning the healthy contralateral CT-based radius
over the affected radius. However, this method has a few drawbacks. First, it depends on the
accessibility of a healthy contralateral radius, which is not always available due to bilateral deformity
[2]. Additionally, studies have showed that intra-patient bilateral shape differences are present, which
means that the contralateral radius may not be a perfect representation of the pre-fracture situation [3].
These drawbacks demonstrate the need for an alternative way of obtaining a healthy representation of
the affected radius.

Such an alternative might be the use of a statistical shape model (SSM). A SSM determines the
statistical shape variations in a dataset of healthy radiuses. It creates an average shape, accompanied
with principal components. Principal components are groups of shape variations that are present in the
input dataset, which can be dialed to represent specific representations of the variation. An advanced
version of a SSM is a shape completion model; the healthy part of the affected radius is used to
determine the settings for the different principal components. The average shape, combined with the
settings of the principal components then represents the healthy version of the affected radius.

The aim of this study is to develop a shape completion model and to validate this model for clinical
use.

2 Methods

A total of 97 patients with a distal radius malunion and a healthy contralateral arm were
retrospectively included. The CT scans of the healthy arms were extracted and converted into 3D
models. 80 scans were allocated to build the SSM, 9 to validate the model and to set hyper parameters
of the shape completion model. To test the outcome of the shape completion model 8 scans were used.

2.1 Statistical shape model

Building the SSM was done using the scripting library for statistical shape modeling and model-
based image analysis Scalismo (University of Basel, Graphics and Vision Research Group).

The SSM was built similar to the study of Mauler et al. [4]. The 80 scans were placed into
correspondence through a combination of scaling, rigid and non-rigid iterative closest point matching.
Next, a generalized Procrustes analysis was used to create an average radius shape. This is then used in
a principal component analysis (PCA). This creates a summary of all shape variations, with a rating of
importance of each variation. The average radius shape together with the PCA form the SSM.

The performance of the SSM was evaluated with three variables. The compactness showed that 4
principal components are needed to capture 95% of the variability within the population. The found
generalization was a root mean square error of 0.33 mm. The specificity was found to be 1.12mm (SD:
0.27) over 10 sampled meshes. These were all deemed acceptable for use in the shape completion
model.

2.2 Shape completion model

The SSM was expanded into a shape completion model. First, correspondence between the 9
validation models and the reference model was obtained. The distal 12% of the 9 models was cut off,
which roughly corresponds with the position of a distal radius fracture. The proximal 88% of these
models are used to determine the settings for the PCA though a Gaussian process regression. This
Gaussian process assumes a certain degree of normally distributed uncertainty for each point,
represented by a triple; the reference point, the corresponding deformation vector and the level of noise.
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The most likely shape (the predicted radius) is the combination of all points and per point the most
likely location.

The Gaussian process has a set of hyperparameters that dictate factors in the data. The validation
set was used to find the best settings for these hyperparameters. The optimal settings were sigma: 150,
scale factor: 5 and noise: 20.

The performance of the model was evaluated by the accuracy and the Hausdorff distance of the
shape completion compared to the 3D models of eight scans.

3 Results

The results of the test set are represented in table 1. The average accuracy found was 0.42mm (SD
0.10) and the average Hausdorff distance was 3.57mm (SD 1.09).

Accuracy (mm) Hausdorff distance (mm)
Radius 1 0.39 3.14
Radius 2 0.43 2.78
Radius 3 0.34 3.36
Radius 4 0.32 2.43
Radius 5 0.57 4.07
Radius 6 0.53 4.37
Radius 7 0.45 5.69
Radius 8 0.31 2.68
Average 0.42 (SD 0.10) 3.57 (SD 1.09)

Table 1: The found accuracy in root mean square error per radius and the Hausdorff distances. Also,
the averages are given.

In figure 1, the comparison between the predicted radii and the original radii is represented. The

most apparent differences are seen in the radial styloid, Lister tubercle and the sigmoid notch.
Additionally, a length difference is observed in radius 5.
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Hausdorff
distance mm
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Figure 1: A) All predicted radii of the test set (red), with the corresponding original radii (green).
B) The distal part of the radii is shown with the original radii (white), and the colored arrows depicting
the amount and direction of deformation from a point to the predicted location. The colors range from
the 0.02 to the Hausdorff distance of the specific radius.

4 Discussion

This study showed a SSM of the radius with a good generalization, consecutively building an
accurate shape prediction model. Differences between predicted and the original distal radius were
mainly found at the radial styloid, Lister tubercle and the sigmoid notch.
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The accuracy of the current model (distance 0.42mm) is better than what was described by Mauler
etal. 0.71 mm (SD 0.10) and Oura et al. 0.93 mm (SD 0.39) [4-5]. We expect that this is caused by the
larger portion of proximal bone used to predict the distal section.

Studies have shown that bilateral differences of the distal radius can be as large as 4.10 mm. [6] The
average Hausdorff distance found in this research was slightly smaller than this 4.10 mm. The mean
accuracy of contralateral planning was 0.49 mm, which is less accurate than the found accuracy in this
research, indicating that the model performs better in this area than contralateral based planning. The
results show that the model could outperform the contralateral based planning. Future research should
compare the use of the shape completion model to the use of the contralateral radius to find what
technique works more optimal.

In conclusion, this preliminary shape completion model already showed to be able to predict
clinically relevant models, with error margins that are on par with previous models described in
literature.
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