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Abstract: Background: Fractures of the distal radius are common, particularly among
young men and elderly women, often leading to painful wrist arthritis, especially if the
joint surface has been affected. Traditional treatments of the wrist, such as full or partial
wrist fusion, limit movement, and common wrist prostheses have high complication
rates. Regenerative medicine and 3D bioprinting offer the potential for personalized joint
replacements. Methods: This study evaluates using the contralateral radius as a template
for creating customized distal radius prostheses. Bilateral CT scans of healthy wrists were
analyzed to assess the shape and symmetry of the distal radius using a landmark-free
morphometric method. Instead of comparing defined landmarks, the entire surface of the
radius is analyzed employing dense point- and deformation-based morphometry to detect
subtle morphological differences, providing an unbiased and more accurate comparison of
the overall deformations in the distal radii. Results: results show strong intraindividual
symmetry in joint surfaces. Interindividual comparisons revealed significant morphological
variations, particularly gender-specific differences. Conclusions: These findings support
the use of the contralateral radius as a template for the replaced side. At the same time,
the interindividual results endorse the approach of pursuing personalized prostheses as
the optimal replacement for distal joint surfaces. The increasing improvement of 3D-
printed prostheses promises new methods for better outcomes in distal radius arthrosis
after intraarticular fractures. Further research into clinical applications and biocompatible
3D printing materials is recommended.

Keywords: anatomy of the wrist; landmark-free morphometry; CT; 3D-printed prostheses;
distal radius; mirror symmetry; hand surgery

1. Introduction

Fractures of the distal radius are the most common fractures in the Western world [1].
In about one-third of cases, the joint surface of the distal radius is affected, with partial or
complete joint involvement (23-B and 23-C fractures, AO-Classification) [1]. Many distal
radius fractures heal insufficiently [2], often leading to painful and limiting wrist arthritis [3].
Treatment for this subsequent damage typically consists of partial or complete wrist fusion,
leading to significant restriction in movement [3]. Wrist prostheses, while preserving some
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mobility, have not become standard due to high complication rates, including issues like
implant loosening and bone erosion [4-10].

In cases of complex distal radius fractures accompanied by joint damage, reconstruc-
tive procedures often necessitate a reference point to reconstruct the original joint config-
uration. Typically, surgeons rely on the contralateral radius as a reference, presuming it
closely mirrors the injured radius. Several studies have explored the symmetry between the
left and right radii. For instance, Vroemen et al. [11] and Dobbe et al. [12] investigated the
overall symmetry within individuals, revealing notable variations in length and rotation.

Advances in the field of regenerative medicine and 3D bioprinting offer promising
approaches to bring the perspective of individualized bio-integrative bone cartilage substi-
tutes for joint replacement within reach [13]. Using the contralateral radius of the patient
as an anatomical template is a plausible approach [14]. A prosthesis of the distal surface
could then be designed using a CT scan of the patient’s unaffected wrist and produced by
3D printing technology.

Several studies have shown that small misalignments of fracture fragments greater
than 1-2 mm, particularly when involving the articular surface, are linked to significantly
poorer clinical outcomes, such as osteoarthritis or limited range of motion. Ensuring the
accurate anatomical reconstruction of the joint is crucial and highly correlated with better
postoperative results [2,15-17]. In our analysis, we, therefore, established a cut-off value of
1 mm, below which we can expect very good clinical outcomes [2].

Mirror symmetry in a patient’s body is generally assumed. However, in the medical
literature, the mirror symmetry of the distal radius is discussed controversially [11,18].
Most studies focus on the larger metaphysis of the radius rather than on the distal radius
console and the joint configuration. Gray et al. conducted a shape analysis of the distal
radius by identifying seven anatomical landmarks, finding no statistically significant
differences measured between the right and left distal radius in 37 paired wrists [19]. This
landmark-based shape analysis approach has limitations in capturing the complete shape
of the distal radius and especially the joint surface. We, therefore, employ a landmark-free
method, offering a promising solution by providing automated, high-resolution analyses
without the need for manually placed landmarks. The presented method improves spatial
resolution and the fidelity of shape-difference visualization and mitigates the need to
separate size and shape changes, ultimately enhancing the precision and efficiency of shape
analysis compared to manual landmark-based approaches, allowing for a fully automated
comparison of segmented distal radii [20]. This method was already successfully used to
study mandibular symphyseal shapes [21] and craniofacial skeletons of mice [20].

In this study, we focus on the mirror symmetry of the bilateral radii within the
same individual as well as the expression of interindividual differences in the cohort
using a landmark-free morphometrical analysis for shape comparison. This is done by
conducting an intra-individual analysis, referred to as the “pairwise method”, as well as
an interindividual analysis, referred to as the “atlas method”. The information obtained
allows us to conclude whether the contralateral radius can serve as a template for 3D-
printed prostheses and inform whether personalization of distal radius joint prosthesis is
recommendable due to interindividual differences.

2. Materials and Methods

The data for this study was provided by the hospital of the Ludwig-Maximilians-
University Munich (LMU), adhering to the principles outlined in the “Declaration of
Helsinki” and receiving approval from the Ethics Committee of LMU (Project No. 22-0674
(Date 26 August 2022)).
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2.1. Study Population and Acquisition of Imaging Data

Data collection involved trauma spiral computed tomography (CT) scans of patients
treated in the trauma room between 2012 and 2022. Since, in most cases, wrists were not
injured, a trauma spiral CT was an ideal way to obtain bilateral scans of patients” wrists.

The study included patients aged 18 to 80 years with undamaged distal radius articular
surfaces in age-appropriate normal conditions. Eligible patients had undergone trauma
spiral CT scans between 2012 and 2022 as part of emergency care, with wrists clearly visible
and adequately resolved. To obtain a random and thus unbiased selection of CT scans, they
were screened in chronological reverse order (latest scans first) for adequate evaluation
regarding image quality. Only afterward were the patients’ gender and age recorded. To
create comparable cohorts, random records of men and women, as well as individuals
from the age groups 2040 and 40-80 years, were selected to form equal-sized groups. This
approach allowed for the identification of both potential gender-specific and age-specific
differences. Exclusion criteria were patients whose CT scans were unsuitable for evaluation
due to technical reasons, such as insufficient resolution, artifacts, or incomplete depiction of
the wrists. Additionally, patients with fractures of the distal wrist or other severe damage
to the distal radius articular surface were excluded from the study. No further inclusion or
exclusion criteria were applied.

A SIEMENS “Somatom Force scanner” (Siemens Healthcare GmbH, Forchheim, Ger-
many) was used for CT scans. For consistent image quality, the venous phase was chosen as
default. Each CT scan possesses a pixel spacing of 0.869/0.868, signifying that horizontally
adjacent pixels are approximately 0.869 mm apart, while vertically adjacent pixels are about
0.868 mm apart. A window thickness of 0.75 mm was set for the CT scans.

Out of all the CT scans, a total of 4 cohorts were created, each consisting of 10 patients.
The cohorts were matched by gender and age to facilitate specific intra-individual comparison:
10 male patients aged 2040, 10 female patients aged 2040, 10 male patients aged 40-80, and
10 female patients aged 40-80 (Figure 1). The age threshold of 40 was chosen as it marks the
presumed onset of idiopathic joint degeneration [22]. The data was anonymized and exported
in DICOM format.
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Figure 1. Age distribution of male (a) and female (b) patients.

2.2. Mesh Extraction

“Medical Imaging Interaction Toolkit” (MITK Workbench, German Cancer Research
Center, Heidelberg, Germany, v2021.10, MacOS) software was used to crop the images
and isolate the distal radius, extracting the region of interest from the full-body scans.
To standardize the images, the radii underwent coronal plane reconstruction using the
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multiplanar reformation (MPR) tool within MITK. Following this, manual segmentation
on all 80 radii was performed by a medical expert. Each layer was segmented separately
and without the use of automated segmentation assistance [23]. Using these segmentation
labels, 3D surface meshes of the distal radii were generated for each patient. These meshes
were created by using the “Marching Cube Algorithm” utilizing the “Visualization Toolkit”
(VTK, Kitware Inc., New York, NY, USA, v.8.2.0, MacOS) and “Python”. We define the
shapes as polygonal meshes with vertices, edges, and faces. Each vertex is connected to at
least one edge, each edge to at least one face, and any intersection of faces must occur at a
shared vertex or edge, ensuring no isolated vertices, edges, or face interpenetration [24].

2.3. Data Preprocessing

To adequately capture shape variation among the different radii, it is essential to
align the shapes to exclude position and orientation from the analysis. Global alignment
is crucial in shape analysis to ensure that variations in position, orientation, or scale do
not interfere with the accurate comparison of anatomical structures. By aligning the distal
radius meshes, we can focus on shape differences rather than discrepancies caused by
differing positions or orientations during imaging. The preprocessing for the distal radius
shape analysis consists of four key operations (Figure 2), aiming to standardize the meshes
and enable a more precise and meaningful analysis of the anatomical features under study.

Step 1: Step 2: Step 3: Step 4:
Mirror right Mesh Align to z-axis and crop Align with Landmarks Crop and downsample

Figure 2. Pairwise preprocessing of distal radius segmentation meshes. Step 1: Mirror right mesh
over the x-axis. Step 2: Align meshes along the z-axis using Rodrigues’ rotation formula, move the
lowest point in the mesh to the (0, 0, 0) position and crop meshes at 5 cm. Step 3: Align left and right
radii by aligning the two landmarks RS and DSN. Step 4: Crop meshes to 4.3 cm and down sample
meshes to around 5295 + (SD: 30) number of points.

First, the meshes of the right wrist were subjected to a mirroring operation over the
x-axis, effectively transforming it into its mirror image. The mesh was mirrored across the
x-axis using a transformation matrix, which negated the x-coordinates while keeping the y
and z coordinates intact. This resulted in a mirrored mesh, and the same transformation
was applied to the corresponding landmarks to preserve their spatial relationships. This
ensured consistency between the mesh and its landmarks during the transformation. The
decision to deform the right mesh into the left was arbitrary.

To rectify initial misalignment in 3D space caused by the random position of both radii
during the CT scan, the meshes were aligned along the z-axis using “Rodrigues’ rotation
formula” [25]. Employing principal component analysis (PCA) enables this alignment by
projecting the data onto a principal subspace, preserving maximal variance [26]. Subse-
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quently, a rotation matrix was derived to align the relevant axes. Applying this rotation
matrix to both the surface mesh and landmark points ensures consistent alignment. The
mesh was aligned along the z-axis by shifting the lowest point of each mesh to the (0, 0, 0)
coordinate. Both meshes were then cropped at the 5 cm mark using a cutting plane at (0, 0,
50) with a normal vector (0, 0, 1). This ensured consistent mesh length (5 cm), and the same
adjustment was applied to the corresponding landmarks for consistency in the 3D space.
Anatomical landmarks on the articular surface of the distal radius were used to achieve
a robust, rigid alignment. Gray et al. described 8 landmarks to define the distal radial
articular surface [19]. In our study, we used two of those landmarks, the Radial styloid
(RS) and distal styloid notch (DSN), to align the meshes of the distal radii (Figure 3). To
optimize alignment between the anatomical landmarks of the RS and DSN, situated on
opposite sides of the articular surface, we additionally calculated the centroids of each
mesh and aligned the shapes along these 3 reference points. RS and DSN are located
at anatomically well-defined positions, making them a reliable solution for alignment.
The landmark data for each patient was initially stored in MPS files and subsequently
converted into VTK point cloud data. Furthermore the “least squares problem” was solved
to determine the linear transformation for the best fit between these points to counteract

potential rotation discrepancies.

Radiales styloid (RS)
Distal styloid notch (DSN)
Distal dorsal ridge (DDR)
Distal volar ridge (DVR)
Orientation point (B)
Lateral lunate fossa (LLF)

Medial scaphoid fossa (MSF)

Center of the scaphoid fossa (CSF)

Figure 3. Anatomical landmarks including abbreviations and their positions on an exemplary
articular surface of the distal radius. For alignment, only Radial styloid (RS) and distal styloid notch
(DSN) were used.

After aligning landmarks and centroids, meshes were cropped to ensure consistent
termination points. This way, variations in termination areas did not affect subsequent
shape analysis. Meshes were resized to 4.3 cm for uniformity and down-sampled to ensure
comparability. Post-reduction, all 80 meshes contained an average of 5295 + 30 vertices.

Furthermore, the articular surface was isolated from the distal radius for a focused
statistical analysis. A defined plane was drawn perpendicular to the z-axis and aligned
with the DSN landmark to define and isolate the articular surface [19].

Additionally, for the atlas shape analysis, each mesh was aligned with the right distal
radius mesh of the first patient using the RS, DSN, DDR (Figure 3), and the centroid of
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each mesh. To standardize the meshes, they were all cropped to a uniform length of 4.3 cm,
ensuring the inclusion of the region of interest (distal radial epiphysis) and preventing
the interference of proximal parts of the radius. The polygonal mesh was loaded and
converted into a PolyData object using PyVista (Kitware Inc., New York, NY, USA, v.0.42.3).
The target reduction ratio was calculated, and PyVista’s decimate method was applied to
efficiently reduce the mesh’s resolution while preserving its original shape. Post-reduction,
all 80 meshes contained an average of 5295 + 24 vertices.

2.4. Proposed Method

The landmark-free method for shape analysis applied in this study is based on a shape
alignment method first introduced by Durrleman et al. in 2014 [27]. Two shapes are aligned
using a flow of diffeomorphisms (smooth and invertible deformations). This allows finding
the correspondences between two shapes by deforming one shape to the other using thus
shape alignment method. The variations in shapes are captured in these deformations and
can be used to analyze shape differences of the distal radii. In the following, we compare
two different approaches, for pairwise and for atlas shape analysis.

2.4.1. Pairwise Shape Analysis
Shape Alignment Using Diffeomorphisms

Once the right and left surface meshes of each patient were accurately aligned, the
right distal radius mesh was deformed to match the left counterpart using “Deformetrica”
(ARAMIS Lab, Paris, France, v4.0, Python API) software (See Table 1 for parameter settings.
The source code can be found under ‘Parameter” at: https://gitlab.com/icm-institute/
aramislab/deformetrica (accessed on 1 February 2025)) [27]. This is achieved by represent-
ing mesh A as a deformation of mesh B. In this way, the initially non-corresponding meshes
are brought into point-to-point correspondence, as mesh A is expressed as a deformed
version of mesh B. Since mesh B and its deformed version inherently have point-to-point
correspondence, this allows for direct shape comparison between the meshes. We employed
a registration method, which is a specific instance of the deterministic atlas method [28].

Table 1. Parameters for Deformetrica pairwise registration. All parameters used for the pairwise
registration that are different from the default parameters set by Deformetrica.

Choice of Hyperparameters for Optimizing Deformetrica Computations

Template Parameters Deformation Parameters  Optimization Parameters
Deformable Surface Kernel 5 Optimization = Gradient
object type mesh width type ascent
Attachement Varifold .Numb.er 10 Convergence 1 % 10-4
type time points tolerance
Kernel width 4 Kernel type Keops Gpu mode Full
Freeze
Kernel type Keops controle On
points
Noise std 0.0005

Landmark-Free Morphometric Analysis

A landmark-free method in shape analysis refers to a technique that does not rely on
predefined anatomical landmarks for comparing and analyzing shapes. Unlike traditional
geometric morphometrics (GMM) or typical landmark-based methods, where specific
points on the anatomy (landmarks) are used as reference points to capture shape informa-
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tion, landmark-free methods focus on the overall deformations required to map one shape
onto another. This approach involves computing the deformations between entire shapes
rather than analyzing the positions of selected landmarks. By using PCA to study these
deformations, the method provides a comprehensive understanding of shape variation that
captures subtle differences across the entire structure rather than being limited to specific
predefined points. A principal component is a linear combination of the original variables
in a dataset, constructed in such a way that it captures the maximum possible variance. In
PCA, the first principal component accounts for the largest amount of variance, with each
subsequent component capturing the remaining variance while being orthogonal to the
previous components.

In our study, we used this landmark-free method to analyze the difference between the
patient’s left and right distal radius. Specifically, we used kernel PCA (kPCA) to analyze
the so-called momenta vectors, which provide comprehensive deformation descriptors.
This non-linear dimensional reduction method is suitable for scenarios characterized by
non-linear separability [26,29]. Before applying kPCA to our data set, we standardized the
momenta vectors to ensure equal contribution from all features. The radial basis function
(RBF) kernel was used for the kKPCA. We assessed the concordance between the left and
right distal radius across patient cohorts.

To evaluate the normality of the data distribution for each PC, the Shapiro-Wilk test
was performed. This test determines whether the data points of each PC adhere to a
normal distribution, aiding in selecting appropriate statistical tests. The rejection of the
null hypothesis for the first PC indicates deviations from normal distribution. Graphical
assessments, such as Q-Q plots, further support the non-normality of the data. Considering
the non-normal distribution of the data, we employed the Kruskal-Wallis test, a non-
parametric statistical method, to examine whether the PC effectively captured meaningful
variance across age and gender groups. A significance level of 0.05 was set for the test.

2.4.2. Atlas Shape Analysis

As an alternative to pairwise shape analysis, we propose to use an atlas shape analysis,
where an atlas may be regarded as the mean shape of a given set of shape complexes. In
the atlas model, the mean shape for a group of objects and the deformation mapping of
the atlas to each subject are estimated. The atlas is a key component of the interindividual
comparison of the distal radius.

Shape Alignment Using Diffeomorphisms

To explore the variation in distal radius shape across the population, a shape analysis
was conducted comparing a mean shape, termed the atlas, against individual patient
meshes by using the deterministic atlas method provided by Deformetrica.

To construct the atlas shape to achieve point-to-point correspondence across all meshes,
the deterministic atlas method was applied to every mesh while using the mesh from patient
1 as a template. After deformation, we computed the mean position for each point across
all meshes, merging them into a new mesh. This new mesh became the initial template for
our atlas shape analysis. Additionally, landmarks from all patients were used to calculate
the mean landmark points for the distal radius to define the mean articular surface.

Landmark-Free Morphometric Analysis

We assessed shape variations across the population by calculating the signed Euclidean
distance between the mean distal radius mesh and each patient’s distal radius mesh.
Additionally, we used kPCA on the momenta vectors to identify differences among the four
age and gender groups. The reliance on kPCA for dimensionality reduction assumes linear
independence of features, which may not fully reflect complex biological shapes. In order
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to capture more of the underlying structure of the data and thus minimize concerns about
loss of information or reduced accuracy in shape and symmetry comparisons, we, therefore,
used a Gaussian kernel in our approach, designed to capture non-linear relationships
between features of complex biological shapes. The Gaussian kernel maps the data into a
higher-dimensional space, enabling kPCA to detect and preserve non-linear correlations
between features that linear methods might miss. This approach minimizes the risk
of overlooking important correlations in the morphological characteristics of the distal
radius. Subsequently, we conduct Welch’s t-test to assess the statistical significance of
these disparities.

3. Results

The experiments were carried out on a Linux workstation running Ubuntu (Canonical
Ltd., London, UK, v.22.04). The workstation featured robust hardware, including 130 GiB
of RAM and an AMD EPYC 7502P processor with 32 cores. An NVIDIA RTX A6000
graphics card was used with 32 GB RAM and CUDA (NVIDIA Corporation, Santa Clara,
CA 9505 USA, v.12.1) to enhance our computational capabilities for accelerated processing.
The above-mentioned Python API of Deformetrica version 4.0 was used to perform the
shape analysis with Python (Python Software Foundation, Wilmington, DE, USA, v.3.8).
For efficient manipulation of mesh data in Python, the Visualisation Toolkit (Kitware Inc.,
New York, NY, USA v.9.2.6) and its Python helper library, PyVista (Kitware Inc., New York,
NY, USA, v.0.42.3) was used. These tools ensured seamless handling and processing of the
complex shape data, allowing for in-depth analysis and precise results.

The settings of Deformetrica are shown in Table 1.

3.1. Pairwise Shape Analysis

Here, we present the results for the analysis of intraindividual mirror symmetry. For
this pairwise shape analysis, the fact that the estimated left mesh corresponds point-to-point
with the template right mesh was exploited. For simplicity, we will refer to the deformed
right mesh as the “left mesh”.

Table 2a presents the mean Euclidean distance between the meshes along with their
standard deviation. The mean distance between the left and right meshes for all patients is
0.53 + 0.39 mm. Notably, males over 40 exhibit the highest mean distance between left and
right (0.57 £ 0.43 mm), while females under 40 show the lowest (0.45 + 0.34 mm).

Figure 4a presents the signed Euclidean distance between corresponding points of the
left and right distal radius. Negative values indicate required inward deformation of the
right mesh to align with the left mesh, whereas positive values indicate outward deformation.
Across patients, at least 50% of the distances between points of the left and right radius
measure less than 1.00 mm. The most significant distance between two corresponding points
in the left and right mesh is 3.00 mm between the radii of patient 22.

Figure 4b and Table 2b present analogous information for the isolated articular surface
of the distal radius. The mean distance between left and right is 0.46 & 0.30 mm, 0.07 mm
less than the mean distance between the entire distal radii. Similar to the overall analysis,
males over 40 exhibit the highest distance between left and right (0.50 & 0.33 mm), while
females under 40 display the lowest (0.40 & 0.28 mm). Notably, all distances between
corresponding points are less than 1.8 mm.

It is worth noting that despite the mean distance between the articular surfaces being
only 0.07 mm less than the mean distance of the entire distal radii, the distances on the
articular surface cover a much narrower range. In Group (a), 17.5% (7 out of 40) of patients
exhibit distances <1.50 mm, while in Group (b), this percentage increases to 85% (34 out
of 40).
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Table 2. Pairwise mean Euclidean distance and standard deviation of (a) distal radius and (b) articular
surface. Mean distance and standard deviation in mm between corresponding points of the left and
right radius and articular surface within one patient and for the four groups of patients.

(a) Mean Eucidean disatnce (in mm) between left and right distal radius for each patient

Males under 40 Males over 40 Females under 40 Females over 40

Patient Mean (SD) Patient Mean (SD) Patient Mean (SD) Patient Mean (SD)
001 0.58 (0.44) 011 0.41 (0.31) 021 0.49 (0.35) 031 0.62 (0.43)
002 0.76 (0.51) 012 0.78 (0.49) 022 0.55 (0.41) 032 0.51 (0.37)
003 0.64 (0.43) 013 0.55 (0.40) 023 0.31 (0.27) 033 0.55 (0.35)
004 0.75 (0.46) 014 0.76 (0.54) 024 0.42 (0.33) 034 0.65 (0.47)
005 0.51 (0.33) 015 0.76 (0.51) 025 0.58 (0.33) 035 0.49 (0.34)
006 0.37 (0.21) 016 0.44 (0.29) 026 0.52 (0.37) 036 0.54 (0.39)
007 0.44 (0.30) 017 0.48 (0.29) 027 0.41 (0.29) 037 0.40 (0.31)
008 0.68 (0.46) 018 0.60 (0.36) 028 0.30 (0.20) 038 0.33 (0.21)
009 0.49 (0.28) 019 0.37 (0.23) 029 0.49 (0.35) 039 0.65 (0.49)
010 0.43 (0.30) 020 0.59 (0.48) 030 0.44 (0.30) 040 0.41 (0.28)
0.56 (0.40) 0.57 (0.43) 0.45 (0.34) 0.52 (0.39)

(b) Mean Euclidean distance (in mm) between left and right distal radius articular surface for each patient

Males under 40 Males over 40 Females under 40 Females over 40

Patient Mean (SD) Patient Mean (SD) Patient Mean (SD) Patient Mean (SD)
001 0.29 (0.21) 011 0.35 (0.22) 021 0.46 (0.30) 031 0.51 (0.27)
002 0.72 (0.39) 012 0.70 (0.32) 022 0.44 (0.31) 032 0.45 (0.27)
003 0.60 (0.33) 013 0.41 (0.22) 023 0.32 (0.21) 033 0.45 (0.24)
004 0.74 (0.36) 014 0.51 (0.34) 024 0.27 (0.17) 034 0.63 (0.37)
005 0.41 (0.25) 015 0.72 (0.32) 025 0.51 (0.26) 035 0.37 (0.21)
006 0.34 (0.19) 016 0.35 (0.20) 026 0.56 (0.32) 036 0.52 (0.33)
007 0.38 (0.21) 017 0.50 (0.23) 027 0.42 (0.29) 037 0.41 (0.28)
008 0.67 (0.33) 018 0.51 (0.25) 028 0.29 (0.19) 038 0.36 (0.20)
009 0.40 (0.23) 019 0.32 (0.21) 029 0.36 (0.21) 039 0.34 (0.25)
010 0.36 (0.21) 020 0.42 (0.27) 030 0.35 (0.23) 040 0.37 (0.20)
0.50 (0.33) 0.49 (0.30) 0.40 (0.27) 0.44 (0.28)

Figure 5 visually depicts the deformations observed in the radii of five selected patients.
Notably, patient 12 demonstrates the highest mean distance, contrasting with patient 28,
which exhibits the lowest mean distance. Patients 22 and 39 showcase notable outliers
(>2.5 mm). Upon closer examination of the illustrations, it becomes apparent that the
predominant deformations mostly occur within the metaphyseal and proximal epiphyseal
regions rather than at the articular surface.
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(a) Euclidean distance between left and right distal radius for each patient.
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(b) Euclidean distance between left and right articular surface of the distal radius for each patient.
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Figure 4. Pairwise signed Euclidean distance of (a) distal radius and (b) articular surface. Negative
distances correspond to an inward deformation of the right mesh to match the left mesh, and positive
distances indicate an outward deformation. The red line visualizes the mean distance between all
pairs. The orange lines depict the median distance between the meshes of a patient. Outliers are the
highest 99.8% distance values for each patient.
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Figure 5. Example meshes for the pairwise shape analysis, illustrating the signed Euclidean distance
between left and right distal radius. Front view of the whole radius as well as the articular surface.
Meshes are sorted by mean Euclidean distance decreasing from left to right. Patient 12 has the highest
mean Euclidean distance and patient 28 has the lowest. Red areas indicate an outward deformation,

blue areas an inward deformation.
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Analysis of Deformations

The differences among the four age and gender groups were analyzed using momenta
vectors that describe the deformation from the distal radius. These vectors capture nuanced
shape variances beyond mere depth alterations.

Results indicated that only the first PC exhibits a statistically significant difference
among the age and gender groups (Table 3).

Table 3. Results of Welch's t-tests conducted on the first and second principal components for each
pair of groups. Values that are beneath the significance level of 0.05 are bold.

Group 1 Group 2 PC1
Males under 40 Males over 40 0.309
Males under 40 Females under 40 0.003
Males under 40 Females over 40 0.100

Males over 40 Females under 40 0.002
Males over 40 Females over 40 0.023
Females under 40 Females over 40 0.010

Post-hoc analyses were conducted using Welch’s t-tests to explore specific group
differences. The first PC demonstrates significant differences between males under 40 and
females under 40, males over 40 and females under 40, and males over 40 and females over

40, as evidenced by p-values below 0.05, suggesting notable distinctions in their means
(Table 3).

3.2. Atlas Shape Analysis

The mean Euclidean distance between all patient meshes and the atlas mesh comprised
0.98 £ 0.72 mm (Table 4 and Figure 6). Similar to the pairwise shape analysis, males
over 40 exhibit the highest distance to the mean mesh among the four age and gender
groups. The mean Euclidean distance between the articular surface meshes and the atlas
shapes is 0.65 = 0.49 mm. Unlike the pairwise shape analysis, some points still exhibit
considerable distances between the atlas and patient articular surfaces, which suggests a
higher variability in the articular surfaces within the population.

Table 4. Mean distance and standard deviation in mm between corresponding points of the mean
distal radius and distal radius of a patient. Results for distances between (a) the whole distal radii
and (b) the articular surface for the left and right sides.

(a) Mean Eucidean disatnce (in mm) between mean-distal radius and distal radius of each patient

Males under 40 Males over 40 Females under 40 Females over 40
Patient Mean (SD) Patient Mean (SD) Patient Mean (SD) Patient Mean (SD)
0011 0.47 (0.37) 0111 2.03 (1.20) 0211 0.77 (0.45) 0311 0.89 (0.68)
001 r 0.74 (0.48) 011 r 1.97 (1.14) 021 r 0.73 (0.47) 031r 0.90 (0.60)
0021 1.01 (0.66) 0121 1.21 (0.82) 0221 0.54 (0.36) 0321 0.67 (0.50)
002 r 0.55 (0.50) 012r 0.76 (0.53) 022 r 0.72 (0.55) 032r 0.71 (0.52)
0031 1.07 (0.68) 0131 2.08 (0.98) 0231 0.98 (0.73) 0331 0.50 (0.36)
003 r 1.39 (0.75) 013 r 2.08 (0.99) 023 r 1.14 (0.76) 033 r 0.63 (0.43)
0041 1.40 (0.99) 0141 0.66 (0.50) 0241 1.02 (0.63) 0341 0.73 (0.41)
004 r 1.35 (0.86) 014 r 0.86 (0.53) 024 r 0.93 (0.56) 034r 0.67 (0.41)
0051 0.83 (0.65) 0151 1.63 (0.87) 0251 1.38 (0.73) 0351 0.85 (0.48)
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Table 4. Cont.

Patient Mean (SD) Patient Mean (SD) Patient Mean (SD) Patient Mean (SD)
005 r 1.00 (0.69) 015r 1.50 (0.94) 025r 1.50 (0.91) 035r 0.83 (0.47)
0061 0.99 (0.59) 0161 1.33 (0.69) 0261 0.55 (0.44) 0361 1.04 (0.71)
006 r 1.27 (0.67) Ol6r 1.54 (0.82) 026 r 0.68 (0.45) 036 r 0.98 (0.78)
0071 1.02 (0.63) 0171 1.05 (0.72) 0271 1.12 (0.62) 0371 1.03 (0.53)
007 r 1.10 (0.55) 017 r 0.86 (0.50) 027 r 1.03 (0.70) 037 r 0.84 (0.52)
0081 0.71 (0.43) 0181 0.39 (0.29) 0281 0.94 (0.57) 0381 0.81 (0.59)
008 r 0.56 (0.43) 018 r 0.64 (0.48) 028 r 1.08 (0.59) 038 r 0.92 (0.59)
0091 0.49 (0.35) 0191 0.52 (0.35) 0291 0.66 (0.38) 0391 0.64 (0.45)
009 r 0.59 (0.39) 019 r 0.49 (0.42) 029 r 0.92 (0.47) 039r 0.59 (0.47)
0101 0.69 (0.56) 0201 1.45 (0.93) 0301 0.87 (0.50) 0401 1.56 (0.85)
010 r 0.87 (0.63) 020 r 1.45 (0.98) 030r 1.11 (0.70) 040 r 1.48 (0.72)

0.91 (0.68) 1.22 (0.95) 0.93 (0.65) 0.86 (0.63)

(b) Mean Eucidean disatnce (in mm) between mean-distal radius articular surface and distal radius articular

surface of each patient

Males under 40 Males over 40 Females under 40 Females over 40

Patient Mean (SD) Patient Mean (SD) Patient Mean (SD) Patient Mean (SD)
0011 0.38 (0.24) 0111 1.37 (0.69) 0211 0.56 (0.31) 0311 0.57 (0.41)
001r 0.43 (0.24) 0llr 1.34 (0.69) 021r 0.54 (0.31) 031r 0.52 (0.33)
0021 0.59 (0.36) 0121 0.89 (0.61) 0221 0.34 (0.22) 0321 0.38 (0.26)
002 r 0.30 (0.18) 012r 0.49 (0.38) 022 r 0.51 (0.37) 032r 0.47 (0.30)
0031 0.83 (0.59) 0131 1.42 (0.61) 0231 0.56 (0.30) 0331 0.32 (0.24)
003 r 0.96 (0.55) 013r 1.49 (0.53) 023 r 0.69 (0.41) 033r 0.47 (0.29)
0041 1.33 (0.95) 0141 0.45 (0.30) 0241 0.76 (0.44) 0341 0.49 (0.29)
004 r 0.95 (0.62) 014 r 0.54 (0.28) 024 r 0.74 (0.41) 034 r 0.45 (0.31)
0051 0.60 (0.49) 0151 1.33 (0.74) 0251 0.68 (0.39) 0351 0.64 (0.37)
005 r 0.51 (0.35) 015r 1.08 (0.70) 025r 0.71 (0.47) 035r 0.68 (0.37)
0061 0.66 (0.37) 0161 0.81 (0.51) 0261 0.47 (0.34) 0361 0.53 (0.34)
006 r 0.86 (0.47) 0l6r 0.88 (0.54) 026 r 0.61 (0.32) 036 r 0.54 (0.37)
0071 0.67 (0.32) 0171 0.65 (0.40) 0271 0.62 (0.31) 0371 0.64 (0.46)
007 r 0.77 (0.34) 017 r 0.57 (0.33) 027 r 0.60 (0.30) 037 r 0.50 (0.38)
0081 0.65 (0.36) 0181 0.29 (0.20) 0281 0.55 (0.29) 0381 0.50 (0.31)
008 r 0.38 (0.25) 018 r 0.33 (0.27) 028 r 0.72 (0.33) 038 r 0.62 (0.31)
0091 0.38 (0.28) 0191 0.34 (0.23) 0291 0.57 (0.28) 0391 0.40 (0.24)
009 r 0.46 (0.28) 019r 0.43 (0.37) 029 r 0.65 (0.26) 039r 0.47 (0.32)
0101 0.58 (0.40) 0201 0.71 (0.42) 0301 0.68 (0.31) 0401 0.75 (0.49)
010 r 0.63 (0.47) 020 r 0.68 (0.37) 030 r 0.86 (0.43) 040 r 0.76 (0.44)
0.65 (0.50) 0.81 (0.63) 0.62 (0.36) 0.53 (0.37)
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Figure 6. Signed Euclidean distance of (a) distal radius and (b) distal radius articular surface between

patient distal radius and mean distal radius.

The observed deviation in the interindividual comparison of the articular surface

(0.65 = 0.49 mm) is 0.19 mm higher than the typical intra-individual difference between

the left and right distal radii articular surfaces (0.46 = 0.30 mm) in patients, where intra-

individual differences remain consistently below 1 mm .

Figure 7 illustrates the deformation patterns observed in five selected patients. Notably,

patient 13 and patient 27 exhibit the most pronounced differences in size when compared to

the atlas model. Patient 013 displays significant outward deformation in the metaphyseal

region and substantial inward deformation on the articular surface. On the other hand,
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Distal Radius

Articular surface

Patient 013

_

>

./

patient 027 shows a marked inward deformation in the metaphyseal region and a small
outward deformation on the articular surface.

Patient 027 Patient 005 Patient 032 Patient 018  Deformation in mm
4

¢ | 2

-4

Figure 7. Example meshes for the atlas shape analysis illustrating the signed Euclidean distance
between the atlas radius and left distal radius of a patient. The front view of the distal radius, the
articular surface. Meshes are sorted by mean Euclidean distance decreasing from left to right. Patient
13 has the highest mean Euclidean distance between the left and the mean radius, and patient 18 has
the lowest. Red areas indicate an outward deformation, blue areas an inward deformation.

Momenta Vectors

Observing the eigenvalues of the PCs, it was found that the first PC captured significant
variance in the data (Table 5). The Shapiro-Wilk test revealed that the PC data did not follow
a normal distribution. Therefore, the Kruskal-Wallis test was used to examine whether the
PCs effectively captured meaningful variance across age and gender groups. The first PC
indeed captured significant variance, indicating their relevance in distinguishing between
the groups.

Table 5. Results of Welch's t-tests conducted on the first and second principal components of the
momenta vectors describing the pairwise deformation. Values that are beneath the significance level
of 0.05 are bold.

Group 1 Group 2 PC1
Males under 40 Males over 40 0.155820
Males under 40 Females under 40 0.000011
Males under 40 Females over 40 0.005161

Males over 40 Females under 40 0.000000
Males over 40 Females over 40 0.000051
Females under 40 Females over 40 0.004091

Post-hoc analysis using Welch's t-tests showed significant differences between most
pairs of groups for the first principal component (Table 5). The p-values were notably small,
underscoring the differences between the groups. A significance level of 0.05 was set for
the test.

Visual examination revealed more distinct differences between groups compared to
the pairwise analysis. Notably, there was a clear separation between females and males of
both age groups. Welch's t-tests confirmed significant differences in deformation between
the mean distal radius and patient meshes for both genders.
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4. Discussion

In order to archive a comprehensive morphometric analysis of the entire distal radius
and its articular surface, rather than limiting the assessment to fixed measurements like
rotation, length, or angles, we employed this procedure using landmark-free morphomet-
rics. Landmark-based methods rely on a limited set of predefined points to describe a
shape, which can be effective for simple shapes but often fails to capture the full geomet-
ric complexity of more complex forms. Since only specific points are used, subtle shape
variations may be overlooked, leading to a loss of important morphological information,
especially in structures including various curved surfaces. Additionally, the accuracy of
landmark-based methods depends on the number and placement of landmarks. Too few
points can result in missing important details, while increasing the number of landmarks
requires more manual effort and can lead to potential errors. In contrast, landmark-free
methods utilize dense point clouds (meshes) to analyze the entire shape rather than just
discrete points. This allows for a more detailed representation of complex shapes, such as
the distal radius. By considering the entire surface, landmark-free approaches provide a
more comprehensive analysis of shape variations. By enhancing the accuracy, precision,
and efficiency of shape analysis compared to manual, landmark-based approaches, the
average degree of interindividual mirror symmetry of distal radii and the distal radius
articular surface, as well as the degree of deviation per patient to the mean of a respec-
tive population can be specified. Even if the morphometric analysis does not rely on any
landmarks, the RS and DSN described by Gray et al. [19] (as well as the centroids for
the atlas analysis) were needed in the data preprocessing to achieve a rigid alignment in
3D space. Although the very small amount of landmarks represents a minimal source
of error, a fully automated rigid alignment without the use of these landmarks could be
advantageous. Such an approach might reduce the need for manual identification and
placement of landmarks, speeding up the process and minimizing variability between
different users, enhancing reproducibility.

In regard to the interindividual mirror symmetry of the distal radius and its articular
surface, our data align with those of previous studies [18,19].

Our findings prove a notable mirrored symmetry within the distal radii of individual
patients, especially in the region of the joint surfaces. On average, there is a slight variation
of 0.53 £ 0.39 mm between the examined articular surfaces of a patient’s radius. This
difference falls well below our defined cut-off of 1 mm. These results suggest that the
unaffected contralateral radius can serve as a highly accurate reference for the fractured
radius, leading to a favorable postoperative clinical outcome.

When assessing the entire distal radius, we discovered greater point-to-point de-
viations, in both the pairwise and atlas analyses, in the proximal part, bordering the
metaphyseal region. This is probably caused by the alignment of the meshes in 3D space
by the anatomical RS and DSN landmarks at the very distal edges of the distal radius joint
surface. Consecutively minor discrepancies carry more weight the more proximally they are
located relative to the landmarks. This concurs to the results of Hong et al. [18]. Consistent
with that hypothesis, our analysis revealed a high level of intraindividual correspondence
on the joint surfaces (0.46 £ 0.30 mm). This is consistent with the results presented by Gray
etal. [19]. Given that the integrity of the distal radius joint hinges primarily on the shape of
its articulating components, the symmetry of the radial joint surface holds particular impor-
tance. Our analysis indicates minimal deviations in these critical components, suggesting
that the contralateral side demonstrates very high symmetry with only minor deviations
below our threshold for expected clinical significance.

The atlas shape analysis highlights substantial variations in radial morphology within
the population. Furthermore, the PCA demonstrates that the nature of deformations,
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irrespective of dimensions, also exhibits gender-specific characteristics, highlighting the
multifaceted anatomical variations that can pose challenges for standardized joint replace-
ments. Dividing the cohort by age and gender allows us to capture how bone morphology
in the distal radius varies due to aging and anatomical differences between males and
females. Age-based groups help identify changes related to bone density and joint structure,
mostly due to osteoarthritis over time [30], while gender-based groups account for natural
anatomical variations influenced by hormonal and muscular factors [31]. This stratification
is crucial for understanding the factors that affect distal radius shape.

This insight carries significant implications and underscores the importance of patient-
specific, 3D-printed prostheses in the context of new bio-integrative joint replacements.

Our study clearly demonstrates the intra-individual symmetry of the distal radius
joint surface in our study population. When designing a novel wrist prosthesis, the main
focus should hence be given to the form and orientation of the joint surface rather than
the shaft. With osteochondral technologies even a joint-surface only implant like a crown
prosthesis seems plausible.

The results also advocate against a generic “one size fits all” approach since it showed
significant interindividual differences in the configuration of the articular surface of the dis-
tal radius. The patient-specific approach of 3D-printed prostheses offers a viable alternative
that will moreover be even more cost-efficient as technology advances.

We preferred manual segmentation over automated segmentation because, in our
case, the radiological software produced inaccurate radius segmentations. This issue may
be due to the Partial Volume Effect, where dense tissues like bone transition into less
dense tissues such as soft tissue, blurring boundaries. The effect is worsened because the
images of the radii were extracted from whole-body CT scans rather than isolated wrist CT
scans. This broader focus contributes to reduced accuracy in the automated segmentation,
as the radii are not specifically targeted, affecting the quality of segmentation results.
The study by Cook et al. demonstrated that manual segmentation of bones with more
complex anatomy yields more accurate and reliable results than automated segmentation.
Additionally, the study found that manual segmentation can achieve high accuracy and
a high level of intrauser and interuser precision [23]. While performing a shape analysis
on the distal radius, we encountered specific limitations that could be addressed in future
work. The precision of the shape analysis between two shapes heavily depends on their
initial accurate alignment. If the shapes are not accurately rigidly aligned, the analysis
might highlight differences due to positioning rather than actual shape variations. In our
study, this alignment was achieved using anatomical landmarks that were manually placed
by a medical expert on the articular surface of the distal radius, as well as the centroid of
the shape. However, any minor errors in landmark placement could affect this alignment.
Exploring automatic methods for aligning the distal radius shapes could lead to a more
robust shape analysis. This alignment could potentially be achieved by training a deep
learning network for medical image registration, as described in [32,33]. Additionally, we
did not consider factors such as height and weight in the interindividual comparison. These
variables could also potentially influence the ultimate bone shape and size, regardless of
gender and age.

The relatively small patient population presents a limitation of this study. Thus, the
sample size may not capture the full range of variability present in a larger, more diverse
cohort. Furthermore, the diversity within our population in terms of occupation, lifestyle,
or biomechanical loading patterns was not assessed. These factors could influence the
observed mirror symmetry and deformation patterns, as different levels and types of
mechanical stress on the wrist may lead to variations in bone geometry and symmetry.
Future studies with larger and more diverse populations are needed to evaluate the po-
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tential impact of these variables on bone deformation, improving the generalizability of
our findings.

5. Conclusions

Using a technique of landmark-free morphometrics, this study showed a high sym-
metry of the distal radius joint surfaces within individuals. These results support using
the contralateral side to achieve an anatomically accurate reconstruction of the radius. We
hope that future research will lead to clinical studies exploring further applications of
these findings in clinical settings and their relevance for 3D-printed biocompatible joint
replacements. We recommend further research into the application of these methods to
enhance treatment outcomes.
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