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ABSTRACT

Background: For bone morphology and biomechanics analysis, landmarks are essential to define position,
orientation, and shape. These landmarks define bone and joint coordinate systems and are widely used in
these research fields. Currently, no method is known for automatically identifying landmarks on virtual 3D
bone models of the radius and ulna. This paper proposes a knowledge-based method for locating landmarks
and calculating a coordinate system for the radius, ulna, and combined forearm bones, which is essential for
measuring forearm function. This method does not rely on pre-labeled data.

Validation: The algorithm is validated by comparing the landmarks placed by the algorithm with the mean
position of landmarks placed by a group of experts on cadaveric specimens regarding distance and orientation.
Results: The median Euclidean distance differences between all the automated and reference landmarks range
from 0.4 to 1.8 millimeters. The median angular differences of the coordinate system of the radius and ulna
range from -1.4 to 0.6 degrees. The forearm coordinate system’s median errors range from -0.2 to 2.0 degrees.
The median error in calculating the rotational position of the radius relative to the ulna is 1.8 degrees.
Conclusion: The automatic method’s applicability depends on the use context and desired accuracy. However,
the current method is a validated first step in the automatic analysis of the three-dimensional forearm anatomy.

1. Introduction

The use of three-dimensional (3D) bone surface models is a new de-
velopment in orthopedics [1]. These models are created by segmenting
bones from computed tomography (CT) or magnetic resonance (MR)
scans [2]. A virtual or printed 3D model improves the interpretation
and analysis of patient-specific anatomy [3]. An example can be found
in planning osteotomies to restore bone shapes. Research has shown
that the use of 3D pre-operative planning improves outcomes over 2D
planning [4].

One of the first steps in 3D pre-operative planning is calculating a
coordinate system that defines the bone’s general shape, position, and
orientation. These coordinate systems are based on anatomical land-
marks [5]. Manual annotation of these landmarks has high variability,
which can be improved with automatic placement [6,7]. Automated
placement algorithms can be, among other things, based on statistical
shape or artificial intelligence. Still, these models require substantial
computational power and a substantial amount of manually annotated
data [8,9]. Algorithms based on a geometric approach do not have
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these drawbacks and have already been shown to be helpful in research
and clinical use [10,11]. However, these methods are only reported for
the lower extremity, skull, and humerus [10-14]. For the radius and
ulna, no method is available at the moment.

This article describes a knowledge-based method for detecting
anatomical landmarks on the radius and ulna. To evaluate this method,
the automated method’s landmarks are compared to those placed by
experienced researchers working with 3D forearm models. The com-
parison is made for the location of the landmarks and the coordinate
systems, which can be calculated from these landmarks for the radius,
ulna, and forearm.

1.1. Related work

Techniques that provide a 3D virtual bone model with landmark
locations as output have been published before. These studies can
be divided into three types: knowledge-based, template-based, and
learning-based.
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Knowledge-based techniques use local shape information and fea-
tures to identify edges, sharp points, valleys, and more on a surface. A
shape feature can place a landmark based on orientation and location.
Negrillo et al. described a method to find landmarks on the femur and
humerus compared to a phantom [11,13]. In line with this study, Idram
et al. used a knowledge-based method to find landmarks on calcaneus
models to perform morphological measurements [15]. Thereby, Subbu-
raj et al. used a curvature-based method to identify knee landmarks [6]
and Fischer et al. describe a method for finding landmarks on the pelvic
bone [10].

Template-based techniques create one template based on input data
as a reference to fit a target of unseen data. The template is often
calculated using an atlas or a statistical shape model. The simplest
method is creating an atlas based on one or multiple labeled surfaces.
Phan et al. used one labeled femur as a template for registration to place
landmarks on another surface model [16]. Schroder et al. used multiple
input surfaces for the femur, which led to a higher accuracy [17].
Because this technique depends on pre-labeled data and performs better
when more data is available, Bermejo et al. first performed a template-
based initialization of the landmarks, which was then improved with a
knowledge-based step to find landmarks of the skull [18]. Fischer et al.
used a hybrid model consisting of an atlas registration first, followed
by a knowledge-based refinement, directly on 3D bone models of the
femur [12].

Another way to create a template based on multiple bone models
is using statistical shape modeling. This technique calculates a mean
shape based on multiple input shapes. A new bone model is then
transformed into the mean shape, and a back transformation places the
landmarks. Baek et al. found 14 landmarks on a femur using statistical
shape modeling [14]. Monttfar et al. use a hybrid model using two
2D orthogonal images created from a 3D model [19]. Both the anterior
and lateral images are used as input for a shape model to calculate
an initial placement of landmarks, which is further refined using a
knowledge-based method.

Learning-based techniques use pre-labeled data to place labels or
landmarks on new, unseen data without creating a template. These
techniques are relatively new and based on different forms of artificial
intelligence. A meta-analysis from Serafin et al. showed that the ac-
curacy for 3D cephalometric landmark placement using deep learning
algorithms is increasing in more recent research [20]. For example,
Liu et al. found seven landmarks on patellofemoral CT scans using a
deep-learning model [21].

By comparing the method section of these studies, the differences
between the three methods and their advantages and disadvantages
become apparent. While all methods reach an acceptable accuracy, the
template and learning-based methods show better generalizability and
adjustability than the knowledge-based methods. These are based on
one principle, either surface registration, statistical shape modeling,
or convolutional neural networks, and apply these to the anatomy of
interest. A different anatomy often only requires adjusting parameters;
however, the developer needs a comprehensive understanding of the
underlying model for troubleshooting and implementation. On the
contrary, the knowledge-based methods have a lower complexity and
can be developed from a smaller, unlabeled dataset. These methods can
use the same approaches, for example, finding the highest point or the
center of a region of interest, but these all depend on the context of the
bone and the landmarks of interest. A new bone requires, therefore, a
new method.

Most of these studies used the lower extremity or skull as the
anatomical subject. Similar research for the upper extremity is sparse.
Only the knowledge-based method of Negrillio et al. places land-
marks on the humerus [11]. No method has been published for the
forearm focusing on the entire forearm or the proximal or distal radio-
ulnar joint. Therefore, a knowledge-based method is a simple first step
into automatically analyzing the forearm in 3D without the need for
large amounts of pre-labeled data and an understanding of advanced
techniques.
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Table 1
Table describing the directions of the coordinate systems mentioned in this paper for
a right-sided forearm.

Axis Displacement Rotation
+ - + -
x Dorsal Volar Radial deviation Ulnar deviation
y Distal Proximal Supination Pronation
z Radial/lateral Ulnar/medial Flexion Extension
2. Method

2.1. Radial, ulnar, and forearm coordinate systems

An overview of the bony landmarks of interest is given in Fig. 1.
The coordinate systems calculated in this study are primarily based
on the recommendation of the International Society of Biomechanics
(ISB) [5]. However, the coordinate system of the ulna is altered because
it depends on bony structures of the radius and the position of the
radius relative to the ulna. The aim is to calculate a coordinate system
of the isolated ulna. The coordinate system of the forearm is changed
because it depends on the bony structures of the humerus. The aim is to
also calculate the rotational position of the radius relative to the ulna if
the humerus is not available. The radial coordinate system is defined as
follows. The y-axis is the line from the center of the radial head to the
center of the ridge between the radioscaphoid and radiolunate fossae.
The z-axis is the line from the base of the concavity of the ulnar notch to
the radial styloid perpendicular to the y-axis. The x-axis is the common
line perpendicular to the y-axis and z-axis. The ulnar coordinate system
is defined as follows. The y-axis is the line from the proximal center
to the ulnar fovea. The x-axis is the line from the ulnar styloid to the
ulnar dome. The z-axis is the common line perpendicular to the y-axis
and x-axis.

The coordinate system of the forearm is as follows. The y-axis is the
line from the center of the radial head to the ulnar fovea, coincident
with the rotation axis of the forearm [22]. The x-axis is the normal
of the fitted plane through the radial head, trochlear notch, and ulnar
fovea pointing volar. The z-axis is the common line perpendicular to
the y-axis, and the x-axis points in the lateral direction. To measure
the position of the radius relative to the ulna in the forearm, the yz-
plane from the forearm coordinate system is used as a neutral plane.
A rotation plane is then defined through the radial head center, ulnar
fovea, and center of the fossae ridge. The normal of this plane points
in the volar direction when the forearm is in the anatomical position.
Because the radial-ulnar deviation and flexion-extension of the radius
during rotation are minimal, the angle between the planes is considered
the position of the radius relative to the ulna. The angle increases when
the forearm rotates from supination to pronation.

Table 1 presents all the directions and rotations. The landmarks are
visualized in Fig. 2.

2.2. Detection of landmarks

The algorithm is separate for the radius and ulna. Both require a 3D
bone surface model, or mesh, as input. These can be obtained through
CT or MRI by segmentation and surface rendering [2,23]. It is also
possible to get a 3D model from orthogonal X-ray images [24].

Note: the reader is advised to view the supplementary animations in
which the algorithms are visualized.

2.2.1. Detection of radial landmarks

The 3D model of the entire radius is positioned by aligning its prin-
cipal inertia vectors to the world coordinate system. In this alignment,
the world z-axis will roughly match with the proximal-distal axis of the
bone. To check which side is proximal and distal, 10% of the ends along
the z-axis of the model are selected, and the volume of their oriented
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Fig. 1. Overview of the radial and ulnar landmarks and coordinate systems. A: the landmarks and coordinate system of the radius. B: the landmarks and coordinate system of

the ulna.
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Fig. 2. Overview of planes of the forearm used to measure rotational position.

bounding boxes (OBB) are compared. Because the distal radius has a
larger volume than the proximal radius, the volume of the OBB at the
positive side of the z-axis should be the largest.

For the center of the radial head, a plane is fit to the radial joint
surface of the humeroradial joint. This is done by selecting the vertices
with a z-component higher than 0.5 of their vertex normal. The largest
connected component with the lowest centroid is selected. The plane
that fits on this point cloud is then moved distally until one closed
contour is found in the cross section. The intersection of the central
axis of the oriented bounding cylinder with the mesh is marked as the
center of the radial head.

For the radial tuberosity, cross sections perpendicular to the z-axis
of the coordinate system will be made at 8% and 20% of its height [25].
A vector from the centroid of the lowest cross section to the center of
the highest cross section is calculated and used for new cross sections
every millimeter. The areas of all the cross sections are collected,

and the sections with a smaller area than the mean are neglected.
This selects a part of the model which includes the radial tuberosity.
Because of its shape variations, the center of the radial tuberosity is
not straightforward [26]. Therefore, regions of 120 degrees around the
vector are sliced from the ROI in steps of 10 degrees. The 36 volumes
are compared, and the part with the largest volume is considered to
be the full radial tuberosity. Its center is determined by casting a ray
from the center of the entire diaphyseal part through the center of the
radial tuberosity. The location of the intersection is labeled as the radial
tuberosity (see Fig. 3).

The radiocarpal joint surface (RCJS) must be isolated for the distal
landmarks. Vertices with a z-component higher than 0.5 in their vertex
normal are selected. The largest connected region of the vertices with
the highest centroid is marked as the RCJS. A plane is fit through
this point cloud. The plane that fits on this point cloud is then moved
proximally until one closed contour is found in the cross-section. From
this cross section only the distal geometry is considered. Using its OBB,
the long side corresponds to the dorsal and volar sides, and the short
side to the radial and ulnar sides. By comparing the mesh inside one-
third of the long side of the OBB with their convex hulls, the radial
side has the largest difference between the volume of the mesh and its
convex hull. This part of the mesh is then rotated in such a way to
mimic the 10 degrees volar tilt and 20 degrees radial inclination found
in most individuals for the distal radius [27]. The highest point of this
transformed mesh is marked as the radial styloid.

The other part of the mesh, the concave part, is split into a volar and
dorsal side using a normal vector parallel to the fitted plane, which is
perpendicular to the line from the centroid of the mesh to the radial
styloid. Cross sections of both parts are made from the radial side to
the ulnar side in steps of 1 millimeter. The highest coordinate furthest
away from the center is kept for every cross section. This creates a line
corresponding to the radiocarpal joint surface’s volar and dorsal rim.
Both lines are smoothed by fitting a spline with five knots. The points
closest to the dorsal line’s second knot and the volar line’s third knot
are connected. The vertex closest to the center of this line is marked as
the middle of the fossae ridge. The center of the ulnar notch is found by
the intersecting plane through the mean point of the last points of the
volar and dorsal rim, the center of the concave mesh, and the center of
the fossae ridge. The point closest to the distal bound on the ulnar side
is marked as the center of the ulnar notch (see Fig. 4).

2.2.2. Detection of ulnar landmarks

The 3D model of the entire ulna is positioned by aligning its prin-
cipal inertia vectors to the world coordinate system. In this alignment,
the world z-axis will roughly match with the proximal-distal axis of
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B. top-down view

Axis from 5% centroid
to 20% centroid

Largest 120 degree part
around axis

Fig. 3. Visualization for finding the radial tuberosity landmark. A: 3D view in which the vector is connected from the 8% to the 20% heights centroid. The cross sections along
this axis are kept if their area is larger than the mean. From this volume, parts are sliced 120 degrees around the axis. The part with the largest volume is kept. B: top-down
view. Because the tuberosity stands out from the diaphysis of the bone, the central axis does not go through the center of the volume. Because of this offset, a larger volume

containing the radial tuberosity can be found.

& B. C:
j 3rd Knot
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y Center of
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Fig. 4. Steps for finding the distal radial landmarks. A: The distal radius’s surface is split into three parts using the longest side of the oriented bounding box. The smallest
difference between the volume of the mesh and the convex hull is the convex part of the mesh. The highest point is marked as the radial styloid. B: The concave part of the
surface is split into a volar and dorsal side. The rims are found using cross sections. After smoothing using splines, the center of the fossae ridge is the mean between the second
volar knot and the third dorsal knot. C: A plane through the centroid of the concave part, mean of the endpoints of the rim, fossae ridge center, and the center of the sphere
fitted at the ulnar side of the mesh creates a cross section. The most ulnar distal point of the cross section is the center of the ulnar notch.
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Fig. 5. Steps for finding the proximal ulnar landmarks. A: the mesh containing the trochlear notch (RTN) is aligned along the x-axis using its centroid and the centroid of its
convex hull. The center of the cross section with the largest area is kept in the xz-plane. B: The RTN is split at its centroid into a mesh containing the coronoid process (RCP) and
a mesh containing the olecranon (ROP). Using their oriented bounding boxes (OBB), the tip of the coronoid process and olecranon can be found. C: a plane through the coronoid
process tip, olecranon tip, and the centroids of the RTN, RCP, and ROP splits the RTN into a medial and lateral part. Two spheres can be fit by combining the x-values of the
vertex normals and their mean curvature. Their radical center is the center of the trochlear notch.

the bone. To check which side is proximal and distal, 15% of the ends
along the z-axis of the model are selected, and the volume of their OBBs
are compared. Because the proximal ulna has a larger volume than the
distal ulna, the volume of the OBB at the negative side of the z-axis
should be the largest.

For the proximal region of interest (PROI), the 20% lowest part
of the mesh is selected and its principal inertia vectors are aligned
with the world coordinate system without changing the orientation
in the proximal-distal axis to correct for the proximal dorsal ulnar
angulation [28]. Two regions of interest will be selected: the part of
the trochlear notch (RTN) and the part of the radial notch (RRN). Cross
sections of the PROI are made with steps of 1 millimeter from proximal
to distal. At the height of the cross section with the largest area, the

PROI is sliced into a proximal part with the trochlear notch (RTN) and
the distal part with the radial notch (RRN) (see Fig. 5).

To identify the RTN’s orientation, the mesh’s centroid and the
centroid of its convex hull are aligned along the world’s x-axis so that
the notch points towards the positive x-direction. The RTN is split into
a part with the coronoid process (RCP) and a part with the olecranon
(ROP) based on the centroid of the RTN. The vertex of the RCP convex
hull closest to the most proximal-volar point of its OBB is marked as
the tip of the coronoid process. The olecranon tip is the vertex of the
ROP convex hull closest to the center of the most volar and distal edge
of its OBB.

A plane through the centroid of the RTN, RCP, ROP, tip of the
coronoid process, and olecranon is used to divide the RCP into a lateral
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and medial part. On both sides, the joint surface of the trochlear notch
is restricted by the x-component of the vertex normals on the medial
and lateral border. At the same time, the mean curvature determines
the proximal and distal border. To improve the curvature of the mesh,
this part is smoothed using a dilation and erosion technique [29,30].
Curvature is calculated using the method specified by Cohen-Steiner
and Morvan [31]. The radius of the sphere used to calculate the curva-
ture was 0.1 millimeters. By combining vertex normal and curvature
information for each vertex, a set of vertices can be selected which
represents the joint surface of the trochlear notch on the lateral and
medial sides. On both sides, spheres are fit. The trochlear notch center
is the radical center of the two spheres.

For locating the radial notch, the vertices on the lateral part of the
centroid of the mesh are kept, and their mean curvature is calculated.
The mean curvature is thresholded, and the centroid of the largest
region is marked as the center of the radial notch. For the proximal
center, a cross section is made at the height of the coronoid process.
The plane creating the cross section goes through the coronoid process,
radial notch, and the cross product of the vectors from the coronoid
process to the radial notch and the ulnar dome. The centroid of this
cross section is the proximal center.

The distal region of interest (DROI) is defined as the distal 15% of
the bounding box along the z-axis. Because of differences in anatomy,
the angulation and orientation of this part is not equal among individ-
uals [32]. The principal inertia vectors of the DROI are aligned with
the world coordinate system without changing the orientation in the
proximal-distal axis to correct for this angulation. A plane is moved
from distal to proximal along the z-axis, and the DROI is cut off when
the area of the cross section is smaller than the previous one. Local
maxima of the mesh are calculated. In case multiple maxima are found,
the maximum with the largest distance to the centroid of the DROI is
marked as ulnar styloid.

To find the ulnar fovea and ulnar dome, the ulna’s distal tip is
rotated so that the vector from the ulnar styloid to the centroid of the
mesh is pointing in the positive x-direction. The y-axis is now equal
to the radio-ulnar side. From the volar side, a part of the mesh equal
to half of the radio-ulnar length of the bounding box is cut off. This
is the ROI for the ulnar dome. The ulnar dome is the intersection of
the ray cast from the centroid of the ROI, pointing along the positive
z-axis. The mesh between the ulnar styloid and the ulnar dome is then
cut to define the ROI for the ulnar fovea. Again, the ulnar fovea is the
intersection of the ray cast from the centroid of the ROI pointing along
the positive z-axis (see Fig. 6).

3. Validation
3.1. Experiments

CT scans of 8 forearms from post-mortem human specimens without
any apparent deformities or surgical implants were obtained (aged 61—
90, 7 right, 1 left, 5 female, 3 male). All humans who donated their
bodies for science used in our cadaver study had a written form of
consent. No other forms or documentation regarding Dutch law or our
institutional ethics committee are necessary. The radius and ulna were
segmented, and 3D models were acquired using Materialise Mimics
(version 25). Using Materialise MiniMagics software (version 23.5),
three researchers with experience in working with 3D models of the
forearm manually placed landmarks on the radius and ulna. The five
radial landmarks and five of the seven ulnar landmarks were annotated
by placing a point on the surface model. The center of the trochlear
notch was calculated by the best-fitting circle from three points placed
at the narrowest part of the trochlear notch. The researchers did not
manually place the proximal point; it is calculated like the automatic
method.

For the validation, reference landmarks were calculated using the
mean location of all the landmarks placed by the researchers. Left
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A. B.
Bounding box Ulnar styloid
Ulnar fovea
1*RU L ) e o o
Ulnar dome

Fig. 6. Steps for finding the ulnar dome and ulnar fovea. A: the distal ulnar tip and
its bounding box. At the volar side, a part of the mesh is selected, half of the length of
the radial-ulnar side of the bounding box. The intersection of a ray from the centroid
of this mesh pointing distally is the ulnar dome. B: the mesh between the ulnar dome
and ulnar styloid is selected for the ulnar fovea. Again, the intersection of a ray from
the centroid of this mesh pointing distally is the ulnar fovea.

forearms were mirrored to unify the directions in coordinate systems.
The radius and ulna were placed separately in the respective coor-
dinate system using the reference landmarks. From this position, the
difference between all the automatically placed and manually placed
landmarks was calculated in three directions as mentioned in Table 1
and as Euclidean distance (ED). The transformation matrix to transform
the radius or ulna with either the manually or automatically placed
landmarks to the reference bone is decomposed into Euler angles.
The Euler angles are the error for the respective coordinate systems.
This is also done for the neutral and rotation planes of the forearm
coordinate system. For the position of the radius relative to the ulna,
the angle between the normal vectors of the planes is calculated, and
the difference between the reference forearm is calculated.

The Wilcoxon rank-sum test is used to compare the automatic errors
with the manual errors with the alpha value set at 5%. The decision to
use the Wilcoxon rank-sum test is due to the low number of automatic
measurements and the errors not following a normal distribution in
16% of the cases. The median, interquartile range (IQR), and full range
are given.

3.2. Results of the detection of landmarks

Results for the radial landmarks are shown in Table 2. The median
error in ED of the radial landmarks for the automated method ranged
from 0.4 to 1.1 millimeters. A median error of 1.1 millimeters for ED
was seen for the radial tuberosity and the center of the fossae ridge.
Both were significantly different from the reference landmarks. The
maximum difference in the range for these landmarks is 1.8 and 2.4
millimeters, respectively. When looking into the separate directions,
significant differences were seen in three instances: the dorsal-volar
direction of the center of the fossae ridge and radial styloid and the
distal-proximal direction of the center of the fossae ridge. All of these
median differences were less than one millimeter.

Results for the ulnar landmarks are shown in Table 3. The median
error in ED of the ulnar landmarks ranged from 0.6 to 1.8 millimeters.
A median error of 1.8 millimeters for ED was seen for the proximal
center and was significantly different from the reference landmark.
This significant difference is also seen in the radioulnar direction of
the proximal point. The only other significant difference is seen in the
dorsal-volar direction of the trochlear notch. The median difference in
both directions is less than one millimeter.

3.3. Results of the coordinate system and position calculation
Results for the coordinate systems of the radius, ulna, and forearm,

and position calculation can be found in Table 4. The median differ-
ences in the radial coordinate system ranged from —0.2 to 0.6 degrees.
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Table 2
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Differences between the radial landmarks of eight specimens detected automatically and manually compared to the mean manual landmarks.
For the automated method, eight measurements for each landmark are available; for the manual method, 24 measurements are available.

Automatic (mm)

Manual (mm)

Landmark Dir. p-value
Median IQR 1-3 Range Median IQR 1-3 Range
DV -0.2 -0.5; 0.0 -0.8; 0.1 0.0 -0.2; 0.2 -0.6; 0.6 0.07
Radial head DP 0.0 0.0; 0.0 -0.2; 0.0 0.0 0.0; 0.0 -0.1; 0.1 0.22
RU -0.1 -0.5; 0.1 -0.8; 0.3 0.0 -0.3; 0.3 —-0.6; 0.7 0.30
ED 0.4 0.3; 0.8 0.1; 1.0 0.5 0.3; 0.6 0.0; 0.9 0.60
DV -0.3 —-0.4; 0.1 -0.8; 0.5 0.0 -0.2; 0.2 -0.8; 1.0 0.32
Radial tuberosity DP 0.2 -0.3; 0.6 -1.8; 1.5 0.0 -0.3; 0.3 -0.8; 0.8 0.60
RU 0.5 -0.5; 0.7 -0.6; 1.0 0.2 —-0.4; 0.4 -1.6; 1.4 0.32
ED 1.1 0.8; 1.5 0.8; 1.8 0.6 0.5; 1.0 0.2; 1.9 0.02
DV -0.1 -0.5; 0.1 -1.0; 0.2 0.0 -0.2; 0.3 -0.5; 0.4 0.24
Ulnar notch DP 0.1 -0.2; 0.5 -0.6; 0.6 0.0 -0.2; 0.1 —-0.4; 0.6 0.36
RU 0.1 -0.2; 0.2 -0.2; 0.5 0.0 -0.1; 0.1 -0.2; 0.3 0.51
ED 0.6 0.4; 0.8 0.3; 1.2 0.4 0.3; 0.5 0.0; 0.7 0.06
DV 0.6 0.4; 1.0 -0.1; 1.1 0.1 -0.2; 0.2 -0.7; 0.9 <0.01
Fossae ridge DP 0.3 0.2; 0.3 -0.1; 0.4 0.0 -0.1; 0.1 -0.5; 0.6 <0.01
RU 0.4 0.1; 1.2 -0.9; 2.2 0.0 -0.3; 0.4 -0.9; 1.0 0.15
ED 1.1 0.8; 1.4 0.4; 2.4 0.6 0.4; 0.8 0.2; 1.4 0.01
DV -0.3 -0.9; -0.1 -1.5; 0.5 0.0 -0.2; 0.1 -0.7; 0.9 0.04
Radial styloid DP 0.0 -0.1; 0.1 -0.3; 0.2 0.0 0.0; 0.1 -0.5; 0.2 0.57
RU -0.2 -0.4; 0.1 -0.6; 0.7 0.0 -0.4; 0.3 -1.2; 1.3 0.57
ED 0.6 0.4, 1.0 0.1; 1.5 0.5 0.3; 0.7 0.0; 1.4 0.28

Dir: direction; DV: dorsal-volar; DP: distal-proximal; RU: radial-ulnar; ED: euclidean distance.

Table 3

Differences between the ulnar landmarks of eight specimen detected automatically and manually compared to the mean manual landmarks. For
the automated method, eight measurements for each landmark are available; for the manual method, 24 measurements are available.

Automatic (mm)

Manual (mm)

Landmark Dir. p-value
Median IQR 1-3 Range Median IQR 1-3 Range
DV 0.7 0.4; 1.2 —-0.1; 2.8 0.1 —-0.3; 0.3 -1.0; 0.8 <0.01
Trochlear notch DP 0.1 —-0.4; 0.5 -0.7; 1.3 0.0 —-0.2; 0.2 —-0.5; 0.5 0.76
RU -0.5 -0.7; -0.3 -1.2; -0.1 0.1 —-0.7; 0.8 -1.6; 1.2 0.11
ED 1.0 0.8; 1.9 0.6; 3.0 0.9 0.6; 1.3 0.2; 1.7 0.30
DV 0.1 -0.1, 0.2 -0.5; 0.3 -0.1 -0.3; 0.3 -0.8; 1.5 0.66
Coronoid process DP 0.2 0.1; 0.5 —-0.1; 0.8 -0.2 —-0.3; 0.5 -0.7; 1.1 0.07
RU -0.2 -0.5; 0.1 -1.8; 1.1 -0.2 —0.6; 0.4 -1.5; 2.4 0.54
ED 0.7 0.4; 0.9 0.1; 1.8 0.8 0.6; 1.2 0.2; 2.4 0.24
DV -0.2 -0.5; 0.0 -1.0; 1.2 -0.1 —-0.3; 0.4 —-0.9; 0.9 0.46
Radial notch DP 0.3 0.1; 0.5 -0.4; 1.2 0.1 -0.2; 0.3 -1.2; 1.0 0.12
RU 0.0 -0.1; 0.1 -0.8; 0.8 -0.1 -0.2; 0.2 -0.5; 0.7 0.79
ED 0.6 0.4; 1.0 0.3; 1.9 0.6 0.4; 0.9 0.2; 1.2 0.76
DV 0.3 -0.1; 0.8 -1.0; 1.9 0.0 —-0.1; 0.1 —-0.4; 0.8 0.24
Proximal center DP 0.4 0.4; 0.5 -1.0; 0.8 0.0 -0.2; 0.3 -2.2; 1.7 0.08
RU 0.8 0.2; 1.7 -1.2; 2.0 0.0 —-0.1; 0.1 —0.4; 0.4 0.02
ED 1.8 1.2; 2.0 0.7; 2.2 0.4 0.3; 0.5 0.0; 2.3 <0.01
DV 0.2 -0.2; 0.6 0.2 -0.7; 0.7 -2.5; 2.0 0.83
Ulnar dome DP 0.0 -0.1; 0.1 0.1 —-0.2; 0.3 -1.1; 0.5 0.76
RU 0.3 0.1; 0.7 -0.2 —0.4; 0.4 —-0.8; 0.9 0.15
ED 1.1 0.4; 1.5 1.0 0.6; 1.3 0.1; 2.7 0.83
DV —-0.4 -1.0; -0.1 0.0 —0.4; 0.3 -1.0; 1.0 0.06
Ulnar fovea DP 0.1 0.0; 0.2 0.0 -0.1; 0.0 -0.2; 0.2 0.14
RU 0.3 0.0; 0.5 0.0 -0.1; 0.2 —0.6; 0.4 0.05
ED 0.6 0.4; 1.1 0.4 0.2; 0.7 0.0; 1.0 0.16
DV -0.4 -1.0; 0.2 0.0 -0.4; 0.1 -1.2; 1.2 0.32
Ulnar styloid DP 0.0 0.0; 0.1 0.0 0.0; 0.0 —-0.2; 0.1 0.09
RU 0.5 -0.1; 0.8 0.0 0.0; 0.1 —0.6; 0.4 0.14
ED 1.0 0.4; 1.2 0.4 0.0; 0.6 0.0; 1.3 0.05

Dir: direction; DV: dorsal-volar; DP: distal-proximal; RU: radial-ulnar; ED: euclidean distance.

The difference in the radio-ulnar direction was significant, with a dif-
ference of 0.2 degrees. The median differences in the ulnar coordinate
system ranged from —1.4 and 0.1 degrees. None were significant. The
median differences in the forearm coordinate system ranged from —0.2
to 2.0 degrees. The difference in the flexion—-extension direction of the
rotation plane differed significantly, with a difference of —0.2 degrees.
The median difference between measuring position automatically and
manually is 1.8 degrees.

4. Discussion

The results show that our knowledge-based method can localize the
important landmarks of the forearm. The median difference is between
0.4 and 1.8 millimeters compared to manually placed landmarks. These
errors translate to median angular errors from —1.4 to 2.0, with an
error in the position calculation of 1.8 degrees. No difference larger
than 4 millimeters was found. The only comparable study for the
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Table 4

Angular differences between the coordinate systems calculated from the landmarks.
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Coordinate system Motion Automatic (*) Manual (*) p-value
Median IQR 1-3 Range Median IQR 1-3 Range
FE -0.2 -0.3; 0.0 —0.6; 0.3 0.0 -0.1; 0.1 -0.4; 0.3 0.05
Radius SP 0.6 0.0; 1.5 -3.0; 3.5 0.0 -0.5; 0.6 -1,7; 1.2 0.18
RU 0.2 0.2; 0.3 0.0; 0.4 0.0 -0.1; 0.1 -0.2; 0.3 <0.01
FE 0.1 -0.1; 0.4 —-0.4; 0.6 0.0 -0.1; 0.0 -0.1; 0.2 0.41
Ulna SP -1.4 -2.0; 3.4 -6.1; 7.1 0.9 -2.1; 1.9 —-4.6; 4.7 1.00
RU -0.1 —-0.6; 0.0 -0.8; 0.1 0.0 -0.1; 0.1 -0.3; 0.2 0.06
FE -0.2 —-0.4; 0.0 -0.5; 0.0 0.0 -0.1; 0.1 —-0.3; 0.4 0.07
Forearm - neutral SP 2.0 0.6; 2.7 -2.1; 4.7 -0.4 -0.8; 1.4 -2.8; 3.4 0.06
RU 0.1 0.1; 0.2 -0.3; 0.3 0.0 -0.1; 0.1 -0.2; 0.2 0.06
FE -0.2 -0.3; -0.1 —-0.5; 0.1 0.0 -0.1; 0.1 -0.3; 0.3 0.02
Forearm - rotation SP 0.1 -1.4; 0.6 -3.8; 2.0 -0.1 -0.7; 0.6 -2.4; 3.5 0.73
RU 0.1 0.0; 0.2 -0.2; 0.3 0.0 -0.1; 0.1 -0.3; 0.2 0.16
Position SP 1.8 -0.1; 2.9 -1.1; 7.5 0.1 -1.3; 2.1 -4.3; 4.9 0.10

FE: flexion—extension, SP: supination-pronation, RU: radial-ulnar deviation.

upper extremity is from Negrillo-Cardenas et al. [11]. They showed
a maximum mean error of 2.4 millimeters for localizing landmarks
on the humerus bone, but these measurements were validated against
landmarks in phantom bones. In the lower extremity, the femur is
often the subject of interest. Negrillio-Cardenas et al. also published a
knowledge-based method for the femur, with no mean error larger than
1.7 millimeters [13]. In addition, Subburaj et al. reached an accuracy of
4.9 millimeters for knee landmarks based on surface curvature [6]. For
another anatomical region of interest, Fischer et al. used a knowledge-
based method to identify pelvic landmarks, which showed a maximum
error of 3.3 millimeters and no angular difference larger than 1 de-
gree [10]. The angular differences in our study are larger, especially
in the pronation-supination direction, because the distance between
the landmarks that define this rotation is minimal. A small change in
distance will, therefore, lead to a more considerable angular difference.
The same effect can also be seen in the study of Idram et al. which
focused on the calcaneus, a relatively small bone [15]. Their root mean
squared error was 0.8 millimeters, but also 1.7 degrees.

When using a knowledge-based method, it is essential to see if
systemic errors are made in specific directions. For the trochlear notch
landmark, this is seen in the dorsal-volar direction: the landmark is
almost always placed more dorsally when placed automatically (see
Table 3). Because this landmark is used for the neutral plane, this plane
is rotated more in pronation (see Table 4). While this difference is not
significant and consistently below 2 degrees, it could be explained by
how this landmark is placed: automatically, two spheres are fit, while
manually, a circle is fit. The same effect of a systemic error can be
seen for the localization of the fossae ridge. The automatically placed
landmark is often more radial and dorsal, which shows the significant
differences in the FE and RU direction of the radial coordinate system.
However, the errors are smaller than 0.5 degrees. Depending on the
use case, these errors must be considered when using the method.
While minor corrections can be introduced to minimize the differences,
especially for the SP direction, the lack of a reference standard and
the absence of a significant difference due to the comparable spread in
manual measurements would first require a validation including a 3D
model of the distal humerus to compare the location of the trochlea
directly.

As mentioned in the introduction, knowledge-based methods can
fail if the landmarks do not follow specific characteristics, as explained
in the method. Therefore, the next step for this method would be to
test the generalizability of the model in clinical cases. Most forearm
fractures are seen in the pediatric population [33]. In this population,
joint surfaces are not fully developed yet and could lack essential
characteristics [34]. Especially the growth plate in the proximal ulna,
which develops into the concave trochlear notch, can only be seen
around the age of ten. These variations, which are normal in the

pediatric population, can lead to an inadequate performance of the
method.

There are two main advantages of this method over manually
placing landmarks; the first is the speed. The current implementation
of this method in Python showed a maximum time of 15 s for the
analysis of the radius and 55 s for the ulna, while manual annotation
took several minutes per bone. The difference in time was utterly
due to the smoothing step used for the proximal ulna. The Python
code, including the smoothing, could have been optimized in terms
of time; thus, improvements can still be made. The second advantage
is that there is no intra-variability when using an automated method.
Because no reference standard is available, the automatic method was
compared to the mean of three manual measurements. Calculating
an interrater coefficient for the manual measurement based on this
reference standard would give biased results. A more robust alternative
would be to retrieve a separate set of reference landmarks for all the
available forearms. Other studies show good to excellent interrater co-
efficients [10,12,15]. However, Idram et al. note that some landmarks
are hard to recognize and localize within one coordinate. This could be
due to unclear anatomy or definition, or the landmark is not merely
a point but a larger area, like the center of a notch, depression, or
bump, like the radial tuberosity [35]. An automatic method reduces
this ambiguity but instead relies on the quality of the 3D model and
the accuracy of the segmentation to ensure the correct localization of
landmarks. These steps can also be optimized and automated, creating
one complete workflow.

Considering the validation and variability, the errors are all below
or equal to 2 millimeters and 2 degrees, but there are some significant
differences between the automatically and manually placed landmarks.
However, some remarks need to be made about the p-values. The low
amount of measurements can influence the p-value, as significance can
be achieved due to a random error. Only eight arms were used, each
seen once by three researchers separately. Furthermore, no correction
for multiple testing was applied, which could mean that the threshold
for significance at 0.05 would be too high. The comparison between the
ranges of the automated and manual measurements should be seen in
combination with the magnitude of the median error and not by itself.

The next improvement for this method could include a template-
based registration beforehand. Fischer et al. have shown that all the
landmarks refined using a geometrical approach for the femur showed
a smaller error than landmarks without refinement in their study and
the study of Baek et al. [12,14]. However, at the moment of writing,
no atlas or statistical shape method is available for the whole forearm
bones, only for the distal radius [36,37]. While Phan et al. have shown
that having one bone as a template could work, the method’s applicabil-
ity increases when the template is based on more bone models, such as
pathological and pediatric anatomy, as Schroder et al. proved [16,17].
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5. Conclusion

Our knowledge-based method is a fast and consistent method for
localizing the most important anatomical landmarks on the radius and
ulna with all median errors below or equal to 2 millimeters and 2 de-
grees. Because the use of anatomical landmarks is widespread and the
algorithm is relatively simple, our method can be easily implemented,
used, and possibly improved by others. Technological improvements
follow each other quickly, and obtaining 3D bone models in clinical
practice becomes more straightforward. The algorithm has, therefore,
the potential to be a fundamental base for the next steps in the 3D
analysis of the forearm.
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