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Corrective osteotomy is a standard treatment for distal radius fractures in malunited radius cases. In order
to increase the efficiency of the osteotomy pre-operative plan, in this study, a proof-of-concept framework of
automatic computer-assisted segmentation and registration tool was developed for the purpose of malunited
radius osteotomy pre-operative planning. The program consisted of the functions of segmentation, virtual cutting,

automatic alignment and registration. One computed tomography (CT) scanning dataset of a patient’s bilateral
forearm was employed as an illustration example in this study. Three templates of 3D models including the
healthy radius, and the pre- and post-correction injured radius were output as STL geometries for pre-operative

plan purposes.

1. Introduction

Distal radius fracture is a common injury [1][2], for which malu-
nion is one of the most commonly reported complications [3][4][5]. It
may lead to dorsal tilt and radial length shortening, which could cause
radiocarpal and radioulnar pain, and limitations in forearm supination
and pronation [6][7][8].

For the treatment of this complication, the corrective osteotomy is a
standard treatment used in clinical practice [9][10]. The main objective
of corrective osteotomy is to restore the injured radius to the pre-injury
anatomical form. Using radiographic imaging with anteroposterior, lat-
eral, and oblique views, the deformity is defined by the appropriate
ulnar variance, radial height, radial inclination, and volar tilt. Based on
these parameters, the injured radius is cut around the fracture location,
and the injured segment is aligned to its pre-injury anatomical position.
The wedged gap between the segments of the injured radius is con-
nected with an osteosynthesis plate, which was stabilized using screws
fixed on both segments [11][12][13]. However, the conventional cor-
rective osteotomy still has challenges due to the complex deformity
of the bone geometry [14][15]. For example, from 2D planar imag-
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ing data, it is only possible to measure the displacement and rotation
with three degrees of freedom (DOF), while from 3D imaging data, the
measurement of the displacement and rotation have six DOF, which
provides more precise parameter evaluation, such as rotational defor-
mity, that commonly occurs with angulated malunions of distal radius
[16][17]1[18]. Comparatively, a more advanced 3D model-based cor-
rective osteotomy typically uses three radius templates, i.e. the radius
models of both forearms (healthy side and injured side), and the correc-
tive injured radius. The healthy and injured radii are reconstructed from
radiographic imaging data. The deformity of the injured radius is evalu-
ated by superimposing it onto the mirrored healthy radius model. Then
a virtual cut divides the injured radius at the malunion location into
proximal and distal sections. These two sections are re-aligned based on
the mirrored healthy radius model again. Finally, the realigned injured
radius (both proximal and distal sections) is output as the corrective
radius model, which is used as a reference to the real surgery. This
technology brings the surgeon clear visualization of the malunions, and
helps the surgeon with the patient-specific osteotomy plan including
surgical cut and the plate fixation [19][20], it provides high accuracy
of the osteotomy plan [21], and in the meantime, improve the pre-
operative plan efficiency [22].
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The complexity of the 3D radius structure requires a precise pre-
operation plan to guarantee the quality of corrective osteotomy [23].
To improve the conventional corrective osteotomy, computer-assisted
osteotomy plan technology has been rapidly developing and is able to
help on each substep of the pre-operation plan, including computed to-
mography (CT) imaging processing, bone structure segmentation and
reconstruction, corrective registration, patient-specific plate design, etc
[24]1[25]1[26]. In detail, CT imaging data typically show sharp bound-
aries between cortical bone and surrounding soft tissue and is used as
the gold standard for 3D modelling of bone structure [27] and medi-
cal device manufacturing [28]. Several algorithms, such as grey level
thresholding masks, contour estimation/correction algorithm, and wa-
tershed method have been introduced in the segmentation of bone
structures from CT scans [29][30][31]. By virtue of anatomical char-
ity of the radii of the injured and healthy sides, the healthy structure
of the injured side could be assumed by computational registering with
the healthy side radius [32][33]. From the registered models, the cut
plane, angle, and position for the injured radius osteotomy could be
estimated. With computational modelling, the malunited part correc-
tion, the osteosynthesis plate, and jigs position could be visualized
and evaluated [34][22]. The computer-assisted biomechanical analy-
sis could help with the design of customised-healthcare products such
as corrective plate, implant, and scaffold, by 3D printing prototype
[351[361[371[38] and finite element analysis (FEA) [39][40].

By integrating the aforementioned methods, algorithms, and tech-
nologies, some computer-assisted osteotomy pre-operative plan proto-
cols and tools have been reported. Schweizer et al. [41] reported a
computer-assisted osteotomy planning workflow, including the imaging
acquisition, 3D reconstruction, registration, and alignment steps. The
key idea was using a 3D model to perform interactively virtual cut and
repositioning. The iterative closest point (ICP) automatic registration
method [42] was employed. In the end, the required parameters of rota-
tion and translation could be exported from the obtained transformation
matrices. Carrillo et al. [22] proposed an automatic multi-objective
3D pre-operative plan method. Besides the objectives of evaluating the
alignment and cut plane, the proposed method also included the objec-
tives of optimizing the plate allocation and screw fixation. Their clinical
validation proved that the proposed computer-assisted osteotomy plan
was an accurate and time-saving approach. Dobbe et al. [43][18][44]
published a series study about their custom-made pre-operative plan
software, which included the functions of finding the repositioning pa-
rameters, cutting guide, and patient-tailored plate. This custom-made
software was further extended as a semi-automatic design tool for 3D-
printed patient-specific instruments (PSIs) [45].

The current pre-operative osteotomy plan methods do not come
without their own challenges. Several limitations are still present, for
example, self-adaptive parameters setup among different objectives, re-
ducing the human interactive workloads, and improving the process
efficiency [22][45]. In order to increase the efficiency of the procedure,
an automatic algorithm with a friendly user interface (UI) was devel-
oped in MATLAB (The MathWorks, Inc., Natick, Massachusetts, USA) in
this proof-of-concept study. A self-adapting threshold-based segmenta-
tion process was designed to reconstruct both injured and healthy sides
on a bilateral high-resolution forearm CT scan. The injured radius was
then fused onto the mirrored, healthy one. The injured radius was ‘cut’
into proximal and distal subsections and were repositioned based on the
corresponding structure in the healthy radius. All the geometries pro-
duced were then output as STL files for osteotomy pre-operative plan
purposes.

2. Materials and methods

A bilateral forearm CT scan (TOSHIBA Aquilion ONE) was employed
to develop and verify the algorithm. The CT scan protocol Sugicase CT
Forearm was used for imaging acquisition. The acquisition resolution
of each CT imaging slice was 512 x 512. In total 1381 slices were ac-
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quired in the CT imaging sequence. The CT scanning data was stored
following the DICOM transfer protocol and all the sensitive data were
anonymized.

The proposed algorithm was developed in MATLAB with an object-
oriented design. The main concept was to automatically segment, reg-
ister and reconfigure the injured bone comparing it to the healthy one
after chirality has been removed through mirroring. A flow chart of
the program design is shown in Fig. 1. The algorithm was developed
to have functional modules including: pre-processing, segmentation,
mirror transformation, visualization, registration, and corrective con-
figuration.

Pre-processing was required to sort up the input dataset and to ini-
tialize the parameters required for the program. The imported DICOM
sequence was converted to a volumetric matrix in MATLAB for the sub-
sequent processes. Also, the forearms of the injured and healthy sides
were labelled. For the purpose of removing the chirality of the healthy
and injured sides, a mirrored dataset was created from the CT scan, so
that the injured arm could be registered on the mirrored healthy ge-
ometry. A friendly user interface (UI) was designed for the algorithm
in MATLAB to manage the data input, initialization, and visualization
tasks.

2.1. Segmentation

Segmentation was the first major functional module in this algo-
rithm, which outlined the bone structure from the other tissues.

The first step in the segmentation process was to generate the CT
volumetric matrix and standardize the intensity into a uniform intensity
range [0,1]. Then the region of interest (ROI) was defined to isolate the
bone area and to block out the part which had a similar intensity range
as the bone structure.

The processed volumetric matrix was then binarized to present the
bone structure only. In the binarized data, there were still some hollow
areas within the bone boundary, which would be filled and generated
the final bone mask. Subsequently, the binarized matrix was trans-
formed and represented as a nx3 array, where n was the total number of
voxels with bone, and each voxel consisted of three spatial coordinate
components. The final step was to transform the voxel representation
into a triangulated object. This was achieved by converting the voxels
representation into an alpha shape (with an alpha radius of 1). The sur-
face of bone geometry was then described by using boundary facets,
which could be output as standard STL files. The visualization module
would also provide an in-built view of the segmented bone as an STL
file.

To verify the developed automatic segmentation method, a com-
parison was performed with manual segmentation of the radius per-
formed by an experienced orthopedic surgeon, using ITK-snap [46]. The
Serensen-Dice similarity coefficient (DSC) method was used as a metric
to evaluate the segmentation quality.

2.2. Registration

After segmentation, the healthy radius was mirrored through coor-
dinates transformation to remove the chirality between the two radii,
and then overlaid onto the injured radius. The two radii were virtually
cut into proximal (to the patient’s body) and distal subsections. The
length ratio of the two subsections was pre-determined by clinicians
based on patient cases. An initial alignment was performed based on
the proximal subsection since it was the one not affected by the injury
in the malunited radius. The radius geometries were transformed from
voxelised data into a point cloud dataset for registration. The registra-
tion was performed by superimposing the mirrored, healthy radius onto
the injured one by using the point-cloud transform function in Matlab.
The root mean square (RMS) was used to measure these two geometries
with the minimum gap between them.
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Fig. 1. The flow chart of the algorithm design. The imaging data were firstly pre-processed and mirrored, which provided the healthy geometry with chirality
removed. The bone structure of mirrored healthy side and injured side were then segmented. The injured bone was corrected by registering it onto the healthy
geometry provided by the mirrored healthy side bone structure. To achieve this, the designed functional modules included: pre-processing, segmentation, mirror
transformation, visualization, registration, and corrective configuration. The top left corner is the user interface (UI) of the proposed program which was developed
in Matlab. The start-up UI page allows users to select the working folder directory, output the folder name, and define the injured side. It also provides a preview
window where CT imaging samples from the input sequence could be previewed. A sliding bar allows the user to select the slices to preview easily.

2.3. Corrective configuration

To obtain the final corrective position, besides the proximal align-
ment described in the previous section, the distal subsections needed to
be re-aligned and registered onto the corrective position. To achieve it,
the registration used the whole mirrored, healthy radius, which was
firstly transformed onto the injured radius position by applying the
same transformation matrix calculated from the previous proximal reg-
istration. The distal portion on this healthy radius geometry was treated
as an accurate template for the registration of the injured distal subsec-
tion. The distal subsection of the injured radius was then registered onto
the distal portion of the healthy radius.

As output, the radius geometry of the injured radius, the healthy ra-
dius (mirrored), and the pre-operative plan view, which was generated
by re-aligning the injured subsections based on the healthy radius, were
exported as STL geometric files.

3. Results

Fig. 2 presents the imaging slices from four locations from proximal
to distal. By means of high-resolution CT imaging, the bone structure
could be clearly visualized from the original CT dataset. During the
processing, the ROI was cropped to reduce the redundant area (mainly
the top and bottom areas in the image). After adjusting the pixel in-
tensity, the bone structure was given prominence from the background.
The binarization thresholding boundaries used here were 97.5% of the
standardized intensity value. From the binarized CT data, the boundary
of the bone structure was clearly segmented, which generated the sur-
face of the bone structure in 3D. Noticing that the binarization only still
could not provide the perfect bone model yet, there was still some noise
and the inconsistent hollow area within the bone surface. It required a
subsequent process to remove the isolated noise using area size filter-
ing, and to generate a bone mask to fill the whole volume within the
bone surfaces.
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Slice No. 1000

Fig. 2. The 2D slice samples of original CT imaging data, intensity-adjusted data, and binarized data at the slice number of 400, 600, 800, and 1000. Note that the
region of interest (ROI) of intensity-adjusted data and binarized data were already cropped during the process. And in the binarized imaging data, there were still
some discrete noises, which were further removed by using area filter. The right hand side is the reconstructed radius STLs. From left to right are injured, healthy

and mirrored healthy structures, respectively.
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Fig. 3. The segmentation results were verified by using benchmark results
which were manually segmented by an experienced orthopedic surgeon. The
Serensen-Dice coefficient (DSC) from the comparison results of the program
and manual segmentation on each CT scan slice was used as the index of the
verification. For most of the results, the coefficients were above 0.95 (red ar-
row indicated region). The two drops at around the 200th (blue arrow) and the
1100th (green arrow) slices were because of the articulation joint. The values
after the 1250th slice (yellow arrow) could be neglected as the corresponding
region was outside the region of interest.

The Sgrensen-Dice similarity coefficient (DSC) metric between the
segmentation results from the proposed algorithm and the benchmark
from an experienced clinician are shown slice by slice in Fig. 3. For
most of the slices (from slice 300 to slice 1000) the accuracy was close
to 1. Around slice number 200, there was a significant drop in the DSC
caused by the articulation joint between the ulnar-radius and humerus.
Another similar drop occurs around slice number 1100 at the intersec-
tion between the radius and the carpal bones. For most of the slices at
these joint locations, the accuracy was around 0.95. In the slices above
1250, the metacarpus was imaged, which was not part of the region of
interest for this work and, as such, could be neglected.

Fig. 4(A&B) presents a visualisation of the radius registration. The
radius structures in the registration process were presented using the
cloud point format. The mirrored, healthy radius (green), and injured
radius (red) were used in the registration. The registration process had
two sub-steps. Firstly, both radii were divided into proximal and dis-
tal subsections. In this case, the division was based on the length ratio
of 85% and 15%. As the proximal subsection of the injured radius was

not affected by the injury, the proximal subsection of the healthy radius
could be perfectly registered to the proximal subsection of the injured
side first. Then in the next sub-step, the whole healthy radius was trans-
ferred using the same transfer matrix from the last sub-step. Finally,
based on the shape and location of the distal portion of the transferred
mirrored healthy radius, the distal subsection of the injured radius was
registered to the corrective position. Fig. 4(C&D) shows the enlarged
cloud point view of the registration of distal subsections. The registra-
tion and the subsequent corrective configuration of the injured radius
were visually evaluated by an experienced orthopedic surgeon.

The algorithm output three geometric files in STL format for surgery
reference, including the mirrored healthy radius, which was used as
the reference of corrective radius geometry; the injured radius, which
could be used for verifying the segmentation and reconstruction with
original CT imaging data; and the corrective position of the subsections
of injured radius, which could be used as a reference for the surgical
plan (Fig. 5).

4. Discussion

This study proposed a framework of a computer-assisted osteotomy
pre-operative plan tool for malunited radius. The concept of this algo-
rithm design considered the chirality of the left and right arms and used
the geometry from the healthy side as a benchmark to correct the radius
geometry of the injured side. This tool aimed to provide intuitionistic
visualisation of the 3D models of the patient’s radius to clinicians to
assist the pre-operative plan. The comparison of the radius from both
the injured and healthy sides clearly showed the patient’s injury condi-
tions. The provided corrective structure from this proposed tool would
be a great help to virtually planning the operation. The models could
also be 3D-printed for designing the treatment plan and mimicking the
operative process.

Compared to other semi-automatic approaches, which required user
interactions during the process, the proposed program only required
some key parameters such as dataset selection, binarization threshold-
ing, and cutting position to be pre-described before the program ran.
After the program began the process, all steps of imaging processing,
segmentation, and registration ran automatically without the manual
interaction required. For process efficiency, the current version of the
algorithm ran around one hour on a computer with 16 GB RAM, Intel®
Core i7 CPU (2.80 GHz).

At the current stage, the designed framework had integrated the
imaging-processing modules, mainly including the algorithms and func-
tions of segmentation, registration and corrective configuration. Besides
the radius, the proposed framework could be adaptive to be used for
other fracture problems such as the ulnar shortening and malalignment
[471[48]. The concept of the algorithm required the patient has both
arms scanned. And it was assumed that the bones in both arms had
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Fig. 4. Example of the registration process. The radii were presented as cloud points here, the green one was mirrored, healthy radius and the red one was the
injured radius. The registration process was divided into two sub-steps: A) the proximal subsection of mirrored, healthy radius was firstly registered to the proximal
subsection of the injured side; B) then the whole mirrored healthy radius was transferred using the same transfer matrix. Finally, based on the shape and location
of the distal portion of the transferred mirrored healthy radius, the distal subsection of the injured radius was registered to the corrective position. The corrective
configuration was visually evaluated by an experienced orthopedic surgeon. Subplots C&D provide the enlarged view of the registration of the distal (injured)
subsection. The distal subsections were presented as cloud points here, the green one was mirrored, healthy radius and the red one was the injured radius: C)
pre-registration; D) post-registration, the injured distal subsection and the counterpart at mirrored, healthy geometry were well-aligned. The registration result of

the injured radius was visually evaluated by an experienced orthopedic surgeon.

Corrected
Injured

Fig. 5. Examples of output radius geometries as STL files. From left to right, the

mirrored healthy radius; the injured radius; the corrected sample of the injured
radius after registration with the mirror healthy radius.

Mirrored

Healthy Injured

very similar structures. Previous studies showed evidence of the vari-
ance between bilateral bone geometries, which may cause bias in the
correction osteotomy based on the contralateral healthy radius as a ref-
erence. However, in most real clinical cases, the geometric data of the
original radius before the injury is unknown and no better reference is
available for the osteotomy plan, so the mirrored healthy side is usu-
ally considered as a reasonable reference [32][49]. Besides, in some
scenarios, (for example, if the imaging data does not include both fore-

arms, or the bone was injured on both sides), the algorithm may also
not work properly. The robustness of the algorithm and the tolerance
of the bilateral side variance will be further investigated in future stud-
ies. Another determinant for guaranteeing the quality of segmentation,
reconstruction and registration of bone geometry would be the CT imag-
ing quality. If the imaging quality was affected by the artefacts such as
metal implants, the voxel intensity of CT imaging data might have large
variation, because metals’ density is larger than bones’, which might
cause large amounts of artefact and noise [50][51].

As a proof-of-the-concept study, which aimed to provide an overview
of the framework design of the proposed tool, one of the limitations of
this study is that only one dataset was included to show the procedure
of the imaging processing tasks. Before the tool can be translated to clin-
ical trial, the robustness of the developed tool requires to be optimised
and verified by conducting large group patient data study. Besides the
current used validating measurements, more clinical-meaningful cre-
ation will be requested to justify the precision of segmentation and
registration. Another improvement direction will be to promote the
automation level of the algorithm to be compatible with wide-range
patient-specific cases. For example, the determination parameters of
the binarization threshold, and proximal/distal subsections in the cur-
rent algorithm were pre-described by using the values suggested by
clinicians, which highly relied on clinicians’ experience and skills. In
future development, these setup parameters will be optimised to be
automatically or semi-automatically configured based on large-scope
patient case training. Also, the current algorithm lacked the necessary
instructions and warnings to provide to the end-users, this function
is also listed in the future translated study. To further accelerate the
process, the potential optimisation for future development will be sim-
plifying the dataset structure or transplanting the algorithm into a more
efficient code environment. For the future clinical use version, the al-
gorithm will be expected to process the data at least four times faster
than the current version.
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Before it can be finally used in clinical practice, this algorithm still
misses some key functions and features, which have been planned for
the future. Although the current output 3D geometries have provided
clinicians with a direct preview of healthy, injured and corrective radii,
the key quantitative parameters used in operation, such as gap created
from the correction, angle of the articulating surface, rotation of the
distal section are not yet provided as the surgical guide. Another main
function of the osteotomy pre-operative plan tool is the plate design and
its fixation. The current stage of study mainly focused on the imaging
processing module, therefore, has not included the function of planning
the plate-screw system. In the next-step development plan, to provide
the customized design of the plate and its fixation in surgery, a patient-
specific plate design module will be developed based on the output
of the introduced imaging processing module. As the biomechanical
stress has been proven to have a strong relationship with the plate—
screw system [52][53][54], the plate-screw fixation in the surgery is
required to be further investigated through the biomechanical anal-
ysis based on finite element method (FEM) simulation. The relevant
feature of implanted plates design and screw fixture positions will be
designed and added to the current development of the algorithm. In the
final commercialised surgery-assist software, a comprehensive report
will be provided to clinicians, which includes all the necessary informa-
tion about the patient-specific reconstructed healthy and injured bone
geometry, the pre-operative plan for treating injured bone, and the sim-
ulated post-surgery effect.

5. Conclusion

Overall, this proof-of-the-concept study developed a computer-
assisted pre-operative automatic segmentation and registration tool
for the purpose of an osteotomy pre-operative plan. The concept and
current framework have shown great potential to be used to assist
clinicians in surgical plans. More extensive group patient data study,
algorithm optimization and new functional features development are
required in the future development to fill the gap of its final translation
to clinical practice.
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