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Preface

Femoral closed wedge osteotomies are the preferred surgery for the treatment of complex bony deformity
with functional impairment. The technological advancements of the past decades have transformed the line
of thinking about preoperative planning of these osteotomies. In early days of preoperative planning, the
osteotomies were drawn in on physical radiographs. Nowadays, the osteotomies are drawn in on three
dimensional bone model data using computer-aided design software. However this process is still manual,
which makes it time consuming and subjective. In this work a method for semi-automatic generation of
preoperative plans is presented. The technical aspect of automation, without disregarding the intra-
operative feasibility and the goal of achieving improved patient function outcome, calls for a multidisciplinary
approach.

This work consists of three separate parts that can be read as individual pieces. First a paper is presented
that gives an overview of the clinical relevance and performs a subjective and objective validation of the
proposed algorithm. For this, preoperative plans are created for 20 deformed femora. In a retrospective
study at the Leiden University Medical Centre, CT and MRI data from subjects with non-traumatic femoral
deformity were collected. The semi-automatically generated preoperative plans are presented to two
independent assessors for subjective validation. Four of twenty cases are randomly selected and were
compared to their manual counterpart, for objective validation.

The second part consists of a technical document. In this document an in-depth description of the proposed
solution is given. All steps of the translation from clinical problem to technical solution are outlined, including
the development of the algorithm, the design of the cost function and the optimization strategy.

The third part is a step by step guide with visuals on the best practices of the proposed semi-automatic
planning tool.

F.A. Dikland
Delft, December 2023
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Abstract

Disease of bone or trauma can result in significant bony deformation. Functional impairment as a result of
such deformity is an indication for surgical correction. Indicated surgery is often closed wedge osteotomy
and internal fixation. Manual design of a preoperative plan using computer-aided design software is the
current golden standard for complex correction surgery planning. However, these manually designed
plannings are time consuming and subjective. The goal of this study was to develop an algorithm capable of
generating good quality preoperative plans for correction surgery, in less time than an expert in
preoperative planning.

A software solution integrated in Blender (Blender Foundation, The Netherlands), has been developed to
generate semi-automatic preoperative plans. The software optimizes one to three closed wedge
osteotomies, by minimizing the dissimilarity from a deformity shape after osteotomy, to a target shape. The
deformity shape is the centreline of the deformed femur. The target shape in this study is the centreline of
an intramedullary nail.

A cost function was created that makes use of the Hausdorff distance and the root mean squared error to
guantify the dissimilarity between the deformity shape after osteotomy and the target shape. Clinical
constraints to the model are femoral length and collum anteversion angle. Using a multi-objective genetic
algorithm the cost function is minimized within the bounds of the set clinical constraints.

To validate the method of semi-automatic generation, 20 bone models of deformed femora have been
created from retrospectively collected CT data. The proposed solution was used to generate preoperative
plans, which were scored by two independent assessors. After the creation of an initial preoperative plan
and a maximum of two revisions of the plan, 18 of 20 semi-automatically generated preoperative plans were
eligible for surgery. Four cases of femoral deformity were randomly selected from the dataset and
counterparts to the existing automatic preoperative plans were created manually. 30% to 575% more time
was needed to design a preoperative plan manually compared to the semi-automatic generation. In all
preoperative plans in the automatic group, the collum anteversion angle of the postoperative configuration
was within the normal range of 8-15 degrees. In the manual group, one of four postoperative configurations
had a collum anteversion angle within this normal.

The proposed method for semi-automatic preoperative plan generation is a novel, versatile approach with
the ability to optimize multiple osteotomies to mimic a given target shape. The automatic planning tool is a
promising aide to both technicians and clinicians for a fast preoperative planning withing the boundaries of
clinical anatomical normal ranges.
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Semi-Automatic Generation of Preoperative Surgical Plans for Complex Femoral
Deformity Correction
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Abstract

Functional impairment as a result of bony deformity is an indication for surgical correction. Such bony deformities are most
prevalent in the lower extremity due to the influence of weightbearing and leg musculature. Indicated surgery is often closed
wedge osteotomy and internal fixation. Current technology enables the preoperative planning and intra-operative execution of these
osteotomies with high accuracy. In this study a novel software solution is presented that generates preoperative plans for femoral
osteotomy corrections, using Blender and its in-build Python scripting module. The model optimizes the femoral shaft shape within
the boundaries of clinical constraints. 20 cases of femoral deformity were processed by the model retrospectively. Eighteen of
twenty preoperative plans were accepted by two independent clinical experts, in a maximum of three iterations. This shows the
ability of the model to generate preoperative plans of sufficient quality that are tailored to the wishes of the clinical expert. Four
cases were randomly picked to perform manual preoperative planning. The manual plans were compared with their automatic
counterparts. These showed comparable results with a systematically higher femoral neck shaft angle and articulo-trochanteric
distance in the automatic group compared to their manual counterparts. The collum anteversion angle was within the normal range
for all four cases in the automatic group and only in one case for the manual group. The manual planning process was slower in
every case, ranging from 31% slower to 575% slower. It can be concluded that the model produces satisfactory preoperative plans in
a short time. Furthermore, it allows fast exploration of different surgical options within a constraint based design. In summary, the
automatic planning tool is a promising aide to both technicians and clinicians for fast preoperative planning within the boundaries

of clinical anatomical normal ranges.

Keywords: femoral osteotomy, preoperative planning, automation, computer-aided design, morphometric characteristics

1. Introduction

Diseases of bone or trauma can result in significant bony de-
formation. Non-traumatic deformities can be of congenital, de-
velopmental, neuromuscular or dysplastic nature. Examples of
causes for deformity are fibrous dysplasia, rickets and osteoge-
nesis imperfecta [1, 2, 3]. These deformities can limit range of
motion or create biomechanical imbalances [4, 5]. Deformities
of non-traumatic origin have a higher prevalence in the lower
extremity, where weightbearing and leg musculature deform
weak or brittle bone. The proximal femur is an anatomically
intricate area; it has a set of complex morphometric features,
such as femoral coxa angulation and femoral collum version.
Furthermore, it has many soft tissue attachments and its mo-
tion is restricted by the femoroacetabular relationship. There
can be a great impact on femoral geometry in developmental
stage of the femur [6, 7]. Correctional osteotomy is often ad-
vised in case of functional impairment as result of a deformity.
Computer-aided design (CAD) is used to effectively quantify
the deformity in three dimensions and to design a surgical plan
to restore anatomy by means of osteotomy. As these surgeries
often require multiplanar corrections these are highly demand-
ing.

Patient specific cutting guides can be used to execute the plan
intra-operatively with high accuracy [8]. Gigi et al. show that

a good preoperative plan, followed by surgical execution using
intra-operative cutting guides, lead to a significantly improved
surgical workflow. This reflects in significantly shorter surgery
time and lower hemoglobin drop intra-operatively [9].

The design of a preoperative plan is often time-consuming. The
goal of this study is to develop a software solution capable of
lowering time needed for the design of high quality preoperative
plans. In this study, a model is created to semi-automatically
generate a preoperative surgical plan using a quantifiable mea-
sure of femoral shaft anatomy, bounded by morphometric clini-
cal constraints. The time to design a preoperative plan manually
and automatically are compared and the quality of the automat-
ically generated plans are validated by expert assessment.

2. Method

An experimental in silico study was designed and performed
at the Leiden University Medical Center (LUMC). Patients with
non-traumatic femoral deformity with a CT scan were included.
A semi-automatic tool for preoperative surgical plan sugges-
tion was created using Blender 3.1 (Blender Foundation, The
Netherlands) and its open-source python scripting modules.

A discrete sampling of the femoral centreline is used to repre-
sent the femoral shaft anatomy. The model makes use of a semi-
automatic software that finds bony landmarks representing the
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simplified version of a femoral model. All landmarks that are
automatically calculated, can be manually adapted before ap-
plication in optimization. The identical method of finding the
centreline of the femoral shaft is used to find the centreline of
an intramedullary nail.

The goal of the algorithm is to automatically generate one or
multiple closed or hybrid osteotomy wedges in order to cor-
rect the deformed femur shape. The development of the model
can be divided in three subcategories: 1) defining a simplified
representation of the femur and osteotomy planes, 2) defining
clinical optimization boundaries, 3) defining a cost function and
optimization algorithm.

The development of the algorithm is focused on achieving im-
proved postoperative functional outcome. Important factors for
achieving this, are the collum anteversion angle (CAA) and
femoral bone length as well as reconstructing the shape of a
non-pathological bone. Visual explanation of these morhpo-
metrics are also appended in Appendix A.

Preoperative plans generated using CT data are subjectively
validated by 2 independent experts and objectively validated
based on post-operative morphometric characteristics and the
time needed for preoperative plan design. As a secondary goal,
to investigate the versatility of the model, a single case was per-
formed on MRI data, and for a single case the shaft centreline
of the healthy side was used as target shape.

2.1. Model architecture

2.1.1. clinical optimization boundaries

Crucial for the generation of preoperative plans are the post-

operative correction of the shaft anatomy as well as the cor-
rection of morphometric characteristics correlated with patient
functional post-surgical outcome. These morphometric char-
acteristics are calculated from bony landmarks identified on the
femur model. The most important femur characteristics in clini-
cal decision making are the femoral length pre and post-surgery,
the CAA, the FNSA and the mechanical axis.
To calculate these indicators of femoral anatomy several
anatomical landmarks are required. For the FNSA, these are
the vector describing the midline of the collum and the vector
representing the shaft direction. For the CAA the latter two
landmarks are used, as well as the posterior condylar axis. The
femoral bone length is defined as the shortest distance between
the knee joint and the centre of the femoral head plus the radius
of the femoral head. The knee joint is defined as the location in
between the most distal medial and lateral condyle points. The
postoperative mechanical axis deviation in comparison to the
preoperative anatomy can be estimated using the epicondylar
axis and the centre of the femoral head. The femoral landmarks
and the parameters calculated from these landmarks are sum-
marized in Table 1, and visualized in Appendix A. Anatomical
landmarks are semi-automatically found on the femur model.
For this, four regions have to be manually annotated by plac-
ing a box around the medial and lateral condyle and placing a
sphere around the caput femoris and trochanter major.

11

2.1.2. Femur and Osteotomy Wedge

In order to generate a preoperative plan automatically, the
deformed femur as well as the osteotomy plane need to be
defined. For simplification of the algorithm, the shape of the
femur shaft is reduced to the centreline. The centreline is
found by generating spherical objects from distal to proximal,
that intersect with the femur model. The centre of gravity of
intersecting coordinates are considered to be a good represen-
tation of a single point on the centreline. This centreline is then
resampled to 160 three-dimensional (3D) coordinates using a
linear interpolation with equal distance.
An osteotomy is defined as the bone enclosed by two planes. A
plane in 3D space is defined by the location of the plane as an
<X, y, z> coordinate and the orientation of the plane as the <x,
¥, z> unit vector of the plane normal. Thus both planes have
six degrees of freedom, three translational degrees and three
rotational degrees. This combines to a total of 12 degrees of
freedom for a single closed wedge osteotomy.

2.2. Model validation

CT data was used to generate 3D models of deformed
femurs, using segmentation and model enhancement tools
integrated in Mimics 25.0 (Materialise, Belgium) and 3Matic
17.0 (Materialise, Belgium). From these bone models, preop-
erative plans are generated semi-automatically. The validation
of the model consists of three separate parts. Two independent
clinicians with experience of performing femoral osteotomies
are involved in a user test. In this test the clinician uses the tool
with help of the developer to generate a preoperative plan. The
clinician is asked to fill in a survey which scores the tool in
four categories: 1) adaptability of the model output, 2) clinical
adoptability, 3) clinical decision making, 4) output quality.
In the second test the preoperative plans generated by a
technician, using the tool, are presented to the same reviewers
and scored with a grade ranging from 1 to 5. Preoperative
plans scoring a 3 or lower are revisited and scored anew until
all preoperative plans score a 4 or higher.
In a third test preoperative plans are generated for 4 randomly
chosen deformed bones from the database, both manually and
automatically. The manual plans are made by expert planners
using 3Matic. The automatic plans are generated by the first
author. During the generation of these preoperative plans, the
time from first inspection of the model, to exporting of the pre-
operative plan is recorded. Several morphometric parameters
that represent the post-operative outcome are evaluated using
measuring tools in 3Matic for both the manual and automat-
ically generated counterparts. The evaluated morphometric
measures are the femoral neck shaft angle (FNSA), defined as
the angle between the femoral shaft and the femoral collum,
CAA, the articulo-trochanteric distance (ATD), defined as the
distance between the tip of the greater trochanter and the most
proximal femoral caput point, the femoral length, the number
of osteotomies and the mean height of the osteotomy wedge.
These parameters are visualized and summarized in Appendix
A.
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F. Plane
Rotation
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Figure 1: Parameters A-C are specified for both planes. Parameters D-F are
only specified for the proximal plane of an osteotomy.

By setting the location of the osteotomy plane to always cor-
respond with a coordinate on the centreline of the femur, the
three translational degrees of freedom per plane can be reduced
to a single parameter. This parameter is a single value ranging
from zero to one that corresponds with the relative location on
the femur centreline, where zero is the most distal point and one
is the most proximal. Note that the rotation around the x-axis
influences the plane orientation in the y and z direction, and a
rotation around the y-axis influences the orientation of the plane
in the x and z direction. From this statement it can be concluded
that all possible plane orientations can be achieved from a com-
bination of x-axis and y-axis rotation alone. A single rotation
parameter is introduced in order to allow for the proximal bony
segments to rotate around the normal axis of the proximal os-
teotomy plane. To enable the translation of two bony segments
relative to each other after osteotomy, two more parameters are
needed to describe the translation in polar coordinates. One
parameter describes the direction of translation perpendicular
to the normal vector of the osteotomy plane in radians. The
second parameter describes the magnitude of translation in mm
of distance to the centre of the osteotomy plane. The parame-
ters that describe the osteotomy wedge are visualized in Figure
1. This approach uses nine parameters to describe all possible
unique osteotomies in twelve degrees of freedom in the global
coordinate system .

2.2.1. Cost function and optimization

For optimization of the preoperative plan, the femoral shape
after osteotomy needs to be quantified and combined with
anatomical constraints in a global cost function. The femoral
shape error is defined as the dissimilarity of the femoral centre-
line after osteotomy and the centreline of a given intramedullary
nail. The postoperative configuration is compared to an in-
tramedullary nail, as these are designed to resemble normal
shaft anatomy. The dissimilarity of the shapes is calculated by
multiplying the mean shortest distance between the shapes and
the Hausdorff distance between the two shapes. This quantifi-
cation of the dissimilarity is used as the cost function in the
optimization of the preoperative plan. Both metrics are calcu-
lated as relation of the post-operative femur to intramedullary
nail and intramedullary nail to post-operative femur, Equation

13

1,2,3.

dy = dyx + dxy = maxmind(x,y) + maxmind(x,y) (1)
yeY xeX xeX yeY

Y mingey d(x,y) . *, minyey d(x,)
n n

2

dMean

3

fCostShaft = dy * dyean

Where d(x,y) are the distances from all points on shape x to
all points on shape y, min,.x are the smallest values of d(x,y) for
all points on shape x, min,.y are the smallest values of d(x,y)
for all points on shape y. Shape x and y are the discrete rep-
resentations of the centrelines of the femoral shaft and the in-
tramedullary nail respectively.

The anatomical parameters mentioned previously are regarded
constraints to the optimization problem. The optimization of
the problem is twofold, in which for the first part constraints
are considered additional objectives to the problem. In the sec-
ond part the clinical anatomical indicators are handled as hard
constraints.

The cost function is minimized using a genetic algorithm. In
order to find the global optimal solution the clinical constraints
should be handled in such a way that the constraints do not
cause the optimization to quickly converge to a local optimum.
Handling the constraints as additional objectives in a multi-
objective optimization approach effectively accounts for this
problem. Multi-objective optimization approaches aim to find
a good approximation of the Pareto-front. Samples on the esti-
mated Pareto-front however, hold solutions with constraint vi-
olations. Therefore, after achieving the Pareto-optimal solution
the constraints are considered as a hard constraint to the cost
function eliminating any solution that violates the constraints.
This optimization is performed using the SMS-EMOA algo-
rithm from the PyMOO Python module [10]. The hyper vol-
ume measure is used to find a good spread of samples on the
Pareto front. A new generation of samples is generated by per-
forming recombination. The fittest offspring is selected based
on non-dominated sorting [11].

3. Results

14 patients, with a CT scan of the femur, were included for
a total of 20 femora. One patient had a deformity secondary
to hypophosphatasia, which caused local proximal varus defor-
mity. 13 patients had polyostotic fibrous dysplasia. 14 femora
where left sided and 6 femora right sided. 6 femora were
smaller than 350 mm, and the mean leg length discrepancy was
20 mm (SD = 14.4 mm). 4 femora had a shepherds crook , and
2 femora had bowing without a clear centre of rotation of angu-
lation. A single patient was diagnosed with Jaffe-Campanacci
syndrome and received a diagnostic MRI. This patient was in-
cluded in the secondary, versatility study.
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Figure 2: The individual assessment of the preoperative plans by two clinical
experts. Each blue dot represents a single case. Points in the green zone are
rated to be of good quality by both assessors. Points in the red zone are rejected
by both assessors. Points in the yellow zone are rejected by one and accepted
by the other assessor.
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Figure 3: The individual assessment of the preoperative plans by two clinical
experts. Each blue dot represents a single case. Points in the green zone are
rated to be of good quality by both assessors. Points in the red zone are rejected
by both assessors. Points in the yellow zone are rejected by one and accepted
by the other assessor.
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Overarching Mean score
Question theme

Adaptability of the model output 3.8
Clinical adoptability 4.0
Clinical decision making 4.5
Output quality 42

Table 2: The mean questionnaire scores from the user tests of the module

Cause of rejection Number of cases

Extra osteotomy needed 13
Entrance location y-nail 5
Bone healing 4
y-nail fit 3

Table 3: The cause of rejection of preoperative plans and their prevalence di-
vided in 4 categories

pre-operative plan score, iteration 3

second observer
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Figure 4: The individual assessment of the preoperative plans by two clinical
experts. Each blue dot represents a single case. Points in the green zone are
rated to be of good quality by both assessors. Points in the red zone are rejected
by both assessors. Points in the yellow zone are rejected by one and accepted
by the other assessor.
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3.1. User test

The results showed that the mean score of two independent
examiners within each category was 3.8 or higher. All mean re-
sults are found in Table 2. The complete filled in questionnaires
are found in Appendix B. Interestingly, both clinicians strongly
agreed with the statement: "The tool enables the creation of a
preoperative plan with minimal technical expertise".

3.2. Subjective plan assessment

In first proposal, eight out of twenty preoperative plans were
accepted by both examiners independently. Six out of twenty
preoperative plans were rejected by one and accepted by the
other. Six out of twenty preoperative plans were rejected by
both examiners. One rejected preoperative plan was consid-
ered to have no surgery indication and was defined as lost to
follow-up. This can be observed in Figure 2. The positive inter-
observer agreement on accepting the plan is 0.57. The negative
inter-observer agreement on rejecting the plan is 0.50. The total
inter-observer agreement is 0.70.

The second iteration resulted in nine out of twelve preopera-
tive plans being passed and three out of twelve preoperative
plans being rejected by one and passed by the second, for a to-
tal acceptance of 16/20, Figure 3. The remaining three plans
were evaluated a third time after recalculation of the preopera-
tive plans, for a total acceptance of 18/20, Figure 4. A single
preoperative plan was not accepted in three iterations because
of an oblique cut with bad expected bone healing tendency.
Plans were rejected a total time of 25 times. Causes of rejec-
tion can be organized in 4 categories: 1) An extra osteotomy is
needed for better anatomical results, 2) The entrance location
of the gamma nail is not optimal, 3) The osteotomy location or
obliqueness of the cut might result in delayed bone union, 4)
The gamma nail does not fit the post-operative result. The rea-
sons for rejection and their prevalence are summarized in Table
3.

Of the final 20 presented preoperative plans eight were accepted
as a single wedge osteoteomy, seven cases were accepted as
double wedge osteotomies and five cases were accepted as a
single wedge osteotomy by one assessor and as a double wedge
osteotomy by the second assessor.

3.3. Manual vs Automatic

The time needed for planning and the values of post-
operative morphometric parameters are summarized in Table
4. The time needed to perform a manual planning is very
widespread, ranging from 12 to 65 minutes. The time needed
to perform the automatic planning ranges from 8 to 18 minutes.
For all individual cases the automatic planning is performed
faster than the manual planning. The time needed for creating
a manual preoperative plan was designer specific. Where
one assessor took 55 and 65 minutes respectively, the second
assessor needed 15 and 12 minutes respectively to finish the
preoperative plan. The designer of preoperative plan 1 and 3
took 357% times longer to complete its plans. The designer
of plan 2 and 4 achieved to complete the preoperative plans in
57% more time than its automatic counterparts.
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Concerning the clinical parameters, the FNSA and ATD are
consistently larger in the automatic post-operative anatomy
in comparison with the manual post-operative anatomy. The
mean difference in anteversion angle between the two groups is
6.5 degrees. In the automatic optimization all CAAs are within
the range of the anatomical normal. In the manual group for a
single case the CAA is within the normal anatomical range. In
a single case the manual preoperative pl an decides on a double
osteotomy, where the automatic preoperative plan consists of
a single osteotomy. The manual and automatic counterpart of
the post-operative results of all four cases are visualized in
Appendix C.

3.4. Model versatility

The MRI data of a single deformed femur was annotated and

an STL created. This low resolution data was used to create a
preoperative plan. The model provided a preoperative plan for
the STL created with MRI data similarly to STL data created
from CT scans. Bony landmarks such as the epicondyles, pos-
terior condyles and trochanteric entry are more challenging to
identify on these low resolution models. The results of the MRI
model can be seen in Appendix D.
For a single femoral case of which the healthy side was present
in the CT data an STL model was created and the centreline
of this model was used to optimize the postoperative shape of
the deformed femur. This gave comparable results to the use of
an intramedullary nail as target shape. The visualization of the
results are appended in Appendix E.

4. Discussion

The planning and surgery of multiplanar corrections of
femoral bone deformity are highly complex. Preoperative
planning software and interoperative surgery guidance are tools
that the surgeon can use to achieve desired functional results.
This study shows that the proposed algorithm can achieve the
semi-automatic preoperative planning for a range of femoral
deformities, including shepherds crook deformity and femoral
bowing. It can also optimize morphometric characteristic
correlated to patient function. Shape optimization bounded by
clinical constraints, is a powerful method to semi-automatically
generate preoperative plans that improve patient functional
outcome.

By validation of two independent experts 90% of the pre-
operative plans was eligible for surgery. The preoperative
planning of a single case was not established to be satisfactory.
The created plan included an oblique cut that was considered
undesirable for bone healing. The generated plan was however
the only closed wedge solution to achieve gamma nail fit
and conform to the clinical constraints. The oblique cut was
introduced by the tool to achieve a normal CAA within the
maximum rotation bounds. Manual planning would introduce
a rotation of 36 degrees. Maximum rotation in the automated
preoperative plan was set to 30 degrees. This bound is set to
reduce rotation induced stress on nerves and vasculature. If



required bounds can be adjusted in this model.

Manual planning towards specific goals such as femoral length
and collum anteversion is difficult as the measurements of
these parameters can only be performed on the manually
planned result. This results in an iterative process of design and
check, which makes this process tedious and time-consuming.
Furthermore the parameters are not independent. For example
the influence of version osteotomy on valgization and valgus
and varus osteotomy on version makes the planning of collum
version a tedious process [12, 13, 14, 15].

Very limited research on the automatic computation of femoral
osteotomy preoperative planning has been performed. Two
papers developing and expanding on a software that automat-
ically generates a planning for single and double osteotomy
were released by the Helmholtz-Institute for Biomedical
Engineering [16, 17]. The planning tool differs strongly from
the one proposed in this study. Whereas the optimization
of the proposed tool focuses on the shaft anatomy and the
osteosynthesis after osteotomy, this is disregarded by the
Schkommodau et al. who created a model in which the
femur deformity is simplified to four measures: 1) length, 2)
angulation, 3) anteversion, and 4) translation. The optimization
of the osteotomy planes in their proposed model is based on
normalizing these four values.

Carrillo et al. created a software for automated preoperative
planning of forearm osteotomies [18]. Their study includes the
optimization of a postoperative radius anatomy by minimizing
the dissimilarity to a target shape and evaluating the fit of the
osteosynthesis material. As the fit of the osteosynthesis says
little about the radius anatomy, multiple functions are needed
to quantify this, opposed to the single function of y-nail fit.
The antebrachii model optimizes the postoperative situation
and calculates the osteotomy needed to achieve that result. The
femur model from this study optimizes the osteotomy planes
and the postoperative result is calculated from those planes.
The method by Carillo et al. of finding the postoperative
situation first is a feasible method for single osteotomies, but
becomes increasingly challenging for multiple osteotomies.
For single osteotomy the proximal and distal segment can
be easily registered to the relative parts of their target shape
to find the postoperative configuration. This is facilitated by
the confinement of the proximal and distal segment at the
humeroradial joint and the radiocarpal joint respectively. In
multiple osteotomy there is no joint confinement for inter-
mediate bony segments, which makes the registration of the
post-operative configuration very challenging.

The shape optimization approach used in this study, is to
minimize the dissimilarity of the femur STL model centreline
and the centreline of a given gamma nail STL model. The
intramedullary nail is selected as target shape, as deformity is
often bilateral in systemic disease, and thus the healthy side
cannot be mimicked. Besides this, intramedullary nailing is the
preferred method of osteosynthesis after complex correction
surgery [19, 20]. This method of deformity shape and target
shape is highly versatile. A tool created in this study enables
the planner to extract the centreline from any given oblong
object STL model. The ability to use any deformity shape and
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target shape facilitates the use of healthy side optimization or
similar centreline models to optimize the osteotomy of other
bones.

A drawback of the model is that it currently cannot perform
open wedge osteotomies or single cut osteotomies. The current
model is designed to optimize shape using hybrid and closed
wedge osteotomies. The hybrid wedges are mainly closed,
meaning that the osteotomy always has 50% surface contact or
more. In purely rotational deformity or a combined angulated
and rotated deformity caused by malunion after fracture, the
most common correctional osteotomy is the single and double
oblique cut osteotomy. These osteotomies have the advantage
of preserving vascularization and bony volume with large
bone surface contact. The planning of the oblique rotational
osteotomy 1is challenging [21]. Note that by parametrization
an oblique rotational osteotomy is identical to a rotational
closed wedge osteotomy with an infinitely thin wedge. With
minor changes to the model it is able to generate pre-operative
plans for oblique cut rotational osteotomies, with only four
parameters per cut: 1) x tilt, 2) y tilt, 3) relative bone location,
4) rotation. An open wedge osteotomy is mathematically
identical to a closed wedge osteotomy in which a single cut is
performed at the distal plane and the distal plane is transformed
to align with the proximal plane.

The model can fully autonomously generate a preoperative plan
with up to 3 osteotomies. The tool does become significantly
slower if a solution with 3 osteotomies is calculated. To speed
up this process and make the final solution more robust, the
planner can manually indicate a region that must be included
in an osteotomy wedge. This however reduces some of the
creative freedom of the model.

The user test and qualitative testing show that this tool has
the potential to support the clinician with the lack of CAD
experience with planning an osteotomy. Besides this, it is a
powerful tool that aides an experienced technician in gener-
ating a preoperative plan within predefined clinical bounds.
However, it should be noted that it is challenging to prove
the superiority of surgery with preoperative planning, over
freehand surgery. Whereas the improvement of cut accuracy is
demonstrated, there is only limited evidence that the use of pre-
operative planning in complex femoral deformity improves the
functional outcome of the patient [9, 22]. The tool described in
this article automatically calculates the FNSA, femoral length,
mechanical axis deviation and CAA, to provide the surgeon
with a functional outcome prediction. No significant deviation
of these morphometric parameters in the automatic and manual
group can be determined as of the low power of the case
demonstration.

For validation the measurement of the angles is performed for
automatic and manual cases in identical ways. The measure-
ment of the CAA in 3Matic is performed by measuring the
angle between two planes perpendicular to the axial bone view.
In this view the most posterior part of the greater trochanter is
in line with the posterior condyles. This method of calculating
the CAA is not a standardized procedure. More commonly
the CAA is extracted as the angle between the posterior
condyles and the collum in the axial slices of a CT scan with



a specifically designed collum version protocol. Measuring
the anteversion angle in 3Matic using this method, has a
significantly improved inter and intra-observer correlation,
compared to the axial slice method. Cai et al. still observed a
maximum one-sided deviation to the true anteversion angle of
1.39 degrees [23].

The generation of three dimensional data from two orthogonal
radiographs is a promising method to reduce radiation dose in
a mostly young population. Alternatively there is a feasibility
for using MRI scans. For anatomically normal patients the
generation of three dimensional bone models is feasible, using
generic bone models [24]. For pathological anatomy this is
more challenging. However as only single coordinates are
needed for the computations of this model manual or automatic
extraction of the bony landmarks from orthogonal radiographs
might be a feasible solution to reduce radiation dose [25].
However, as there is no 3D model of the femur available, the
design of cutting guides is not possible and execution of the
preoperative plan must be executed using navigation.

Future research should be focussed on optimization of the
algorithms architecture improving the speed of the algorithm
and its convergence to a global optimal solution. Besides
this, the addition of more morphometric constraints such as
mechanical knee axis, FNSA, ATD and femoral offset can aide
in achieving a preoperative plan that restores functional aspects
of the femoral anatomy. This is valuable to maximize the
likelihood of patient function improvement. Furthermore, the
algorithm can be adapted to allow the generation of open wedge
osteotomy and single cut rotational osteotomy. The algorithms
method of minimizing dissimilarity of the postoperative shape
and a given target shape, enables the exploration of the use of
the proposed algorithm in other deformed bones.

5. Conclusion

In this study a novel method for semi-automatic preoperative
planning optimization is presented. The optimization is driven
by minimizing the dissimilarity of the postoperative femoral
shape and a given target shape, within the bounds of clinical
constraints.

The results of the user tests show that the method of planning
within the constraints of clinical parameters and the instant
feedback of morphometric parameters in the post-operative
anatomy, support the clinician in decision making while plan-
ning a surgery. The quality of the output is good and the asses-
sors see a future for implementation of the model.

During validation of the quality of the preoperative plans, the
low positive and negative inter-observer agreement, of respec-
tively 0.57 and 0.50, show that scoring a preoperative plan is
a subjective measure. Eighteen of twenty cases were accepted
in a maximum of three iterations. From this, it can be con-
cluded that the model can generate preoperative plans of suffi-
cient quality that are tailored to the wishes of the clinical ex-
pert. One can conclude that the model enables a technician
with minimal clinical expertise to create feasible preoperative
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plans. For all cases less time was needed to generate a preoper-
ative plan semi-automatically in comparison with their manual
counterparts. Besides this, the questionnaire reveals that the
tool enables clinicians to create a preoperative plan with mini-
mal expertise.

Using the semi-automatic osteotomy planning tool, much less
time is needed to create a preoperative plan. The plans created
using the software had an FNSA closer to the anatomical posi-
tion with a larger ATD. A larger ATD results in the lengthening
and thus the biomechanical efficiency improvement of the glu-
teus musculature. The mean CAA difference of 6.5 degrees
is very large considering that the normal ranges from 8-15 de-
grees. In 3 out of 4 cases of the manual group, the CAA was
not within this range. In the automatic group all 4 cases had a
post-operative CAA within the normal anatomical range. This
large discrepancy compared to the automatic planning shows
the difficulty of planning the anteversion angle manually.

In summary, the automatic planning tool is a promising aide to
both technicians and clinicians for fast preoperative planning
within the boundaries of anatomical normal ranges. The addi-
tion of mechanical knee axis, ATD, FNSA and femoral offset
as morphometric constraints might improve the generated plan-
ning, to optimize the likelihood of patient functional improve-
ment. The implementation of single cut rotational osteotomies
and open wedge osteotomies as well as the introduction of other
bones are promising future steps to diversify the use of the plan-
ning tool.
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Figure A.5: An overview of functional clinical parameters of the femur. A) FNSA, the angle between femoral collum and femoral shaft, B) Femoral part of
mechanical axis, the angle between the epicondylar axis and the line through the centre of the knee joint and the caput centre, C) Femoral length, the distance
between the knee joint and the centre of the caput plus the caput radius, D) CAA, the angle between the posterior condylar axis and the femoral collum in the axial
view, E) ATD, the distance between the greater trochanter tip and the top of the caput femoris. FNSA = femoral neck shaft angle, CAA = collum anteversion angle,
ATD = articulo-trochanteric distance.

21



Appendix B. Workflow questionnaire
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Appendix C. Manual vs automatic results
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Appendix D. MRI case outcome
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Appendix E. Healthy side target shape
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2 Technical document

In this document the several technical aspects of the proposed software solution are mentioned in more
detalil in order to provide clarity on development choices made based on clinical and technical aspects.
Current techniques for preoperative planning of femoral osteotomy, both manual and automatic, are
focussed on finding the centre of rotation of angulation (CORA) and the angle at the CORA at which to
correct (1). In some clinical cases however there is no clear CORA present, such as in femoral bowing. In
the CORA and angulation approach the assumption is made that there is a single angulation with an angle
in X and y direction. In this approach the target shape of the femur is a straight line and the rotational
deformity is not taken into account. These assumptions are oversimplifications of the problem. Therefore, a
new approach is considered in which a deformity shape and a target shape are defined. The deformity
shape is defined as the preoperative centreline. The target shape is the centreline of a given intramedullary
nail. By modelling a wedge osteotomy the deformity shape is changed to represent the postoperative
situation of the centreline.

The shaft anatomy post osteotomy is quantified as the fit of an intramedullary nail in the post operative
configuration, making the intramedullary nail the target shape to mimic. This idea originates from the fact
that intramedullary nails are designed to fit the bone of an anatomically normal femur. Fitting the shape of
the femur post osteotomy to a target shape makes it a versatile optimization, as changing to a different
target shape will lead to a different generated preoperative plan.

Multiple issues arise when finding the optimal osteotomy location based on nail fit. Most important questions
are: 1) How to define mathematical definitions for performing an osteotomy, 2) How to register nail and
femur in three dimensional space to calculate shape dissimilarity, 3) What mathematical measure to use to
define shape dissimilarity, 4) How to find femoral landmarks needed to calculate the latter two, 5) How to
optimize the function parameters to minimize the shape dissimilarity between the post-operative bone and
the target shape.
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2.1 Femoral landmarks

In order to achieve the generation of preoperative plans that optimize an anatomical postoperative shaft
position and morphometric characteristics. The calculation of these measures have to be performed during
optimization. Morphometric measures as well as anatomical shaft configuration are calculated from several
bony landmarks. The process to determine these bony landmarks is as follows. Based on the annotation of
a few bony femoral regions the landmarks are automatically estimated. The estimation is visualized by dots
that appear on the femoral STL model. These dots can then be manually adjusted in order to achieve the
best possible characterization of the specific femur model. These landmarks are than saved to an excel file
from which they are read and used for the optimization of the surgical plan. Landmarks used for determining
target shape dissimilarity are the centreline, the collum axis of the femur and the entrance location of the
gamma nail in the femur. To calculate anteversion, femoral length and mechanical axis additional required
bony landmarks are the epicondylar axis, the posterior condylar axis and a distal point that represents knee
joint location.

2.1.1. Centreline

The approximation of the femoral shaft centreline is an iterative process that requires the input of the
general location of the femoral head and the greater trochanter. By subtracting the sphere that represents
the caput plus a margin from the femur model, the general shape of the femoral shaft remains. Starting from
the most distal point of the shape a large sphere (r = 150 mm) intersects with the femoral shaft. The centre
of gravity of the intersecting coordinates is considered to be the initial guess of the first coordinate of the
centre line. The vector between the past coordinate and the initial guess is used to generate a new sphere
that intersects with the femoral shaft. The centre of gravity of these coordinates is considered to be the best
guess for a coordinate on the centreline. This process is repeated until the intersection sphere intersects
with the greater trochanter. This process is also visualized in Figure 1.

Figure 1. The iterative process of finding the centreline of an oblong object. From left to right: 1) Draw a
sphere with a large diameter and direction in line with the slope of the most proximal two coordinates. 2)
calculate the mean of the intersecting coordinates. This is the initial guess, 3) draw a sphere with large
diameter in the direction of the last known centre coordinate and the initial guess, 4) calculate the mean of
the intersecting coordinates. This is the new centreline coordinate.
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Completing this iterative process results in a good estimate of the centreline with relatively few datapoints.
Now that the general shape of the centreline is found, new datapoints can be interpolated from the known
datapoints. These points are generated by creating planes that intersect with the femur in between two
datapoints. The normal of the plane is in line with the vector spanned by the two surrounding datapoints.
This process is visualized in Figure 2.

Figure 2: The interpolation algorithm for a given low sampling frequency centreline. From left to right: 1) An
image of the low sampling frequency centreline, 2) The mean of every two centreline coordinates is
calculated, 3) Lines perpendicular to the local centreline slope and through these mean points are drawn, 4)
The mean of the intersecting coordinates with the planes are added to the centreline.

2.1.2 Greater trochanter

The greater trochanter is an important bony landmark in the placement of the intramedullary nail. The user
is prompted to select a region in which the greater trochanter is present. The distance from each of the
coordinates in this region to the most proximal coordinate of the centreline is calculated. The coordinate that
is furthest from the centreline is considered to be the most proximal bony edge and thus the location of the
tip of the greater trochanter.

2.1.3 Posterior condylar axis

The user is prompted to select two regions that encase the lateral and the medial condyle respectively. The
single coordinate from each of these regions that is the most posterior and thus has the lowest global y-
coordinate value is considered the posterior condyle point. The vector spanned from the medial to the
lateral posterior condylar point is considered the posterior condylar axis.

2.1.4 Epicondylar axis
The epicondylar axis, is similarly extracted from the annotated regions mentioned in the previous
paragraph. However, instead of finding the largest y-coordinate value, the coordinates are projected on the

posterior condylar axis by performing a dot product. The highest negative and positive values are
considered to be the medial and lateral epicondyle respectively.
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2.1.5 Distal point

The distal point is a single coordinate that is used to represent the centre of the knee joint. The coordinate
is calculated by taking the datapoint furthest from the most distal point of the centreline within the medial
and lateral condylar region. These coordinates represent the most distal point of the femoral condyles. The
mean of these two coordinates is defined as the distal point.

2.1.6 Caput centre and caput radius

The user selects a region that encompasses the femoral head. The mean of these coordinates is the centre
of the caput. The mean distance from the centre to the coordinates within the region is the radius of the
caput.

2.1.7 Collum axis

To define the collum axis a centreline through the collum should be calculated. This is done by generating
several spheres with incrementing size from the caput centre with diameter slightly larger than the caput
radius. For each sphere the mean of the intersecting coordinates is considered to be a point on the collum
centreline. The mean of these coordinates is the middle of the collum centreline. The collum axis is the
vector spanned between the collum centre and the caput centre. The process of acquiring the collum axis is
visualized in Figure 3.

Figure 3: The calculation of the collum axis given the caput centre. From left to right: 1) Multiple spheres are
drawn around the caput with increasing size, 2) The mean of the intersecting sphere coordinates are
calculated, 3) The mean of these points mean point is calculated, 4) the caput centre and mean intersection
point represent the collum axis.
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2.2 Defining the osteotomy
2.2.1 Osteotomy function parametrisation

In order to find the shape of the deformity centreline post-surgery a mathematical definition of an osteotomy
has to be defined. The osteotomy algorithm consists of several steps:

. Finding the locations of the osteotomy planes from their parameters

. Finding the remaining bony parts after osteotomy

. Transformation of the bony parts to their post operative configuration

. Calculation of the dissimilarity score, post-operative deformity against target shape

. Performing a single cut osteotomy on the target shape

. Inverse transformation of the target shape

. Calculation of the dissimilarity score, preoperative deformity against inverse target shape

These steps are also visualized in Figure 4, Figure 5.

ssmsmmmEmE"

[h1,x1,y1, h2,x2,y2,T, |T], 1]

Figure 4: A visual representation of the translation from parameters to osteotomy planes. The first six
parameters are the plane parameters. The last three parameters are the wedge parameters.

Two categories of parameters for a single osteotomy exist: 1) plane parameters, 2) wedge parameters. The
plane parameters consist of the location defined as a single coordinate <x,y,z> and direction, defined as
normal vector <x,y,z>. The wedge parameters are parameters that are defined per two planes, that
represent the realignment of two adjacent bony parts. These parameters describe the translation and
rotation of the proximal part in relation to the distal part. The rotation is defined as a single radian value. The
translation is defined in polar coordinates, as this facilitates the expression of translation in the global x, y
and z axis, using two parameters.
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Figure 5: A schematic representation of a single cycle of osteotomy execution and quantification. Following
the arrows from top to bottom. 1) Generating the osteotomy planes, 2) removing the bony part excised in
osteotomy, 3) finding the proximal and distal bony part, 4) translating the distal part to the proximal part, and
perform additional proximal segment translation, 5) aligning the normal vectors of the osteotomy planes, 6)
registering the target shape the post operative shape, and performing proximal segment rotation, 7)
calculating the dissimilarity score for the postoperative configuration, 8) performing the inverse osteotomy
on the target shape, 9) calculating the dissimilarity score for the preoperative configuration.
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Interpretation of the parameters result in the creation of osteotomy plane pairs. In order to perform the
osteotomy the distal and the proximal centreline part of the deformity shape are identified. Coordinates of
the centreline belong to the proximal part post-osteotomy if the dot product of the vector spanned by the
centre of the proximal osteotomy plane to the centreline coordinate and the normal vector of the plane is
positive. Coordinates of the centreline belong to the distal part post-osteotomy if the dot product of the
vector spanned from the distal osteotomy plane centre to the centreline coordinate and the normal vector is
negative. The proximal part of the deformity centreline should be transformed in space to represent its post-
operative situation. The matrix used for this transformation is a combination of a rotation matrix to align the
normal vector of the proximal plane to the normal vector of the distal plane and the translation matrix to
align the centre of the proximal and distal osteotomy planes. After this realignment of the planes, the
proximal part is translated orthogonal to the normal vector of the distal plane, and rotated around the distal
plane normal. The amount of rotation and translation in the latter two steps are defined by the wedge
parameters.

Using algorithms explained in the further sections, the dissimilarity score between the post-operative
situation and the target shape are calculated. Using the distal plane the target shape can be cut in a
proximal and a distal part. The proximal part is now realigned to the preoperative situation using the inverse
matrix of the transformation matrices described above. The centreline of the deformity shape is reset to its
original shape. This leaves us with the original deformity shape and the inverse target shape that
corresponds with the performed osteotomy. The dissimilarity score of the preoperative deformity and
inverse target shape is calculated. All shapes are reset to their original to facilitate a next osteotomy
iteration.

2.2.2 Closed domain parameter definition

In the definition of the osteotomy parameters close attention was paid to achieving a closed domain in
which all osteotomies exist and all osteotomies are unigue. A domain in which not all solutions are unique,
will lead to unnecessary calculations. A domain in which parameter combinations exist that do not
correspond with a feasible osteotomy, will lead to the need of an additional constraint violation check. All
possible cutting planes must conform to the following two rules: 1) all feasible osteotomies pass through the
femur shaft, 2) an osteotomy is not feasible if the angle of the blade to the shaft is sharper than 45 degrees.
This last statement is defined as making a sharp angle with the blade on the surface of the femur shaft will
lead to slipping of the blade in the direction of the cut. Note that another motive to minimize the slope of the
distal plane is that the vertical load on a sloping osteotomy plane, will lead to shear forces on the bone
contact area, which might cause delayed bone-union or non-union.

Note that the common centre coordinate and normal vector representation of a plane does not offer unique
solutions only. The translation of the centre coordinate in any direction orthogonal to the normal vector will
produce the identical plane. To overcome this problem the centre coordinate of the cutting plane is defined
as the relative location on the centreline of the femur. Where the most distal point is 0 and the most
proximal location is 1.

The angle of the cutting plane to the femur is defined as the angle between the local direction of the femur
and the direction of the cutting plane. As the femoral direction influences the angle, one cannot calculate
the angle from the cutting plane normal vector alone, and no closed domain can be defined. However,
defining the cutting plane direction relative to the femoral centreline overcomes this problem. In other
words, the used coordinate system to generate the osteotomy planes has its origin on the femoral
centreline. The x-axis of the coordinate system is in plane with the global XZ plane and its vector is
orthogonal to the local direction of the femoral shaft, pointing in the positive global x-axis direction. The y-
axis of the coordinate system is in plane with the global YZ plane and its vector is orthogonal to the local
direction of the femoral shaft, pointing in the positive global y-axis direction. The z-axis is orthogonal to the
local coordinate system x- and y-axis. Using this parametrization of the cutting plane, the parameters

[h1 = 05, x1 =0, y1 =0, ...] correspond to a proximal plane that cuts the femur in equal halves
perpendicular to the shaft.
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2.2.3 Height sorting

An important factor in the optimization of an osteotomy is the sorting of the plane parameters. The height
parameters, representing the relative distance from the most distal centreline point, for a single wedge are
defined in such a way that the first three parameters, location and tilt, represent the proximal plane and the
second three parameters represent the distal plane. This is problematic if within the parameters of a single
wedge the first height is smaller than the second height. This would be interpreted as the proximal cut being
more distal than the distal cut and thus the osteotomy is invalid. There are some ways to overcome this
problem. One method is to define the height of the proximal plane relative as the distance to the distal
plane. This creates two additional problems: 1) How can you define the bounds for the distance between
the proximal and distal plane? Setting it to a high value would result in a lot of proximal osteotomy planes
that are to proximal to intersect with the shaft. Setting it to low would result in certain large osteotomies that
cannot be found by the model. 2) Changing the height of the distal plane automatically changes the height
of the proximal plane. These two problems are especially problematic when scaling to multiple osteotomies.
The currently implemented method is to perform sorting of the parameters based on their height. In practice
this means that the height, x tilt and y tilt of the proximal plane is swapped with these parameters of the
distal plane in case of an invalid osteotomy. This means that some parameter configurations have identical
outcomes. Note that the solution space for this sorted situation is perfectly symmetrical, as the solution
space with hl > h2 has the identical shape as the solution space with h2 > h1. Therefore, the problem of
duplicate solutions is attempted to overcome by initializing the optimization with sorted data, meaning that
all initial samples are in the search space of hl > h2.

2.2.4 Multiple osteotomy

The sections above describe the workflow for a single closed wedge osteotomy. It should be noted that in
the creation of the osteotomy planes they are all placed on the centreline of the preoperative deformity
shape. Performing the osteotomies iteratively from distal to proximal means that all osteotomy planes
generated more proximal to the current osteotomy should be transformed to keep matching the femur
centreline after performing the distal osteotomy. This should also be kept in mind while performing the
inverse osteotomy on the target shape.

The height sorting in case of multiple osteotomy is a little more extensive in multiple osteotomy. It is
possible within the bounds of the optimization to generate a proximal osteotomy plane of a distal wedge that
is generated above the distal plane of a more proximal wedge. This too is an invalid osteotomy. Therefore,
all planes should be sorted in such a way that in these scenarios the distal plane of the proximal wedge and
the proximal plane of the distal wedge are swapped. This however leads to even more duplicate solutions.
Where a single osteotomy had only two duplicate results, in multiple osteotomy however this leads to (n*2)!
duplicates. There are however no clear signs that this hampers the optimization, possibly due to the
symmetric nature of the duplicates, in combination with the initialization in one symmetric search space. It is
hypothesized that a parametrization that overcomes this problem, without introducing additional
complications might improve convergence to the global minimum.
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2.3 Nail and femur shape dissimilarity
2.3.1. Nail registration algorithm

The nail fitting function starts with the registration of the centreline of the nail with the centreline of the
osteotomized femur. The registration process consists of three registration stages. Starting with the
registration of the nail collum screw with the femur collum axis. The result of this first registration is a global
fit of the centrelines purely fixed on the fit of the collum screw in the femur. The steps are shown in Figure 6.
First the direction of the collum screw vector is placed in line with the vector of the femur model vector.
Secondly the top of the nail is placed at the location of the femoral entrance point. Viewing the nail and
femur in plane with the screw, there is still a rotation apparent in the lateromedial plane. After correcting this
rotation the collum screw, femur collum axis, greater trochanter and femoral nail entrance point are on the
same plane. To fully align the nail screw and collum axis a final translation is performed.

Fixing the collum screw to the femoral collum, fixes the femoral neck shaft angle as well as the depth that
the nail is placed in the femur. In clinical practice the collum screw and femoral collum need not perfectly
align. Besides this, a different collum screw angle might be used to compensate for a change in collum
angle. In order to give a little more latitude in the collum registration three additional steps in nail registration
are added in the second registration stage. Firstly the direction of the nail shaft is aligned with the direction
of the femur shaft to let go of the fixed femoral neck shaft angle. Besides this an extra optimization
parameter is introduced, namely the nail end cap size. This parameter is used for the final stage of nail
registration. This single float between 0 and 30 defines the extra depth the nail should be placed in the
femur for an optimal fit and thus clinically the size of the end cap to compensate for the extra placement
depth in the femur. These extra steps are visualized in Figure 7.
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Figure 6: The first steps of the nail alignment. These steps show the fit of the nail in the femur with a fixed
collum screw. A) The screw axis is aligned with the femoral collum axis, B) The top of the nail is translated

to the trochanteric entry, C) The nail shaft is pivoted around its top, perpendicular to the collum direction, D)
Two translations are performed to perfectly align the collum screw and femoral collum axis.
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Figure 7: These additional extra steps find the fit of the gamma nail with focus on the shaft fit instead of
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collum fit. A) Align the nail shaft axis with the femur shaft axis, B) Translate the nail to match the centre of

gravity of the femur. C) Translate the nail in the nail shaft direction to optimize fit.



2.3.2 Shape dissimilarity measure

Calculating the dissimilarity between the centreline of the nail and the centreline of the femur, is done by
defining a single dissimilarity score. Common scores for quantifying the dissimilarity of two shapes are the
Hausdorff distance (HD), root mean square error (RMSE) and dice score similarity. As the shape does not
have a closed border the dice score is challenging to define and computationally heavy. The two remaining
scores have their pros and cons that are demonstrated in simplified cases in Figure 8. Crucial are the
clinical consequences of the solution. The focus of the dissimilarity score outcome should always be in
which of the scenarios the nall fits the intramedullary canal of the femur.
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Figure 8: The HD and RMSE in abstract scenarios, showing the drawbacks of the HD and RMSE as cost
function. HD = Hausdorff distance, RMSE = root mean squared error.

The HD of the first and second simplification are identical. However in the first scenario there is not a single
point where the nail fits the femur and in the second scenario there are at least two locations where the nail
fits the femur. The second scenario is the preferred of the two, which is not reflected in the HD. The RMSE
however is lower in the second scenario compared to the first. The third scenario has a lower RMSE than
the second scenario and would be regarded as the better solution if this metric was used. There is however
a single peak in the middle which would make the insertion of the nail in the intramedullary canal
impossible. Thus a reduction in RMSE does not necessarily result in a better gamma nalil fit. It should be
noted that the HD is larger in the third scenario compared to the second scenario. These simplified
scenarios point to the use of a combined metric of the HD and the RMSE.

Small deviations between the centrelines, will not result in the gamma nail not fitting the intramedullary
canal. Therefor small deviations between the centrelines should not be penalized in the shape dissimilarity
metric. The RMSE metric benefits from being capped. This means that a value lower than a certain
threshold is set to zero. A simplified scenario is shown in Figure 9. Here it is demonstrated that the RMSE in
the upper scenario is significantly lower, yet the fit of gamma nail is similar in both cases. The capped
RMSE is identical in both scenarios and demonstrates the better representation of actual nail fit in the
capped RMSE compared to the regular RMSE. In the current model this threshold is set to 2 mm.
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Figure 9: The HD, RMSE and capped RMSE in two simplified scenarios, showing the improvement of the
capped RMSE over the regular RMSE.
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2.3.3 Reversed osteotomy fit

In the centreline simplifications of the femur model and the nail model, both centrelines are of the exact
same length. In practice however the nail and femur centreline post osteotomy are not of the same length.
The metric is influenced by which of the two centrelines is considered the reference and which is
considered the difference line. This means that the HD from the femur centreline to the nail centreline is not
the same as the HD from the nail centreline to the femur centreline if the length of the centrelines is not the
same. This means that the length of the femur after osteotomy influences the shape dissimilarity metric.
This phenomenon is shown in Figure 10. The first scenario is the nall fit before osteotomy. It can be seen
that the nail does not fit the intramedullary canal and the HD is located at the CORA of the femur. An
osteotomy is proposed which straightens and slightly shortens the femur. In the second scenario the
centrelines are shown post osteotomy. The nail now perfectly fits the intramedullary canal. However
because of shortening of the bone the HD in the second scenario is larger than the HD in the first scenario if
the HD is calculated as the largest shortest distance from the nalil to the intramedullary canal. If in this post
operative scenario the HD is calculated as the largest shortest distance from the femur to the nail, the HD is
zero.
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Figure 10: A simplified osteotomy, showing a growing one sided Haussdorff distance after performing a
perfect osteotomy. Above the situation pre-osteotomy, below the situation post-osteotomy.

However if the metric would only consist of the distances calculated from the intramedullary canal to the
nail, the metric would converge to a femur centreline with no length, as this post operative result consisting
of a single sample point will always have an HD and an RMSE of zero.

For this reason, the complete metric used to calculate dissimilarity consists of the RMSEnail-sfemur, HDnail>femur,
RMSEtemur>nail and the HDfemur=nail.

2.3.4 Cost function composition

The cost function that is minimized to quantify the dissimilarity of the two shapes is defined by the
multiplication of a modified Hausdorff distance and a modified RMSE, Equation 5. The modified Hausdorff
distance is calculated as the maximum minimum distance from the transformed deformity shape to the
target shape plus the maximum minimum distance from the transformed target shape to the original
deformity shape, Equation 1. The modified RMSE is the mean minimum distance from the transformed
deformity shape to the target shape plus the mean minimum distance from the transformed target shape to
the original deformity shape, Equation 2. The minimum distances are capped using a threshold ©, Equation
3,4.
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Equation 1-5: The equations used to build the cost function. In which du = modified Hausdorff distance,
dvean = modified RMSE, d(X, y) = the distances from all points on shape x to all point on shapey,
x = deformity shape, y = target shape, xr = transformed deformity shape, yt = transformed target shape,

© = RMSE cap threshold

2.3.5 Centreline interpolation

In the past sections, the centreline shapes of the nail fixation and the femur were regarded to be continuous
shapes. In reality however, the centreline shapes are a discrete set of coordinates that are spaced on the
shape with equal distance to each other. Meaning that, for calculating the dissimilarity metric, the first step
is to calculate the distances from each point on the first shape to the second shape and from the second
shape to the first shape. This matrix of distances is then processed to a single value that represents shape
dissimilarity. The higher the sample frequency on the shape the more accurate the calculation of
dissimilarity metric. Having more datapoints in the centreline objects, does increase the computational cost
needed to calculate the optimal preoperative plan. The accuracy of the dissimilarity metric as influenced by

the sampling frequency of the shape is displayed in Figure 11.
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Figure 11: The HD and RMSE in the case of A) continuous, B) low frequency, C) high frequency sampling.
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These slight miscalculations of the actual metric can lead to incorrect final results of the osteotomy model
as well as noise during optimization of the osteotomy. In order to investigate the impact of the sampling
frequency of the shapes on the convergence of the model, optimization of the same case has been
performed with different sampling frequencies. The results for a single and a double osteotomy can be seen
in Figure 12.
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Figure 12: The convergence of the cost function for single (left) osteotomy and double (right) osteotomy, for
different sampling frequencies.

This figure shows the convergence of the cost function to an optimum. The model optimizes the same
femoral deformity case, with the same optimization parameters, accept for a varying sampling frequency.
Note that higher sampling frequencies tend to converge faster and to a lower overall dissimilarity score.
This vouches for using a high sampling frequency in the model. As said, the higher sampling frequency will
lead to higher computational times which is displayed in Figure 13. It can be seen that the computational
time is linearly related to the sampling frequency of the two shapes.
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computation time for different sampling sizes

«  single, r =0.85 (p = 3.20e-02)
« double, r =0.99 (p = 2.37e-04)
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Figure 13: The time needed in seconds to perform a full optimization in relation to the sampling size of the
gamma nail and femur object in a scatterplot. The blue and red line represent the linear correlation.

Weighing speed against accuracy, it was concluded that a sample size of 160 datapoints was a good
compromise. Sampling frequency should be seen as a hyperparameter that can be tuned for specific use
cases. An important notice, is that the comparison of the dissimilarity of very low sampling frequencies can
be misleading as they are prone to lucky or unlucky metric calculations, meaning that very high or very low
scores do not represent the actual fit of the nail in the intramedullary canal. An unlucky calculation occurs
when the two shapes are sampled only in those locations that are most dissimilar. A lucky calculation
occurs when two shapes are only sampled in those locations where the shapes are most similar.
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2.4 Clinical constraints

The optimization of the femoral osteotomy is achieved by minimizing the cost function, which represents
femoral shaft shape. To achieve a post-operative outcome that is useable in clinical practice the bone
should be as anatomically correct as possible within the boundaries of several clinical constraints, including
morphometric characteristics. These constraints are listed below.

2.4.1 Femoral length

The length of the femur post-operatively, should be within a window of preset values. Correction of angular
deformities of the shaft can lead to lengthening in the post-operative setting. It is of crucial importance to
limit this lengthening as too much lengthening can lead to peripheral neuro trauma caused by high nerve
tension. The nervus ischiadicus is especially susceptible to this. Extensive lengthening can also cause
functionally limiting muscle contractures. The high tension on the nervus ischiadicus, vascularity and
musculature should especially be kept in mind for proximal and midshaft valgisation osteotomy, where large
amounts of tension occur on the medial side of the femur. A shortening of the femur causes a decreased
muscle tension, which leads to post-operative muscle weakness. These complaints will fade as the soft
tissues shorten over time. An important notice in deciding on post-operative femoral length, is the leg length
discrepancy. Post-operatively the leg length discrepancy should be minimized within the anatomical
boundaries.

2.4.2 Collum anteversion

A patient with increased collum anteversion will present itself with an in-toeing gait. This in-toeing is a
compensation of the increased collum anteversion attempting to reduce pain and hip instability. By rotating
the leg inwards the collum anteversion angle normalizes relative to the acetabulum. This does change the
femoral condylar direction, causing a misalignment in the knee joint, with eventual complaints of pain and
arthrosis. This principle is shown in Figure 14. The normal range of collum anteversion angles is from 8 to
15 degrees. The functional and aesthetic impairment of in-toeing as well as the risk of early onset arthrosis,
makes the collum anteversion a clinically important parameter.

Figure 14: Anteversion and retroversion of the collum and its clinical presentation. From left to right: 1)
collum with increased anteversion in foot neutral position, 2) collum with increased anteversion in collum
neutral position, 3) collum with retroversion in foot neutral position, 4) collum in retroversion in collum
neutral position. lllustration credit: Jake Pett, B.F.A. and Stuart Pett (2)

2.4.3 Total femoral rotation
As with femoral length, with femoral rotation the most important structures to consider are the vessels and

nerves of the thigh. Adding rotations to the bone will lengthen the vessels and nerves. Large rotations can
cause tension trauma and are avoided by setting the maximum total rotation of the femur to a preset value.
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2.4.4 Mechanical axis

This constraint is optional and controllable in the GUI of the Blender environment. The mechanical axis
deviation cannot be calculated based on the femoral shape alone as the mechanical axis is calculated as
the angle spanned from hip joint, to knee joint, to ankle joint. In this model, the vector spanned between
knee and ankle joint is not known. However, as this vector does not change by femoral osteotomy, the
change in mechanical axis preoperative and post-operative can be extracted using the change in femoral
shape. Bowing and shepherds crook deformities often come with genu varum or valgum deformity. These
deformities might cause pain and arthrosis and should therefore be added to the morphometric constraints.

2.4.5 Maximum osteotomy angle

The constraint for maximum osteotomy angle is mainly of importance for practical feasibility of the
osteotomy. Extremely tangent cuts on the femur are hard to perform and should therefore be avoided. The
maximum angle of the saw blade to the normal of the bone should not exceed a preset maximum degrees
in order to make the cuts possible intra-operatively. It should also be noted that the obliqueness of the cut
line post-osteotomy is controlled by the tangent of the lower osteotomy plane. Having a large obliqgueness of
this cut will negatively affect the healing tendency of the femur. The angle of the osteotomy is controlled by
the optimization bounds of the plane slope.

2.4.6 Wedge distances

In case of multiple osteotomy it is important to have a minimum wedge distance. The bone segments are
vascularized via the periosteum. Smaller bony segments will have a larger change of losing their periosteal
vascularization and become necrotic. The shortest distance between the proximal plane of a distal wedge
and the distal plane of a proximal wedge should not be smaller than a preset value to prevent the scenario
of osteonecrosis.

2.4.7 Wedge clearance

A closed wedge osteotomy involves the removal of a bony wedge at least the size of the bone width. The
removal of a bony wedge with a width larger than 50% of the bone width, but smaller than the full width of
the bone, is considered a closed hybrid wedge. In some cases a closed hybrid wedge with a small width is
not desired because it reduces bone contact area between segments. The wedge clearance is defined as
the largest size of two equally sized cutting planes that cause intersection. This is visualized in Figure 15. A
larger plane clearance will restrict the optimization in creating hybrid wedges with a small osteotomy height
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Figure 15: Two closed wedge osteotomies. The dotted red lines represent the cutting planes. The wedge
clearance is the largest, shortest distance from the osteotomy planes intersection line to the femur
centreline measured in line with the cutting planes.
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2.4.7 No-cut and must-cut

In some cases the optimal cut location interferes with an anatomical structure one would not prefer an
osteotomy to be performed. Examples of locations to avoid are the trochanter minor, regions close to the
femoral neck or the atypical femoral fracture plane. Osteotomies close to the collum might increase the risk
of osteonecrosis of the femoral head. Osteotomies in plane with the atypical femoral fracture plane, might
result in a delayed union time in patients with long-term bisphosphonate use. These demands are mostly
subjective and surgeon specific. Regions where a cut should not be performed can be selected in the
Blender GUI using a lasso tool, Figure 16. A convex hull is created around the point cloud. The coordinates
of this convex hull are saved. During optimization the no-cut zone constraint is violated if any of the
coordinates on the surface of the convex structure are within any osteotomy zone.

Figure 16: The trochanter minor of a femur is selected as a no-cut zone by using the lasso tool in the
blender GUI.

A similar parameter is added if the surgeon has a preference where the osteotomy has to be performed. In
some cases selecting a few vertices on a visible angulation speeds up the convergence of the model to a
feasible solution. Besides this there might be clinical implications to use a must-cut parameter. An example
of this might be placing an osteotomy around an existing non-union. In these cases the tool operator
creates a convex must-cut object in a similar fashion to the creation of the no-cut object.
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2.5 Optimization algorithms

Several optimization algorithms and strategies have been evaluated on performance. Important factors
were the methods ability to generate useable surgical plans consistently, to minimize the clinical constraints
and to get out of local optima generated by strict clinical constraints.

In the earliest testing of the model single objective optimization methods were implemented. In these
methods the single objective was the cost function as described earlier and the clinical constraints were
implemented as hard constraints. The implementation of a hard constraint means that a sample that
violates the constraints is removed from the optimization. In these setups the optimization of the
preoperative plans were visually poor and the optimization function stopped converging after adding more
clinical constraints. It was hypothesized that the implementation of the hard constraints pushed the function
to minimize to a local minimum.

To test this hypothesis, the clinical parameters were implemented as soft constraints, meaning that
constraint violation is accepted as a solution, but adds a penalty to the cost function. This would give more
freedom to the model to converge past clinically suboptimal plans and to the global optimum. This resulted
in a visually better fit, within clinical feasible bounds. Using soft constraints however, means that the optimal
result might include constraint violations. As the final result may not include any constraint violations a two
stage optimization is created. In the first stage a multi-objective optimalization is used to calculate a set of
preoperative plans with an even spread on the pareto-optimal line. This is done by adding the constraint
violation score as a second objective to the optimization. After half of the iterations, the sample population
in that iteration are used as initialization of a single objective optimization function with the clinical
parameters as hard constraint. In Figure 15, the convergence of the cost function is shown for each of the
three constraint handling methods. It should be noted that the convergence for the soft constraint and multi-
objective constraint method is faster. Besides this the final half of the multi-objective method does not allow
for a preoperative plan with constraint violation. For these reasons this two stage method is the superior
form of constraint handling.
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Figure 17: The convergence of the optimization with different methods of clinical constraint handling.

Particle swarm optimization and several genetic algorithms were considered for the optimization of this
problem. The search space was visualized using a t-SNE representation of the parameters. This technique
uses a non-linear distance between the osteotomy parameters to show a two dimensional visualization of
the search space. The t-SNE feature space is used to plot the cost function and constraint violation scores
at those specific points. This is shown in Figure 18. Interestingly, there is no pattern of clustering of feasible
solutions in the search space. This implies that optimization techniques based on gradient search or linear
optimization are not feasible. After thorough testing of different optimization methods. The SMS-EMOA
method showed greatest potential in producing consistently good results upon visual inspection.
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optimization space visualized with t-SNE

cost function constraint violation
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Figure 18: A clustering representation of a set of random samples. Samples with similar parameters are
close to each other. Red dots represent high values, blue dots represent low values.

2.5.1. SMS-EMOA

The SMS-EMOA optimization method is a genetic algorithm (3, 4). A genetic algorithm is an algorithm
inspired by the evolution theory. The keystones on which these algorithms are build are: 1) reproduction, 2)
survival, and 3) mutation. The iterative process starts with a population of random samples. These samples
reproduce, which means that they share information in order to generate offspring samples. These samples
are than sorted based on a fitness score. The fittest individuals of the offspring are kept and the rest of the
samples are discarded. This gives us the next generation of samples. This process is repeated until
termination requirements are met. Mutation is a concept in which noise is added to the samples in order to
create new samples.

The SMS-EMOA defines fitness in two different ways, both of which attempt to find solutions that lie on the

Pareto-optimal front. The first fithess measure is the hypervolume measure, which is the volume spanned
by the points on the estimated Pareto-front, Figure 19.
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Figure 19: A visual representation of the hypervolume. Notice how maximalization of the hypervolume leads
to a good spread approximation of the pareto-optimal front.
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The second fitness measure is the non-dominated sorting algorithm in which samples are sorted based on
the amount of samples that they are dominated by. A sample is dominated by another sample if it is further
away from the estimated Pareto-front.

In the basic algorithm of SMS-EMOA new samples are generated from the current population by means of
random variation. Samples from this mutated population replace samples from the current population if it
would result in a larger hypervolume measure. After this, offspring is generated. Samples are sorted using
non-dominated sorting, after which the best individuals are kept and the process is repeated. Using the
hypervolume measure, a widespread of samples on the Pareto-optimal are found.

2.5.2 Random vs structured initialization

The initialization of the algorithm is regarded to be an important factor in the optimization. A random
initialization in an optimization with many different parameters and only a small population might lead to the
fast convergence to a local optimum. In clinical practice the location of the osteotomy impacts the final
result more than the other parameters such as rotation of the plane and slope of the plane. Besides this in
most cases in clinical practice the distal cut is never tilted. For this reason the model was initialized
randomly either with all parameters non-zero or randomly with only the height parameters non-zero. The
results are displayed in Figure 20. This shows that the initialization using only the height as a non-zero
parameter results in more consistent osteotomy outputs and an overall lower cost function value.
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Figure 20: The convergence of the cost function for different random seeds. Left a structured initialization in
which only the height of the plane is a non-zero value. Right a completely random initialization in which all
parameter values are non-zero.
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2.6 Visualization

The visualization of the surgical plan and post-operative outcome is an important factor in the validation of a
surgical plan. To evaluate the surgical plan all steps of the osteotomy: pre-, intra and postoperative should
be well visualized. These visualizations are integrated into the Blender GUI to enable a tight feedback loop
and full evaluation of the plan without the need for additional software. Three visualization methods are
used to communicate the preoperative plan to the surgeon. After calculation of the preoperative plan, these
visualizations are displayed in the blender GUI after evoking the underlying code using one of the
visualization buttons, Figure 21.

Performing optimization Clinica

n_osteotomies original_length (cm)
pop_size post-op_length (cm)
max_iter original

length difference post-op_version (degree)

length tolerance original_fnsa (degree)

translation tolerance post-op_fnsa (degree) 125

minimal plane clearance original_mechanical_axis (degree) 10.40

perform mechanicallaxis corection post-op mechanical axis (degree) 1.90

nechanical axis correction

calculate a new optimization Altering earlier generated params

show precalculated osteotomy
show cutting plane locations

show reversed ostectomy results

restore last saved params
Save params

create no cut zone

(-]
B
k]

save results to disk create must cut zone

Figure 21: The control panels embedded in the Blender GUI. A) Sliders to change clinical and optimization
parameters. Buttons from top to bottom, perform a new optimization, show the postoperative situation for
the last optimal parameters, show the cutting planes for the last optimal parameters, show the inverse
osteotomy on the target shape and save the STL files of the three visualizations to the disk. B) The
preoperative and postoperative clinical parameters. C) Buttons that are used to create no cut zones, must
cut zones and save the location of bony landmarks after manipulation.

The three visualization methods are the cutting planes in the preoperative situation, Figure 22, the
postoperative situation with the target shape registered to the bone model, Figure 23, and the inverse
osteotomy on the target shape registered to the preoperative situation, Figure 24.

The visualization of the cutting planes, shows the surgeon which bony parts are resected, and aides in
assessing the interoperative feasibility of the cut. The postoperative visualization, shows the postoperative
femoral anatomy as well as osteosynthesis fit. The inverse osteotomy is used to visualize the nail trajectory
in the preoperative situation. This can be particularly useful after importing the osteotomized nail to the
preoperative CT scan.

To ensure that the cutting planes produced by the software indeed lead to the postoperative situation as
visualized in the Blender environment, all visualizations should be analysed in additional software. The
cutting planes must be verified before creating cutting guides for intra-operative use. The software
generates separate STL files for the gamma nail fitted in the original bone. These files can be imported in a
slide viewer and in computer-aided design software to visualize the fit of the nail in the preoperative CT
scan and to validate the postoperative result.
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Figure 22: The automated visualization of the cutting planes in the preoperative situation in Blender.

Figure 23: The automated visualization of the postoperative situation with the registered target shape in
Blender.
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Figure 24: The visualization of the inverse osteotomy on the target shape registered to the preoperative
situation in Blender.
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2.7 Discussion and conclusion

In this technical document, the algorithm development and use is discussed in detail. Parametrisation,
guantification and optimization of the osteotomy are defined and clarified. This document aims on
demystifying development choices and inspire readers to develop their own applications.

The process of algorithm development has mostly been based on visual inspection of the algorithm output.
For this the visualization tools have been of most value. Figures presented in this document, have been
created for a single randomly selected case. Thus, it should be noted that recreation of these figures using
the proposed algorithm can slightly differ from those presented in this document. This will be caused by the
unique presentation of non-traumatic bony deformities.

The algorithm has several hyperparameters that can be tuned for specific use cases. The parameter
bounds of the optimization are an important tuneable hyperparameter. For example, the bounds of the
slope of the distal plane can be narrowed. This would reduce obliquity of the bony contact surface, which
has impact on bone union.

The centreline resampling frequency and method are important hyperparameters, as they strongly influence
preoperative plan optimization. In the current algorithm a linear interpolation with 160 samples is used. To
represent the actual femoral centreline with more accuracy, it might be of interest to investigate other
methods of resampling, such as b-spline interpolation.

Currently, the registration of the target shape is performed with a fixed set of steps. This approach is fast
and reliable. However, the optimal preoperative plan is dependent on the trochanteric entry location chosen
as anatomic landmark. By introducing a few extra parameters, the registration of the target shape can be
added to the optimization as an extra objective. Using this method, the optimization is less dependent on
the location of specific bony landmarks, such as collum axis and trochanteric entry point. This method was
introduced by Carillo et al., by setting the orientation of osteosynthesis of antebrachii osteotomies as an
added objective to the optimization function (5).

In conclusion, this document describes the reasoning behind the most important decisions in the
development of the algorithm. The understanding of the algorithm is of importance when tuning
hyperparameters, such as the optimization bounds and centreline resampling. In future research, adding
the registration of the target shape to the optimization might improve the generated preoperative plan.
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3 Workflow Documentation

The general architecture of the software is embedded in the scripting module of Blender 3.1 (Blender
Foundation, The Netherlands). For the use of the software, the Blender file “main.blend” must be present,
as well as a set of 4 python scripts. These scripts contain functions and classes that handle: 1) basic
functions needed for all scripts, such as performing shape generation or vector calculations, 2) the
calculation and adjustment of bony landmarks, 3) the optimization and visualization of preoperative plans,
4) the use of these functions through the Blender GUI. Blender makes use of an in-build Python interpreter
so the installation of an independent Python interpreter is not needed. The “main.blend” file contains a
section that, when executed in administrator mode, will install the needed packages to the in-build Blender
environment. Bone specific parameters and optimization solutions are stored using a .xIsx file and a .txt file
respectively. The schematic workflow and the communication paths between files and scripts are displayed
in Figure 1.

On the basis of a set of images, the workflow for preoperative planning of a single case will be elaborated
upon. Note that the workflow consists of two parts. The internal validation of the model, which consists of
inspecting the model within the Blender GUI, and the external validation. For the external validation Mimics
25.0 (Materialise, Belgium) and 3Matic 17.0 (Materialise, Belgium) are used.

In this workflow example, a preoperative planning for a shepherds crook deformity is designed and
validated. The steps emphasize on the use of the tool as well as some common clinical decision making.
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3.1 Internal validation

1, Import the STL model of the deformed femur in Blender (Blender Foundation, The
Netherlands), by selecting the file location of the desired femur. The software will create 4
objects. Two spheres that will be used to annotate the caput femoris and the trochanter
major and two cubes that will be used to annotate the region encasing the lateral and the
medial condyle.

2, The shapes generated in the first step are used to roughly annotate the caput femoris,
greater trochanter, medial condyle and lateral condyle. This is achieved by scaling,
rotating and translating the shapes to their desired location.
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3, After satisfactory placement of the regions, the bony landmarks are extracted from the
bone model. By executing the code in the calculate landmark section in Blender.

4, The landmarks are evaluated by visual inspection. This figure shows the inspection of
the trochanteric entry point. One might say this entrance location is placed slightly too
posterior.
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5, Using Blender’s edit mode, the landmarks can be translated in three dimensions, until
its location is deemed satisfactory.

6, The landmarks distally are inspected and found satisfactory.
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7, The landmarks are saved and the ‘optimization section’ of the Blender scripting module
Is opened. Running the script in this section makes a new set of operations and control

panels in the graphical user interface (GUI) available.

This panel is de...plex ostectomie

Vv Resave parameters

save params
create no cut zone

create must cut zone

Optimize ostectomy
Performing optimization

n_osteotomies 1
pop_size 20
max_iter 150
length _difference 0.00
length_tolerance 1.00
translation tolerance 3.00
minimal plane clearanc 4.00

culate a new optimization

ow precalculated osteoto.

Eshow cutting plane locations
d osteotomy r.

save results to disk

v Show clinical parameters

Clinical decision parameters

Shows the bony landmarks
as saved in a .xIsx file

Overwrites the existing savefile of the
bony landmarks to save the current
landmark situation

Creates a simplified object that must
be encased by an osteotomy wedge
in the optimization

Creates a simplified object that must
NOT be encased by an osteotomy
wedge in the optimization

A number of tunable constraint and
optimization parameters

\ Several buttons to generate a new

solution and to visualize this solution

8, An overview of the newly made available operations and parameters.
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9, In Blender’s edit mode several vertices are selected, after which the “create must cut
zone” button is clicked. This will generate a simplified object of the region that during
optimization must be encased by an osteotomy wedge. Note that only one must-cut zone
per osteotomy wedge can be optimized successfully. Besides this a must-cut zone,
partially or fully, encased by a no-cut zone cannot be optimized successfully.

10, The parameters are set to create a preoperative plan with two osteotomies. The
“calculate a new optimization” button is clicked.
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11, After calculation, the post-operative result is displayed in the GUI and a pre- and post-
operative summary of bone specific properties are displayed.

Clinical decision parameters

original_length (crm) 41.70
post-op_length (cm) 41.80
original_version (degr 1.20
sion (de 12.30
original_fnsa (degree]
post-op_fnsa (degree) 127

original_mechanica -10.40

post-op_mechanical_ 1.00

12, The femoral length, anteversion angle and femoral neck shaft angle are critical
parameters that can help the decision making on the quality of the preoperative plan.
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13, By clicking the “show cutting plane locations” button the location of cutting planes in
the preoperative plan can be evaluated.

14, While inspecting the preoperative plan, it is noted that the trochanter minor is within
the osteotomy wedge. It makes this preoperative plan undesirable. A new plan should be
generated.
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Vertex Edge Face UV 1 Global v Pv @iy B e R @ 0 oess t=v @ 0

Orentation: 4. Defoul o 7 T wrw center line_43
enter.line_ 44

User Perspective ~ Osteotomy Functions

. enter line 45
(25) Femur .

“This panel is designed for complex osteotomie confer o
enter_line_ 47
\ Resave parameters enter_line_48

enter_line_49

restore last saved params s 0
T R W Ferur > 7 POSO_femur eft

= creste must cut zone
P+ POSO_ferur left

» Optimize osteotomy.

Osteotomy Funcs

¥ Vertex Groups
Performing optimizatior
n_osteotomies
pop_size
ma_iter
length difference.
length tolerance Shape Keys

trarslation tolerance:

minirmal plane clearsnce

perform mechanical axis correction

echanical axis Correction

calculate a new optimization =
show precalculated osteotomy > UV Maps
show cutting plane locations
show ostectomy results Metes coors
save results to disk Face Maps

> Attributes
+ Show clinical parameters

Normals
Clinical decision parameters

Texture Space
Remesh
Geometry Data

Custom Properties

: " z 1212
O Type here to search i W 6C Dectszomig A & @ @ MO s B

15 The trochanter minor is selected in edit mode and the “create no cut zone” button is
clicked. This saves the simplified object of this region to the optimization parameter .xIsx
file. This data will be used in the calculation of a new preoperative plan.

25) Scene Collection | fem_port 2

16, After calculation a plan is generated in which the trochanter minor is preserved.




17, Inspection shows a poor fit of the gamma nail in the distal femur. It is decided that a
preoperative plan with 3 osteotomies might give a more optimal solution.

DDDDDDD S

18, The number of osteotomies is changed in the parameters and a new calculation is
performed. The result shows a preoperative plan with a good gamma nail fit and an intact
trochanter minor.
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19, The anteroposterior fit of the gamma nail is excellent after the introduction of the third
osteotomy.

A Blender* [E\master_thesis\scripting\git\master_thesis\main blend) o x

=
]
E
o
-

20, However, the distal wedge is considered to be very large. Possibly the preoperative
plan will benefit from femoral lengthening.
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21, The ‘length difference” parameter is set to +2 meaning that the final result of the femur
will have 2 cm of femoral lengthening. The post-operative result of this plan is displayed in
the Blender GUI after recalculation.

nail name, femur side, nail side

22, The cutting planes show a significantly smaller osteotomy wedge distally.
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User Perspective
(25) Scene Collection | fem_part_3

v Resave parameters

Altering earlier generated param

restore

create no cut zone

create must cut zone

v Optimize ostectomy
Performing optimiz
n_ostectomies
pop_size 20
max_iter 150
length_difference 2.00
length_tolerance 0.50
translation tolerance 3.00
minimal plane clearanc 4.00
perform mechanical axis co..

mechanical axis correc -5.21

alculate a new optimization

how precalculated osteoto...
show cutting plane locations
show reversed ostectomy r...

save results to disk

v Show clinical parameters

original_length (cm) 41.70
post-op_length (cm) 43.20
original_version (degr 1.20
post-op_version (de 10.60
original fnsa (degree} 75
post-op_fnsa (degree) 127
original_mechanica -10.40

post-op_mechanical_ 0.90

23, The final result and clinical decision parameters are visualized and deemed
acceptable for surgery. The preoperative plan is complete and the STL files of this plan

are exported by pressing the “save results to disk” button.
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3.2 External validation
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24, The STL files exported in the final step of the creation of the internal validation are
imported to 3Matic.
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Feady. |Expert mode: OFF_ Remember parameters: ON |

25, All separate nail coordinates belonging to the same nail part are fused using a
Boolean union operation. This gives a better overview of the imported nail parts.
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26, The CT scan of the corresponding patient is loaded to Mimics.

tODe-ABARS-ca&dD LA E

& x

isible Lower Threshol, Upper Threshal Assemal:

27, The parts of the nail generated from the union operation in 3Matic are imported to the
Mimics environment, to check the fit of the nail intra-operative on the preoperative scan.

84



28, The fit of the nail is checked on all axial slides. Two slides are shown here as example.
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29, The cutting planes generated by the Blender software are loaded to 3-Matic.
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30, Datum planes are created for each cutting plane object.

86



IDBEHEBHE S-C- 8 Rodmn ~ ¥ Uatitied" - Materalse 3-matic 17.0 [not a medical device]
View  Align  Mak  Fix  Suface  Messwe  Anslyze  Cuve  Sketch  Design  Finsh  SSM  Remesh  Options & Help

QEX L. 9 ¥ @, 'I"“"“’““""”'.@ E.I. zl

Zoom Unaoom Shw Deau it Vi T o
fecton AR Only o Shaded B B secton A4’

Views Visalisation | Element

Work res

dm

Suopgdo Jowd

ki *@O© Q0 Moo Hs L+

Flz@

!

Performed operation: Show omou

Ready |Experimode OFF_ Remember parameters: ON |
@ O = m o =

31, The datum planes are used to visualize the intra-operative situation.

IDBEABE S-c- 8 Rudmm 1% Untitied" - Materialise 3-matic 17.0 [not a medical device]
View  Align  Mak  Fix  Suface  Messwe  Anslyze  Cuve  Sketch  Design  Finsh  SSM  Remesh  Options & Help

&ES. q@;:;;*:.,fa RO 'I"“""’“""',‘T’"" @ Lc. I. zl

Zeom Unigom Sha Defeut Inicate View sovonth
fect

Snaced B B Secton

Work ares

dm

suopdo Jowy

k=m0 Q0 Mo Fsu+

Flz@

P

No Properties Availsble

No Operstion Page Avsilsble

32, The osteotomy wedges are removed from the collection of objects and only the cutting
planes and the remaining bony pieces after osteotomy are shown.
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33, Using the N-points registration method in 3Matic the bony pieces can be translated
and rotated to show the post-operative configuration.
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34, Repeating the registration method for all osteotomies gives the final post-operative
result.
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35, The STL model of the intramedullary nail that will be used during surgery is imported
to the 3Matic project.
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36, The nail can be fit manually in the post-operative result to evaluate the fit of the nail in
the 3Matic validated post-operative result.
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37, Starting from the most distal wedge, the distal plane of the wedge is used to cut to

manually fit intramedullary nail.
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38, Again, using the N points registration tool the nail is transformed, performing an open
wedge osteotomy on the intramedullary nail,

osteotomy on the femur.
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corresponding to the closed wedge
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39, Performing the cut and transformation steps iteratively from distal to proximal, will
result in the inverse osteotomy on the femoral nail. This visualizes the manually placed
nail model on the preoperative bone model.

OB-BAS-cA8IMD

40, These nalil parts are imported to Mimics to show the fit of the intra-operatively used
femoral nail model in the preoperative situation. The nail fit can be evaluated in all axial
slices.
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41, Importing the validated bony parts to Mimics, helps visualizing the bony parts that are
osteotomized intra-operatively on the preoperative CT scan.

intar_zp.

42, The CT-scan can be inspected closely and the resected parts are delineated with a
red contour. The plan is fully validated and the cutting planes can be used to create
cutting guides.
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