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ABSTRACT

Purpose: Lower limb malalignment is an important factor for young and active patients presenting
knee osteoarthritis. Realignment osteotomy has proven to be highly effective as surgical treatment for
those patients. An accurate preoperative plan is important for a successful outcome. The gold standard
for preoperative osteotomy planning of the lower limbs requires weight-bearing whole leg radiographs
(WLR). However, sagittal and transversal deformities can be overlooked on these 2D images. Additional
3D CT scans can provide this information but lack the weight-bearing aspect. The combination of 3D
information with weight-bearing is especially useful in the care of patients presenting knee
osteoarthritis with deformities in multiple planes. The aim of this research is to investigate the
possibility of creating weight bearing 3D models of the lower limbs from a CT scan and a single WLR of
the patient.

Materials & Methods: Software was developed for manually aligning 3D models onto a single
anteroposterior weight bearing WLR. This study included 30 patients with available CT scans. Digitally
reconstructed (whole leg) radiographs (DRR) and anatomical 3D models were computed from these
CT scans. Three raters performed manual registrations of the anatomical 3D models onto the DRRs
using the software. A second method was developed for automation of the 3D-2D registration using
an optimization algorithm. Anatomical 3D models of ten patients were registered using the semi-
automatic algorithm with three different optimization algorithms. The registered 3D models were
compared to the 3D models in original state. Errors were expressed in absolute distances and errors
measured in the lower limb geometry: frontal hip-knee-ankle angle (HKA), sagittal HKA, joint line
convergence angle (JLCA), and tibiofemoral rotation.

Results: Mean registration error of the manual registration was highest in sagittal plane (6.10mm +
4.47mm) compared to the anteroposterior plane (0.89mm + 0.39mm). The angular error was highest
for the sagittal HKA and tibiofemoral rotation, respectively 1.63° (+ 1.28°) and 1.69° (+ 1.33°), and
lowest for frontal HKA and the joint line conversion angle, respectively 0.60° (+ 0.60°) and 0.54° (+
0.64°).

Mean registration error in the XYZ dimension was 30.10mm for the Genetic Algorithm (GA), 12.83mm
for the multi objective GA, and 33.81mm for the surrogate algorithm. The angular errors were highest
for the genetical algorithm (GA), with error of the frontal HKA being 2.32° (£ 2.59°) and 1.57° (+1.18°)
for the JLCA, while they were lowest when using a multi objective GA, 1.04° (+1.10°) for the frontal
HKA and 0.93° (20.77°) for the JLCA. Variation in results is high though.

Conclusion: Manual registration of 3D models onto 2D DRRs provide accurate results in the antero-
posterior plane, but results are less accurate in the sagittal plane. Semi-automatic registration using
optimization algorithms is in the current form not accurate enough for clinical use.
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INTRODUCTION

Unicompartmental Osteoarthritis

The knee is a complex joint consisting of three articulating surfaces, multiple strong ligaments and
muscles for stability and load distribution (1). Normal load distribution in the knee is not equally
distributed between the lateral and the medial knee compartment. In standing position, approximately
66% of the load is accounted for by the medial compartment (2,3). Malalignment of the knee can
further increase the load imbalance. This load imbalance, most commonly caused by varus or valgus
of the knee, can cause early unicompartmental osteoarthritis (OA) (4—6).

Unicompartmental OA is a major clinical challenge, especially in patients under 50 years of age with
an active lifestyle. They may experience pain, instability, and limited range of motion. These symptoms
can limit the ability of the patient to perform his or her work, sport activities and even daily activities.
Early detection of OA with adequate early conservative intervention can slow disease progression and
reduce complaints. Conservative treatment is useful for mild to moderate knee OA. The Kellgren and
Lawrence classification is a common classification system for grading of AO (7,8). Figure 1 shows the
classification grades and description of the grades applied to the knee. Grade 3 indicates moderate
OA. Possible conservative treatments are physical therapy, brace treatment, pain medication, intra-
articular injections wit corticosteroids or hyaluronic acid, and life style adjustments such as losing
weight (9). These treatments are not able to heal damaged cartilage, but focusses on extending the
time to surgical intervention by relieving pain and improving function (9-11).
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Grade O Grade 1 Grade 2 Grade 3 Grade 4
None Doubtful Minimal Moderate Severe
No features of Doutful joint space Definite osteophytes Moderate multiple Large osteophytes,
osteoarthrosis narrowing and and minimal joint osteophytes and marked narrowing of
possible osteophytic space narrowing moderate joint space joint space,
lipping narrowing subchondral sclerosis

FIGURE 1: THE KELLGREN AND LAWRENCE CLASSIFICATION SYSTEM FOR OSTEOARTHRITIS APPLIED TO THE KNEE.
(ILLUSTRATION ADAPTED FROM CHEN ET AL. FULLY AUTOMATIC KNEE OSTEOARTHRITIS SEVERITY GRADING USING DEEP
NEURAL NETWORKS WITH A NOVEL ORDINAL LOSS (12))

Surgical intervention is indicated when non-surgical treatments fail to offer pain relief or increased
function in cases of unicompartmental OA. Possible interventions are unicompartmental knee
arthroplasty (UKA) and realignment surgery. UKA and realignment surgery have differing and partial
overlapping indications, therefore good patient selection is crucial for both treatments. Patients’ age,
presence of deformities in the lower limb and severity of the OA are important selection criteria. UKA
has a limited lifespan and enables a limited range of motion and activity level after surgery, compared
to an osteotomy (13,14). UKA focusses on pain reduction and re-enabling a mostly sedentary lifestyle
for patients and is therefore less suitable for young (<60 years of age) and active patients who aim to
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remain active. The main differentiating criterion for either UKA or realignment surgery is the presence
of a deformity in the femur or tibia. If severe unicompartmental OA is present but no deformity in the
bone, UKA is indicated (13,15). Both methods have shown good survival rates at 10 years (16,17).

In summary, UKA is more suited for elder patients (>60 years of age) with low to moderate activity
levels, no lower limb deformities and low degree of malalignment (up to 5° of varus or valgus) in the
lower limbs. On the other hand, realignment surgery is better suited for younger patients (<60 years
of age) with a high activity level and lower limb deformities. In a small group of patients between 55
to 65 years old, both an HTO or UKA can be considered (13). In the group of younger patients, a knee
osteotomy is therefore most favourable due to longer survival times and better outcomes.
Additionally, an osteotomy can be used in the treatment of localized cartilage defects. Combining
cartilage resurfacing procedures with realignment surgery produces better outcomes. Several articles
have found the combination of an osteotomy with cartilage repair for isolated cartilage damage
improves outcomes for the patients (18-20). These cartilage repairs can be microfracturing (MFC),
autologous chondrocyte implants (ACl), or osteochondral autograft transfer system (OATS) (21).

Osteotomies around the knee

The primary aim of an osteotomy is to shift the load-bearing axis from the OA compartment to the
contralateral healthy compartment. This reduces the load on the arthritic side of the knee to reduce
pain and improve clinical outcomes.

Osteotomies around the knee can be subdivided according to the used surgical technique:

1. The location of the osteotomy; proximal tibia or distal femur
2. The side of the osteotomy; on the medial or the lateral side
3. The osteotomy technique; open wedge or closed wedge

FIGURE 2: ILLUSTRATION OF THE CLOSING WEDGE TECHNIQUE (A) AND THE OPENING WEDGE TECHNIQUE (B) IN A HIGH
TIBIAL OSTEOTOMY. THE BLACK VERTICAL LINE INDICATES THE MECHANICAL AXIS OF THE LEG AND SHIFTS TO THE HEALTHY
COMPARTMENT AFTER THE OSTEOTOMY. (ILLUSTRATION ADAPTED FROM B. ASHEESH ET AL., MANAGEMENT OF THE
POSTTRAUMATIC ARTHRITIC KNEE (22))



During a closed wedge osteotomy a wedge is extracted from the bone, where after the gap is closed
and fixated. In an open wedge osteotomy, the osteotomy is wedged open and fixated using an angular
stable plate. Figure 2 illustrates both techniques for treatment of a varus deformity in the proximal
tibia.

With the introduction of the first modern osteotomies in the 1960s, a closing wedge osteotomy (CWO)
in the tibia fixated with staples was the preferred technique. It was thought that this type of osteotomy
was more stable, permitted a shorter time to recovery and faster load bearing capabilities for the
patient. With the introduction of the total knee arthroplasty (TKA) the use of osteotomies around the
knee decreased significantly. Improvements in surgical techniques, fixation materials, and
postoperative rehabilitation led to significantly better outcomes for osteotomies around the knee,
compared to earlier techniques (23). This made the osteotomy a viable option again. Additional
improvements in material and design of the fixation plates and the evolution to angular stable plates
has allowed the patients with an open wedge osteotomy for partial weight bearing post-surgery. This
resulted in improved patient outcomes 6 months and 1 year postoperative (24). Additional advantage
of a medial open wedge high tibial osteotomy over the closed wedge lateral technique is the absence
of additional fibular osteotomies. Fibular osteotomies can induce peroneal nerve damage. Lastly, open
wedge osteotomies tend to be more accurate due to an increased control over the correction
perioperatively (25).

Patient selection is important for osteotomies to ensure a good success of the procedure. The
international society of arthroscopy, knee surgery and orthopaedic sports medicine (ISAKOS)
composed inclusion and exclusion criteria for high tibial osteotomies, which are also applicable to
other types of osteotomies (26).

TABLE 1: IN- AND EXCLUSION CRITERIA FOR HIGH TIBIAL OSTEOTOMY (HTQ), AS DEFINED BY ISAKOS

Ideal candidate Possible candidate No candidate

Isolated medial joint line pain Flexion contracture < 25° Flexion contracture > 25°

Age 40-60 years Age 60-70 Bicompartmental disease

BMI < 30 Moderate, symptomatic PF OA Previous meniscectomy in
compartment to be loaded by HTO

Non smoker Instability of ACL/PCL/PLC Prior knee infection

High demand activity (no running Want to participate in all sports Rheumatoid arthritis

or jumping)

Malalignment < 15° Obesity

Full range of motion Possible non compliance

Normal lateral and patellofemoral Smoker

components

OA classification IKDC (A) B, C, D Soft atrophic appearing on x-ray

Normal ligament balance Severe femoral bone loss

No notch osteophytes
Metaphyseal varus, i.e. TBVA > 5°

The ideal osteotomy candidate is young, healthy, has an active lifestyle, OA limited to one
compartment and a malalignment of the knee. The procedure is not recommended for older patients,
obese patients, patients with knee co-morbidities, and smokers

Osteotomy planning

Pre-operative planning of osteotomies are a key factor for a successful treatment outcome (27). A pre-
operative planning composes an optimal treatment strategy, which determines the correction site,
amount of correction and surgical technique. A planning also ensures a more accurate procedure and
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sufficient correction (28). Pre-operative planning utilizes anteroposterior (AP) 2D whole leg
radiographs (WLR) (27). In 2002 extensive guidelines were published by Paley for diagnosing the
deformity and composing optimal preoperative planning (29). The most important angles are listed in
Table 2 and illustrated in Figure 3. Of most importance is the Mikulicz line; the mechanical axis from
the centre of the femoral head to the centre of the ankle joint in the frontal plane. This axis should run
slightly medially through the knee, resulting in a slight varus of the knee (27). The measured lower limb
geometry forms the basis of the preoperative correction planning. The principle is to correct the
deformity at the centre of rotation angulation (CORA). In case of medial knee OA with a varus
malalignment, the aim is to overcorrect the stance into slight valgus.

TABLE 2: THE ANGLES AND THEIR NORMAL VALUES DEFINED BY THE MECHANICAL AXES IN THE LOWER LIMB, AS ABLE TO
DETERMINE ON AN AP WEIGHT BEARING LONG LEG RADIOGRAPH.

Name Abbreviation Normal value
Lateral Proximal Femur Angle LPFA 90° (85-95°)
Mechanical Lateral Distal Femur Angle mLDFA 88° (85-90°)
Mechanical Medial Proximal Tibia Angle mMPTA 87° (85-90°)
Lateral Distal Tibia Angle LDTA 89° (86-92°)
Joint Line Conversion Angle JLCA 0°-2°

. C: 2048,0, W: 4096,0
Mechanical v 5
s
L% P}
LPFA = 90°
(85-957)
Infovenster }’ﬂ x
i
mLDFA = 88°
(85-90°)
JLCA
(0-2°%)
XAPTA = 87°
(85-90%)
LDTA = 89°
(36—92')/':

FIGURE 3: A DIAGRAM OF THE LOWER
LIMB (FEMUR, TIBIA AND FIBULA)
WITH THE MECHANICAL AXES AND THE
NORMAL VALUES FOR THE ANGLES.
(ILLUSTRATION FROM D. PALEY,
PRINCIPLES OF DEFORMITY
CORRECTION (29))

o F b
FIGURE 4: SPECIALIZED SOFTWARE, OFTEN EMBEDDED IN THE PACS
ENVIRONMENT AIDS THE SURGEON BY AUTOMATICALLY CALCULATING THE
VARIOUS ANGLE DURING THE PRE-OPERATIVE OSTEOTOMY PLANNING.



The ideal hip-knee-ankle angel (HKA) after varus correction is between 3-5° of valgus (30). According
to Fujisawa the Mikulicz line should run approximately at 63% of width of the tibia plateau for optimal
results (31), but recent guidelines call for an individualized overcorrection between 0-6° (32). This
reduces the forces on the osteoarthritic compartment and shifts the load towards the non-arthritic
side.

Special software tools, embedded in the Picture Archiving and Communication System (PACS)
environment, aids the surgeon by automatically calculating the angles while simulating the osteotomy;,
Figure 4.

3D measurements

Current guidelines for pre-operative osteotomy planning are developed for use with AP standing long
leg radiographs. Therefore, sagittal and transversal deformities are not visible and could be
overlooked. The current reference for transversal lower limb geometry measurements utilizes
Computed Tomography (CT) scans. However, CT scans are obtained with the patient in a non-weight
bearing supine position. Weight-bearing is essential for accurate measurements due to soft tissue
compression, as non-weight bearing can significantly change the geometry of the lower limb, such as
the HKA and the JLCA (33). Additionally, the varus or valgus is often underestimated in non-weight
bearing imaging (34). Weight-bearing CT scans have been developed for use with the ankle, but are
not usable for the whole lower limb (35). Weight bearing provides added value for the preoperative
planning and give information not available on conventional non-weight bearing CT scans

CT scans can be segmented to create 3D models of the bones in the scan. During pre-operative
planning 3D models can increase measurement accuracy. The preoperative plan can be translated with
3D models in personalized surgical instruments (PSI). In recent years PSI have become more accessible
increasing surgical accuracy with better outcomes for the patients, also in knee realignment (36,37).

Use of 3D models in lower limb realignment surgery has been reported in a few articles, however, none
addressed the limitation of the non-weight bearing CT scans. A solution for the lack of 3D information
in 2D radiographs and the absence of weight-bearing in 3D CT scans, could be combining the two image
modalities with special computer vision software.

3D-2D registration

3D-2D registration is the process of aligning a 3D object with a 2D image. On 2D WLRs depth
information is absent, making the 3D-2D registration challenging due to the mismatch in information
between the two imaging modalities. Several methods of 3D-2D registration have been investigated in
the past. In 2012, a review published by Markelj et al. outlined several of the different methods for 3D-
2D registration (38). According to them 3D-2D registration could be performed with intrinsical
information from the images or with extrinsic aid of markers fixated on the object. The markers are
then used to align the 3D object to the 2D image. However, in the clinical setting markers on the skin
can move, making the extrinsic method non-viable. 3D-2D registration is therefore more viable when
using the intrinsic data from the images. Markelj et al. divided the intrinsical registration into three
methods: feature-based registration, intensity-based registration, and gradient based registration.

The type of data is important for selecting the correct intrinsic 3D-2D registration method. In the
University Medical Centre (UMC) Utrecht standardized 2D WLRs are indicated when patients visit the
outpatient clinic with unicompartmental OA and/or localized cartilage damage (27). When there is
suspicion of rotational and/or sagittal deformities during physical or radiological exam, an additional
CT scan is obtained for 3D anatomical models. This workflow results in 2D WLRs with accompanying
3D CT scans (and 3D models) of a patient.



According to Markelj et al., the two main options for 3D-2D registration with the available data are:

1. minimization of the distance between 2D silhouette and contour of projected 3D model
2. optimization of the similarity between 2D image and 2D simulated x-ray from the CT scan

The first method uses the contour of the 3D model and the silhouette of the bone in the WLR to
determine the position of the 3D model in the space. When the 3D model is in the same position as in
the WLR, the difference between silhouette and contour will be minimal.

The second 3D-2D registration method uses simulated radiographs out of the CT scan, called Digital
Reconstructed Radiographs (DRR). By creating DRRs with the CT scan in different positions and
orientations and comparing them to the WLR, the position of the CT scan with the highest resemblance
to the WLR most is searched.

Figure 5 shows the methods as described by Markelj et al. Method a and d are two of the possible
methods with the data available.
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FIGURE 5: THE MAIN METHODS AND DIFFERENTIATORS FOR 3D-2D REGISTRATION AS DEFINED BY MARKELJ ET AL.
(ILLUSTRATION FROM MARKEL) ET AL, A REVIEW OF 3D/2D REGISTRATION METHODS FOR IMAGE-GUIDED
INTERVENTIONS (38))



'RESEARCH OBJECTIVES

The problem of 3D-2D for registration of femur and tibia using a single AP WLR has not been solved
before. In this study we try to solve this problem and to create weight-bearing 3D models of the lower
limb. The problem is researched using both a manual and a semi-automatic approach.

Manual registration has not been widely researched before and isn’t in use for clinical practices at the
moment. Independent of this research, software has been made to mimic the projection of the WLR
using anatomical 3D models. This software will be used for registering the 3D models to the 2D WLR.
The objective is to research the usability of manual software in 3D-2D registration of femur and tibia.
Important measures for these are the registration accuracy, measured angles and the time needed to
register the models.

Next to researching the viability of manual 3D-2D registration, the step to automation of the process
will be made. We hypothesized that automation of the 3D-2D registration could result in a higher
accuracy of the registration in less time. The accuracy of the registration is of most importance, but
the time needed for registration and the ease of use are also of great importance and will define if a
semi-automatic solution is preferable over the manual registration.

For both the manual and the automatic methods, registration accuracy was expressed in the accuracy
from model to model, but also if the measurements for knee alignment changed between model pair.

We hypothesize that for both methods the main errors will be present in the sagittal plane, since this
information is missing in the 2D WLRs. We also hypothesize that a semi-automatic registration would
produce results similar in accuracy, compared to the manual registration, but would be faster in
computing the results.



METHOD

MANUAL REGISTRATION

Materials

Registration software

According to the review by Markelj et al. the main options for performing 3D-2D registration using 2D
WLRs and 3D CT scans are 1: minimizing the difference of the contour from a projected 3D model of a
bone to the contour of the bone in the WLR, or 2: finding the digitally reconstructed radiograph (DRR)
of the CT scan which has the closed resemblance to the WLR (38). The second method is much more
computationally intensive and more difficult to implement. Therefore, the first method of 3D-2D
registration was implemented in software for manual registration. By applying the same projection to
the 3D model, as was used in the WLRs, the position can be found where the shadow of the projected
3D models is the same as the object in the WLR. This projection is calculated by formula 1 and
illustrated in figure 6:

By

B, = AXA_Z Formula 1

where:
Bx = the screen coordinate
Ax = the model coordinate
Bz = the distance from source to detector
Az = the distance from source to object

X-ray source Detector

Bx

W

Lo

W

Bz

FIGURE 6: THE DIAGRAM ILLUSTRATES THE PERSPECTIVE PROJECTION. THE X-RAY SOURCE IS IMAGINED AS A PERFECT
POINT SOURCE. THE TWO BLUE POINTS INDICATE THE TRUE POSITION AND THE PROJECTED POSITION ON THE DETECTOR
PLANE.



If the 3D model is in the registered position, the casted shadow of the 3D model will match the bone
in the WLR. By adjusting the position and rotation, the projection shadow can be adjusted until the
shadow aligns with the WLR. This indicates that the bone model is in the same position as the bone
was when making the WLR

Software that implements this method has been developed within the Orthopaedic research group in
UMC Utrecht. This software mimics the projection and draws the contour of the projected femur while
simultaneously displaying the radiograph, as shown in Figure 7.

¥ | 3D on 2D Registration == | s

Import X-ray Import Tibia Import Femur
Landmark Tibia
Select Tibia Select Femur
Landmark Femur|
Contrast
< > 35
Translatior
‘ > N
‘ >
‘ >
Rotation
‘ >
‘ >
‘ >
Options
[] Add Center of Rotatior Calculate
Edges
Export Tibia Export Femur
Bones

Change Color

Tibia Bone Tibia Edge Femur Bone Femur Edge

FIGURE 7: THE SOFTWARE DEVELOPED FOR 3D-2D REGISTRATION. BY IMPORTING A WLR AND 3D MODEL, AND
ADJUSTING THE POSITION AND ORIENTATION FOR THE 3D MODELS, THE REGISTERED POSITION CAN BE FOUND WHEN THE
CONTOUR OF THE PROJECTED 3D MODEL ALIGNS WITH THE BONE IN THE WLR. THE TWO RIGHTMOST WINDOWS CAN BE
ZOOMED IN ON SPECIFIC PARTS TO AID WITH FINE ADJUSTMENTS.

Radiographs and 3D models

To test the feasibility of manual 3D-2D registration of the lower limbs using this software, a dataset
consisting of WLRs and CT scans with femur and tibia are required. The position of femur and tibia in
the WLR has to be known. This is necessary to validate the registration results against the ground truth.
The ground truth in this case being the 3D models of femur and tibia segmented from the CT scans.
Since no such database exists and since it is very difficult to create such a database from real WLRs and
CT scans, the decision was made to construct an artificial database from CT scans.



Using the dataset from the APPROACH study, available in the UMC Utrecht, a dataset consisting of
artificial WLRs and 3D models was constructed. The APPROACH database consists of over 60 CT scans
and segmented bone structures of the lower limbs. By using the same CT scan to construct the artificial
WHLR (further called the DRR) and create the 3D models, we know that both the CT scan and the
segmented 3D model will give the same projection, when the same projection parameters are applied.

The DRRs were made with MevisLab (Mevislab 3.4.1, Mevis Medical Solutions AG, Bremen, Germany),
using the same projection parameters as for conventional WLRs. The distance from X-ray source to
detector was set to 2650mm, with the CT-volume placed against the detector in AP direction. The CT-
bed, present in the CT scan, is segmented and removed from the scan. Pixel size in the DRR is 0.5mm
by 0.5mm. More specific details on creation of the DRRs is provided in the Appendix.

Femur and tibia were segmented from the CT scans with Materialise Mimics (Mimics 23.0, Materialise
NV., Leuven, Belgium) to create anatomical 3D models.

From the dataset, the first 30 CT scans were included for the research. In total this provides:

- 30 Digital reconstructed radiographs
- 30 3D models of femur and tibia, right side
- 303D models of femur and tibia, left side

Design

The 3D models were randomly rotated and translated from their original reference position and
orientation. With the 3D-2D registration software, the 3D models were registered to the DRRs. By
manipulating the rotation around the X-, Y- and Z-axis and the position in the X-, Y- and Z-space the
projection changes. When the contour of the projected model matches the silhouette of the
corresponding bone in the DRR, the 3D model will be in the original position.

This process of registering the 3D model to the DDR was repeated for all 30 DRRs by three raters. By
using three raters the variability of the registration accuracy between multiple raters could be tested.
Additionally, the first rater performed the registration for all 30 DRRs twice, with two weeks between
each registration, to assess repeatability of the registration.

Measurements
The registration process resulted in 60 pairs of femora and tibiae per rater for analysis. Analysis of the
registration was performed in two ways:

1. Distance measurements between the reference models and the registered models.
2. The angular and rotational deviations between reference models and registered models.

Distances

A 3D computer model, also called a polygon mesh, is built out of vertices and faces, Figure 8. The
vertices have a location in the X-, Y-, and Z-space. From these vertices, edges and faces can be
constructed that will form the 3D model. The order of vertices, edges and faces in the model does not
change after registration. Locations of each vertex could therefore be directly compared between the
reference and the registered model. Euclidean distances were calculated between each vertex pair in
the XYZ-dimension, the XY-dimension and the Z-dimension. The XYZ-distance indicated the full
distance between each vertex pair. The XY-distances indicated the differences between each vertex
pair in the frontal plane. The Z-distances indicated the registration errors made in the sagittal plane.
Additionally, S@rensen-Dice coefficients (SDC) were calculated using 2D masks of the reference and
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FIGURE 8: 3D MODELS ARE DIVIDED IN SEVERAL SUBSTRUCTURES. THE CONNECTIONS BETWEEN THESE SUBSTRUCTURES
FORMS THE POLYGON MESH, THE 3D MODEL. (/LLUSTRATION FROM WIKIPEDIA, POLYGON MESH (39))

the registered models. The SDC gives an indication of accuracy of the registration but cannot replace
distance measurements. The formula for calculation of the SDC is as follows:

2|XnY|
IX]+Y]

SDC = Formula 2

where:
SDC = the Sgrensen-Dice coefficient
X =the 2D surface area of the reference model
Y =the 2D surface area of the registered model

Figure 9 gives a simplified representation of this formula. The formula for

the SDC calculates the coefficient by taking twice the overlapping area and

dividing it by the combined area of the two individual shapes. A coefficient

of 1 indicates a perfect match in the registration, were both models are in +
the same position and orientation.

FIGURE 9: FORMULA FOR THE
S@RENSEN-DICE COEFFICIENT,

EXPRESSED IN FIGURES.
Geometry

The relevant geometry for an osteotomy was measured; the HKA in the frontal plane and the JLCA. In
addition to these angles the HKA was be measured in the sagittal plane, and the rotation between tibia
and femur was measured; the tibiofemoral rotation. To obtain accurate and repeatable measurements
in 3D, the femur and tibia were first reoriented within the coordinate system. Within the coordinate
system the mechanical axis formed the y-axis and the direction of the Akagi line is pointed forwards,
forming the z-axis. This was done to make the measurements repeatable and similar to the clinical
setting. The Akagi line has been shown to be the most reliable in showing rotational alignment (40).
The femur and tibia are then placed within this coordinate system and the angles can be calculated. In
Materialise 3-Matic (Materialise NV, Leuven, Belgium) anatomical markers were placed on each model.
In MatLab these markers were used to place the models in the correct orientation and to automatically
calculate the angles for each pair of 3D models.
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Table 3 specifies the varies lines and axes that were constructed from the anatomical markers. Table
4 contains the different angles and their method of construction. Figure 10 shows the various lines and
the angles constructed between the lines.

TABLE 3: THE VARIOUS LINES CONSTRUCTED IN THE 3D MODELS AND THE METHOD TO CONSTRUCT THE LINE.

Line Markers

Mechanical axis Centre of femoral head — midpoint articular surface distal tibia

Akagi line Insertion point posterior cruciate ligament — medial border tibial
tuberosity

Femoral mechanical axis (FMA) Centre of femoral head — distal point trochlear groove

Tibial mechanical axis (TMA) Midpoint lateral and medial eminence — midpoint articular
surface distal tibia

Distal femoral condyles (DFC) Distal point medial femoral condyle — distal lateral femoral
condyle

Posterior femoral condyles (PFC) Posterior point medial femoral condyle — posterior lateral
femoral condyle

Tibial plateau Medial point tibia plateau — lateral point tibia plateau

Posterior tibia plateau (PTP) Posterior point medial tibia plateau — posterior point lateral tibia
plateau

TABLE 4: THE ANGLES FORMED BY THE VARIOUS LINES FROM TABLE 1.

Angle Measurement method

HKA frontal Angle between FMA and TMA in frontal plane

HKA sagittal Angle between FMA and TMA in sagittal plane

JLCA Angle between DFC and tibia plateau in frontal plane

Tibiofemoral rotation Angle between PFC and PTP in axial plane
Analysis

Statistical analysis was performed in SPSS Statistics 27 (IBM, Armonk, New York, USA). The inter-rater
reliability and the intra-rater reliability were assessed with an intraclass correlation coefficient (ICC).
The appropriate ICC test was chosen with the assistance of an article by Koo and Li (41). For the inter-
rater reliability a two-way mixed effects ICC test was performed, based on a single rater measuring for
absolute agreement. For the intra-rater reliability the same ICC test was be performed, but limited to
the data of only rater 1. The ICC scores were interpreted according to the same article from Koo and
Li (41). An ICC score under 0.50 indicates poor reliability, between 0.50 and 0.75 moderate reliability,
between 0.75 and 0.90 good reliability, and a value above 0.90 indicates excellent reliability (41). The
Pearson correlation was calculated between the angular measurements to analyse the differences
between registered and reference 3D models. The mean absolute differences (MAD) of angular
measurements and registration differences were calculated. The correlations between the two MADs
were calculated with the Pearson correlation coefficient.
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FIGURE 10: THE VARIOUS ANGLES THAT WERE MEASURED AND COMPARED BETWEEN REFERENCE MODEL AND REGISTERED
MODEL. A) THE HIP-KNEE ANGLE IN THE FRONTAL PLANE, B) THE HIP-KNEE ANGLE IN THE SAGITTAL PLANE, C) THE JOINT-
LINE-CONVERSION ANGLE, AND D) THE TIBIOFEMORAL ROTATION.

AUTOMATIC REGISTRATION

Materials

Registration algorithm

Automation of the 3D-2D registration was based on the same method used in the manual registration:
minimizing the distance between contour of the anatomical 3D model and the contour of the bone in
the WLR. The process was automated by use of an optimization algorithm. Such algorithms can help in
finding the solutions for position and orientation where the distance between the two contours is
minimal.

The constructed algorithm performed the registration in two steps: first a course but fast iteration,
and second in a fine but slow iteration. The coarse registration was based on aligning the vectors
between two sets of markers. Constructing the vectors between two sets of two markers for each
bone, and aligning these vectors on the 3D model with the vectors on the x-ray will give a rough
registration. The difference in length of the object in the X-ray and the length of the anatomical 3D
model, was used to calculate the approximate depth position. This coarse step gives an initial solution
for the optimization algorithm and helps in reducing the possible solutions needed to be investigated
with the fine registration, therefore reducing calculation time. The markers were placed on anatomical
landmarks visible on both the 2D WLR and the 3D model, Table 5.
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TABLE 5: THE VECTORS THAT ARE ALIGNED FOR THE ROUGH REGISTRATION. VECTORS WERE CHOSEN AS TO HAVE A
(MOSTLY) HORIZONTAL AND VERTICAL VECTOR.

Bone Vector

Femur Tip greater trochanter — Minor trochanter
Tip greater trochanter — Femoral notch

Tibia Later eminence — medial eminence

Later eminence — Distal point medial malleolus
The fine registration used an optimization algorithm to find the final solution. Conventional registration
algorithms work either two dimensional to two dimensional, or three dimensional to three
dimensional. The most commonly used algorithm is the iterative closest point (ICP) algorithm. This
algorithm is designed to iteratively minimize the differences between two sets of data and tries to find
the translation and rotation matrices to align one dataset with the other dataset (42).

In a 3D-2D registration problem, the depth information is missing for the 2D image. In order to
determine the correct depth position of the object or bone, the projection is of importance. As
explained in the method for the manual registration, the projection changes depending on position
between X-ray source and detector. Objects closer to the X-ray source will get a higher magnification
than objects closer to the detector. This was used to find the correct Z-position in the space.

Because the projection changes for each possible position of the bone, the projection has to be
updated for each iteration. Conventional ICP algorithms were therefore not usable for 3D-2D
registration. An optimization algorithm was employed to find the orientation and position in which the
difference between the contour of the 3D bone model and the bone in the WLR was minimal. The
optimization algorithm was implemented in MatLab. MatLab has several optimization algorithms built-
in, which assisted in implementing each method quickly and efficiently. With each new possible
solution, the projection and the contour had to be calculated of the 3D model. An ICP registration is
then able to register the contour of the bone in the WLR and the contour of the 3D model and find the
corresponding points between the two shapes. This step was performed for each new possible solution
to find the most optimal solution in which the contours aligned most. The pseudocode below describes
the process as it was coded in MatLab. Further details are provided in the Appendix
Select 3Dmarkers on 3D model
Select 2Dmarkers on 2D image
Align vector between set of 3Dmarkers with vector of set of 2D markers

repeat for at least two sets
Find size difference between vector 3D model and vector 2D model
Apply z-translation to make vectors same length
Input contour of bone in radiograph
Optimization algorithm

find initial solution

create perspective projection <«

find contour of 3D model

registrate using ICP algorithm Repeat

find distance between silhouette and contour

update optimization algorithm solution
Update 3D models with best solution

Save registered 3D models

14



Radiographs and 3D models

The (semi-)automatic registration was performed on a subgroup of the dataset used for assessing the
manual registration. As the automation of the 3D-2D registration was approached as a proof-of-
concept study, the registration was performed on the right side of 10 patients. More details on this
dataset and the creation of the DRRs and 3D models can be found in previous paragraphs on the
subject of manual registration. In summary: a group of CT scans from patients was used to construct
digitally reconstructed radiographs (artificial X-rays) of the CT scan. Of the same CT scan, 3D models
were segmented. When kept in the original position and using the same projection parameters as used
for the creation of the DRR, the bones will align perfectly.

Design

With the data the registration algorithm was tested. In the algorithm three different optimization
algorithms were included to find the solution to our optimization problem. Optimization algorithms
try to find the solution to a formula while keeping the optimization metric (or cost function) as low as
possible. Various optimization algorithms are available in MatLab. Below the optimization algorithms
investigated for use are listed with a short explanation of their workings.

Genetic algorithm

The genetic algorithm was developed in the 1960s and 1970s. This algorithm generates an initial
population of possible solutions. From this group a second generation is generated. Between each
generation, the solutions will evolve based on principles from natural selection. This means the
solutions will evolve through mutation, crossover and through a fitness evaluation of the outcome, in
this case the distance from silhouette in the WLR to contour of the 3D model, the possible solutions
are given a change of reproduction. The solutions with a better fitness function have a higher change
of reproduction to the next generation (43).

Multi objective genetic algorithm

A multi objective genetic algorithm (MOGA) uses a regular genetic algorithm to optimize for multiple
outcomes by constructing a pareto front. A pareto front are the found values for which either outcome
1 or outcome 2 is minimal. Figure 11 shows how the pareto front could look for an optimization. It is
then up to the user to determine which outcome fits best for their use case. While the MOGA is not
necessarily the best algorithm to use for this case, since outcome 1 (the registration error for the
femur) and outcome 2 (the registration error for the tibia) don’t use any of the same input values, it is
included because during preliminary testing it showed a good capability of finding the correct answers.

Surrogate algorithm

The surrogate algorithm is method useful for finding the solution to calculation-intensive and time-
consuming functions (44). By sampling the function for a predetermined amount of solutions, the
algorithm tries to create an easier to calculate approximation of the function in the form of a radial
basis function (45). The approximation function gets occasionally checked against the original function
and is updated.
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FIGURE 11: THE PARETO FRONT OF A MULTI OBJECTIVE GENETIC OPTIMIZATION IS THE LINE ACROSS THE OPTIMAL
SOLUTIONS, FOUND ALONG ALL THE INVESTIGATED SOLUTIONS. THE USER WILL HAVE TO CHOOSE THE SOLUTION THAT FITS
HIS USE CASE THE BEST (46).

Bounds and constraints
The optimization algorithm needs upper and lower bounds for the possible solutions, to limit the space
in which the solution can be found. The following bounds were chosen:

Rotation around x-axis: between -10 and 10 degrees
Rotation around y-axis: between -30 and 30 degrees
Movement in z-axis: between -100 and +100 millimetre

Next to the bounds, linear constraints were added to the optimization to ensure only valid answers
were found. These were as follows:

The centre of the lower 50mm of the distal femur and the centre of the upper 50mm op the
proximal tibia could be no more than 20mm apart in the depth direction.
The lowest vertex of the femur could not be any lower than the upper vertex of the tibia.

With the data available, the 3D models and the outline of the femur, the registration algorithms were
tested. For the first 10 patients from the same dataset as for the manual registration, the right side of
the patients were registered. The registration procedure was once performed with the outline of the
bone in the WLR generated from the reference model, and once with the outline of the bone marked
by the user. Generating the outline with the reference model helped in testing if the algorithm could
reproduce the registration with perfect input data. The registrations were performed with the three
different algorithms described above.

Measurements

The registered 3D models were measured with the same methods used in the measurements for the
manual registration. These measurements are the Euclidean distance between each vertex of the
models, and the difference between angular measurements performed on a pair of femoral and tibial
3D model. Angles used for realignment surgery planning were measured to assess the difference
between registered models and reference models. Further details on how these angles were measured
can be found in the paragraphs of the manual registration.
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Analysis

Statistical analysis was performed in SPSS Statistics 27 (IBM, Armonk, New York, USA) in the same
manner as for the manual registration. The reliability between different optimization algorithms was
assessed with an intraclass correlation coefficient (ICC). The correct ICC test was chosen with the
assistance of an article by Koo and Li (41). A two-way mixed effects ICC test was performed, based on
a single rater measuring for absolute agreement. The ICC scores were interpreted according to the
same article from Koo and Li (41). An ICC score under 0.50 indicates poor reliability, between 0.50 and
0.75 moderate reliability, between 0.75 and 0.90 good reliability, and a value above 0.90 indicates
excellent reliability (41). The Pearson correlation was calculated between the angular measurements
to analyse the differences between registered and reference 3D models.
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RESULTS

MANUAL REGISTRATION

The registration error varied greatly between each rater. Figure 12 demonstrates this for one patient,

where the colour indicates the Euclidean distance.

FIGURE 12: THE REGISTRATION ERROR IN THE XYZ-DIMENSION MASKED OVER THE 3D MODEL OF PATIENT 7. EACH PAIR
OF 3D MODELS IS REGISTERED BY ONE OF THE RATERS. DARK BLUE COLOUR INDICATES GOOD REGISTRATION, WHILE RED

INDICATES LARGE REGISTRATION ERROR. DISTANCES IN MILLIMETRES. A) RATER 1, FIRST REGISTRATION, B) RATER 1,
SECOND REGISTRATION, C) RATER 2, D) RATER 3.

The average error after registration between the registered 3D models and the reference 3D models
was between 6.26mm (+ 4.42mm) in the XYZ-dimensions. When this error was split up in the XY- and
the Z-components, the errors were between 0.89mm (+ 0.39mm) in the XY-dimension and 6.10mm (x
4.47mm) in the Z-dimension. Table 6 shows the average error and standard deviations in the errors
between the registered and reference models in both the femur and tibia.

TABLE 6: THE AVERAGE DISTANCE AND STANDARD DEVIATION BETWEEN THE CORRESPONDING POINTS FROM THE
REGISTERED AND THE REFERENCE 3D MODEL

XYZ Femur Right Femur Left Tibia Right Tibia Left

Rater 1 (1st) 5.79 (£ 4.55) 5.72 (£ 3.22) 6.27 (+ 4.09) 6.28 (+ 4.47)
Rater 1 (2nd) 4.83 (£ 2.86) 4.99 (+3.75) 4.47 (£ 3.19) 5.19 (£ 3.31)
Rater 2 9.31(+£5.03) 8.56 (£ 5.70) 8.93 (£ 4.91) 7.27 (£5.93)
Rater 3 5.24 (£ 4.00) 5.79 (£ 4.04) 4.92 (£ 2.70) 6.95 (£ 4.11)
XY Femur Right Femur Left Tibia Right Tibia Left

Rater 1 (1st) 0.78 (+ 0.40) 0.80 (+ 0.27) 0.86 (£ 0.28) 0.87 (£ 0.47)
Rater 1 (2nd) 0.71 (+ 0.26) 0.79 (+ 0.29) 0.75 (£ 0.27) 0.82 (£ 0.26)
Rater 2 1.06 (+0.31) 1.01 (+ 0.40) 1.23 (+0.47) 1.26 (+0.51)
Rater 3 0.82 (+ 0.30) 0.92 (+ 0.44) 0.78 (£ 0.28) 0.89 (£ 0.39)
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V4 Femur Right Femur Left Tibia Right Tibia Left

Rater 1 (1st) 5.62 (+ 4.50) 5.57 (+ 3.30) 6.11 (+ 4.09) 6.12 (+ 4.45)
Rater 1 (2nd) 4.83 (+2.84) 4.94 (+ 3.75) 4.33 (+ 3.20) 5.04 (+ 3.30)
Rater 2 9.18 (+ 4.99) 8.42 (+ 5.90) 8.74 (+ 4.90) 7.01(+5.92)
Rater 3 5.08 (+ 3.98) 5.63 (+3.98) 4.78 (+ 2.90) 6.82 (+ 4.10)

Figure 13 visualizes the average registration error from the four registrations for each patient. The
trendline shows an increase in registration error over the course of the patient population. However,
the R? for each patient is very low: 0.104 for the right femur, 0.095 for the left femur, 0.063 for the
right tibia, and 0.022 for the left tibia.
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FIGURE 13: REGISTRATION ERROR IN XYZ-DIMENSIONS AVERAGED OVER THE REGISTRATIONS BY THE FOUR RATERS. THE

TRENDLINE SHOWS IN INCREASE IN REGISTRATION ERROR OVER THE COURSE OF THE PATIENT POPULATION.

While registration errors increased mildly, registration times decreased, Figure 14. However, with a
correlation factor of 0.179 the correlation between these two measures was weak. The average
registration time was 6:49 minutes (+ 2:00 minutes).
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FIGURE 14: AVERAGE REGISTRATION TIME IN MINUTES FOR EACH SIDE OF A PATIENT. THE TRENDLINES SHOWS A DECREASE
IN AVERAGE TIME NEEDED FOR A REGISTRATION FOR ALL RATERS. NO REGISTRATION TIMES WERE RECORDED BY RATER 2.

SDC were measured for all 3D models for the right pair of femur and tibia, left pair and total lower
limbs. Figure 15 illustrates the distribution of the Dice scores all pairs of femur and tibia for each rater.
The average SDC was 0.986 for both the right pair and left pair of femur and tibia, indicating a good fit
in the frontal view.
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FIGURE 15: HISTOGRAM SHOWING THE DISTRIBUTION OF THE DICE SCORE FOR EACH PAIR OF FEMUR AND TIBIA. 240
PAIRS IN TOTAL WERE INCLUDED.
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The angular differences between the reference 3D models and the registered 3D models, shown in
Figure 16, illustrate how the distribution in change after registration is low for the HKA in the frontal
plane and for the JLCA, but increases with the HKA in the sagittal plane and rotation. For the frontal
HKA the average angular difference for the four raters combined was 0.60° (+ 0.60°), for the sagittal
HKA 1.63° (+ 1.28°). For the JLCA this was 0.54° (+ 0.64°), and for the rotation this was 1.69° (+ 1.33°)
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FIGURE 16: THE DISTRIBUTION OF THE DIFFERENCES IN MEASURED ANGLES BETWEEN REFERENCE AND REGISTERED
MODELS FOR ALL RATERS. THE BLUE BOXPLOTS ARE RATER 1 (FIRST REGISTRATION), ORANGE = RATER 1 (SECOND
REGISTRATION), GREY = RATER 2, YELLOW = RATER 3. HKA = HIP-KNEE-ANKLE ANGLE, JLCA = JOINT LINE CONVERSION
ANGLE.

Inter-rater reliability between the various raters and intra-rater reliability between two measurements
of rater 1 were measured for the different angles with an ICC. The found values for the interrater
reliability are displayed in Table 7, while the values of the intra-rater reliability are displayed in Table
8.

TABLE 7: INTERRATER RELIABILITY BETWEEN THREE RATERS. HKA = HIP-KNEE-ANKLE ANGLE, JLCA = JOINT LINE
CONVERSION ANGLE.

Angle ICC

Frontal HKA 0.677 (95% Cl 0.556 — 0.779, p<0.001)
Sagittal HKA 0.591 (95% Cl 0.452 — 0.713, p<0.001)
JLCA 0.021 (95% CI-0.113 — 0.185, p=0.382)
Tibiofemoral rotation 0.625 (95% Cl 0.493 — 0.740, p<0.001)
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TABLE 8: INTRA-RATER RELIABILITY BETWEEN THE TWO MEASUREMENTS OF RATER ONE, WITH AN INTERMEDIATE PERIOD
OF 2 WEEKS BETWEEN THE MEASUREMENTS. HKA = HIP-KNEE-ANKLE ANGLE, JLCA = JOINT LINE CONVERSION ANGLE.

Angle ICC

Frontal HKA 0.749 (95% Cl 0.612 — 0.842, p<0.001)
Sagittal HKA 0.540 (95% Cl1 0.332 — 0.697, p<0.001)
JLCA 0.292 (95% Cl 0.043 — 0.507, p=0.011)
Tibiofemoral rotation 0.831 (95% Cl1 0.730 — 0.896, p<0.001)

For the interrater reliability the reliability between the raters for the frontal HKA, the sagittal HKA and
the rotation were moderate, while the reliability in measurements for the JLCA was poor. The intra-
rater reliability for the frontal HKA, sagittal HKA was moderate, the reliability for the JLCA was poor,
and the reliability for the tibiofemoral rotation was good.

Correlation between the mean average distances of a pair of femur and tibia were calculated with the
Pearson’s correlation. The found values are displayed in Table 8.

TABLE 9: PEARSON CORRELATION COEFFICIENT BETWEEN AVERAGE DISTANCES PER PAIR OF FEMUR AND TIBIA AND
ANGULAR DIFFERENCES. VALUES IN BOLD ARE SIGNIFICANT (P<0.01). HKA = HIP-KNEE-ANKLE ANGLE, JLCA = JOINT
LINE CONVERSION ANGLE.

Frontal HKA Sagittal HKA JLCA Tibiofemoral rotation
Distance XYZ 0.312 -0.239 0.091 -0.098
Distance XY 0.185 -0.780 0.026 -0.039
Distance Z 0.311 -0.239 0.091 -0.098

The Pearson correlation was used again for measuring the agreement between the angles measured
in the reference models and the registered models. For the frontal HKA a correlation of 0.782 (p<0.01)
was found, for sagittal HKA a correlation of 0.708 (p<0.01), for the JLCA a correlation of 0.162
(p=0.012), and for the tibiofemoral rotation a correlation of 0.774 (p<0.01).
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AUTOMATIC REGISTRATION

The automatic registration has produced varying results between each optimization algorithm. This is
illustrated when the registration errors of the different optimization methods of a single patient are
compared with each other (Figure 17), and this is further show in the three tables, which show the
average distance error for each case, Table 10, 11 and 12.

The registration results varied between each optimization method. The mean registration error was
30.10mm for the genetic algorithm (GA), 12.83mm for the multi objective GA, and 33.81mm for the
surrogate algorithm.
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FIGURE 17: THE REGISTRATION ERROR IN THE XYZ-DIMENSION MASKED OVER THE 3D MODEL OF PATIENT 1. EACH PAIR
OF 3D MODELS IS REGISTERED BY ONE OF THE OPTIMIZATION ALGORITHMS. DARK BLUE COLOUR INDICATES GOOD
REGISTRATION, WHILE RED INDICATES LARGE REGISTRATION ERROR. DISTANCES IN MILLIMETRES. A) GENETIC
ALGORITHM, B) MULTI OBJECTIVE GENETIC ALGORITHM, C) SURROGATE ALGORITHM

Average time to complete the registrations was 50 minutes (range 13-76 min) for the GA, 66 minutes
(range 14-93 min) for the multi objective GA, and 19 minutes (range 4-45 min) for the surrogate
algorithm optimization.

The Sgrensen-Dice coefficients acquired by the different optimization algorithms, shown in Figure 18,
ranged between 0.531 and 0.986. The GA achieved the worst in general, with an average SDC of 0.850
over the 10 test subjects. The multi objective GA got an average SDC of 0.949, while the surrogate
algorithm got an average SDC of 0.934.

The angular differences, Figure 19, show how the automatic registration mainly struggled with the
tibiofemoral rotation. The angular differences are further defined in Table 13.
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TABLE 10: THE AVERAGE REGISTRATION ERROR BETWEEN THE REGISTERED MODEL AND THE REFERENCE MODEL IN
MILLIMETRE FOR THE GENETIC ALGORITHM. ERRORS GIVEN IN THE XYZ-DIMENSION, XY-DIMENSION, AND IN THE Z-

DIMENSION
XYz Femur Tibia XY Femur Tibia Z Femur Tibia
1 14.78 (+8.32)  52.32 (+24.39) 7.88 (+4.87) 8.64 (+1.69) 10.81 (+9.22)  51.34 (+24.86)
2 11.90 (+5.78)  12.35(+0.94) 5.94 (+3.81) 3.79 (+0.76) 9.10 (+6.51) 11.70 (£1.21)
3 13.22 (+5.98)  10.75 (+4.75) 5.61 (+3.60) 3.81 (+2.39) 11.02 (+6.69)  9.50 (5.25)
4 27.08 (£20.27) 6.13 (+1.93) 20.22 (£19.89) 3.12 (+0.50) 12.45 (+13.58) 5.13 (+2.25)
5 79.16 (£18.74) 94.97 (+8.42) 25.17 (£19.61) 6.94 (+1.47) 73.03 (£16.29) 94.69 (+8.50)
6 7.42 (+4.21) 8.44 (+5.15) 2.54 (+1.51) 1.34 (+0.76) 6.59 (+4.55) 8.20 (+5.30)
7 32.77 (+10.47) 44.21 (+14.84) 7.36 (+3.79) 12.91 (+17.97) 31.75 (+10.33)  39.54 (+11.05)
8 45,57 (+10.92) 33.52 (+8.47) 18.04 (+9.86)  21.25 (+3.07) 40.69 (+10.84) 23.69 (+13.15)
9 30.73 (£16.39) 7.20(+0.67) 11.34(+1.80) 6.18 (+1.03) 26.13 (£19.96) 3.51(+0.90)
10 27.48 (+18.44) 42.09 (+9.65) 2.97 (+1.99) 2.41 (+0.48) 27.10 (+18.65) 42.01 (+9.67)
Mean 29.01(+11.95) 31.20(+7.92) 10.71 (+7.07)  7.04 (+3.01) 24.87 (+11.66) 28.93 (+8.21)

TABLE 11: THE AVERAGE REGISTRATION ERROR BETWEEN THE REGISTERED MODEL AND THE REFERENCE MODEL IN
MILLIMETRE FOR THE MULTI OBJECT GENETIC ALGORITHM. ERRORS GIVEN IN THE XYZ-DIMENSION, XY-DIMENSION,
AND IN THE Z-DIMENSION

Xyz Femur Tibia XY Femur Tibia Z Femur Tibia

1 13.44 (£7.47)  8.64 (£8.22) 3.57 (+1.88) 1.65 (+0.69) 12.28 (£+8.33)  8.07 (+8.60)
2 4.35 (+2.85) 4.19 (£2.12) 0.89 (+0.30) 0.73 (+0.38) 4.05 (+3.13) 4.09 (+2.16)
3 7.24 (+5.09) 8.99 (+4.07) 0.79 (+0.43) 4.19 (+2.60) 7.12 (£5.18) 7.30 (+4.45)
4 27.50 (£20.29) 12.62 (+1.49) 20.14 (+20.05) 1.05 (+0.23) 13.21 (+13.64) 12.57 (+1.50)
5 30.99 (+19.50) 5.11 (+1.31) 21.55(+19.47) 1.27 (£0.60) 16.99 (£14.45) 4.90 (+1.33)
6 13.55 (£6.02)  4.49 (+1.08) 3.01 (+1.21) 1.14 (£0.50) 12.97 (£6.40)  4.31 (+1.11)
7 20.50 (£6.37) 19.40 (+18.47) 5.65 (+2.26) 14.49 (£19.67) 19.33 (£7.10)  9.61 (+5.30)
8 16.50 (£9.80)  7.11 (£3.11) 5.16 (+1.95) 2.95 (+1.50) 14.83 (£10.87) 6.12 (+3.43)
9 15.83 (+8.18) 17.51 (+4.11) 6.51 (+2.63) 1.77 (x0.87) 13.95 (+8.58)  17.40 (+4.14)
10 12.04 (£5.37)  6.57 (£0.59) 1.83 (+0.96) 0.52 (+0.26) 11.80 (£5.50)  6.55 (+0.59)
Mean 16.19 (+9.09)  9.46 (+4.46) 6.91 (+5.11) 2.98 (+2.73) 12.65 (£8.32)  8.09 (+3.26)

TABLE 12: THE AVERAGE REGISTRATION ERROR BETWEEN THE REGISTERED MODEL AND THE REFERENCE MODEL IN
MILLIMETRE FOR THE SURROGATE ALGORITHM. ERRORS GIVEN IN THE XYZ-DIMENSION, XY-DIMENSION, AND IN THE

Z-DIMENSION

XYz Femur Tibia XY Femur Tibia Z Femur Tibia

1 19.64 (£7.35)  19.60 (+6.97) 5.27 (+3.40) 2.22 (+1.46) 18.40 (£7.87)  19.38 (+7.10)
2 32.21(£5.33)  41.93 (+6.58) 4.49 (+1.33) 1.68 (£0.63) 31.85(+5.44)  41.89 (+6.60)
3 14.51 (+9.70)  11.99 (+7.06) 3.92 (+0.59) 4.63 (£2.44) 13.42 (+10.43) 10.73 (£7.13)
4 39.36 (£17.91) 13.71 (+2.36) 21.22 (£19.44) 1.36(x0.22) 29.30 (£13.55) 13.64 (+2.38)
5 35.24 (£16.51) 11.74 (+7.19) 21.97 (£19.86) 1.19 (+0.61) 23.92 (£8.07)  11.55(+7.36)
6 56.62 (£7.92) 66.91(+11.12) 5.97 (+2.62) 5.47 (+0.78) 56.24 (£7.92)  66.66 (+11.21)
7 44.35 (£10.77) 31.84 (+20.44) 6.91 (+1.66) 13.54 (+17.68) 43.71 (¥11.07) 26.05 (£16.03)
8 20.92 (£12.46) 22.52 (+13.38) 3.85 (+2.37) 5.07 (+3.11) 20.25(£12.74) 21.46 (+13.80)
9 80.01 (+2.27)  70.39 (+4.06) 7.61 (£0.60) 6.93 (+0.72) 79.65 (£2.32)  70.04 (+4.10)
10 17.93 (¢6.02)  24.68 (+2.33) 3.63 (£1.45) 1.70 (+0.44) 17.46 (£6.16)  24.61 (+2.34)
Mean 36.08 (+9.63) 31.53 (18.15) 8.48 (+5.33) 4.38 (£2.81) 33.42 (+8.56)  30.60 (+7.81)
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FIGURE 18: THE SPRENSEN-DICE COEFFICIENTS PER PAIR OF FEMUR AND TIBIA FOR EACH PATIENT FOR THE VARIOUS
OPTIMIZATION ALGORITHMS
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TABLE 13: THE MEAN ABSOLUTE ANGULAR ERRORS AFTER REGISTRATION, COMPARED TO THE REFERENCE MODELS. HKA
= HIP-KNEE-ANKLE ANGLE, JLCA = JOINT LINE CONVERSION ANGLE.
*PATIENT 7 WAS EXCLUDED FROM DUE TO BEING LARGE OUTLIER

Frontal HKA Sagittal HKA JLCA Tibiofemoral rotation
GA 2.32° (£2.59°) 3.65° (+2.58°) 1.57° (£1.18°) 25.79° (+20.48°)
Multi obj. GA 1.04° (£1.10°) 1.99° (+1.46°) 0.93° (+0.77°) * 12.09° (£15.43°)
Surrogate 1.25° (+0.99°) 3.50° (£2.89°) 0.93° (+x0.74°) 18.57° (¥15.75°)

The Pearson’s correlation was calculated between reference angles and the measured angles from the
different algorithms. These values are displayed in Table 14.

TABLE 14: PEARSON CORRELATION COEFFICIENT BETWEEN ANGULAR MEASUREMENTS ON REGISTERED MODELS AND
REFERENCE MODELS. HKA = HIP-KNEE-ANKLE ANGLE, JLCA = JOINT LINE CONVERSION ANGLE.

Frontal HKA Sagittal HKA JLCA Rotation
GA 0.206 (p = 0.567) -0.086 (p = 0.814) 0.270 (p = 0.450) 0.055 (p = 0.880)
Multi obj. GA 0.802 (p = 0.005) 0.344 (p = 0.330) -0.363 (p=0.302) 0.282 (p=0.430)
Surrogate 0.491 (p = 0.150) -0.104 (p = 0.774) 0.268 (p = 0.453) 0.233 (p =0.518)

The graphs and tables above show the results when using reference input. When the contour is drawn
by the user, the average registration error using the GA is 42.04mm for femora and 43.05 for the tibia,
the registration error is 16.05mm for femora and 12.75mm for tibiae when using the multi objective
GA, and with the surrogate algorithm the mean registration error is 30.68mm and 35.76mm for femur
and tibiae respectively.

Comparing the angular measurements acquired with either the reference contour input or the user
input gave the following correlation: for the GA 0.859 (p<0.001), for the multi objective 0.988 (p<0.001)
and for the surrogate algorithm 0.967 (p<0.001).
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DISCUSSION

Manual registration

The aim of this study was to investigate the possibility of manual 3D-2D registration for creating
weight-bearing 3D models of the lower limb. With the use of dedicated software for 3D-2D registration
we were able to recreate models with good accuracy in the frontal plane, but results were less accurate
in the sagittal plane. With the results we were able to show that manual registration can be used to
perform registration and the registration is accurate in terms of angular measurements currently in
use for preoperative osteotomy planning.

The registration errors were mostly present in the sagittal plane, with the average error in this direction
being 6.10mm. The registration errors were significantly lower in the XY-dimension, with the average
error being only 0.89mm. This can be explained by the use of AP radiographs, which only contain
information in the XY-dimension. The Sgrensen-Dice coefficients confirmed the low margin of error in
registration, with a high coefficient of 0.986. The high SDC indicates a good match between the
projected shadow of the 3D anatomical models and the WLR. However, the SDC needs to approach a
coefficient of 1 for the other registration error measurements to be considered accurate. Seemingly
small discrepancies between the alignment of 3D model and the WLR can results in relatively large
errors in registration.

More clinically relevant are matching geometrical angles, used in clinical care for diagnosis and pre-
operative planning. Comparably to the error assessments of the distances, the registration results are
more accurate in the XY-dimension than in the Z-dimension. Measured lower limb geometry angles of
the 3D-2D registrations in the frontal plane are very accurate, compared to the reference models. The
absolute mean difference of the frontal HKA was 0.60° and 0.54° for the JLCA. Analysis of the geometry
in the transversal and sagittal plane resulted in higher errors. Mean absolute angular differences for
the sagittal HKA were 1.63° and 1.69° for the tibiofemoral rotation.

Manual 3D-2D registration time was on average 6:49 minutes per pair of femur and tibia. The average
registration time decreased over the course of the patient group. This could indicate an increase in
raters 3D-2D registration skills as progressed through the test subjects. However, the registration
errors increased over the patient population. The increase in registration error and decrease in
registration time correlated, even though this correlation was weak. This could indicate that taking
more time could result in more accurate 3D-2D registrations.

Inter-rater reliability was moderate for all angles except the JLCA, for which the reliability was poor.
Intra-rater reliability was moderate to good for all angles, except for the JLCA again, where the intra-
rater reliability was poor. The intra-rater reliability was however better for the frontal HKA, JLCA and
the tibiofemoral rotation, while only slightly decreasing for the sagittal HKA. This would suggest that
using the same rater would produce more consistent results than using different raters each time.
Using the same rater could improve reliability of the performed registration.

Pearson correlation between the geometrical measurements on the reference models and the
registered models correlated moderately for the frontal HKA, sagittal HKA and tibiofemoral rotation,
while the JLCA correlated poorly. This could be explained at the smaller range of the normal JLCA,
which is between 0° and 2°. This normal range is smaller than for the other angles, therefore a variation
in the measured angles will sooner give a worse correlation.
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3D-2D registration performance was not significantly different between the 3 raters, this means that
with good instructions and practice users can achieve similar results. By using multiple raters we were
able to show that the registration error was similar between the different raters. This is important as
the results do not rely on the user of the software, and with good instructions and training multiple
users can achieve similar results.

For use of the of the registered models in clinical settings, results of angular measurements must not
differ significantly from results achievable with the current golden standard, measurements on 2D
radiographs. Nguyen et al found that on 2D radiographs, the variation in angles measured by different
raters was between 0.5-1° (27). The mean error of the frontal HKA and the JLCA fall within this range.
The JLCA angles had however poor correlation between reference measurements and measurements
on the registered models.

Automatic registration

The aim of this study was to investigate the possibility of 3D-2D registration using an optimization
algorithm. Registration using a multi objective genetic algorithm resulted in the highest accuracies in
both absolute distance errors and angular errors.

The accuracy achieved with each of the optimization algorithm varied from patient to patient. Mean
registration distance error was lowest for the multi objective GA with 12.83mm, while the GA achieved
a mean distance error of 30.10mm and the surrogate algorithm a mean error of 33.81mm.

The high registration errors also translated to the Sgrensen-Dice coefficients, with the SDC of the multi
objective GA being the highest at 0.949, compared to the average SDC of the Surrogate algorithm of
0.934 and 0.850 for the GA. However, the SDC is not indicative of an accurate registration. As discussed
earlier, the SDC needs to approach a coefficient of 1 to achieve accurate registration results. The results
achieved with the optimization algorithms confirm this, as the relatively high SDC of 0.934 still results
in poor registration results.

Of the three optimization methods, the surrogate algorithm performed the 3D-2D registration the
quickest. The mean registration times was 19 minutes. However, this could be up to 45 minutes in
some of the cases but also as quick as 4 minutes. Registration time of the multi objection GA and GA
was more consistent, the mean time respectively being 66 minutes and 50 minutes. The algorithm was
run on a personal computer. Utilizing dedicated hardware, with high core count CPUs, can reduce the
calculation time as more calculations can be processed simultaneously.

For the 3D-2D registrations the contour of the femur and tibia in the WLR was derived from the 3D
model to ensure that perfect input data was available for the registration and optimization algorithm.
The algorithm was also tested with user input as data. The registration results between the reference
input and the user input correlated very well, especially for the multi objective GA and the surrogate
algorithm, with a Pearson correlation reaching close to 1. The achieved accuracies therefore did not
differ significantly with the input. User input can reach the same accuracies as the reference input with
the current registration algorithms. A shortcoming with user input for marking of the bone contour in
the radiograph, is the introduction of inter-rater variability. Manual contour marking introduces
variations between users and therefore variations in the registration results. An automatic method for
segmentation of the bone contour from the radiograph will reduce the time, while likely achieving
more consistent registrations. BoneFinder software (version 1.3.4a, Centre for Imaging Sciences, The
University of Manchester, Manchester, United Kingdom) was investigated to assist in this task (47,48).
This software, at the time of writing, only segments the proximal femur and the knee joint. This made
BoneFinder not suitable, as large parts of the bone contour would not be included for registration.
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Additionally, the segmentation by BoneFinder required extensive adjustments to accurately mark the
contour of the bone, undoing the benefit of an automatic segmentation. Reliable and automatic
segmentation of the bones on 2D radiographs could be beneficial for the 3D-2D registration problem.

The same shortcoming exists for the anatomical 3D models. Accurate segmentation of the bone out of
the CT scan is crucial for an accurate registration result. Despite using dedicated software for bone
segmentation from CT scans, inter-rater variability will always be present. Thresholding segmentation
requires manual post processing to acquire a valid and usable 3D model. This introduces variations in
the model of up to 0.6mm (49). Differences in anatomical 3D models affect the bone contour and
therefore the registration outcome.

Clinical relevance

The aim of this project was to create weight-bearing 3D models out of CT scans and WLRs. This was
realized by performing manual 3D-2D registration, with good accuracies in the frontal plane.
Additionally, automation of the 3D-2D registration process was investigated. This resulted in lower
accuracies in all planes.

From previous research, we know that in the current gold standard for osteotomy planning using 2D
radiographs, the error between measurements from different raters is 0,5-1,0° (27,50). Accuracies of
the HKA and JLCA after manual registration were comparable. This indicates that manually created
weight bearing 3D models do not exceed the errors currently observed in clinical care.

The accuracies achieved in the sagittal plane and the transversal plane are worse, and the range in
errors is higher than observed on 2D radiographs. This indicates that alignment measurements can be
accurately performed on registered 3D models in the frontal plane. However, measurements in the
sagittal and transversal plane cannot be accurately performed on the registered anatomical 3D models.
For osteotomies in patients without rotational deformities, the use of registered 3D models does not
provide additional information and benefits, compared to the current standard of pre-operative
planning using 2D WLRs. However, for patients with rotational deformities the use of the registered
3D models can still provide additional benefits. In current practice, non-weight bearing 3D models are
used. Registered weight-bearing 3D models could provide additional information in the sagittal plane
and the frontal plane on rotational deformities of the knee and slope measurements. However, further
investigation has to be conducted to assess the added value for these kinds of defects.

Manual 3D-2D registration of femur and tibia has not been performed before in research. Most of the
research focusses on automated registration methods using fluoroscopy images (51-53). One of the
main challenges in this kind of research is the acquisition of a dataset that can be used for validation
of the registration. By using DRRs we were able to generate the required dataset and accurately
validate the registration. Similar studies use small datasets consisting of only a few patients and are
not able to validate their results on larger patient groups. This study is therefore an important step in
getting manual 3D-2D registration validated for clinical applications. The registered models could also
aid further research for gait or motion analysis and kinematics of the knee, where the weight-bearing
aspect of models is important

Since no datasets were available combining WLRs with femoral and tibial 3D models in the exact same
position, the use of an artificially created dataset was necessary to conduct this research. The artificial
WLRs, the digital reconstructed radiographs, are limited in resolution by the CT scan. The CT scans had
pixel sizing of 0.7mm x 0.7mm in the XY-direction and slice thickness ranging between 0.6 and 1.0mm.
This resulted in a spatial resolution of approximately 0.7 line pairs per millimetre (Ip/mm). A radiograph
can reach a higher spatial resolution of 3 Ip/mm (54). Real WLRs have therefore higher spatial
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resolution and bone contour and structures are better visible. This might produce more accurate
registration results. Future research should therefore focus on creating a dataset using real WLRs. This
could be possible with the use of sawbones. In the recommendations more details will be given.

This research performed the 3D-2D registrations based on only one AP radiograph. By limiting
ourselves to only one direction, less information was available regarding the depth position and
orientation of the lower limb. This limitation was chosen as in the clinical setting per protocol only the
single AP radiograph is made. In most clinical centres only AP WLRs are available, making the
proposition of this project implementable in most clinics. A recent study by Roth et al. performed an
automatic 3D-2D registration of femur and tibia with images gathered by an EQS imaging system (55).
This system is capable of acquiring a frontal and sagittal radiograph simultaneously. Stereo radiography
is able to give depth information of the subjects. Therefore, their 3D-2D registration was easier to
perform. They were able to achieve an average registration error of 1.1mm. The depth information
does not have to be gathered solely from the perspective projection, giving more accurate results.

Recommendations

In the clinical setting the WLRs are made from three x-rays stitched together (27). This creates a
perspective that is different from the single image projection used in this research. When creating a
dataset of real WLRs, this differing projection will be applied to the WLR. Further assessments need to
be performed on how this changes the registration process. These changes in the projection will also
have to be implemented in the registration software. Differing projection between the WLR and the
registration software can result in inaccurate registration.

Further research has to be performed with the 3D-2D registration software to test the ability of 3D-2D
registration on real WLRs. As mentioned earlier, the creation of dataset consisting of WLRs and
anatomical 3D models is difficult. In this study we were limited by having to perform the registration
on DRRs. Testing the registration on real WLRs is a crucial step in getting further validation of the
registration results. Creation of such a database could be performed by fixating radiopaque Sawbones
in a frame. Anatomical models could then be created to mimic the lower limb. Applying radiopaque
markers on the frame, and accurate measurements of projection parameters, can aid in acquiring the
true position of the 3D models in the WLR. With real WLRs the accuracy of the registration could
further improve. This could be especially important for the registration accuracy in the sagittal plane.

The automatic registration will have to be improved to be clinically viable. This study included three
optimization algorithms, however several other optimization algorithms are available for
implementation in MatLab. Preliminary testing indicated that the included algorithms would perform
best in 3D-2D registrations. Of the included optimization algorithms, the multi objective GA was the
most accurate while the surrogate algorithm was the fastest. Of the three algorithms included in this
research, we recommend to only investigate the multi objective GA and the surrogate algorithm
further for automation of the 3D-2D registration. These two algorithms show the best potential for
creating a fast and reliable registration algorithm.

The automatic 3D-2D registration algorithm included next to the optimization algorithm a proven ICP
algorithm (56,57). The ICP algorithm was responsible for XY-translation and rotation around the Z-axis.
The rationale behind the inclusion of the ICP algorithm was to reduce calculation time by the
optimization algorithm and reduce the number of variables. However, the ICP algorithm could be
replaced by the optimization algorithm. The optimization algorithm will then have to optimize for more
variables, but results could be more predictable. It is unknown if this would reduce registration time
or registration accuracy.
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Various upper and lower bounds and non-linear constraints were implemented in the algorithm. The
bounds decrease the search area for the solution, and therefore search time. The constraints were
necessary to ensure only realistic answers were found. Without these constraints, the distal femur and
the proximal tibia would often not align in the sagittal plane. However, the non-linear constraints made
the optimizations multiple orders of magnitude slower. Possible solutions have to be discarded as they
do not meet the constraints. This increases the time needed for the algorithm to find viable solutions,
and to optimize for these solutions. Further optimization of the constraints could decrease
computation time and potentially decrease registration errors. The constraints could be more tightly
integrated in the algorithm, to prevent double calculations.

The anatomical models used in this project were kept in their original resolution. Some of these models
consist of up to 80.000 vertices. This increased the computational time, in order to recalculate the
position of all the vertices for every step in the registration process. However, a big portion of the
vertices in the model are not needed for the registration and only slow down the optimization. We
predict that the registration time can be reduced significantly by implementing a multi-resolution
approach to the optimization. Separating the registration in multiple steps, and increasing the
resolution from stage to stage reduces to the calculation time while keeping accuracy the same.

By using the DRR approach for the research, more WLRs can be created from ordinary lower limb CT
scans. This can be implemented in an artificial intelligence (Al) approach, using machine learning or
deep learning. These methods would require large databases to learn from. Machine learning or deep
learning has the potential to create a method that is faster and more accurate. However, depth
information is still unavailable in the single view 2D approach used in this study, and it is not known
how well an Al approach would be able to solve the 3D-2D registration.

Newer and more advanced imaging modalities must be considered. The article by Roth et al. shows
that the addition of a second radiograph by using of an EOS system greatly improves the accuracy of
the registration. This, in turn, can improve accuracy of the osteotomy planning and the surgical results.
Therefore, the additional costs of such a system have to be strongly considered.
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CONCLUSION

In this study the ability of a manual and a semi-automatic method of 3D-2D registration for the creation
of weigh bearing 3D models of the lower limbs was investigated. The manual method produced
accurate results in the frontal plane. However, results were not accurate enough in sagittal and axial
plane for clinical use. The automatic registration, tested using three different optimization algorithms,
achieved less accurate results than the manual registration. The automatic 3D-2D registration in its
current form is not useable and needs further optimization to decrease registration errors and to speed
up the process.
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APPENDIX

Data creation and validation

Data creation

A dataset with 60 CT scans of the lower limbs was available for this study. The decision was made to
include 30 patients for this research. The first 30 patients in chronological order were included from
the dataset.

From the CT scans anatomical models of the femur and tibia were segmented using Mimics v23.0
(Materialise NV., Leuven, Belgium). The position and orientation of the coordinates of the 3D models
was changed from the coordinate system used in the CT scan to the 3D cartesian coordinate system.
This ensures compatibility with the 2D DRR and MatLab. Figure Al shows the difference between the
two coordinate systems. Information from the DICOM tags, located within the CT scan files, was used
to align the origin points of the CT scan, 3D models, and the DRR.

Cartesian
coordinate system

DICOM
coordinate system

Y

FIGURE Al: THE COORDINATE SYSTEMS USE BY THE DICOM IMAGES FROM THE CT SCAN AND THE CARTESIAN
COORDINATE SYSTEM. THE X-AXIS AND THE Y-AXIS DENOTE DIFFERENT LOCATIONS BETWEEN EACH SYSTEM.

The CT scans were used to create the digital reconstructed radiograph (DRR). This was done using
MeVisLab. One of the challenges was to remove the CT bed from the DRR. This was done by segmenting
the patient in the CT scan using a region growing process and morphological operators to separate and
segment the patient from the bed. The complete set of steps taken to achieve the segmentation and
to create the DRR were:

1. The CT scanis imported.

2. The CT scan is eroded with a 3x3x3 pixel kernel to cut connections between the patient and
the CT bed.

3. Aregion growing process is performed to segment the patient from the CT scan. Initial seed
point is placed in one of the legs.

4. The 3D mask is dilated with a 3x3x3 pixel kernel to recover correct size of the mask.

5. The mask is used to keep the patient in the CT scan and remove everything that is not the
patient.

6. The y-axis is flipped to ensure the DRR is made in the anteroposterior position.

7. The DRR is made using a built-in lookup table (LUT) for optimal and realistic contrast in the
DRR.

8. The DRRis saved to a folder.
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FIGURE A2: THE STEPS TAKEN TO ACQUIRE DRRS FROM THE CT SCANS

Data validation

The DRRs were validated using a CT scan without data, except for a solid bar with intensity of 5000
Hounsfield units. This CT scan was used to create a DRR. The location of the bar in the CT scan was
known and the parameters used for the DRR known, the location of the edges of the bar in the DRR
could be calculated using formula 1.

The calculated position of the edges of the bar in the DRR were compared with the measured location
of the edges of the bar. These were found to be identical.

With this test we could conclude that the DRRs created were valid to the results as we previously had
calculated. The DRRs could therefore be used as a substitute for real WLRs.
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Semi-automatic registration algorithm

The semi-automatic registration algorithm was constructed in MatlLab. It was built in two steps: a
coarse registration step and a fine iterative registration step.

After loading in the DRR and the 3D models, the first task was to mark a few anatomical landmarks and
to mark the contour of the bones in the WLR. As described in the chapter Method, the contour was
once derived from the reference 3D models, and once marked by the user. Figure A3 shows the
markers for one patient from both methods.

FIGURE A3: THE CONTOUR OF FEMUR AND TIBIA IN RED FROM A) THE REFERENCE MODEL, AND B) THE USER MARKING.
THE ANATOMICAL LANDMARKS ARE THE CYAN CIRCLES. THESE WERE THE SAME FOR BOTH METHODS.
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The anatomical landmarks were also selected on the 3D model of the femur and tibia. Additional
markers were calculated at halfway between the two most vertical markers for both the femur and
tibia. With these markers, and the vectors between these markers, the coarse registration could be
performed.

First the two horizontal vectors were aligned between 3D model and the WLR.

%% Rotate and align vectors
Define direction of vector between landmarks on 2D image

Define direction of vector between landmarks on 3D model
Calculate rotation matrix to align the two vectors

Apply rotation matrix to the 3D model and markers

After this step, the two vertical vectors (and WLR and 3D model) were aligned. These vectors are
between the trochanter major and the femoral notch for the femur, and between the lateral eminence
and the distal point of the tibia for the tibia. The same code as for the first alignment can be adjusted
and used.

The difference in length between the vertical vectors can be used to calculate the approximate sagittal
position of the femur.

%% Determine approximate Z-position

Calculate length of the bone between vertical vectors on 2D WLR
Calculate length of the bone between vertical vectors on 3D model
Calculate ratio between length in 2D and 3D

Calculate the z-positions of the femur using formula 1 and the ratio of
lengths

Translate tibia to new z-position

After the models have been aligned with the WLR, and the approximate sagittal position has been
calculated and applied, the models can be roughly registered based on one of the anatomical markers
for each model: the trochanter major and the lateral eminence.

%% Registration Troch-Troch and Emi-Emi
Calculate the magnification of the projection at the current Z-position

Translate 3D models to the centre of image

Calculate translation of 3D model, using projection magnification and
difference in position of 3D model and 2D WLR

Translate 3D model with the calculated translation

The results from the coarse registration are then used as input for the optimization algorithm. Figure
A4 show the results from the coarse registration in the frontal plane and the sagittal plane, with the
projection applied to the 3D model. While the registration looks accurate in the frontal plane, the
sagittal plane shows the misalignment between femur and tibia.
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FIGURE A4: THE MODELS AFTER THE COARSE REGISTRATION STEPS SEEM TO ALIGN
WITH THE WLR IN THE FRONTAL PLANE, BUT THE SAGITTAL PLANE REVEALS THAT
THE MODELS ARE STILL MISALIGNED.

The final step in the semi-automatic registration algorithm is the optimization algorithm. The

optimization algorithm will calculate the optimum for the variables where the optimization metric will
be minimum.

%% Optimization algorithm
Define variables, bounds, constraints and optimization options

Define the optimization function
Translate 3D model in Z-direction
Rotate 3D model around internal X-axis
Rotate 3D model around internal Y-axis

Define 2D contour of 3D model

Apply ICP algorithm to register contour of 3D model to contour in
WLR

Calculate the distance between centre of distal femur and proximal
tibia
Calculate optimization metric

Maximum value of distances between nearest neighbours of 3D
contour and 2D contour

Define the constraint function
Distance between centre of distal femur and centre of proximal
tibia cannot be more than 10mm in Z-direction

Femoral notch must lie below later eminence in frontal plane

Distance between femoral notch and lateral eminence cannot be more
than 15mm in Y-direction
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Comparison of manual & semi-automatic registration

The tables and graphs below further compare the results between the average results of the manual
registration and the results from the three different optimization algorithms, used in the semi-
automatic registration. Table Al further show how the results, as already described in the chapter

Results, are worse for the semi-automatic registration, compared to the manual registration.

TABLE A1: THE DISTANCE ERRORS IN THE XYZ DIMENSION BETWEEN THE DIFFERENT REGISTRATION METHODS. DISTANCES

IN MILLIMETER.
Manual Genetic Algorithm Multi obj. GA Surrogate
Femur Tibia Femur Tibia Femur Tibia Femur Tibia
1 4.05 4.24 14.78 52.32 13.44 8.64 19.64 19.60
2 3.24 5.91 11.90 12.35 4.35 4.19 32.21 41.93
3 5.84 7.37 13.22 10.75 7.24 8.99 14.51 11.99
4 6.80 5.17 27.08 6.13 27.50 12.62 39.36 13.71
5 3.16 6.53 79.16 94.97 30.99 5.11 35.24 11.74
6 5.96 5.61 7.42 8.44 13.55 4.49 56.62 66.91
7 7.89 4.69 32.77 4421 20.50 19.40 44.35 31.84
8 4.38 3.90 45.57 33.52 16.50 7.11 20.92 22.52
9 9.44 6.31 30.73 7.20 15.83 17.51 80.01 70.39
10 4.27 4.09 27.48 42.09 12.04 6.57 17.93 24.68
Average 5.50 5.38 29.01 31.20 16.19 9.46 36.08 31.53

Figure A5 visualizes how the manual registration consistently achieves higher SDCs. As discussed
earlier, while a high SDC does not denote an accurate registration, it is indicative of the registration

accuracy
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Figure A6 visualizes the distribution in angular difference between reference and registered models.
The figure shows how the optimization algorithms have wider ranges of angular differences, compared
to the manual registration.
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FIGURE 19: THE DISTRIBUTION OF THE DIFFERENCES IN MEASURED ANGLES BETWEEN REFERENCE AND REGISTERED
MODELS FOR ALL RATERS. THE BLUE BOXPLOTS = MANUAL REGISTRATION, ORANGE = GENETIC ALGORITHM, GREY = MULTI
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