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ABSTRACT 
Introduction: Tibial fracture healing complications occur frequently with reported non-union 

rates up to 23%. Preoperative patient-specific finite element (FE) modelling of fracture fixation 

may help to minimize these complications. However, developing such models requires 

labour-intensive work including (manual) segmentation of bones from medical images, 

making them unpractical for clinical applications. This study aims to establish a semi-

automated workflow for the development of three-dimensional (3D) patient-specific FE 

models of long bone fractures based on two-dimensional (2D) X-ray images and patient 

characteristics. 

Methods: A statistical shape model (SSM) of the tibia was developed based on computed 

tomography (CT) scans of subjects without tibial fractures. Using this model, shape 

parameters were correlated to patient characteristics, including gender, age, weight, and 

height of the subjects, using multilinear regression. Thereafter, strategies were developed to 

(1) fit the SSM of the tibia to a previously unseen fractured tibia based on two orthogonal X-

rays and patient characteristics to estimate its intact 3D shape, and to (2) automatically model 

the fracture lines as detected on the X-rays in the intact tibia model. Using the automatically 

created geometries of the fractured tibia, FE models of the stabilized fracture were developed 

in Abaqus/CAE and used to investigate strains within the callus under post-operative loading 

conditions. The workflow was tested on one patient and the strains obtained from the FE 

models within the fracture region were compared to strains reported in the literature. 

Results: An SSM of the tibia was successfully developed based on CT scans of 25 subjects (15 

male, age = 60 ± 5.5; 10 female, age = 51 ± 7.1). The first five shape modes captured 90% of the 

total shape variation in the studied population. Significant correlations were found between 

the first shape mode, which described shape changes in the tibial length, and patient gender, 

age, weight, and height. SSM-to-patient fitting was achieved with a mean error of 0.81 mm 

and a maximum error of 4.22 mm. FE analysis of the stabilized fracture predicted inter-

fragmentary compressive strains between 0 and 10% with a median value of 2%. Increasing 

the fixation working length by 13 mm, led to a 10-fold increase in the predicted median 

compressive strains.  

Discussion and Conclusions: A workflow for the semi-automated generation of FE models of 

tibia fractures was successfully established. Patient-specific FE analysis results predicted 

strains within the fracture in a range reported for optimal bone formation. Additionally, 

predicted strains were highly dependent on the fixation configuration and material, most 

notably the fixation working length. Future work should focus on fully automating the 

suggested workflow and on the validation of the results. Ultimately, such a workflow could 

be used to formulate individualized treatment recommendations during the early pre- and 

post-operative phase in tibial fracture management to prevent non-union development. 
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1 INTRODUCTION 

1.1 Clinical motivation 

The management of bone fractures remains a major challenge for orthopaedic surgeons. With 

bone fractures being the most common form of hospitalized trauma, they constitute a 

significant healthcare burden. A systematic analysis from The Global Burden of Diseases, 

Injuries, and Risk Factors Study (GBD) in 2019 estimated the global number of new fractures 

to be 178 million [1]. Since fracture rates increase with age, the GBD 2019 predicted that this 

number will increase even further in the coming years considering the ageing of the 

population. Fractures are especially common among people with osteoporosis and are 

associated with an annual cost of 37.5 billion euros and a loss of one million quality-adjusted 

life years in Europe [2]. Although bone has the ability to self-generate, fracture healing 

complications occur frequently and non-union rates of 5-10% of all fractures have been 

reported [3]. 89% of these non-unions occur in the lower limb [4]. Tibia fractures are considered 

especially problematic with non-union rates reaching up to 23% [5].  

Surgical fixation of bone fractures, also called osteosynthesis, aims to restore the original 

anatomy of the bone and to create the appropriate mechanical conditions for bone healing [6]. 

Additionally, the fixation system should provide enough strength for the functional loads 

within the bone. The surgical treatment typically consists of two steps. First, the fragments are 

surgically reduced to their original anatomical sites and second, the bone is stabilized using 

fixation tools such as screws, nails, and plates. Suboptimal reduction and fixation can cause 

delayed bone union, traumatic arthritis [7], re-dislocation of fractures, and mal-/non-unions 

[8]. Revision surgery is required in 10-15% of all cases [9].  

There are typically many options for fracture fixation and the optimal fixation for the 

individual patient is not straightforward. It is highly dependent on the bone geometry, fracture 

pattern and postoperative biomechanical conditions [10]. However, these conditions are hard 

to assess clinically. There is therefore a need to include patient-specific geometry and 

biomechanics in the preoperative planning of bone fracture fixation. Computer-aided 

preoperative planning or virtual surgical planning provides a way to do this. Recently, such 

tools have been developed that are increasingly being used in the field of fracture fixation 

surgery. The state-of-the-art in virtual surgical planning of bone fracture fixation surgery has 

been reviewed as part of this thesis [10] and the main results will be summarized in section 

1.3. It was shown that while current computer-aided planning approaches are feasible to be 

used in clinical practice and improve clinical outcomes, there are two main limitations. First 

of all, the construction of patient-specific geometrical models of the fractured bone currently 

relies on thin-slice computed tomography (CT) scans of the entire fractured bone. Making a 

CT scan of the whole bone is usually not part of the clinical routine of bone fracture 
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management and the segmentation is labour-intensive and hard to automatize. The second 

limitation is that biomechanical analysis is currently rarely included in the planning 

framework, although biomechanical conditions are known to highly influence healing 

outcomes (see section 1.2.1). This knowledge remains to be incorporated into the planning 

routine. 

1.2 Background 

1.2.1 Biomechanics influences bone fracture healing 

Fracture healing is influenced by a complex interplay of different factors, including (1) the 

severity of the initial injury, (2) host factors and local (3) biological and (4) mechanical factors 

[5], [11]. While the first three usually cannot be adequately controlled once the fracture has 

occurred, the mechanical fracture environment can still be influenced in the pre- and 

postoperative phases of fracture management.  

The key to most bone healing theories is the concept that bone-forming tissues respond to 

strains – i.e., the change of length of a material as compared to the initial length at a given 

mechanical load [12]. It has been suggested that the strain that stimulates soft callus formation 

is between 5-10% while the strain that stimulates osteoblasts to form bone is between 2-5%. 

Strains above 10% are generally associated with bone resorption [13]. Consequently, it has 

been proposed that non-unions of bone fractures may occur in two main biomechanical 

situations. Firstly, bone healing might fail when the fixation of the fracture does not reduce the 

strain to a level where healing can occur (i.e., > 10%). A second non-union scenario may occur 

when the fixation construct is so stiff that the strain in the tissue is always lower than 2% [14]. 

These theories have been confirmed by many experimental studies, both in vivo and in vitro 

[18], [24], [26], [30]. Because the local strain values are not directly accessible in vivo, the 

mechanical environment is usually described by global mechanical factors such as gap size 

and interfragmentary motion (IFM). Additionally, many in silico studies exist that assessed the 

mechanical environment within the fracture zone and their relation to healing outcomes using 

finite element (FE) techniques [15]–[20]. Using these numerical techniques, it is possible to 

directly quantify strain values within the healing region of a fracture.  

1.2.2 (Tibia) fractures 

The prevalence of bone fractures varies strongly for different fracture locations and 

populations, e.g., among ages, genders, and geographic regions. Increased fracture incidences 

arise mainly in males in the middle age groups due to lifestyle and in older individuals with 

osteoporosis [1].  

Of all the long bones, the tibia has proven to be the most problematic considering fracture 

healing. This is likely due to the mechanical loading the tibia is subjected to and the biological 

environment of the bone [21]. Additionally, it is the most prevalent anatomical fracture site in 
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the body [1]. For this reason, and because the loading of the tibia is relatively straightforward 

to model [15], this thesis focuses on fractures of the tibia. 

1.2.2.1 Anatomy of the tibia 

The tibia or shinbone is one of the two bones that makes up the lower leg - the other being the 

fibula. Together with the femur, it is the long bone which is subjected to the most loading 

during daily activities [22]. For this reason, it is larger and stronger than its counterpart. 

The basic structure of a long bone is depicted in Figure 1 . Long bones consist of a diaphyseal 

segment, which is defined as the long midsection of the bone, with two rounded epiphyses at 

each end. The metaphysis is the portion between the epiphysis and diaphysis and contains the 

ossified growth plate. Long bone consists of three main layers: the periosteum, a layer of 

compact or cortical bone, and a layer of cancellous or trabecular bone. The trabecular bone 

contains the bone marrow in the medullary cavity.  

 

Figure 1: Basic structure of the tibia. Note: Adapted from Zhang and McCully [23]. 

The tibia articulates with the femoral condyles superiorly, the talus inferiorly, and the fibula 

laterally at its proximal and distal ends. The main bony features of the tibia are indicated in 

Figure 2. 
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Figure 2: Anatomy of the human tibia, including the main bony features. Note: From Essential clinical anatomy by 

Moore, K. L., Agur, A. M. R., & Dalley, A. F. (2015), p. 316 [24]. 

Each long bone has both an anatomical axis and a mechanical axis [25]. The mechanical axis of 

a bone is defined as the straight line connecting the proximal and distal joint centres (Figure 

3A). The anatomical axis is the mid-diaphyseal line running through the intramedullary canal 

(Figure 3B). 

 

Figure 3: Axes of the tibia. Frontal and sagittal views. Note: Adapted from Principles of Deformity Correction by 

Paley, D. (2002), p.2 [25]. 

In the tibia, in the frontal plane, the two axes are parallel and only a few millimetres apart. In 

the sagittal plane, the mechanical axis is angled with respect to the anatomical axis.  

1.2.2.2 Tibial fracture classification 

The most widely accepted tibial fracture classification is the AO fracture and dislocation 

classification as developed by the AO Foundation [26], and this classification will also be 

adopted in this study.  
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The most frequent location of tibial fracture is in the diaphyseal segment (type 42A-C), more 

specifically at the junction of its inferior and middle thirds, where the tibial shaft is the 

narrowest. In this study, the focus is on simple diaphyseal fractures (type 42A), which is 

defined as a fracture with a single circumferential fracture line. The fracture pattern of a simple 

fracture can either be (1) spiral, (2) oblique or (3) transverse, and the focus of this study will be 

on spiral fractures (type 42A1). 

The aetiology of simple fractures can involve both low-energy and high-energy mechanisms 

[27]. Spiral fractures are usually the result of indirect low-energy torsional forces. Transverse 

and oblique fractures are typically due to high-energy trauma. They are often associated with 

soft-tissue injury, compartment syndrome, bone loss, ipsilateral injury [27], and a higher risk 

of displacement, angulation, and slow healing [26].  

1.2.2.3 Tibia fracture management 

1.2.2.3.1 Imaging and planning 

Tibia fractures are typically diagnosed and classified by physical examination and two planar 

radiographs (i.e. X-rays), taken in frontal and lateral planes [28]. In case the radiographs 

indicate the presence of either a complex fracture (>2 fragments) or an articular fracture (type 

41/43), an additional CT scan is usually done. A particularity of long bone fractures is that the 

CT scan is usually limited to the fracture region only, not including information about the 

whole bone. In the case of simple spiral diaphyseal fractures (the focus of this study), a CT 

scan is not a part of the clinical routine [29].  

1.2.2.3.2 Osteosynthesis 

The treatment of bone fractures aims to reduce the fracture fragments to their anatomical 

position and stabilize the fragments until the fracture heals. In this thesis, the focus is on 

surgical reduction of the fracture followed by internal fixation. The surgical reduction and 

fixation of bone fractures is also termed osteosynthesis. 

For diaphyseal tibial fractures, operative osteosynthesis with intramedullary nailing or plating 

is the gold standard [26]. Intramedullary nailing is preferred in the case of a normal medullary 

canal but is contra-indicated in the case of a deformed medullary canal of proximal or distal 

fractures. It may be difficult to achieve successful intramedullary nailing of these fractures 

because of the hourglass shape of the intramedullary canal, which prevents a tight endosteal 

fit [30]. In these cases, internal fixation with (locking) compression plates and screws is the 

preferred course of treatment [31].  

There are two types of compression plates: conventional and locking compression plates. In 

conventional compression plating, lag screws are used to press the plate onto the bone. Stable 

fixation is achieved by friction between the plate and bone [26]. This can only be accomplished 

by adequate pre-contouring of the plate to match the contour of the reduced bone. Locked 

internal compression plating consists of plate and screw systems where screws are locked in 

the plate at a fixed angle. This is achieved by using threaded screw heads and corresponding 
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threaded plate holes [32]. Compared to conventional plating techniques, locked plating 

provides several advantages. Since the locking screws are engaged in the plate, tightening the 

screws does not cause the bone to be pulled towards the under-surface of the plate [33]. 

Because of this, cortical bone perfusion is not compromised as much as in conventional plating 

systems. Additionally, precise contouring of the plates is no longer necessary because the plate 

does not need to be pressed onto the bone to achieve stability. This may also prevent primary 

dislocation of fractures by inexact contouring of a plate [32]. 

Because of these advantages, and because locked plating requires choices regarding the 

optimal fixation configuration, this thesis will focus on the preoperative planning of simple 

spiral tibial diaphyseal fractures using locking compression plates.  

1.2.2.3.3 Postoperative management 

After plate fixation, progressive weight bearing is recommended after 8-12 weeks. As soon as 

callus formation is visible, the patient can start full weight-bearing [34]. 

1.3 State-of-the-art in virtual surgical planning of fracture fixation 

As outlined in the previous section, there are typically many options for fracture fixation, and 

the optimal fixation is highly dependent on the bone geometry and fracture pattern. Therefore, 

the surgical treatment of bone fractures calls for detailed preoperative planning. Especially 

with locked plating, preoperative planning is key to success [35]. Many studies have shown 

that failures of the locking plate occur when the wrong screw configuration or working length 

is chosen for the fracture pattern [33], [35], [36]. 

Recently, virtual surgical planning tools have been developed with the aim to assist in the 

preoperative planning of bone fracture fixation surgery. The state-of-the-art of virtual 

planning of bone fracture fixation surgery was reviewed as part of this thesis [10]. The methods 

and results of this review are summarized in Figure 4. 79 articles were included to provide an 

overview of the state-of-the-art in virtual surgical planning. It was found that virtual surgical 

planning of bone fracture fixation typically consists of the following stages: (1) generation of 

three-dimensional (3D) patient-specific geometrical models using 3D medical imaging 

technologies such as CT, (2) virtual bone fracture reduction, (3) virtual bone fracture fixation 

and occasionally (4) analysis of surgical planning and (5) intra-operative guidance. 21 of the 

included studies were used to assess the feasibility and efficacy of computer-assisted planning 

methods. The reported total mean planning duration ranged from 22 to 258 minutes in 

different studies. Virtual surgical planning resulted in reduced operation time (standardized 

mean difference (SMD): -2.19; 95% confidence interval (CI): -2.87, -1.50), less blood loss (SMD: 

-1.99; 95% CI: -2.75, -1.24), decreased frequency of fluoroscopy (SMD: -2.18; 95% CI: -2.74, -

1.61), shortened fracture healing times (SMD: -0.51; 95% CI: -0.97, -0.05) and less postoperative 

complications (risk ratio (RR): 0.64, 95% CI: 0.46, 0.90) as compared to conventional planning.   



Introduction 

22 

 

 

Figure 4: Graphical abstract of the review on the state-of-the-art in virtual surgical planning (VSP) [10]. 

1.3.1 Limitations of current virtual surgical planning tools 

Two main limitations of current virtual surgical planning tools were identified in the review. 

First of all, the construction of patient-specific geometrical models of the fractured bone 

currently relies on thin-slice CT scans of the entire fractured bone. Making a CT scan of the 

whole bone is usually not part of the clinical routine of bone fracture management and the 

segmentation is labour-intensive and hard to automatize. The second limitation is that 

biomechanical analysis is currently rarely included in the planning framework.  

There is therefore a need to develop a new workflow that fits within the current clinical routine 

of bone fracture management and that incorporates biomechanical analysis to determine the 

mechanical environment at the fracture site.  

1.4 Research objectives 

The general aim of this study is to establish a computational workflow for the semi-automated 

construction of 3D patient-specific FE models of fractured long bones based on two-

dimensional (2D) X-ray images and patient characteristics. In this thesis, the focus is put on 

spiral diaphyseal tibial fractures treated with locking plates (see section 1.2.2). However, the 

workflow is developed in such a manner that it should be easily translatable to other long 

bones.  

More specifically, this study aims to: 

1. Develop a method to automatically generate an estimate of the patient-specific intact 3D 

bone shape based on two orthogonal X-rays and patient characteristics and assess its 

performance, 
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2. Develop a method to automatically introduce the patient-specific fracture lines as detected 

on two orthogonal X-rays into the intact 3D bone shape and assess its performance,  

3. Using the automatically created geometries, develop FE models of the fixated fractured 

bone under post-operative loading conditions to determine the mechanical environment 

in the fracture region.  

The success of the complete workflow (see Figure 5) is tested by applying it to one patient case 

with a non-displaced simple diaphyseal spiral fracture of the tibia, fixated with a locking plate.  

1.5 Thesis outline 

Throughout this report, the aforementioned research objectives will be addressed. In chapter 

1, background is provided regarding (tibial) bone fractures and the state-of-the-art in 

preoperative planning of the surgical fixation of these fractures. With this background in mind, 

the objectives of this thesis are formulated. In chapter 2, the methods and tools used in this 

thesis are described. This includes methods and tools used to (1) develop a statistical shape 

model (SSM) of the intact tibia geometry, (2) semi-automatically fit the SSM of the intact tibia 

to two orthogonal X-rays of a fractured tibia, (3) semi-automatically extract and introduce the 

patient-specific fracture lines into the intact tibia geometry and to (4) build FE models and 

perform FE analyses of the fixated fractured tibia. In chapter 3, the results from the developed 

models (1,4) and methodologies (2,3) from chapter 2 are presented. In chapter 4, the results are 

evaluated. Furthermore, the assumptions and limitations of the current study are discussed. 

Finally, possibilities for future work are identified. Final conclusions are drawn in chapter 5. 



2 MATERIALS & METHODS 
In this chapter, a semi-automated workflow was developed to construct 3D patient-specific FE 

models of the fractured tibia based on 2D X-ray images and patient characteristics. The 

workflow is depicted in Figure 5 and consisted of three main steps corresponding to the 

research objectives (see section 1.4). Step 1 focused on a method to automatically estimate the 

intact 3D bone shape based on two orthogonal X-ray images and patient characteristics. This 

was achieved by (1.1) building a 3D SSM of the intact tibia and (1.2) developing an automatic 

method to fit the SSM of the healthy tibia to two orthogonal X-rays of a previously unseen 

fractured tibia to estimate its 3D shape. Multilinear regression models correlating patient 

characteristics with the shape parameter values of the SSM training shapes were used to 

initialize the SSM fitting. Step 2 focused on a method to automatically introduce the fracture 

lines as detected on two X-rays into the intact 3D bone shape to obtain the 3D fractured bone 

geometries. This was achieved by (2.1) manually extracting fracture lines from the orthogonal 

X-rays and (2.2) developing a method based on polyhedron cropping to introduce these 

fracture lines into the 3D model. Step 3 focused on the development of FE models of the fixated 

fracture using the automatically created geometries. This was achieved by (3.1) assembling 

and fixating the automatically created geometries using locking plates with different screw 

configurations and materials using computer-aided design tools and (3.2) building and 

analysing the FE models of the different fixation scenarios using FE analysis software.  
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Figure 5: Overview of the proposed computational workflow. SSM: statistical shape model, 3D: three-

dimensional.  

2.1 Step 1: Development of a patient-specific intact 3D tibia model 

based on two orthogonal X-rays & patient characteristics 

As part of objective 1 of this study, a methodology was developed to generate an estimate of 

the patient-specific intact 3D bone shape based on two orthogonal X-rays and patient 

characteristics (see Figure 6). To achieve this, a statistical shape of the tibia was first developed 

based on a training cohort of healthy tibiae. Thereafter, a method was developed to fit the SSM 

of the healthy tibia to two orthogonal X-rays of a previously unseen fractured tibia to estimate 

its 3D shape. Multilinear regression models correlating patient characteristics with the shape 

parameter values of the SSM training shapes were used to initialize the SSM fitting. 

 

Figure 6: Step 1 of the workflow, i.e., development of a patient-specific intact 3D tibia model based on two 

orthogonal X-rays and patient characteristics. 
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2.1.1 SSM building  

SSMs of bones describe the mean shape within a certain population as well as the main modes 

of variation of shape [37]. Since their introduction in 1996 by Cootes and Taylor [38], they have 

been deployed for a wide variety of biomedical applications, such as automated segmentation, 

the design of orthopaedic implants, and the generation of 3D patient-specific bone models [37]. 

A 3D SSM is constructed based on a training dataset to provide the model with a priori 

knowledge about the expected shape distribution of the bone. In the case of 3D bone SSMs, 

the training set is usually based on CT or magnetic resonance imaging (MRI) images of the 

bone of interest. Development of an SSM typically consists of the following four main steps: 

(1) representation of bone shape, (2) establishing correspondences between training shapes, 

(3) alignment of training shapes using Generalized Procrustes Analysis (GPA), and (4) 

Principal Component Analysis (PCA) of the nodal coordinates of the training shapes. For more 

information on these general steps, the reader is referred to the review on SSMs of bones by 

Sarkalkan et al (2014) [37]. 

In this research, the process for developing this model included: (1) collection of bi-lateral 

cadaveric CT scans of 25 individuals (15 male, mean age: 60 ± 5; 10 female, mean age: 52 ± 7), 

(2) segmentation of 50 tibia shapes (i.e., training shapes) from the CT scans, (3) rigid pre-

alignment of the training shapes, (4) computation of the estimated mean shape (i.e., template 

shape), (5) non-rigid surface registration of the template shape to each training shape to 

establish correspondences, (6) GPA to refine the alignment of the training shapes using 

correspondences and (7) PCA of the nodal coordinates of the training shapes. An overview of 

these steps is shown in Figure 7. 



Materials & Methods 

27 

 

 
Figure 7: Overview of steps taken to build the statistical shape model. GPA: Generalized Procrustes Analysis, 

PCA: Principal Component Analysis, SD: standard deviation, A: anterior, L: lateral, P: posterior.  

2.1.1.1 Training data acquisition 

Bilateral high-resolution CT scans of the lower extremities were collected from the New 

Mexico Decedent Image Database1 [39]. This database includes CT scans and metadata about 

the demography, life and death of New Mexicans who died between 2010 and 2017. Scans 

were only collected if they adhered to the following inclusion criteria: 

• No cadaver decomposition 

• No diabetes 

 
1 https://nmdid.unm.edu/  

https://nmdid.unm.edu/
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• No osteoarthritis 

• No implants or fractures of the lower extremities 

• Age, height, and weight available 

• Age between: 

o Male: 51-71 

o Female: 38-68 

The age range was determined based on the training cohort used by Tümer et al (2019) [40], 

who included 55 male (mean age: 61 ± 10) and 11 female (mean age: 53 ± 15) training subjects. 

For the selected individuals, the database ID, gender, age (years), height (cm), and weight (kg) 

were also collected. 

All CT scans were acquired using the following acquisition parameters: tube voltage 120 kVp, 

effective dose 200 mAs, scan length 800-1000 mm, pitch 0.942, collimation 16 x 0.75, rotation 

time 1.0 sec. Tomographic reconstructions were made with a field of view of 500 mm, a slice 

increment of 0.5 mm, a slice thickness of 1 mm, and a matrix size of 512 x 512. 

2.1.1.2 Segmentation  

All left and right tibiae were segmented from the CT scans using the open-source software 

package 3D Slicer2 (Version 4.11) [41]. Segmentation was done semi-automatically using the 

steps detailed in Appendix A, using a combination of thresholding and manual adjustments. 

Only the outer contours were included, omitting the trabecular bone geometry from the SSM. 

All right tibia segmentations were mirrored in the sagittal plane to obtain only left tibiae. 

2.1.1.3 Triangulated bone surfaces  

Next, the segmentations were exported as standard triangle language (STL) files, resulting in 

50 surface meshes. The surface meshes were automatically generated by the 3D Slicer software 

in their original scale and in an LPS (left, posterior, superior) coordinate system. The default 

resolution was used, which is computed such that the label map contains a total of 

approximately 256x256x256 voxels. The resulting meshes had a varying number of vertices of 

approximately 100.000. 

2.1.1.4 Rigid pre-alignment  

All training shapes were pre-aligned to minimize differences in pose (i.e., translation and 

rotation). This was done using a custom-made python script. Each mesh was first translated 

to the origin of a common coordinate system by averaging the x, y, and z coordinates of the 

mesh points and subtracting them from the original x, y, and z coordinates. Meshes were not 

scaled to unit centroid size as is often done to correct for differences in scale [42]. Differences 

in scale arise mostly from the use of different CT protocols. Since the collected CT scans were 

all acquired using the same protocol, this was deemed unnecessary. Additionally, it is 

 
2 https://www.slicer.org/  

https://www.slicer.org/
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desirable to keep the original scale for easier physical interpretation and it is expected that the 

scale is also correlated with patient characteristics.  

After translation to the origin, the iterative closest point (ICP) registration algorithm [43] was 

employed to refine the initial transformation. This algorithm requires a source point cloud and 

a target point cloud as inputs. The vertices of the training shapes were extracted to obtain point 

cloud representations of the training shapes. One randomly picked training shape was used 

as a target point cloud to register all other training shapes (i.e., source point clouds) to. The 

point-to-point implementation of the algorithm in the Open3D python library3 was used. The 

algorithm performs two steps. First, a correspondence set ( , )K p q=  is defined by matching 

each point from the target point cloud P  to the closest point in the source point cloud Q . 

Subsequently, an initial transformation matrix T  is updated by minimizing an objective 

function ( )E T , which is defined over the correspondence set K . The objective function used 

is the point-to-point objective function: 

 2

( , )

|( ) |
p q K

E T p Tq


= −  ( 1) 

Minimization of the objective is done in an iterative manner: at each iteration i , the previous 

1iT −  is used to find 1iq − . Residuals and Jacobian matrices are calculated to find the minimum. 

2.1.1.5 Computation initial estimated mean 

To establish correspondences between the training shapes, it was necessary to first obtain an 

initial estimated mean shape (see section 2.1.1.6 below). For this purpose, each of the pre-

aligned meshes was converted to a continuous signed distance function representation, with 

the surface as the zero-level. This was done using the pysdf 4  library in python. The 

continuous distance functions were then discretized using an evenly spaced grid consisting of 

200 points along each axis. The discrete signed distance functions were averaged, and the 

marching cube method was applied on the zero level of the average to obtain the surface mesh 

of the mean shape. The marching cubes implementation of the skimage5 package in python 

was used.  

The estimate of the mean tibia shape was remeshed in MeshLab6 (version 2022.02) [44] to have 

31.471 vertices in line with the work of Tümer et al (2019) [40]. To make sure the mesh was of 

high quality, it was checked for various properties using Amira (version 6.0.1., Zuse Institute 

Berlin, Germany). These properties included intersections, holes, manifolds, triangle 

orientation, triangle aspect ratio, and tetra quality. For the last two properties, a threshold of 

25 was adopted, as per the Amira guidelines [45]. The training shapes were also decimated to 

have the same number of vertices (i.e., 31.471), which is necessary for the next step. Decimation 

 
3 http://www.open3d.org/docs/latest/tutorial/Basic/icp_registration.html  
4 https://pypi.org/project/pysdf/  
5 https://scikit-image.org/docs/stable/auto_examples/edges/plot_marching_cubes.html  
6 https://www.meshlab.net/  

http://www.open3d.org/docs/latest/tutorial/Basic/icp_registration.html
https://pypi.org/project/pysdf/
https://scikit-image.org/docs/stable/auto_examples/edges/plot_marching_cubes.html
https://www.meshlab.net/
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was performed automatically using the quadric edge collapse algorithm which is 

implemented in MeshLab. 

2.1.1.6 Establishing correspondences: non-rigid surface registration 

Dense correspondence between the training shapes was established using a morphing 

approach [46]–[48]. The idea is to deform the same template shape over all the training shapes 

using non-rigid surface registration, to establish iso-topological meshes and one-to-one 

correspondences. An advantage of this approach is that the mesh quality of the template shape 

is maintained during morphing. The morphing was performed using the surface registration 

module of Piper7  (version 1.1.0., European Commission) which relies on a non-rigid ICP 

registration algorithm using local surface descriptors [49]. The suitability of the surface 

registration of Piper for statistical shape modelling was demonstrated in previous work by 

Richthofer et al (2022) [50]. The parameters for the surface registration were kept to their 

default values (i.e., iterations: 20; curvature precision: 5; smoothing iterations: 2). The 

estimated mean shape (template shape) was used as a source and registered to the training 

shapes (targets).  

Since this module of Piper is not available in scripting or batch mode, a custom-made 

Autohotkey8 script was written for graphical user interface (GUI) automation. In this way, the 

morphing was automatically performed for each of the training shapes. 

The geometrical fit of the morphed meshes as compared to the original training shapes was 

inspected by computing the Hausdorff distances between the surfaces using MeshLab [51]. 

This Hausdorff distance algorithm in MeshLab samples one surface and computes the closest 

distance to the other surface. Inspection of the Hausdorff distances revealed some high local 

morphing errors. The reason for this was that the initial estimate of the mean shape (see above, 

section 2.1.1.5) was missing the medial malleolus because of differences in the length of the 

different subject tibiae (see Results, section 3.1.4). For this reason, the mean tibia shape as 

obtained by averaging the coordinates of the initial morphed training shapes was used for a 

second round of morphing.  

2.1.1.7 GPA 

Using the iso-topological meshes created in the previous step, the initial pre-alignment was 

further refined using partial GPA [52]. Partial GPA determines the optimal transformation 

(translation and rotation) that minimizes the sum of squared distances between the 

corresponding points. Partial GPA, as opposed to full GPA, does not include scaling of the 

shapes to preserve the size of the shapes. GPA was carried out using a python implementation9 

of the rigid 3D transform algorithm from Arun et al (1987) [53].  

 
7 http://www.piper-project.eu/start  
8 https://www.autohotkey.com  
9https://github.com/nghiaho12/rigid_transform_3D/commit/e6aaed2f9c5827192b001644412e9b7dfc553

5e6  

http://www.piper-project.eu/start
https://www.autohotkey.com/
https://github.com/nghiaho12/rigid_transform_3D/commit/e6aaed2f9c5827192b001644412e9b7dfc5535e6
https://github.com/nghiaho12/rigid_transform_3D/commit/e6aaed2f9c5827192b001644412e9b7dfc5535e6
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2.1.1.8 PCA 

After alignment, the nodal coordinates of the different shapes are assumed to represent only 

shape variations. PCA was performed on the nodal coordinates of the different aligned 

training shapes to obtain the average shape and the main modes of variation of the training 

shapes from the average shape. The average shape x  is calculated as: 

 
1

1
N

i

iN =

= x x  (2) 

with ix  the training shapes and N  the number of training shapes. The variation of the training 

shapes from the mean is calculated using the covariance matrix S : 
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Eigenvalue decomposition is performed on the covariance matrix to obtain the main modes of 

variation of the training shapes from the average shape using: 

 = T
S ΦΛΦ  (4) 

With [ ] = 1 cΦ  the matrix containing the c  eigenvectors s  and Λ the diagonal matrix 

containing the corresponding c  eigenvalues s  that represent the variance of each mode of 

variation.  

 The eigenvectors were sorted according to their corresponding eigenvalues in descending 

order. Each training shape can now be described by adding the contributions of the c  

eigenvectors to the average shape: 

 
1

c

s s

s

b 
=

= +x x  (5) 

with eigenvectors s  representing the main modes of variation (also termed principal 

components or PCs) and sb  the shape model parameters or PC scores describing the 

contribution of the sth mode of variation. New shapes can also be generated using the same 

equation. The shape model parameters are restricted to be within the following range: 

 3 3s s sb −    (6) 

with s  the standard deviation. This range is determined by assuming the data follows a 

normal distribution. 

To determine c , the number of modes to retain, the ratio r  of the accumulated variance to the 

total variance in the model was calculated using: 

 1

1

1
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s
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N

s

s

r
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=
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


 (7) 
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The threshold for r  was set to 0.9 which is a generally accepted value for this ratio [37], [54].  

PCA was performed using the implementation from the scikit learn10 library in python. 

PCA results were analysed by generating two shapes for each mode of variation separately, 

using the extreme values of the shape mode restrictions, i.e.: 

 s sb + += +sx x  (8) 

 s sb − −= +sx x  (9) 

with 3s sb + =  and 3s sb − = −  

2.1.2 Multilinear regression model building 

Multilinear regression models were developed to correlate the shape model parameters sb

with patient characteristics. These patient characteristics included gender, age, height, and 

weight.  

Multilinear regression models are based on the assumption that there is a linear relationship 

between the explanatory variables (patient characteristics) and the dependent variables (shape 

model parameters sb ). Additionally, problems might arise if the explanatory variables are 

highly correlated with each other. This might affect the model coefficients and p-values since 

it becomes more difficult to estimate the relationship between each explanatory variable and 

the dependent variable independently because these explanatory variables change in unison. To 

test these assumptions and to check whether multilinear regression models are suitable to use, 

correlations between the variables of the training subjects were first studied as well as the 

variance inflation factors.  

2.1.2.1 Pre-processing 

The categorical variable gender was converted to a 0/1 (0= female; 1=male) encoding to be used 

in the regression models. All independent variables were standardized (i.e., centred and 

normalized to have a unit variance) except for gender. This was done since the centring of 

variables reduces multicollinearity [55]. Additionally, normalization allows for a more 

straightforward interpretation of the regression coefficients. 

2.1.2.2 Training 

Next, separate multilinear regression models were trained to predict each of the shape model 

parameters using the patient characteristics as explanatory variables. Standard multilinear 

regression models were used, i.e.: 

 0 1 2 3 4s s s s s sb w w Gender w Age w Weight w Height= +  +  +  +   (10) 

 
10 https://scikit-learn.org/stable/modules/generated/sklearn.decomposition.PCA.html  

https://scikit-learn.org/stable/modules/generated/sklearn.decomposition.PCA.html
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The models were trained in python using the statsmodels11 library (version 0.13.2). The 

final regression coefficients (i.e., 0 4s sw w ) were extracted. 

2.1.2.3 Assessment & validation 

R2 values were used to check how much variation of the shape model parameters was 

explained by the independent variables in the regression models. The F-statistic probabilities 

(p-values) were extracted to assess the models’ significance. p-values considering the t-statistic 

were studied for each coefficient in each regression model to assess how probable each 

coefficient is.  

2.1.3 SSM-to-patient fitting using patient characteristics & orthogonal X-rays 

In a second step, a semi-automated SSM fitting algorithm was developed to be able to create 

a personalized 3D bone shape for a given unseen, fractured patient. This was achieved using 

patient characteristics and two 2D orthogonal X-ray images of the fractured bone as inputs. 

Different methods for patient-specific 3D reconstruction from 2D X-ray images (2D/3D 

reconstruction) have been previously developed. Reyneke et al (2019) [80] reviewed the state-

of-the-art in 2D/3D reconstruction. There are two main strategies to achieve the reconstruction. 

The first class relies on the establishment of correspondences (feature matching) and 

minimization of the geometric distance between features detected on the (projected) SSM 

realization and X-ray images by optimizing the shape parameters of the SSM [81]. Most recent 

studies employ a second strategy which relies on a statistical shape and appearance model 

(SSAM), which is a voxelized extension of an SSM where intensity values are also present in 

the model [61]. Simulated X-ray images or digitally reconstructed radiographs (DRRs) can 

then be obtained using ray-casting [81]. Next, the shape and appearance parameters are 

optimized such that the score of a similarity measure which compares the pixel intensities of 

the DRRs and X-rays is maximized [80]. Since the shape model developed in this research does 

not include intensity values, only the first strategy is suitable.  

The developed SSM-to-patient fitting algorithm consisted of three main sub-steps which are 

depicted in Figure 8. First, the 3D shape was initialized using the multilinear regression 

models correlating patient characteristics with the shape parameter values of the SSM training 

shapes. Next, the initialized shape was morphed along the principal components to fit two 

orthogonal X-rays of the fractured tibia. This was done by iteratively optimizing the shape 

parameters such that projections of the SSM realization had the same bounding box 

dimensions as measured on the (pre-processed) X-rays of the patient. After that, the shape 

parameters were further iteratively refined such that the distances between the contours of the 

projections of the SSM realization and the contours of the X-rays of the patient were minimal. 

 
11 https://www.statsmodels.org/stable/index.html  

https://www.statsmodels.org/stable/index.html
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Figure 8: Overview of the main steps of the SSM-to-patient fitting algorithm. Blue dots (0,2,3): indicated contour 

points on the X-rays of the given patient, Red boxes (0,2): automatically computed bounding boxes using the 

indicated contour points of the given patient (0) and projections of the SSM realization (2) respectively, Red 

contours (3): automatically computed contours of the projections of the SSM realization. Note: X-rays are from the 

test case of the patient with a spiral diaphyseal tibial fracture. 

The taken steps are detailed in the following sections and were implemented in python, mainly 

relying on the libraries pydicom12, Open3D13, numpy14, scipy15 and concavehull16.  

 
12 https://pydicom.github.io/ 
13 http://www.open3d.org/ 
14 https://numpy.org/  
15 https://scipy.org/  
16 https://github.com/senhorsolar/concavehull  

https://pydicom.github.io/
http://www.open3d.org/
https://numpy.org/
https://scipy.org/
https://github.com/senhorsolar/concavehull
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2.1.3.1 Assessment & validation 

To test the accuracy of the SSM-to-patient fitting algorithm, i.e., its ability to predict the tibia 

geometry of a previously unseen patient, two cases were used.  

A test case of the patient with a spiral diaphyseal tibial fracture was used to assess whether 

the algorithm is able to predict the intact 3D geometry of a non-displaced (or reduced) 

fractured tibia based on patient characteristics and X-rays. The characteristics of this patient 

are summarized in the first row of Table 1 (i.e., case “FRACTURED”). The pre-operative and 

post-operative X-rays of this patient are shown in Figure 9.  

The performance of the fitting algorithm on this patient case was assessed by: (1) computing 

the differences in bounding box dimensions of the true and projected reconstructed bone 

after bounding box fitting and (2) computing the Hausdorff distances between the patient X-

ray contours and the contours of the projected reconstructed bone after contour fitting. 

However, the true 3D shape of the test case was not known since CT scans for this test case 

were not available.  

Therefore, the performance of the developed algorithm was further assessed by reconstructing 

the 3D shape of an intact segmented 3D tibia bone, that was not included in the SSM nor the 

regression models. The CT scan for this validation case was collected from the New Mexico 

Decadent Image Database [39] and the right tibia was segmented according to the 

segmentation methods outlined in section 2.1.1.2. The patient characteristics of this validation 

case are summarized in the second row of Table 1 (i.e., case “INTACT”). 

The shape parameters were initialized using the developed regression models and a 3D shape 

was reconstructed using the SSM and equation (5). The reconstructed shape was compared to 

the true segmented 3D shape by computing the Hausdorff distances. These Hausdorff 

Figure 9: Preoperative (A-B) and postoperative (C-D) X-rays of the fractured tibia patient case used to test the 

success of the workflow. A: frontal view; preoperative, B: lateral view; preoperative, C: frontal view; 

postoperative, D: lateral view; postoperative.  
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distances were compared with the Hausdorff 

distances between the mean shape and the true shape 

to demonstrate the added value of the regression 

models. Subsequently, the other fitting steps (i.e., 

bounding box fitting and contour fitting) were 

performed. Because no X-rays of this case were 

available, DRRs were first generated using 3D Slicer 

(see Appendix C). The obtained DRRs of this 

validation case are shown in Figure 10. Bounding 

box fitting and contour fitting were performed based 

on these DRRs and the final reconstructed 3D shape 

was compared to the true segmented 3D shape by 

computing the Hausdorff distances.  

 

Table 1: Characteristics of the cases used to test the success of the workflow.  

Case Gender Age 

[years] 

Weight 

[kg] 

Height 

[cm] 

Fracture 

type  

Fixation  

FRACTURED Male 22 86 184 42A1, non-

displaced, 

right  

Locking 

Compression Plate 

Low Bend Medial 

Distal Tibia Plate 3.5 

mm (239 mm), 

DePuy Synthes, 

Zichwil, 

Switzerland)17  

INTACT Female 44 110 170 -  -  

2.1.3.2 Pre-processing: patient X-rays 

Contours of the tibiae were obtained by manual indication on two orthogonal patient X-rays 

acquired in anteroposterior (AP) and mediolateral (ML) views. Figure 11 shows the manually 

indicated contours for the fractured patient case. Contours obtained for the intact validation 

case can be found in Appendix C. Contour extraction was achieved through a custom-made 

script in python that loads the Digital Imaging and Communications in Medicine (DICOM) 

images and requires the user to manually click on points that are part of the bone contours 

(see Figure 11). Special attention had to be given to the contours around the epiphyses; the 

most outer contours were indicated since these were also extracted from the projected SSM 

realizations in subsequent steps. The coordinates of the clicked points were extracted and 

 
17 

http://synthes.vo.llnwd.net/o16/LLNWMB8/INT%20Mobile/Synthes%20International/Product%20Sup

port%20Material/legacy_Synthes_PDF/DSEM-TRM-1115-0544-2_LR.pdf  

Figure 10: Digitally reconstructed radiographs 

(DRRs) generated using the computed 

tomography (CT) scans of the intact validation 

case. 

http://synthes.vo.llnwd.net/o16/LLNWMB8/INT%20Mobile/Synthes%20International/Product%20Support%20Material/legacy_Synthes_PDF/DSEM-TRM-1115-0544-2_LR.pdf
http://synthes.vo.llnwd.net/o16/LLNWMB8/INT%20Mobile/Synthes%20International/Product%20Support%20Material/legacy_Synthes_PDF/DSEM-TRM-1115-0544-2_LR.pdf
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scaled to the physical coordinate system of the image plane using the PixelSpacing attribute18 

specified in the DICOM.  

The length, width, corner points, and centre of the bounding boxes of extracted contours were 

automatically computed by PCA of the contour points.  

 

Figure 11: Custom-made GUI that requires the user to indicate the contour points on the AP and ML X-rays. AP: 

anteroposterior, ML: mediolateral. Note: X-rays are from the test case of the patient with a spiral diaphyseal tibial 

fracture. 

 
18 https://dicom.innolitics.com/ciods/rt-dose/image-plane/00280030  

https://dicom.innolitics.com/ciods/rt-dose/image-plane/00280030
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2.1.3.3 Pre-processing: SSM realizations 

2.1.3.3.1 Coordinate system 

To avoid misalignment between different tibia shapes (i.e., 

different realizations of the 3D SSM and its projections), a 

reliable repeatable coordinate system was mathematically 

defined first. The principal axes of the 3D tibiae were computed 

using oriented bounding boxes (based on PCA of the convex 

hull of the shape19). The first principal axis was aligned with the 

positive z-axis, such that the positive z-direction points from 

inferior to superior. For left and right tibiae, the x-axis was 

aligned with the second principal axis, such that the positive x-

direction points from lateral to medial. Finally, the last principal 

axis was aligned with the positive y-axis, such that the positive 

y-axis points from anterior to posterior. Subsequently, the 

shapes were translated such that the most anterior, lateral, and 

inferior corner points of the bounding boxes of the 2D 

projections of the shapes coincided with the centre of the 

coordinate system (see Figure 12).  

2.1.3.3.2 2D projections of SSM realizations 

To perform the SSM-to-patient fitting, 2D projections of the 3D 

SSM realizations were made in each iteration of the fitting 

algorithm. The assumed projection setup is depicted in Figure 

13 and was based on reported radiographic positioning of the tibia in clinical practice (see 

Figure 14) [56], [57]. The focal spot size of the X-ray source (i.e., the origin of the X-rays used 

to produce the radiograph) was assumed to be infinitely small (i.e., a pinhole). The distance 

between the X-ray source and the detector (source-detector distance) was assumed to be 100 

cm as is standard in X-ray imaging of the tibia [56]. An initial educated guess for the distance 

between the centroid of the tibia and the imager (object-imager distance, see Figure 13) in 

anteroposterior view was set to 9 cm for the test case, considering the usual position of the 

tibia in an X-ray set-up and a typical thickness of the calf (see Figure 14). The object-imager 

distance in mediolateral view was computed using the ratio of the measured bone lengths 

from the two X-rays (see Appendix B for details).  

 

 
19 http://www.open3d.org/docs/latest/python_api/open3d.geometry.OrientedBoundingBox.html  

Figure 12: Definition of the 

repeatable coordinate system with 

respect to the 3D tibia instance and 

its projections. x-axis = 2nd 

principal axis. y-axis = 3rd 

principal axis. z-axis = 1st principal 

axis. Origin: most inferior, lateral, 

anterior point of the 2D projections 

of the 3D shape. 

http://www.open3d.org/docs/latest/python_api/open3d.geometry.OrientedBoundingBox.html
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Figure 13: Assumed X-ray projection setup for anteroposterior (AP) in orange and mediolateral (ML) projections 

in blue. SOD: source-object-distance, OID: object-imager-distance, SID: source-imager-distance, S: superior, P: 

posterior, M: medial. 

 

Figure 14: Positioning of the leg for tibia anteroposterior (AP) and mediolateral (ML) X-ray imaging of the tibia in 

clinical practice. Notes: the pictures on the left and right are adapted from [57] and the picture in the middle was 

generated using the CT scan and tibia segmentation of the intact validation case. 

Planar projections of the 3D SSM shape realization (i.e., point cloud) onto anteroposterior and 

mediolateral planes were established using the perspective transform of a set of points as 

depicted in Figure 15. Equations were adapted from Pyakurel (2020) [58] and can be found in 

Appendix B. 
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Figure 15: Projection of a point in a point cloud onto a plane. Note: From [58]  

2.1.3.3.3 Contour extraction from 2D projections SSM realization 

To automatically extract the contours of the 2D projections of the SSM realizations in each 

iteration, concave hulls were automatically computed. The concave hull of a geometry is a 

concave polygon that encloses the vertices of the input geometry. For the computation of 

concave hulls enclosing the 2D SSM projections, the concavehull library20 in python was 

used with a chi factor of 0.01. This library uses an implementation of a paper by Duckham et 

al (2008) [59]. 

2.1.3.4 SSM-to-patient fitting algorithm  

Using the pre-processing steps as described in the sections above, the SSM-to-patient fitting 

algorithm included the following steps (see Figure 8). More details on the used equations can 

be found in Appendix B. 

1. Initialization of the shape parameters sb  using the multilinear regression models 

described in the previous section (see section 2.1.2).  

2. Optimize shape parameters sb such that anteroposterior and mediolateral projections 

of the SSM realization have equal bounding box dimensions as anteroposterior and 

mediolateral patient X-ray contours. To achieve this, the following steps were 

performed in each iteration: 

a. Position SSM realization in a repeatable coordinate system as depicted in 

Figure 12 with neutral pose in X-ray setup as depicted in Figure 13, 

b. Project SSM realization in anteroposterior and mediolateral planes, 

c. Compute bounding box dimensions of anteroposterior and mediolateral 

projections using PCA, 

d. Minimize the difference in the bounding box dimensions of the projected SSM 

realizations and the X-ray images. 

3. Refine shape parameters sb and pose T  (i.e., position in the X-ray setup) such that the 

distances between the concave hulls of anteroposterior and mediolateral projections 

of the transformed SSM realization and the anteroposterior and mediolateral X-ray 

 
20 https://github.com/senhorsolar/concavehull  

https://github.com/senhorsolar/concavehull
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contours are minimal. To achieve this, the following steps were performed in each 

iteration: 

a. Position SSM realization in the repeatable coordinate system as depicted in 

Figure 12 with pose T  in the X-ray setup as depicted in Figure 13, 

b. Project SSM realization in the anteroposterior and mediolateral planes, 

c. Compute the concave hull points of the anteroposterior and mediolateral 

projections of the transformed SSM projections, 

d. Optimize sb and T  such that the root-mean-square of Euclidian distances 

between the anteroposterior and mediolateral concave hull points and the 

anteroposterior and mediolateral X-ray contour points is minimized. 

Optimization was performed using Powell optimizers from the scipy library21 in python. 

Bounds were defined as 3 3s s sb −    and default settings were used for convergence 

conditions, the number of iterations and function evaluations (i.e., 'xtol': 0.0001, 'ftol': 0.0001, 

'maxiter': None, 'maxfev': None).  

2.2 Step 2: Development of a patient-specific fractured 3D tibia 

model based on the intact 3D bone shape and orthogonal X-rays 

As part of objective 2 of this study, a methodology was developed to automatically introduce 

the patient-specific fracture lines as detected on two orthogonal patient X-rays into the intact 

3D bone shape. For this purpose, a method was first developed to obtain the approximate 3D 

fracture line coordinates from the 2D X-rays, which were introduced into the 3D intact shape 

in a next step. The fracture line coordinates were obtained by manual indication on the 

patient's frontal X-ray. These projected fracture line coordinates were then back-projected to 

the coordinate system of the intact 3D tibia bone (from Figure 12). They were introduced into 

the intact 3D tibia bone of the previous step by polyhedron cropping. The fracture fragments 

were post-processed and a callus geometry was created to surround the fracture region. These 

steps were taken for the test case of the patient with a spiral diaphyseal tibial fracture. An 

overview of these steps is shown in Figure 16 and the steps will be detailed in the following 

sections.  

 
21 https://docs.scipy.org/doc/scipy/reference/optimize.minimize-powell.html#optimize-minimize-

powell  

https://docs.scipy.org/doc/scipy/reference/optimize.minimize-powell.html#optimize-minimize-powell
https://docs.scipy.org/doc/scipy/reference/optimize.minimize-powell.html#optimize-minimize-powell
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Figure 16: Overview of steps taken to achieve fracture line extraction from X-rays and modelling of the fracture 

lines into the intact 3D bone shape. Note: X-rays are from the test case of the patient with a spiral diaphyseal tibial 

fracture. 

2.2.1 Extracting approximate 3D fracture line coordinates using orthogonal X-rays 

Fracture lines were obtained from the frontal X-ray by manual indication in a similar manner 

as the retrieval of the contours in section 2.1.3.2, i.e., by requiring the user to manually click on 

points that are part of the fracture lines (see Figure 17). Only the frontal X-ray was used to 

introduce the fracture into the intact 3D model since the lateral X-ray added very limited 

additional information regarding the fracture line (see Figure 9 and Figure 17). Additionally, 

two points representing the outer edges of the tibial diaphysis at the level of the fracture were 

also indicated on both the frontal and lateral X-rays.  
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Similarly to the processing of the X-ray contour coordinates, the coordinates of the clicked 

fracture and diameter points were extracted and scaled to the physical coordinate system of 

the image plane using the PixelSpacing attribute22 specified in the DICOM.  

 

Figure 17: Custom-made GUI that requires the user to indicate the fracture line points on the AP X-ray and the 

shaft diameter on AP and ML X-rays. AP: anteroposterior, ML: mediolateral, fracture 1 (red): anterior fracture 

line, fracture 2 (purple): posterior fracture line, diameter (orange x): two points representing the outer edges of 

the tibial diaphysis at the level of the fracture. Note: X-rays are from the test case of the patient with a spiral 

diaphyseal tibial fracture. 

2.2.2 Modelling the 3D fracture lines in the intact tibia model 

2.2.2.1 Back-projection 

To be able to introduce the obtained fracture lines into the intact tibia model, they were first 

transformed to the coordinate system of the anteroposterior and mediolateral SSM projections 

(x and z for anteroposterior, y and z for mediolateral) as depicted in Figure 12. Details on the 

computation of the required transformations can be found in Appendix B. Next, the projected 

anterior and posterior fracture line coordinates were back-projected to their unprojected 

 
22 https://dicom.innolitics.com/ciods/rt-dose/image-plane/00280030  

https://dicom.innolitics.com/ciods/rt-dose/image-plane/00280030
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position in 3D space. This was done using inverse projection geometry as detailed in Appendix 

B. 

2.2.2.2 Polyhedron construction & cropping 

Using the back-projected fracture line coordinates and the bounding box of the intact 3D bone 

shape, polyhedrons were automatically constructed that were used to crop the intact 3D bone 

shape into two fracture fragments. The constructed polyhedrons for the test case are shown in 

Figure 18. The anterior fracture line was used to crop the point cloud until halfway across the 

tibia shaft at the level of the fracture in the y-direction, while the posterior fracture line was 

used for the posterior half. Details on the used equations can be found in Appendix B. 

2.2.2.3 Postprocessing bone fragment geometry  

The bone fracture fragments were exported as STL files in their original position in the 

coordinate system shown in Figure 12 (by inversely transforming with transformation 1−
T ). 

Additionally, the unclipped intact 3D bone shape was exported as an STL file in the same 

coordinate system.  

Next, the bone fracture fragments were post-processed in Autodesk Meshmixer23 (Version 

3.5.474, Autodesk, Inc., California, USA). The fracture lines were smoothed to prevent meshing 

issues in a later stage (see Figure 19). Additionally, the fracture fragment meshes were closed, 

since the clipping in the previous step creates a hole in the mesh (see Figure 19). Additionally, 

the inner cortical bone surface was artificially created since 

only the cortical outer surface of the bone was reconstructed 

using the SSM. In line with the work from Macleod (2014) 

[60], a uni-cortical thickness of 5 mm was considered for a 

healthy tibia. The inner cortical bone surface was 

reconstructed by offsetting the outer cortical bone surface of 

the tibia by -5 mm in the direction normal to the bone surface 

(see Figure 20). All the interior bone space embedded within 

the cortical bone was assumed to be occupied by bone 

marrow. Furthermore, a callus geometry was created in 

Meshmixer, using a callus index of 1.15 in line with the work 

of Miramini et al (2016) [61] following the study of Horn et al 

(2011) [62] who measured the callus size of a group of 

patients with tibial fractures fixation with locking plates. 

The callus index is defined as the callus diameter divided by 

the bone diameter. The bone diameter of the test case was 

measured to be approximately 26 mm at the level of the 

fracture, so to create the callus, the bone surface around the 

fracture region was selected and extruded in all directions by 

 
23 https://meshmixer.com/  

Figure 18: Constructed polyhedrons 

used to clip intact 3D bone shape into 

two bone fracture fragments. AFL : 

anterior fracture line, PFL : posterior 

fracture line. 

https://meshmixer.com/
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2 mm in the direction normal to the surface (see Figure 21). The taken postprocessing steps in 

Meshmixer are detailed in Appendix D. 

   

 

Finally, the STL files of the fracture fragments, the callus, and the 

reconstructed intact inner and outer cortical bone surfaces were 

imported into SOLIDWORKS (Student Edition 2022, Dassault 

Systèmes, France). The geometries were converted to 3D non-

uniform rational B-spline (NURBS) representations, which are 

more efficient to assemble and easier to remesh [63]. 

Furthermore, a NURBS representation simplifies the 

introduction of defects and screw holes. Additionally, this 

representation allows for the extraction of the fracture surface as 

a B-spline surface. This is beneficial to be able to make the 

reconstructed fracture parametric (e.g., changing the angle or 

height of the fracture surface), and to reconstruct a fracture gap 

with a uniform thickness. All bone geometries were assembled 

in SOLIDWORKS, and a uniform fracture gap of 4 mm was 

created using the extracted fracture surface. Boolean operations 

were used to create bone marrow and cortical bone fragment 

geometries. The taken steps are detailed in Appendix E and the 

final bone geometries are shown in Figure 22. All geometries 

were exported as solid part files (.SLDPRT). 

2.3 Step 3: FE analysis of the fixated fractured 

tibia  

As part of objective 3 of this study, FE models of the fixated 

fractured tibia were developed using the automatically created geometries from the previous 

steps (see Figure 23). For this purpose, fixated assemblies were first established in 

SOLIDWORKS. Next, FE models were built and analysed in Abaqus/CAE (version 2020, 

Figure 19: Postprocessing of the 

fracture fragment geometry - 

smoothing & closing. 

 

Figure 20: Reconstruction of the 

inner cortical bone surface: off-set 

outer cortical surface by -5 mm. 

Figure 21: Reconstruction of the 

callus geometry: extrude surface 

around the fracture lines by 2 mm. 

Figure 22: Cortical bone 

fragments, bone marrow and 

callus geometries after 

postprocessing in 

SOLIDWORKS. Left: frontal 

Right: lateral. 
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ABAQUS Inc, Dassault Systèmes, France). These steps were taken for the test case of the 

patient with a spiral diaphyseal tibial fracture and are detailed in the sections below.  

 

Figure 23: Step 3 of the workflow, i.e., finite element (FE) analysis of the fixated fractured tibia. 

2.3.1 Assembling bone fracture geometries & fixation device  

The fracture gap of the test patient was stabilized with a stainless-steel right distal medial 

locking plate of 239 mm (LCP Low Bend Medial Distal Tibia Plates 3.5 mm, DePuy Synthes, 

Zichwil, Switzerland) 24  [64]. The implant geometry was drawn in SOLIDWORKS using 

computer-aided design (CAD) tools and a physical copy of the implant as a reference. The 

drawing was validated using a segmented micro-CT scan of the implant which became 

available in a later stage, by computing Hausdorff distances between the drawn and scanned 

plate (see Appendix E). 

The locking screws that were used to fixate the plate had a shaft diameter of 3.5 mm and a 

head diameter of 5 mm. Screw lengths are available between 10-65 mm with a 5 mm increment. 

Simplified threadless screws were designed in SOLIDWORKS such that they fitted neatly 

within the plate in a fixed-angle construct as per the manufacturer’s guidelines (parallel to the 

x-axis, i.e., the joint surfaces). This is imperative since the direction of the locking screws is 

determined based on the design of the plate [64].  

All CAD parts were exported as solid parts (.SLDPRT) and imported into a new 

SOLIDWORKS assembly (.SLDASM). Plate placement was done in SOLIDWORKS according 

to the manufacturer’s recommended surgical technique, using the postoperative X-rays of the 

patient case as a reference. To achieve this, the head of the plate was centred on the medial 

malleolus, and the plate was translated and rotated until (limited) contact along the shaft was 

achieved. The simulated postoperative scenario is depicted in Figure 24 and had a plate 

working length of 52 mm. Assemblies were exported as STEP files to be used for FE model 

construction.  

 
24 

http://synthes.vo.llnwd.net/o16/LLNWMB8/INT%20Mobile/Synthes%20International/Product%20Sup

port%20Material/legacy_Synthes_PDF/DSEM-TRM-1115-0544-2_LR.pdf  

http://synthes.vo.llnwd.net/o16/LLNWMB8/INT%20Mobile/Synthes%20International/Product%20Support%20Material/legacy_Synthes_PDF/DSEM-TRM-1115-0544-2_LR.pdf
http://synthes.vo.llnwd.net/o16/LLNWMB8/INT%20Mobile/Synthes%20International/Product%20Support%20Material/legacy_Synthes_PDF/DSEM-TRM-1115-0544-2_LR.pdf
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Figure 24: Assembly of the stabilized fracture of the test case of the patient with a spiral diaphyseal tibial fracture 

according to postoperative X-rays (scenario 1/5). Bold text: used screw holes.  

2.3.1.1 Sensitivity analysis 

Apart from the true clinical postoperative fixation scenario, four alternative fixation 

scenarios were simulated. It has been previously shown that the most important parameters 

to vary include the number and location of screws, the plate (working) length and plate and 

screw stiffness [60]. The screw orientation does not have a significant influence [65]. 

Therefore, four alternative configurations were considered which are depicted in Figure 24 

and Figure 25. In scenario 2, the 5th screw was moved from screw hole 13 to screw hole 14, 

leading to an increase in working length of 13 mm (new working length: 65 mm). In scenario 

3, the 4th screw was moved from screw hole 9 to screw hole 8 leading to an additional 

increase in working length of 13 mm (new working length: 78 mm). In scenario 4, a shorter 

plate of 213 mm was used, while maintaining the original postoperative screw configuration. 

This shorter plate is also available in clinical practice. Lastly, a fixation scenario (scenario 5) 

with a magnesium plate rather than a stainless-steel plate was considered by manipulation of 

the material properties (see section 2.3.2.3). The true clinical postoperative screw 

configuration from Figure 24 was considered for this scenario.  
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Figure 25: Alternative fixation scenarios considered for biomechanical analysis. Bold text: used screw holes. 

2.3.2 FE model building & analysis  

The FE models of the fractured tibia were built and analysed in Abaqus/CAE (version 2020, 

ABAQUS Inc, Dassault Systèmes, France). The model of the clinical postoperative scenario is 

shown in Figure 26. The steps taken to build the models are detailed in the sections below.  

 

Figure 26: FE model of the fixated fractured tibia (scenario 1/5) including boundary conditions, loads and 

materials. Models of the other scenarios were equivalent.  
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2.3.2.1 Geometry + Assembly 

The 3D assemblies (.STEP files) created in the section above (2.3.1) were imported in 

Abaqus/CAE. The International System of Units (SI Units) was adopted, i.e., all distances and 

lengths are measured in millimetres, forces in Newton and stresses in N/mm2 (i.e., MPa). Since 

it concerns an asymmetrical geometry, no symmetry conditions were imposed. The coordinate 

system as depicted in Figure 12 was used, i.e., the x-axis running from lateral to medial, the y-

axis from anterior to posterior and the z-axis from inferior to superior. The final geometry (for 

the true clinical postoperative scenario) is depicted in Figure 26 and contains the plate, 10 

screws, and upper and lower cortical fracture fragments filled with bone marrow with a 

fracture gap of 4 mm. A homogeneous callus with a callus index of 1.15 [61], [62] as described 

in section 2.2.2.3 was simulated. Similar to previous studies [60], [66], the fibula was ignored 

as it only transmits up to 6.4-16.7% of the load transmitted in the lower leg and is often 

fractured along with the tibia [67].  

Geometries were all further processed and assembled in Abaqus/CAE using the steps detailed 

in Appendix F. The bone fragment and callus geometries were merged to form one single part 

consisting of different sections. This was done for two main reasons: (1) to establish compatible 

meshes between these parts and (2) to prevent having to use (relatively) computationally 

expensive tie constraints between these parts. 

2.3.2.2 Meshing 

The geometries were meshed in Abaqus/CAE using 10-node tetrahedral elements (C3D10). 

This type of element is most appropriate for complex curved geometries. Additionally, they 

can be used with adaptive mesh refinement which is convenient for establishing a fine mesh 

in the callus region (the region of interest) and a coarser mesh further away from the callus.  

The meshing of the merged bone geometry was achieved using the Virtual Topology toolset 

in Abaqus combined with Face Partitioning. Edges in the callus region were seeded using an 

approximate element size of 1.5 mm. This mesh size was determined based on literature [60], 

[68], [69]. Proximal and distal edges far away from the callus region were seeded using an 

approximate element size of 5 mm. A smooth transition between the different regions was 

realized using biased seeding and the mesh was refined around the screw holes using an 

approximate edge length of 1 mm. The entire merged bone geometry was meshed with 528321 

elements, with 80550, 265947 and 181824 elements for the callus, cortical bone and bone 

marrow respectively. The 239- and 213-mm locking plates were meshed with 118506 and 

104771 elements respectively, using a global edge length of 0.9 mm. The screws were meshed 

with a total of 10468 elements using a global edge length of 1.5 mm. Mesh sizes of the screw 

holes, screws and plate were determined considering the applied tie constraints (see 2.3.2.4), 

which calls for a finer mesh grid spacing of slave surfaces as compared to master surfaces [70]. 

The number of elements and edge lengths used for each part are summarized in Table 2 and 

the meshes for the different geometries are shown in Figure 27.  
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Figure 27: Meshes of the different geometries. Green: callus, Blue: bone fragments (white: cortical bone, blue: 

bone marrow, Red: locking plate and screws. 
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Table 2: Summary of the used number of elements and element sizes of each part. 

PART # ELEMENTS EDGE LENGTH (mm) 

Merged bone 528321  Varying  

Callus 80550 +- 1.5 

Cortical bone 265947  1.5 - 5 

Trabecular bone 181824  1.5 - 5 

Plates  0.9 

239 mm  118506 - 

213 mm  104771 - 

Screws  10468 1.5 

20 mm (2x) 695 (2x) - 

25 mm (3x) 835 (3x) - 

35 mm (5x)  1228 (5x) - 

2.3.2.3 Materials 

All materials were modelled using homogeneous, isotropic, linear elastic material models. 

Material properties were taken from the literature and can be found in Table 3. The callus was 

modelled as granulation tissue to simulate the early stages of bone healing [71]. Two different 

material properties were assigned to the osteosynthesis devices: the traditional stainless steel 

alloy 316L [64] and the biodegradable magnesium alloy WE43. WE43 has been previously 

proposed to be suitable for osteosynthesis thanks to its resorbability, biocompatibility, 

osteogenic properties, and favourable elastic modulus [72]. 

Table 3: Material properties assigned to the bone tissues and implants. 

Part Material Elastic 

modulus (E) 

[MPa] 

Poisson 

ratio ( ) [-] 

Reference 

Cortical bone fragments Cortical bone  17000 0.3 [18][71] 

Medullary cavity (cortical 

bone filling)  

Bone marrow  2 0.167 [18][71] 

Callus (until 6th week) Granulation 

tissue  

0.2 0.167 [18][71] 

Plate + screws (stainless 

steel) 

Stainless steel 

(316L)  

200.000 0.3 [73] 

Plate + screws 

(magnesium) 

Magnesium 

alloy (WE43) 

44.200 0.27 [72] 

2.3.2.4 Interactions/constraints  

The connection between the different bone fragments and the callus was modelled as fully 

merged (see section 2.3.2.1) which is similar to applying a tie constraint [70]. The threadless 

screw shafts were tied to the screw hole surfaces within the bone. Locking screw connections 

with the plate were also modelled using tie constraints. The contact between the bone and the 

plate was not modelled since it was assumed that these parts never come into contact. The 

constraints and selected surfaces for the constraints are shown in Figure 28. 



Materials & Methods 

52 

 

2.3.2.5 Boundary conditions 

To prevent rigid body motions, the model degrees of freedom were constrained using 

boundary conditions. Joint rotations were implemented by constraining the articular surfaces 

of the tibia to single points in space considered to be the centres of the joints. This was done 

using coupling constraints. It was assumed that these joints act as pin supports that allow 

rotation, while translation is fixed in all directions. For the most superior articular surface (i.e., 

the knee joint), translation was only fixed in the x and y directions, allowing translation in the 

axial z-direction. The applied boundary conditions and selected surfaces for these boundary 

conditions are shown in Figure 28. 

 

Figure 28: Applied constraints, boundary conditions and loads in the developed FE model(s). Note: Scenario 2 is 

depicted here, the other scenarios are equivalent. U: displacement, CF: concentrated force. 
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2.3.2.6 Loads 

Loads acting on the tibia are primarily due to external loading by weight-bearing and muscle 

forces [22]. To the authors’ knowledge, the physiological loading associated with daily 

activities of fractured human tibiae is not precisely known. However, tibia fractures are 

usually treated postoperatively with (partial) weight bearing until about 8 weeks after surgery 

[11], [15], [74]–[77]. Daily activities such as gait, which are associated with loads up to 470% of 

the body weight [22], [78], are not recommended in this phase. In the immediate postoperative 

period, it was therefore assumed that loads reach up to 100% of the body weight, based on 

different studies by inter alia Joslin et al (2008) [34] and Vijayakumar et al (2006) [75] that either 

measured or simulated tibial axial forces after tibial fractures.  

For the patient test case, the FE simulation was therefore conducted with a resultant 

compression load of up to 800 N, considering the patient weight, ramped over 1 second. The 

load was applied as a concentrated force to a single reference point in space assumed to be the 

centre of the knee joint along the axial axis (see Figure 28). This axis corresponds to the 

anatomical axis of the tibia (see Figure 3 in section 1.2.2.1) which is parallel to the mechanical 

axis in the frontal plane (but slightly angled in the sagittal plane). This direction was 

maintained throughout the analysis (it did not follow nodal rotation). This was done since the 

dominant loading direction during weight bearing on the tibia is axial [22] and the muscle 

forces generally also act axially [15].  

2.3.2.7 Analysis step 

A static, linear FE analysis was conducted. For the prescribed quasi-static boundary conditions 

and loads, solving for a static equilibrium is most suitable. Additionally, small deformations 

and deflections are to be expected based on the low-magnitude loading scenario and material 

properties. Therefore, a linear analysis was deemed appropriate. A standard explicit direct 

equation solver was used using Full Newton solution techniques, which is computationally 

the most efficient.  

2.3.2.8 Post-processing 

The analysis was conducted to determine the mechanical environment in the fracture zone, 

i.e., within the callus region, since mechanical strains have been previously shown to influence 

healing outcomes (see section 1.2.1) [79]. Both the minimum and maximum principal strains 

within the callus were studied. Strains were quantified while excluding outliers 25 . 

Furthermore, IFMs, i.e., displacements of the fracture fragments, were studied since this 

outcome is often reported in in vitro and in vivo studies where it is not possible to directly 

assess tissue strains. IFMs were determined by defining three node pairs (medial, central, and 

lateral), where each pair contains one node on the proximal fragment and one on the distal 

fragment, in line with recommended reporting methods for mechanical testing of internal 

fixation devices [80]. The node pairs are shown in Figure 29A. Axial (local x) and shear (local 

 
25 Fences were used to cordon off outliers from the data. Upper fence = Q2 + (1.5 * IQR) 

Lower fence = Q1 – (1.5 * IQR). IQR: interquartile range, i.e.: IQR = 75th (Q2) - 25th (Q1) percentile 
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y) displacements were assessed in local coordinate systems defined by the node pairs (i.e., 

relative to the fracture lines) since this is most relevant for healing [61], [81]. Since the strains 

and displacements are expected to vary throughout the callus from the near cortex closest to 

the implant to the far cortex furthest from the implant [80], a path was created along this 

direction and used to quantify the strains along this path (see Figure 29B) 

 

Figure 29: The defined node pairs, local coordinate systems and path used for post-processing of the finite 

element analysis. A: node-pairs and local coordinate systems. B: path. Constant y-coordinate in the global 

coordinate system (y = 45 mm).



3 RESULTS 
In this chapter, results from the developed SSM, multilinear regression models, SSM-to-

patient fitting methodology, and FE analyses are summarized.  

3.1 Tibial SSM  

A tibial SSM was built to be able to reconstruct patient-specific intact 3D tibia models. In this 

section, results from this SSM are discussed.  

3.1.1 Training data acquisition  

The final dataset used to build the SSM consisted of 25 individuals (15 male, mean age: 60 ± 5; 

10 female, mean age: 52 ± 7). The univariate and multivariate distributions of their subject 

characteristics are depicted in Figure 30 and Figure 31, respectively. Inspection of the 

multivariate distributions revealed a significant (Pearson) correlation between the height and 

age of the subjects (male: r = .57, p < .05; female: r = .68, p < .05).  

 

 

Figure 31: Multivariate distributions of characteristics of the training subjects used for the SSM. p: p-value, r: 

Pearson correlation coefficient, *: significant correlation.  

Figure 30: Univariate distributions of characteristics of the subjects used for the SSM. 
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3.1.2 Segmentation 

Inspection of the exported STL files of the segmented tibiae revealed some step artefacts (see 

Figure 32).  

 
Figure 32: Inspection of mesh quality after segmentation and triangulation. The detail shows step artefacts. 

3.1.3 Automated pre-alignment performance 

The pre-alignment using the ICP registration algorithm achieved automated registration in 

3.86 seconds and the result is shown in Figure 33A-B. The average fitness - which measures 

the number of inlier correspondences divided by the number of points in the target - was 

0.99991. The average root-mean-squared error (RMSE) of all inlier correspondences was 3.30 

mm.  

3.1.4 Initial estimated means 

The initial estimated mean that was computed from the pre-aligned tibiae (Figure 33B) using 

signed distance functions is shown in Figure 33C. It can be observed that the distal malleoli 

are missing because of differences in the length of the shapes and the lack of available 

correspondences. The mean that was computed using by averaging the coordinates of the 

initial morphed training shapes is shown in Figure 33D.

 
Figure 33: Shape alignment and estimation of the mean shape. A: unaligned tibiae. B: pre-aligned tibiae. C: Initial 

estimated mean computed using signed distance functions of pre-aligned tibiae without correspondences. D: 

second estimated mean computed by averaging the coordinates of the initial morphed training shapes. The 

details show that step artefacts are smoothed out. 
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3.1.5 Establishing correspondences: morphing performance  

Automated morphing was achieved in under 8 minutes per tibia sample. Using the initial 

estimated mean from Figure 33C, the average mean Hausdorff distance between the morphed 

samples and the target samples was 0.103 mm (± 0.00709 mm) with an average maximum 

distance of 2.77 mm (± 1.24 mm), typically located in the lateral malleolus. Such a typical 

morphing result using the initial mean is shown in Figure 34A. Using the second estimated 

mean from Figure 33D, the average mean Hausdorff distance between the morphed sample 

and the target sample was 0.102 mm (± 0.00606 mm) with an average maximum distance of 

1.54 mm (± 0.676 mm). A typical morphing result using this mean is shown in Figure 34B. 

 

Figure 34: Hausdorff distance of original mesh (target) compared to the morphed mesh of one subject. A: 

morphed using the initial mean. B: morphed using the second mean. 

3.1.6 Principal component analysis 

The captured variation in the training population is shown in Figure 35. The first five PCs 

were retained (c = 5) since together, they captured 90% of the shape variation in the training 

population.  
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Figure 35: Captured variation per principal component (PC). All the PCs up to an accumulated captured variance 

of 0.9 were retained, i.e., 5 PCs. 

The shape variation represented by these five PCs is depicted in Figure 36 and Figure 37. 

The changes observed along the PCs were (mainly) in: 

− PC1: the length of the tibia 

− PC2: the anterior border along the tibia shaft and in the distal and proximal 

epiphyses 

− PC3: the distal and proximal epiphyses  

− PC4: the medial malleolus, and along the tibia shaft 

− PC5: the tibial tuberosity and diameter of the tibia 

 

 

Figure 36: Mean tibia shape and shape variations described by the first five PCs. PC: principal component (=shape 

mode), SD: standard deviation, A: anterior, L: lateral, P: posterior. 
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Figure 37: Distance maps between the tibial shape at the extremities (+3SD or -3SD) and the mean tibial shape. 

PC: principal component (= shape mode), SD: standard deviation. A: anterior, L: lateral, P: posterior, arrows: 

direction of shape change. 
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3.2 Multilinear regression models  

Pearson correlations between patient characteristics (i.e., gender, age, weight, and height) 

and shape model parameters of the training subjects are shown in Figure 38. Significant 

correlations were found between the first mode of variation and all the patient 

characteristics. For the second mode of variation, significant correlations were found with 

gender and weight. The third mode was found to be significantly correlated to gender and 

the fourth mode to weight. No significant correlations were found regarding the fifth mode 

of variation.  

 
Figure 38: Pearson correlation coefficients (r) between patient characteristics and shape model parameters (bs) in 

the training population. Significant correlations are indicated with *. 

To correct for multicollinearity caused by correlations between the explanatory variables (i.e., 

the patient characteristics), variables were centred. The variation inflation factors after these 

operations are listed in Table 4.  

Table 4: Variance inflation factor (VIF) after centring to assess multicollinearity between the explanatory 

variables. 

Explanatory variable  VIF 

Gender  1.19 

Age  2.22 

Weight  1.15 

Height  2.29 

Training of the multilinear regression models resulted in the regression coefficients 

summarized in Table 5. R2 -values indicated that 68% of the variation in the first shape model 

parameter (b1) could be explained by the patient characteristics. For the other shape 

parameters, this was considerably less (21%, 21%, 36% and 15% for b2, b3, b4, and b5 respectively). 

The p-values considering the F-statistic indicated that each regression model is significant 

except for the regression model predicting the last shape model parameter (b5). 
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Table 5: Regression coefficients (w) of the multilinear regression models relating patient characteristics to shape 

model parameters (bs). 

 
b1 b2 b3 b4 b5 

w0 474.19 -108.92 -147.89 38.86 41.43 

wgender -790.32 181.52 246.48 -64.76 -69.06 

wage 13.47 -0.45 -0.041 6.77 3.95 

wweight 1.56 -4.24 3.23 -4.93 -1.99 

wheight -58.54 -1.94 -0.98 -10.08 -5.24 

      

R2 0.68 0.21 0.21 0.36 0.14 

p-value < .001 .030 .029 < .001 .147 

3.3 SSM-to-patient fitting 

To test the accuracy of the developed SSM-to-patient fitting algorithm, i.e., its ability to predict 

the tibia geometry of a previously unseen patient, two cases were used: a fractured patient 

case and an intact validation case. The fitting accuracy for these two cases is summarized in 

the sections below.  

3.3.1 Fractured patient case 

The initial bounding box dimensions of the projected shape that was reconstructed using the 

patient characteristics of the fracture case (see Table 1 in section 2) are summarized in Table 

6. The bounding box dimensions after the first optimization step (i.e., optimization of the shape 

parameters sb with respect to the bounding box dimension difference) are also listed in Table 

6. Successful fitting was achieved with a maximum error of 0.1 mm of the bounding box depth 

in the mediolateral plane. A higher error (3.8 mm) of the length of the fitted mediolateral 

projection was determined since the optimization function does not take this parameter into 

account. The optimization was terminated successfully after 816 function evaluations and five 

iterations in 4.7 seconds. 

Table 6: Bounding box dimensions of the contours as measured on X-ray compared to bounding box dimensions 

of the projected reconstructed shapes of the fractured patient case. AP: anteroposterior, ML: mediolateral. 

 LengthAP 

[mm] 

WidthAP 

[mm] 

LengthML 

[mm] 

DepthML 

[mm] 

True (X-rays) 435.6 87.3  430.5 71.4 

Projected initial shape 

Difference 

459.3 93.2 457.3 78.2 

 23.7 5.9 26.8 6.8 

Projected bounding box fitted shape 

Difference  

435.6 87.3 434.3 71.5 

0.0 0.0 3.8 0.1 

Refinement of shape parameters sb and poseT such that the distances between the concave 

hulls of the projections of the transformed SSM realization and indicated contour points were 

minimal, was achieved successfully after 2481 function evaluations and nine iterations in 23 

seconds. Figure 39 shows the fit of the (2) bounding box-optimized and (3) contour-optimized 
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shapes as compared to the X-ray contours. The maximum distances between the indicated 

contours and the contours of the projected bounding box fitted shapes were 14.3 mm and 7.53 

mm for anteroposterior and mediolateral projections respectively. The mean distances 

between the indicated contours and the contours of the projected shapes were 5.67 mm and 

4.54 mm for anteroposterior and mediolateral projections respectively. The maximum 

distances between the indicated contours and the contours of the projected contour-fitted 

shapes were 4.44 mm and 4.20 mm for anteroposterior and mediolateral projections 

respectively. The mean distances between the indicated contours and the contours of the 

projected shapes were 1.53 mm and 1.54 mm for anteroposterior and mediolateral projections 

respectively. The largest distances were found in the medial malleolus of the tibia.  

 

Figure 39: Fit of (2) bounding box optimized and (3) contour fitted SSM shape realization as compared to the 

anterolateral (AP) and mediolateral (ML) X-ray contours of the fractured patient case. Beige: optimized SSM 

shape realization. Red boxes: bounding boxes. Red lines: concave hulls. Blue dots: contours as indicated on AP 

and ML X-rays. Distances are measured between the indicated contour points and the concave hulls of the 

projected shape realization.  
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3.3.2 Intact validation case 

The initial bounding box dimensions of the projected shape that was reconstructed using the 

patient characteristics of the validation case (see Table 1 in section 2) are summarized in Table 

7. The bounding box dimensions after the first optimization step (i.e., optimization of the shape 

parameters sb with respect to the bounding box dimension difference) are also listed in Table 

7. It can be observed that successful fitting was achieved with a maximum error of 4.6 mm. 

The optimization was terminated successfully after 522 function evaluations and three 

iterations in 3.2 seconds. 

Refinement of shape parameters sb and poseT such that the distances between the concave 

hulls of the projections of the transformed SSM realization and indicated contour points were 

minimal, was achieved successfully after 2876 function evaluations and 10 iterations in 25.4 

seconds. Distances between the contours of the projections of the contour-fitted shape and the 

indicated contour points are summarized in Table 8. Contour distances of the bounding box 

fitted shape (so before contour fitting) are also reported. Mean contour distances decreased 

from 2.04 mm to 1.23 mm and from 1.70 mm to 1.20 mm in the anteroposterior and 

mediolateral planes respectively after contour fitting as compared to bounding box fitting. 

Figure 40 shows the accuracy of the reconstructed shape of the validation case in 3D. For each 

fitting step, Hausdorff distances and overlay plots between the reconstructed 3D shape and 

the true 3D shape are shown. The mean distance in 3D after all fitting steps was 0.81 mm with 

a maximum distance of 4.22 mm. The highest distances were found on the lateral tibial plateau 

and tibiotalar articular surface. 

Table 7: Bounding box dimensions of contours as measured on X-ray compared to bounding box dimensions of 

projected reconstructed shapes of intact validation case. AP: anteroposterior, ML: mediolateral. 

 LengthAP 

[mm] 

WidthAP 

[mm] 

LengthML 

[mm] 

DepthML 

[mm] 

True (X-rays) 373.2 76.5  380.4 67.6 

Projected initial shape 

Difference 

406.6 79.7 410.1 64.6 

33.4 3.1 29.7 3 

Projected bounding box fitted shape 

Difference  

373.1 76.9 375.8 65.1 

0.1 0.4 4.6 2.5 

Table 8: Distances between concave hulls of reconstructed shape as compared to contours as indicated on X-rays 

of intact validation case. AP: anteroposterior, ML: mediolateral. 

 AP contour distance [mm] ML contour distance [mm] 

Mean  Max  Mean  Max  

Bounding box fitted shape 2.04 5.17 1.70 7.20 

Contour-fitted shape 1.23 6.18 1.20 5.69 
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Figure 40: Reconstructed shapes using (0) the mean of the SSM, (1) multilinear regression, (2) bounding box 

fitting and (3) contour fitting as compared to the true segmented 3D shape for the intact validation case. Left 

column: Hausdorff distances of the reconstructed shape to the true shape. Right column: Overlay of the 

reconstructed shape and the true shape. 
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3.4 FE analysis  

The spiral diaphyseal tibia fracture of the fractured patient case, fixated with a locking plate 

of two different materials, two different lengths and three different screw positions, was 

investigated. This was done by developing FE models of these cases and running FE analyses. 

In the following sections, results from these models and analyses are discussed. 

3.4.1 Mechanical strains and motions within the fracture region 

The maximum absolute principal strain distribution in the fixated fractured bone - and 

specifically in the callus - for the real clinical postoperative fixation scenario (scenario 1), is 

shown in Figure 41. The tibia was predicted to be under bending in the region proximal to the 

fracture, with tension on the anteromedial side and compression on the posterolateral side 

(Figure 41). Strains within the cortical bone were predicted to be between -0.045% and 0.017%. 

Strains within the callus were higher, between -10% and +2.2%.  

3.4.1.1 Sensitivity analysis 

Screw positions, plate length and plate/screw material were altered in scenarios (2), (3), (4) and 

(5) respectively and the differences in mechanical strains within the callus were quantified. 

The strain distributions were similar in the different scenarios (Figure 41), however, 

considerably different strain ranges were determined. The maximum absolute principal strain 

maps of these scenarios can be found in Appendix G. Boxplots of the quantified minimum and 

maximum principal strain distributions within the callus for the five different investigated 

scenarios are shown in Figure 42A and Figure 42B respectively.  
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Figure 41: Maximum absolute principal strain [-] distribution of the fixated fractured tibia. Green box: callus 

region. Blue box: tibia bone region. Pink box: locking plate. 
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Figure 42: Boxplots of the minimum (A) and maximum (B) principal strains [-] within the callus for the five 

different fixation scenarios (S1-S5). Lower and upper box boundaries: 25th (Q1) and 75th (Q2) percentiles 

respectively, making up the interquartile range (IQR). Line inside box + number: median. Lower and upper error 

lines: Q1 – 1.5*IQR and Q2+1.5*IQR respectively. 
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It can be observed that the minimum principal (compressive) strains of the true clinical 

postoperative scenario (S1) and of the case with a fixation with a shorter plate length (S4) were 

between 0 and 10%. The compressive strains of scenarios with a larger working length (S2 and 

S3) were between 0 and 60% and 0% and 64% respectively. Simulation of fixation with a 

magnesium plate (S5) resulted in compressive strains between 0 and 29%. The maximum 

principal (tensile) strains of scenarios 1 and 4 were between 0 and 2.2% while the tensile strains 

of scenarios 2 and 3 were between 0 and 45% and 57%, respectively. The tensile strains of 

scenario 5 were between 0 and 6.5%. 

The quantified minimum principal strains and maximum principal strains along the path 

defined within the callus region going from the fixator side (medial) to the lateral side are 

shown in Figure 43 and Figure 44, respectively.  

 

Figure 43: Minimum principal strains [-] found along the path in the callus for the five different fixation scenarios. 

The path runs from lateral to medial, i.e., from far-cortex to near-cortex relative to the plate. Shaded region: 

reported optimal strain range for bone formation [13]. Notes: the scale of the callus is larger compared to the plate 

for visualization purposes; lines of S1 and S4 overlap. 
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Figure 44: Maximum principal strains [-] found along the path in the callus for the five different fixation 

scenarios. The path runs from lateral to medial, i.e., from far-cortex to near-cortex relative to the plate. Notes: the 

scale of the callus is larger compared to the plate for visualization purposes; lines of S1 and S4 overlap. 

It can be observed in Figure 43, that compressive strains decrease for all scenarios along the 

path from lateral to medial. Plate length did not considerably influence the strains within the 

callus. Similar strains were determined for the true clinical postoperative fixation scenario (S1) 

and the scenario with a shorter plate length (S4). From Figure 44, it can be observed that tensile 

strains increase along the path from lateral to medial for the scenarios with a longer working 

length (S3 and S4). For the other scenarios, predicted tensile strains are low (0-6.5%) and do 

not exhibit changes along the callus path.  

The relative motions in the axial (local U1) and shear (local U2) directions between the defined 

node pairs for the different scenarios are shown in Figure 45A and Figure 45B respectively.  
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Figure 45: Relative interfragmentary motions (IFMs) (mm) in the axial (A) and shear (B) directions between three 

node pairs in the callus region for the five different scenarios. The motions are quantified in the local coordinate 

systems defined by the node pairs, i.e., relative to the fracture lines.  
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Compressive axial IFMs of up to -0.38 mm were predicted for the true clinical postoperative 

fixation scenario (S1) (Figure 45A). Shear motions of up to 0.14 mm were predicted for this 

scenario (Figure 45B). This scenario was predicted to have the smallest axial and shear IFMs. 

A strong influence of screw positioning on both the axial and shear IFMs was determined. 

Highest axial (-2.83 mm) and shear (3.09 mm) motions were predicted for the plate with the 

highest working length (78 mm) (S3). In the two scenarios with a larger working length (S2 

and S3), tensile axial motions were predicted for the most medial node pairs nearest to the 

plate, while this was not the case for the other scenarios. For the plate with the highest working 

length (78 mm) (S3), a tensile axial motion was also predicted for the central node pair. For the 

other scenarios, higher compressive axial IFMs were predicted in the node pairs far from the 

plate (i.e., most laterally). Shear motions were predicted to decrease for node pairs further from 

the plate for all scenarios. For all scenarios, except for the scenarios with a higher working 

length, the direction of the shear IFM was reversed in the most lateral node pair (node pair 1) 

as compared to the central and medial node pairs.  



4  DISCUSSION 
In this study, a (semi-)automated workflow was established for the development of 3D 

patient-specific FE models of long bone fractures based on 2D X-ray images. The developed 

methodology was able to reconstruct the 3D geometry of a fractured tibia bone based on two 

orthogonal X-rays and patient characteristics (age, gender, weight, and height). This was done 

by developing methods to (1) generate an estimate of the patient-specific intact 3D bone shape 

using statistical shape modelling, (2) automatically model the patient-specific fracture lines 

into this shape, and (3) develop patient-specific FE models of the fixated tibia. It was shown 

that screw location considerably influences the mechanical strains within the healing region, 

which is known to influence healing outcomes. Fixation material had little effect on the 

predicted mechanical strains. Such knowledge could ultimately be incorporated into the pre-

operative planning of bone-fracture fixation surgery to support clinical decision-making 

regarding the optimal osteosynthesis for the individual patient in order to prevent implant 

failure and non-union development. 

It was shown to be feasible to develop these models using only limited clinical imaging data 

available in clinical practice (i.e., X-rays). The automated reconstruction of patient-specific 3D 

geometrical models of the fractured bone based on 2D X-ray images eliminates the need to 

acquire preoperative thin-slice CT scans. This has the potential to reduce radiation exposure 

for the patient. Additionally, this approach fits better within the current clinical routine of bone 

fracture management where a thin-slice CT scan of the whole fractured bone is not made.  

In the following sections, the presented methods and results will be discussed in more detail. 

For each step, results are discussed, as well as the assumptions and limitations of the 

methods taken to acquire these results.  

4.1 Tibial SSM 

An SSM of the tibia was established based on 50 segmented training shapes (i.e., 25 subjects). 

While some step artefacts were present after the segmentation of these shapes, these were 

smoothed out during morphing and PCA. Pre-alignment, estimation of the mean shape, 

correspondence establishment using a morphing approach, GPA and PCA of the shapes were 

automatically achieved using only open-source software.  

The distances between the morphed shapes and the original shapes were on average less than 

1 mm, and the maximum error was on average 1.5 mm. These errors are not clinically relevant 

[82], especially considering that they may also be attributed to the smoothing out of 

segmentation artefacts. 

The results from the PCA were in accordance with previously developed SSMs of the tibia. In 

this study, it was found that the first shape mode of variation was related to the length of the 
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tibia. Similarly, Tümer et al (2019) [40] found this to be related to the second shape mode. This 

difference in component order may be attributed to the fact that Tümer et al (2019) [40] scaled 

the tibiae prior to PCA. The second mode of variation of the tibia was found to be related to 

changes in the anterior border along the tibia shaft and the lateral and medial condyles and 

malleoli. Tümer et al (2019) [40] found the same variation to be related to the first shape mode. 

The third shape mode was found to be related to changes in the epiphyses in accordance with 

Tümer et al (2019) [40].  

4.2 Multilinear regression models  

Regarding correlations with patient characteristics, gender was found to be related to changes 

in the condyles of the tibia (2nd shape mode), which is in line with work from Bellemans et al 

(2010) [83], Wise et al (2016) [84] and Brzobohatá et al (2015/2016) [85][86]. Additionally, it was 

found that the length of the tibia was strongly correlated with all patient characteristics 

including gender, which is also in line with work from Bellemans et al (2010) [83] and Bruce et 

al (2022) [87].  

However, no Bonferroni adjustment for multiple comparisons was done in the current study. 

Furthermore, the correlations were not sufficient to be able to predict a patient-specific tibial 

geometry accurately. On a test case not included in the SSM and regression models, errors of 

more than 20 mm were found when attempting to reconstruct the tibial geometry based on 

patient characteristics. Even though one case is not sufficient to assess the models’ 

performance, it does demonstrate how (in-)accurate the reconstruction can be for a specific 

patient. 

Regarding the training cohort, the sample size and the number of females involved in the 

dataset were limited. The small dataset could affect the statistical power of the models. 

Additionally, the chosen age range could affect the generalizability of the model, especially 

considering that the age of the test case of the patient with a spiral diaphyseal tibial fracture 

was not within the age of the cohort used to train the SSM and multilinear regression models. 

Furthermore, there were significant correlations between the patient characteristics height and 

age (male: r = .57, p < .05; female: r = .68, p < .05) in the training cohort. This correlation should 

not exist in an adult population and is likely a coincidental result of using a limited age-

selected training cohort. Even though collinearity was corrected for using standardization of 

the variables, this could still impact the estimation of the multilinear regression coefficients. In 

future studies, a larger training population should be used.  

Another limitation of the developed SSM is that only the outer cortical surface was included. 

Therefore, patient-specific trabecular bone geometries could not be established using the 

model. In this study, the cortical thickness was assumed to be uniform throughout the tibia 

and the space in between was assumed to be filled with bone marrow. Since the study aimed 

to predict the strains within the callus, it can be assumed that cortical thickness will not have 

a strong influence on the predicted strains. However, this remains to be investigated. 
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Additionally, bone density distribution and therefore heterogeneous bone material properties 

were not included in the model. Including bone density in the statistical shape model could 

simplify the automated 2D/3D registration of the SSM to two orthogonal X-rays. Future studies 

should therefore aim for the development of an SSAM which takes into account patient-

specific bone density distribution as well.  

4.3 SSM-to-patient fitting 

Nevertheless, in this study, it has been shown that it is feasible to estimate the 3D shape of a 

patient-specific intact tibia based on the SSM, patient characteristics and two orthogonal X-

rays. An important condition is that the X-rays of the fractured tibia are not displaced (i.e., like 

the clinical test case), such that the contours of the bone are continuous and correspond to 

intact tibia contours. For the clinical fractured tibia case, 3D reconstruction was achieved in 

under 30 seconds with a mean contour distance of less than 2 mm for both frontal and lateral 

X-ray views. Maximum distances reached up to 4.44 mm in the regions around the distal 

epiphysis. It should however be noted that this error could also be attributed to the fact that 

the X-rays of the test case concern a fractured tibia which might not be perfectly reduced. 

Additionally, it should be pointed out that the true 3D tibial shape of this clinical test case is 

not known because the CT scans were not available. Therefore, the estimated geometries of 

this case could only be assessed in 2D based on the X-rays and not in 3D. Additional validation 

was therefore performed using a CT scan of an intact tibia, that was not previously used as 

training data for the SSM and multilinear regression models. For this test case, the 3D shape 

was reconstructed based on the DRRs of the CT scans. The reconstructed 3D shape had a mean 

error (i.e., Hausdorff distance) of less than 1 mm. The maximum error reached up to 4.22 mm, 

in the regions around the proximal and distal epiphyses.  

Future work should include fractured patient cases that have preoperative CT scans of the 

fractured tibia available. Additionally, the developed fitting algorithm requires assumptions 

about the X-ray setup used to acquire the X-rays. It is assumed that the X-ray planes are exactly 

orthogonal. Additionally, the source-imager-distance and source-object distance are required. 

These parameters are usually not available in the DICOM files but could be stored during 

acquisition.  

4.4 Fracture line modelling 

The fracture lines were extracted from the X-rays manually and introduced into the intact 3D 

tibia shape automatically using polyhedron cropping. Fracture lines were only extracted from 

the frontal X-rays, disregarding the additional data that could be collected from the lateral X-

rays to improve the 3D fracture line estimation. Future studies should assess whether this 

might improve the 3D fracture line estimation using a test case where the true fracture lines in 

3D space are known. In the current study, this was not yet possible due to the unavailability 

of this data.  
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Furthermore, the developed polyhedron cropping methodology requires assumptions 

regarding the depth of the fracture line in the anteroposterior direction, since this information 

is lost during X-ray projection. During back-projection, it was assumed that the depth of the 

fracture lines is constant for anterior and posterior fracture lines. However, in reality, this is 

not true since the tibia is approximately cylindrical. To solve this limitation in future studies, 

the projected fracture line coordinates could iteratively be matched to points on the 3D tibia 

surface.  

For now, the postprocessing of the fracture fragment geometries was done manually through 

the GUI of Meshmixer since it was only required for one test case. However, this step could 

also be automatized using the scripting Application Programming Interface (API) for 

Autodesk Meshmixer26. 

4.5 FE models & analysis  

FE analysis of the fixated fractured bone of the test case predicted compressive strains within 

the fracture region in the range of 0-10% with a median value of 2%. This range has previously 

been reported in the literature to be optimal for bone formation [11], [13], [88]. Increasing the 

plate working length by changing the screw positions led to much higher compressive strains 

(almost 10 times as high). This is in line with previous studies [60], [63], [89]. Additionally, 

large tensile strains were also found in these scenarios, which were negligible in the other 

scenarios (<1% for the true clinical scenario and <2% for the scenario with a magnesium plate). 

It has been proposed that delayed healing and non-union might occur when the strains are 

over a certain threshold (i.e. 10%) [88]. These results suggest that having an excessive plate 

working length might result in such complications. Therefore, the current workflow allows for 

an informed decision on the appropriate locking plate fixation configuration and has the 

potential to minimize the negative impact of excessive strains on bone healing. Decreasing the 

plate length, while keeping the same screw configuration, had no impact on the biomechanical 

conditions within the fracture gap. Currently, used fixation plates are made of titanium or 

stainless steel, which are not resorbable, creating the need for a second surgery to remove the 

plate in some cases. Ideally, plates should be resorbable, and magnesium has been suggested 

as an alternative to conventional titanium and stainless-steel alloys [72]. Changing the material 

properties of the plate to magnesium, which has a lower elastic modulus, did result in a three-

fold increase of the strains in the callus. This could be beneficial in scenarios where the bone is 

subjected to lower loads. However, in the current simulated postoperative scenario, the true 

clinical postoperative fixation scenario was predicted to be most appropriate.  

To the author’s knowledge, the mechanical environment within the fracture region after 

osteosynthesis of a spiral tibial fracture has not been investigated in previous studies. 

However, the found IFMs and strains of the clinical postoperative fixation scenario are 

comparable to values reported in previous in silico, in vitro and in vivo studies of transverse 

 
26 https://github.com/meshmixer/mm-api  

https://github.com/meshmixer/mm-api
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and oblique fractures. In the current study, axial compressive IFMs up to 0.38 mm and 

compressive strains up to 10% were found for the true clinical postoperative fixation scenario 

where the fractured bone was fixated with a working length of 52 mm. Shear IFMs of 0.11 mm 

were found for this scenario. Kenwright et al (1998) [11] reviewed studies that measure IFMs 

throughout healing in patients with tibial diaphyseal fractures treated by external skeletal 

fixation and found similar results up to seven weeks after fracture. Similarly, Miramini et al 

(2016) [61] simulated and measured axial and shear IFMs in silico and in vitro of oblique (45 

degrees) tibia fractures fixated with plates with a working length of 30 mm. They found 

displacements of approximately 0.24 mm and 0.14 mm in axial and shear directions 

respectively for loads up to 200 N. Duda et al (2002) [15] also simulated and measured IFMs in 

tibiae with transverse defects and found axial displacements of 0.27 and 0.29 mm, respectively, 

for loads up to 500 N. They found simulated inter-fragmentary axial strains up to 25% under 

physiological loading of up to 2070 N. Loads in the current study were different (i.e., 800 N). 

However, the strains and motions scale linearly with the applied load since a linear analysis 

was conducted. Considering this, the strains and motions are comparable to these studies [15], 

[61]. Duda et al (2002) [15] also found that an increase in working length led to a considerable 

reduction in implant loading and increased loading of the bone, in line with the results 

presented here. It should be noted that in the current study, some very high strains were found 

along the edges of the callus, which were marked as outliers. These strains can likely be 

considered numerical artefacts, e.g., due to the merging of nodes and steep geometrical edges.  

Additionally, the distribution of the strains and IFMs throughout the callus (i.e., from the 

lateral cortex to the medial cortex near the plate) is comparable to previously reported studies 

[61], [90], [91]. In this study, it was found that compressive strains on the lateral edge of the 

callus (far from the plate) are up to five times as high as compared to strains on the medial 

edge of the callus (near the plate). Tan et al (2021) [91] also found a five-fold increase in strains 

across the callus using FE analyses of a fixated transverse fractured tibia. For the axial IFMs, 

this effect was even more pronounced, with an observed increase of almost 40 times. Miramini 

et al (2016) [61] reported similar results in their FE simulation of fixated oblique tibia fractures. 

Among fractures of 30 degrees, they observed an increase in axial IFMs across the callus of 

approximately seven-fold for a load of 200 N. For steeper fractures of 45 degrees, they found 

that the axial IFM turned into a tensile motion for node pairs nearest to the plate. In the current 

study, this effect was only found for the scenarios with an increased working length. For the 

fixation scenarios with the true clinical working length in the current study, the difference 

from lateral to medial was not found for the tensile strains, which were in general very small 

throughout the callus (<1%). For fixation scenarios where larger working lengths were 

simulated, high tensile strains were found on the medial side of the callus (near the plate). 

Tensile strains near the plate were also observed by Miramini et al (2016) [61] and Duda et al 

(2002) [15].  

To conclude, FE results show that the current models are informative to assess the healing 

potential of the fixated fractured bone and results are in line with previous studies. However, 
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the FE models were simplified as compared to physiological reality to decrease the complexity 

of the simulations. Simplifications and limitations of the models are discussed in the following 

sections. 

4.5.1 Geometries and meshing 

First of all, it should be noted that no mesh convergence analysis was performed. Since this 

study deals with challenging complex geometrical features around the fracture zone, a 

relatively coarser mesh could not be generated. Therefore, a mesh sensitivity analysis could 

not be run. However, previous studies have performed mesh convergence analyses [60], [69], 

and the number of elements used in this work was shown to be appropriate to model tibial 

locking plate fixation and assess fracture gap biomechanics [60].  

Furthermore, physical screw geometries were used rather than beam elements with multi-

point constraints [63], [92]. It has been reported that such simplified models have a strong 

impact on the local stress and strain environment within the assembly [60], [63], [92]. Since 

screws are passing through the fracture zone of the clinical test case, this was deemed 

undesirable.  

Lastly, the effects of the fracture gap size were not investigated. It has been previously reported 

a larger fracture gap leads to decreased strains in the fracture zone [61], [88]. In the current 

study, a relatively large fracture gap size (i.e., 4 mm) was simulated which is easier to mesh.  

4.5.2 Materials 

Homogeneous, isotropic, linear elastic material models were used, which have previously 

been shown to be reasonable for modelling tibial fracture gap biomechanics [60]. Since only 

short-term quasi-static loading was considered, this was deemed reasonable. However, for 

long-term predictions, fatigue effects may play a role. Furthermore, using an SSAM that 

includes bone density as well, would allow for the assignment of heterogeneous patient-

specific material properties.  

4.5.3 Interactions & boundary conditions 

Interactions between the different parts of the FE models were modelled using tie constraints. 

The threadless screw shafts were tied to the screw hole surfaces within the bone, with the 

rationale that there are negligible motions at these interfaces during sub-failure conditions 

[19], [52], [90], [93]. This has been previously reported to not significantly influence gap strain 

predictions [87]. Locking screw connections with the plate were also modelled using tie 

constraints as is done in most previous studies [60], [69], [92]–[94]. The contact between the 

bone and the plate was not modelled since it was assumed that these parts never come into 

contact. This assumption has been made in multiple validated previous studies [60], [95]. More 

complex frictional contacts have also been previously proposed [94], [96] but since this led to 

convergence issues and increased simulation times, this was omitted in the current study. 

Additionally, locking plate/screw systems do not require contact between the plate and the 

bone since the loads are mostly carried by the screws and fragments are stabilized by the 
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locking mechanism between the screws and plate [32], [33]. Additionally, small deformations 

of the tibia were expected and predicted in the postoperative loading scenario. 

To prevent rigid body motions, the articular surfaces were constrained to single points in space 

considered to be the centres of the joints. It was assumed that these joints act as pin supports 

that allow rotation, while translation is fixed in all directions (except for translation in the axial 

direction for the knee joint). This is a common assumption for the fractured tibia [15], [60], [63], 

[97]. Even though the pin condition allows unlimited rotation, while in vivo transverse 

rotations do not exceed ± 3 degrees [98], it is unlikely that the loads present in the immediate 

postoperative period cause enough deformation to exceed allowable movements at the joints 

[60]. In the simulated scenarios, the rotation at the joints did indeed not exceed 0.6 degrees. It 

has also been previously proposed to constrain the bone by fixation of both translations and 

rotations at both ends of the bone. However, this has been previously reported to lead to an 

underestimation of the natural deformation of the bone through bending [80]. 

4.5.4 Loading 

To the author’s knowledge, the exact postoperative loading conditions that act on the tibia 

after fracture fixation surgery are not known. To quantify the loads acting on the tibia during 

daily activities, both in vivo measurements, as well as inverse dynamic models, have been 

previously deployed by different authors. However, how these loads are altered in case of a 

fracture is controversial and dependent on many factors such as postoperative rehabilitation 

plans, assist devices and patient compliance [94]. Additionally, internal loads generated by 

muscle forces are almost impossible to control and hard to measure [63].  

Ideally, individualized accurate forces would be deduced using full-body musculoskeletal 

models, including ligaments, tendons, and muscles [99], [100]. This should be considered for 

future studies. However, in the current study, the resultant load was assumed to act purely 

axial and was idealized as a single concentrated point force applied to the tibia plateau. St. 

Ventant’s principle provides the foundation for this idealization – i.e., even though this 

idealization will not be valid for regions near the load application point, it should be valid for 

the fracture region within the diaphysis [97]. Furthermore, previous studies by Duda et al 

(2002) [15] and Braun et al (2021) [99] have included individualized joint forces and muscle 

forces and predicted comparable strains in the fracture region.  

4.6 Future outlook  

The aforementioned limitations should be addressed in future studies. Additionally, future 

studies should consider addressing the following general limitations of the proposed 

workflow.  

In the current study, only the immediate postoperative period was simulated. Thus, the effects 

of stiffening of the callus were not considered. Future studies could couple the developed FE 

models with agent-based bone healing models to incorporate these stiffening effects [20], [101]. 

Using the FE models, volumetric strains and octahedral shear strains could be calculated 
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according to Claes and Heigele [35] and Shefelbine [14]. These strains could subsequently be 

used in mechanical stimulus equations to predict tissue differentiation and used to adjust the 

initial material properties of the FE model [101], [102]. In this way, the longer-term fracture 

healing and cell differentiation pattern could be assessed. 

Furthermore, the proposed methods are currently only suitable to model non-displaced 

fractures, since displaced fractured bones are not part of the SSM. To make the established 

workflow suitable to model displaced fractured bones, the extracted contours should first be 

reduced to their original anatomical position on the X-rays before further processing. Another 

option is to split the developed SSM into fracture fragments, and use these partial SSMs to 

reconstruct the 3D fragments in line with work from e.g. Schumann et al (2016) [103] and Gong 

et al (2009) [104]. Subsequently, the reconstructed displaced bone fragments could also be 

automatically reduced to their anatomical position, either using ICP methods or fracture line 

matching [9], [10], [105]–[110]. 

Additionally, the workflow is not fully automated yet – manual indications of bone contours 

and fracture lines are required to construct the 3D geometries. Furthermore, the workflow 

requires assumptions regarding the X-ray setup used to acquire the X-ray images. These 

limitations could be addressed by using an SSAM for pose and shape optimization (rather than 

an SSM) and by employing e.g., canny edge or active snake algorithms for fracture line 

detection [111], [112]. 

Lastly, the obtained fractured bone geometries and FE results of the tested patient case are not 

yet validated in the current study. In future studies, a larger test dataset should be used to 

validate the success of the workflow. For these test cases, CT scans should also be available 

such that the true 3D bone fragment geometries are known. Additionally, IFMs and/or healing 

outcomes of the test cases could be used for validation of the FE results.



5 CONCLUSIONS  
In this study, a semi-automated computational simulation workflow was established to 

determine the mechanical environment of a fixated tibial fracture based on 2D X-ray images 

and patient characteristics. Currently, such a biomechanical analysis is lacking in the 

preoperative planning of tibial fracture fixation surgeries, which have high revision and non-

union rates of up to 15% and 23% respectively [5], [9]. The established workflow consisted of 

three main steps, i.e. (1) estimation of the intact 3D bone shape based on two orthogonal X-

rays and patient characteristics using an SSM of the tibia, (2) modelling of the fracture lines as 

detected on the X-rays in the intact 3D bone shape, and (3) FE analysis of the fixated fracture 

using the automatically created geometries. The main findings of this study can be 

summarized as follows: 

• An SSM of the healthy tibia was established based on CT scans of 25 subjects (15 male, 

age = 60 ± 5.5; 10 female, age = 51 ± 7.1) and the first five shape modes captured 90% of 

the total shape variation in the training cohort. Significant correlations were found 

between the first shape mode, which described shape changes in the tibial length, and 

patient gender (r = .69; p < .001), age (r = .55; p < .001), weight (r = .38; p < .001), and 

height (r = .73; p < .001), in line with previous studies [40], [83]–[86]. 

• Based on patient characteristics and two orthogonal X-rays, the intact shape of an 

unfractured unseen tibia could be reconstructed with a mean error of 0.81 mm and a 

maximum error of 4.22 mm. The highest reconstruction errors were found on the lateral 

tibial plateau and tibiotalar articular surface. 

• FE analysis of an axially loaded (800 N) tibia with a spiral diaphyseal fracture fixated 

with a locking plate, predicted compressive strains in the fracture region in a range 

reported to be optimal for bone formation (0-10%; median: 2%) [13]. The magnitude of 

the compressive strains was predicted to increase further away from the fixation plate 

as compared to nearer to the plate. A strong effect of screw positioning around the 

fracture zone was determined: increasing the fixation working length by 13 mm 

increased the predicted compressive strains by more than 10 times. Additionally, the 

callus tissue near the plate was predicted to be under tension in this scenario. 

Increasing the flexibility of the locking plate by using a magnesium plate, lead to an 

increase of the compressive strains by 185%. Such excessive strains could lead to a high 

level of fibrous tissue formation and potentially delay healing or non-union [61]. These 

results were in line with results reported in previous studies [11], [15], [61], [90], [91]. 

Such a workflow could potentially be used to predict the healing potential of the fracture 

considering the chosen osteosynthesis and patient-specific weight-bearing input. This might 

allow for better informed preoperative planning of bone fracture fixation surgery. It was 

shown to be feasible to develop such models using readily available clinical imaging data that 
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is routinely collected prior to bone fracture fixation. While the presented results are in line 

with previously reported studies, further validation of the established workflow is warranted. 

Furthermore, future work should focus on fully automating the suggested workflow. 



6 APPENDICES 

Appendix A: Segmentation methods in 3D Slicer 

To segment the tibia bones from the acquired CT scans, the following steps were taken in 3D 

Slicer27 (Version 4.11):  

1. Load DICOMs, 

2. Thresholding: min (~266) – max (~3000) Houndsfield Units, 

3. Manual separation from femur/tibia/talus using erase functions, 

4. Islands - Keep selected island, 

5. Smoothing - closing: fill holes - kernel size 1-2-3-4 mm, 

6. Manual closing of bone borders using paint function, 

7. Smoothing - fill holes - kernel size 1-2-3-4 mm, 

8. Logical operators – invert, 

9. Islands - Keep largest island, 

10. Logical operators – invert, 

11. Smoothing - median - kernel size 1-2-3-4 mm. 

 

 
27 https://www.slicer.org/  

https://www.slicer.org/


Appendix B:  SSM-to-patient fitting and fracture line back-projection 

SSM projection 

To perform the SSM-to-patient fitting, 2D projections in anteroposterior (AP) and mediolateral 

(ML) planes were made of the 3D SSM realizations in each iteration of the fitting algorithm. In 

this section, the used equations to generate these projections are detailed. The assumed 

projection setup is depicted in Figure B-3. 

An initial educated guess for the distance between the centroid of the tibia and the imager 

(object-imager distance (OID)) in AP view was set to 9 cm for the test case, considering the 

usual position of the tibia in an X-ray set-up and a typical thickness of the calf. Using the ratio 

of the measured bone lengths from AP and ML X-rays and the assumed X-ray projection setup, 

an initial educated guess for the OID in ML view was computed using:  
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Where SID is the source-imager-distance, SOD is the source-object-distance and r is the ratio 

of measured bone lengths. Planar projections of the 3D SSM shape realization (i.e., point cloud) 

onto AP and ML planes were established using the perspective transform of a set of points 

that is depicted in Figure B-1. Equations were adapted from Pyakurel (2020) [58]. 

 

Figure B-1: Projection of a point in a point cloud onto a plane. Note: From [58]. 

The plane P  is defined by the general plane equation 0Ax By Cz D+ + + = . Figure B-1 shows 

that the projection of a point 1 1 1( , , )x y z  onto the plane P is the intersection between the plane 
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P  and the line L  which passes through the optical centre 0 0 0( , , )x y z  and the given point. This 

line L  is given by:  

 
1

1

1

x x at

y y bt

z z ct

= +

= +

= +

 (B2) 

with a, b, c the direction cosines of the line L , given by: 

 

1 0

2 2 2
1 0 1 0 1 0

1 0

2 2 2
1 0 1 0 1 0

1 0

2 2 2
1 0 1 0 1 0

( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

x x
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x x y y z z

y y
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x x y y z z

z z
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x x y y z z







−
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− + − + −

−
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−
= =
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 (B3) 

with , ,    the angles of the lines passing through each of the points. Solving for t  at the 

intersection between L  and P  gives us: 

 
1 1 1

1 1 1

( ) ( ) ( ) 0

/

A x at B y bt C z ct D

Ax By CZ D
t

aA b b cC

+ + + + + + =

+ + +
 = −

+ +

 (B4) 

Plugging this into equations (B2) gives us: 
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 (B5) 

For AP projections of the point cloud PCD, the plane parameters , , ,A B C D and the optical 

centre 0 0 0( , , )x y z  were set to: 

 

0,

0,

0,

0

1
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= −

=

= +
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= −
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 (B6) 

For ML projections of the point cloud PCD, the plane parameters , , ,A B C D and the optical 

centre 0 0 0( , , )x y z  were set to: 
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0,
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    (B7) 

To perform the SSM-to-patient fitting, the following figures and equations were used: 

 

 

1. Initialization of the shape parameters sb  using the multilinear regression models 

described in section 2.1.2 using equation (10). 

2. Optimize shape parameters sb such that AP and ML projections of the SSM 

realization 1

1

c

s s

s

b 
=

= +x x  have equal bounding box dimensions as AP and ML X-ray 

contours APX  and MLX . To achieve this, the following steps were performed in each 

iteration: 

Figure B-2: Definition of the 

reliable, repeatable coordinate 

system with respect to the 3D 

tibia instance and its 

projections. x-axis = 2nd 

principal axis. y-axis = 3rd 

principal axis. z-axis = 1st 

principal axis. Origin: most 

inferior, lateral, anterior point 

of 2D projections of 3D shape. 

 

 

Figure B-3: Assumed X-ray projection setup for anteroposterior (AP) in 

orange and mediolateral (ML) in blue. SOD: source-object-distance, OID: 

object-imager-distance, SID: source-imager-distance, S: superior, P: 

posterior, M: medial. 
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a. Position SSM realization in the repeatable coordinate system as depicted in 

Figure B-2 with neutral pose in X-ray setup as depicted in Figure B-3 using 

equations (B1), 

b. Project SSM realization in AP and ML planes using equations (B5) and 

parameters (B6) and (B7) for AP and ML projections respectively, i.e.,

( )
sAP bproj x  and ( )

sML bproj x , 

c. Compute bounding box dimensions of AP and ML projections using PCA, i.e., 

dim ( ( ))
sAP bBB proj x  and dim ( ( ))

sML bBB proj x , 

d. Minimize cost function:

dim dim dim dimmin | ( ) ( ( ) ( ) ( ( )) |
s s sb AP AP b ML ML bBB BB proj BB BB proj− + −X x X x  (B8) 

3. Transform AP and ML X-ray contours to coordinate system as depicted in Figure B-2 

using bounding boxes and assumed X-ray setup as depicted in Figure B-3: 

a. Input coordinates: x and z for AP, y and z for ML X-ray contours 

b. Translations: align bounding box centres, i.e.: 

 
1

1

t = -BB ( ) ( ( ))

t = -BB ( ) ( ( ))

AP center AP center AP

ML center ML center ML

BB proj

BB proj

+

+

X x

X x
 (B9) 

c. Rotation: align first principal components of bounding boxes of AP and ML X-

ray contours with bounding boxes of AP and ML projections of SSM 

realization, i.e.: 

 

1

1 1 1

1

1 1 1

cos ( ( ) • ( ( )))

cos ( ( ) • ( ( )))

AP AP AP

ML ML ML
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
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−

−

=

=

X x

X x
 (B10) 

d. y and z coordinates for AP and ML respectively: 

 
1

1

( ).

( ).

AP AP

ML ML

y centroid y OID

z centroid z OID

= +

= +

x

x
 (B11) 

4. Refine shape parameters sb and pose T  such that the distances between the concave 

hulls of AP and ML projections of the transformed SSM realization 

1

)(
s

c

b s s

s

b 
=

= +Tx T x and the AP and ML X-ray contours APX  and MLX are minimal. 

To achieve this, the following steps were performed in each iteration: 

a. Position SSM realization in the repeatable coordinate system as depicted in 

Figure B-2 with pose T  in X-ray setup as depicted in Figure B-3 using 

equations (B1) 

b. Project SSM realization in AP and ML planes using equations (B5) and 

parameters (B6) and (B7) for AP and ML projections respectively, i.e.,

( )APproj Tx  and ( )
sML bproj Tx , 
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c. Compute the concave hull points of AP and ML projections of the 

transformed SSM projections ( ( ))
sAP bC projH Tx  and ( ( ))

sML bC projH Tx  

using the concavehull28 function with a chi factor of 0.01, 

d. Optimize sb and T  such that the root-mean-square of Euclidian distances 

between the AP and ML concave hull points ( ( ))
sAP bC projH Tx and 

( ( ))
sML bC projH Tx and the AP and ML X-ray contour points APX  and MLX is 

minimized, i.e.: 

i. For each point 
,

,
sb

AP i

T
p  and 

,

,
sb

ML j

T
p in APX  and MLX  respectively, find the 

closest point 
,

,
sb

AP i

T
q  and 

,

,
sb

AP i

T
q  in ( ( ))

sAP bC projH Tx and 

( ( ))
sML bC projH Tx respectively using the Open3D29 library,  

ii. Compute Euclidian distances between the matched point pairs 
, ,

, ,( , )s sb b

AP i AP id
T T

p q  and , ,

, ,( , )s sb b

ML j ML jd
T T

p p , 

iii. Minimize cost function: 

 

,
, , , ,

, , , ,

, 1

,

( , ) ( , )
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s s s s

s

N M
b b b b

AP i AP i ML j ML j

i j

b

d d

N M

=

+

+


T T T T

T

p q p q

 (B12) 

Back-projection 

To be able to introduce the obtained fracture lines into the intact tibia model, they were first 

transformed to the coordinate system of the AP and ML projections (x- and z-coordinates for 

AP, y- and z-coordinates for ML) as depicted in Figure B-2. This was done using 

transformations obtained from the bounding boxes of the AP and ML X-ray contours APX  

and MLX , and the first SSM shape realization 1x  retrieved from the bounding box fitting, i.e.: 
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1

1

1 1 1
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 Their y- and x-coordinates for AP and ML points respectively, were obtained from the 

assumed X-ray setup outlined in section 2.1.3.3.2 using: 

 
1

1

( ).

( ).

AP AP

ML ML

y centroid y OID

z centroid z OID

= +

= +

x

x
 (B14) 

Next, the projected anterior and posterior fracture line coordinates were back-projected to 

their unprojected position in 3D space. This was done using inverse projection geometry (see 

 
28 https://github.com/senhorsolar/concavehull  
29 http://www.open3d.org/docs/latest/tutorial/Basic/icp_registration.html  

https://github.com/senhorsolar/concavehull
http://www.open3d.org/docs/latest/tutorial/Basic/icp_registration.html
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Figure B-4). However, during 3D/2D projection, depth information (the y-coordinate in the 

case of AP projection) is lost. The depth (i.e., y-coordinates) of the anterior fracture line was 

therefore assumed to be equal to the y-coordinate of the most anterior edge of the tibial 

diaphysis at the level of the fracture in ML view ( 1, [0]A MLy = d ). For the posterior fracture line, 

the y-coordinates were set to the y-coordinate of the most posterior edge of the tibial diaphysis 

at the level of the fracture in ML view (( 1, [1]P MLy = d ).  

As can be deducted from Figure B-4, the 

back-projected z-coordinate 1z  is 

obtained by: 

0
1 1 0 0

0

( )
z z

z y y z
y y

−
=  − +

−
      (B15)  

Equivalently, the x-coordinate 1x is 

obtained using: 

0
1 1 0 0

0

( )
x x

x y y x
y y

−
=  − +

−
       (B16) 

Using the back-projected fracture line 

coordinates AFL  and PFL , and the bounding box ,( )
sb finalBB Tx of the intact 3D bone shape, 

polyhedrons were automatically constructed that were used to crop the intact 3D bone shape 

in two fracture fragments (see Figure B-5). The anterior fracture line was used to crop the 

point cloud until halfway across the tibial shaft at the level of the fracture in the y-direction, 

while the posterior fracture line was used for the posterior 

half, i.e.: 

,min min ,

,max

,min

,max max ,

( ).

1
( [0] [1])

2

1
( [0] [1])

2

( ).

s

s

A b final

A ML ML

P ML ML

P b final

y BB y

y

y

y BB y

=

= +

= +

=

Tx

d d

d d

Tx

 (B17) 

with APd  and MLd  points indicated by the user on the outer 

edges of the tibial diaphysis at the level of the fracture on 

the AP and ML X-rays respectively. ,minAy  and ,maxAy

represent the minimum and maximum cropping depth of 

the anterior fracture line polyhedron while ,minPy and ,maxPy

represent the minimum and maximum cropping depth of 

the posterior fracture line polyhedron. 

Figure B-5: Constructed polyhedrons 

used to clip intact 3D bone shape into 

two bone fracture fragments. AFL : 

anterior fracture line; PFL : 

posterior fracture line. 

Figure B-4: Inverse projection geometry used for back-

projection of AP projected fracture line points. Geometry to 

obtain x-coordinate is equivalent. y1 assumed to be known. 
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Appendix C: DRR Generation in 3D Slicer and pre-processing 

The performance of the SSM-to-patient fitting algorithm was tested on an intact validation 

case. Because no X-rays of this case were available, DRRs were first generated using the CT 

scans of this case using 3D Slicer. This was done by following the steps below: 

1. Load CT volume (THIN_BONE_L_EXT.nrrd) 

2. Crop volume such that the left tibia is omitted from the CT:  

a. Crop Volume module 

b. Input Volume: THIN_BONE_L_EXT 

c. Input ROI:  

d. Dimensions: 256, 512, 1494 (only change LR dimensions!) 

e. Untick interpolated cropping 

f. Output ROI: THIN_BONE_L_EXT_cropped 

3. Segment the right tibia using steps detailed in Segmentation methods in 3D Slicer 

4. DRR generation module (all in LPS coordinate system) 

a. CT Input Volume: THIN_BONE_L_EXT_cropped 

b. DRR output volume - create new volume as – DRR_frontal 

c. SAD: 910 

d. SID: 1000 

e. View-up-vector: 0,0,1 

f. Normal vector  

i. For frontal (from posterior to anterior) 0,-1,0  

ii. For lateral (from right to left): 1,0,0 

g. Isocenter position: -113.596, 168.470, -1100 

h. Resolution: 2466, 3040 

i. Spacing: 0.14, 0.14 

j. Image window: 0,0,2465,3039 

k. Autoscale range: 0, 255 

l. Threshold below:  

m. Exposure type: uniform 

n. Leave other settings as default 

5. In python interactor:  

volumeNode = slicer.util.getNode("DRR_frontal") 

voxels = slicer.util.arrayFromVolume(volumeNode) 

np.save(‘DRR_frontal.npy',voxels) 

 

volumeNode = slicer.util.getNode("DRR_lateral") 

voxels = slicer.util.arrayFromVolume(volumeNode) 

np.save(‘DRR_lateral.npy',voxels) 
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The generated DRRs were pre-processed through a custom-made GUI, equivalently to the 

patient case as detailed in section 2.1.3.2. The pre-processed DRRs are shown in Figure C-1. 

 

 

Figure C-1: Custom-made GUI that requires the user to indicate the contour points on the AP and ML X-rays. AP: 

anteroposterior, ML: mediolateral. X-rays are DRRs acquired from the CT scans of the validation case from the 

New Mexico database. 

  



Appendices 

91 

 

Appendix D: Postprocessing in Meshmixer 

The bone fracture fragments were post-processed in Autodesk Meshmixer30 (Version 3.5.474, 

Autodesk, Inc., California, USA).  

Fragment postprocessing 

The fracture lines were smoothed to prevent meshing issues in a later stage. Additionally, 

the fracture fragment meshes were closed, since the clipping in the previous step creates a 

hole in the mesh. This was done using the following steps: 

1. Import bone fracture fragment STL file 

2. Select all – edit – flip normals 

3. Select all – modify – smooth boundary 

a. Smoothness: 100 

b. Preserve shape: 100 

c. Iterations: 30 

d. Border rings: 2 

e. Repeat these steps once 

4. Inspector – Hole fill mode: flat fill – Small thresh: 0.01 mm – Auto Repair All 

5. Export – STL ASCII Format 

Bone marrow surface reconstruction 

The bone marrow (and thus the inner cortical surface) was reconstructed by offsetting the 

outer cortical surface of the tibia by -5 mm in the direction normal to the bone surface. This 

was done using the following steps: 

1. Import intact 3D bone shape STL file 

2. Select all – edit – flip normals 

3. Select all – edit – off-set 

a. Distance: -5mm 

b. Accuracy: 50 

c. Regularity: 25 

d. Soft Transition:0mm 

4. While mesh is still selected: edit – Separate 

5. Select bone marrow mesh – edit – flip normals 

6. Export – STL ASCII Format 

Callus geometry reconstruction 

A callus geometry was created in Meshmixer by selecting the bone surface around the 

fracture region and extruding this surface in all directions by 2 mm in the direction normal to 

the surface. To do this, the following steps were taken: 

 
30 https://meshmixer.com/  

https://meshmixer.com/
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1. Import intact 3D bone shape and fracture fragment STL files 

2. Make sure the fracture lines are visible on the intact 3D bone shape 

3. Select – Brush mode – size: 25 mm 

4. Manually select faces surrounding the fracture lines 

5. Modify – optimize boundary 

6. Modify – smooth boundary 

a. Smoothness: 100 

b. Preserve shape: 100 

c. Iterations: 30 

d. Border rings: 2 

e. Repeat these steps once 

7. Edit – separate 

8. Hide all other geometries such that just the separated faces are active  

6. Analysis – Inspector – Hole Fill Mode: Flat Fill– Small thresh: 0.01 mm – Auto Repair 

All 

7. Edit – Generate face groups – edge angle - angle threshold: 12 

8. Select the most superior surface – Edit – Extrude 

a. Offset: 5 mm 

b. Harden: 0 

c. Density: 20 

d. Direction: y-axis  

9. Select all – Deform – Smooth 

a. Smoothing Type: Shape preserving 

b. Smoothing: 1 

c. Smoothing scale: 4 

d. Constraint Rings: 3 

e. Repeat these steps once 

10. Select all – Edit – Offset  

a. Distance: 2 mm  

b. Accuracy: 100 

c. Regularity: 25 

d. Soft transition: 0 

11. Export – STL ASCII Format 
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Appendix E: Post-processing & assembly in SOLIDWORKS 

The STL files of the fracture fragments, callus and reconstructed intact inner and outer 

cortical bone surfaces were further post-processed and assembled in SOLIDWORKS (Student 

Edition 2022, Dassault Systèmes, France). 

Convert intact bone geometries to B-spline representations 

First, the geometries were converted to 3D non-uniform rational B-spline (NURBS) 

representations. This was done using the following steps: 

1. Import bone STL files as ScanTo3D objects: 

a. Tools – Add-Ins – tick ScanTo3D 

b. File – Open – select ScanTo3D Mesh Files – select file – Open  

2. Tools – ScanTo3D- surface Wizard 

a. Select mesh 

b. Automatic creation 

c. Surface detail – position slider in the middle 

d. Update preview 

e. Play with feature lines until there are no errors  

i. Edit feature lines 

ii. Relax feature lines 

3. Save as – STEP 

Extract fracture surface 

To reconstruct a fracture gap with a uniform thickness of 4 mm, the fracture surface was 

extracted. This was done using the following steps: 

1. Import lower fragment STL files as ScanTo3D objects: 

a. Tools – Add-Ins – tick ScanTo3D 

b. File – Open – select ScanTo3D Mesh Files – select file – Open  

c. Tools – ScanTo3D- surface Wizard Select mesh 

d. Guided creation 

e. Split plane – None 

f. Face Identification – move the sensitivity slider until the fracture surface is 

identified as a sub-mesh (see Figure E-1) 

g. Surface Extraction – click fracture surface 

h. Face Settings – Bspline 
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Figure E-1: Identified surfaces by the surface wizard in ScanTo3D in SOLIDWORKS (left) that was extracted and 

converted to B-spline surfaces (middle/right). 

2. Save as – SOLIDWORKS part 

Next, the extracted fracture surface (see Figure E-1) was used to create fracture fragment 

geometries with a uniform thickness by performing the steps below: 

1. Open extracted fracture surface (BSpline) 

2. Offset surface – 4 mm in the positive z-direction (see Figure E-2) 

 

Figure E-2: Surface offset of 4 mm to create a uniform fracture gap. 

3. Extend surface – 10 mm 

4. Insert – part  

a. Intact bone (BSPLINE) 

b. Bone marrow (BSPLINE) 

5. Split  

a. Trim tools: both BSplines fracture surfaces 

b. Target bodies:  
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i. Intact bone  

ii. Bone marrow 

c. Resulting bodies: fracture fragments (upper + lower, cortical + marrow, see 

Figure E-3 and Figure E-4) 

 

6. Save bodies as – SOLIDWORKS parts 

The locking plate used to fixate the fractured bone was drawn in SOLIDWORKS. This 

drawing was validated by busing a segmented micro-CT scan of the implant. Figure E-5 

shows the Hausdorff distance map of the drawn tibial locking plate as compared to the 

segmented micro-CT scanned plate. It can be observed that the mean deviation from the 

scanned plate was 0.41 mm with a max deviation of 2.5 mm around the distal screw holes.  

 

Figure E-5: Hausdorff distance map of drawn tibia locking plate as compared to segmented micro-CT scanned 

locking plate. 

Figure E-3: Post-processed cortical bone fracture 

fragments. 

Figure E-4: Post-processed bone marrow fracture 

fragments. 
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Lastly, the post-processed geometries were assembled, together with the locking plate and 

screws, according to the manufacturer’s recommended surgical technique, using the 

postoperative X-rays of the patient case as a reference (see section 2.3.1). To do this, the 

following steps were taken: 

1. New SOLIDWORKS Document 

2. Assembly 

3. Add components:  

a. Split intact bone + trabecular bone (fix) 

b. Callus (fix) 

c. Right LCP tibia (float) 

d. Screws (float) 

4. Mate screws with screw holes using concentric constraints 

5. Position plate + screw assembly onto bone using Move Component  

6. Save as – STEP 
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Appendix F: Pre-processing & assembly in Abaqus/CAE 

The final assembly was imported into Abaqus/CAE (version 2020, ABAQUS Inc, Dassault 

Systèmes, France). There, the parts were further processed using the following steps: 

1. File – Import – Part – Assembly STEP file 

a. Import all parts: create individual parts 

2. Create sets for each part 

3. Assembly:  

a. Create Instance - Create instances from parts – select all parts 

b. Merge/Cut Instances: 

i. Merge: Geometry 

ii. Intersecting Boundaries: Retain 

iii. Instances: trabecular + cortical bone fragments  

4. Part: 

a. Select the merged bone part 

b. Tools – Geometry Edit – Part: Convert to precise – Tighten Gaps  

5. Assembly  

a.  Merge/Cut Instances: Merge 

i. Merge: Geometry 

ii. Intersecting Boundaries: Retain 

iii. Instances: merged bone part + callus part 

b. Merge/Cut Instances: Cut geometry 

i. Instances: merged bone/callus part + screws 

6. Create surfaces 

a. For merged bone/callus part with screw holes: 

i. Superior and inferior articular surfaces by selecting appropriate faces 

ii. Screw hole surfaces (select by angle: 20 degrees) 

b. For screws:  

i. Screw head surfaces 

ii. Screw tail surfaces 

c. For plate 

i. Screw hole surfaces 

7. Assembly - Tools – Reference Point (2x) 

a. Superior joint center (femur/tibia): x = 60, y = 40, z= 450 

i. Using centroid of faces superior articular surface: 59.18,39.99,414.63  

b. Inferior joint center (tibia/talus): x = 51, y = 40, z = 10 

i. Using centroid of faces inferior articular surface: 51.39,39.72,37.85 

The rest of the steps taken to build and analyse the models were detailed in section 2.3.2.  
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Appendix G: Details FE analysis results  

In this study, five fixation scenarios were simulated. In scenario 1, the true postoperative 

fixation configuration was simulated. Screw positions, plate length and plate/screw material 

were altered in scenarios (2,3), (4) and (5) respectively (details in 2.3.1.1). The maximum 

absolute principal strain distributions of all these scenarios are shown in Figure G-1. 

 



Appendices 

99 

 

 

Figure G-1: Maximum absolute principal strain [-] distribution of the callus region within the fixated fractured 

tibia for the five different fixation scenarios. 
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