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Summary 

Scoliosis is a complex three-dimensional structural deformity of the human spine, and 

causes S- and/or C-shape spine curvature in the coronal plane. The deformity is 

normally quantified by Cobb angles. Surgical correction is often required for the 

severe cases of scoliosis (Cobb angles greater than 45°) mainly to straighten and 

stabilize the spine. There is no consensus in the surgery planning, and the plans 

largely vary among surgeons in terms of selection of fusion levels (the lowest and 

uppermost instrumented vertebrae) and building trade-off between the reduction of 

the deformation and the loads that the instruments exert on the spine. To assist with 

the planning, biomechanical multibody models are greatly helpful because they can 

provide predictive information concerning the surgery outcome. However, the 

existing models suffer from low level of accuracy (±5°) for prediction of the post-

operative Cobb angles; note that two spine curvatures with difference of 5° in Cobb 

angles can be quite different in terms of the straightness. Therefore, we aimed to 

develop a patient-specific multibody model of the scoliotic spine for more accurate 

prediction of the surgical correction; the shape of the instrumented spine that is a 

main concern in scoliosis surgery. The model is two-dimensional in the coronal plane 

as the scoliosis and its surgery are mainly evaluated in this plane. First, we began 

with kinematic modelling, as the existing models may not be able to give good 

estimates of the spine shape (i.e. the spine curvature and the location and ordination 

of the vertebrae) in spine positions. A patient-specific kinematic model was 

developed with a new joint-link configuration to give the spine model the degree-of-

freedom required for accurate reconstruction of the scoliotic spine shape in the 

coronal plane. For the first time, we devised a method to characterize in vivo the 

kinematic parameters of the configuration by using a number of spine positions, while 

previous studies personalize the kinematic model by using only the erect position. 

Second, a patient-specific kinetic model was developed based on the introduced 

kinematic model. To do this, non-linear springs were incorporated at the joints of the 

created patient-specific configuration. A non-linear function was proposed to 

approximate the load-displacement relationships of the springs, and a method was 

pioneered to personalize the non-linear function. Third, the instrumented spine model 

was developed based on the introduced kinetic model. The instrumented spine was 

modelled by considering the instruments (rods and screws) and the instrumented 
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vertebrae (screwed to rods) as a single rigid unit. In all the abovementioned steps of 

the model development, the models were characterized in vivo by using pre-operative 

X-rays of three spine positions (erect, left bending, and right bending) routine in 

scoliosis standard care. Then, the accuracy of the spine shape reconstruction was 

tested by simulating three positions not included in the development and in vivo 

characterization of the model (pre-operative neutral and traction and post-operative 

erect) in addition to the included positions. X-rays of a cohort of 18 adolescent 

idiopathic scoliosis patients were available. It was shown that prediction error of the 

post-operative Cobb angles was between -0.76° and 0.52° (RMSE of 0.42°), showing 

significant improvement in prediction of the surgery outcome. RMSE of the spine 

curvature was 0.47 mm and RMSEs of the location and orientation of the vertebrae 

were 0.33 mm and 0.38° respectively, implying good estimates of the instrumented 

spine shape in the coronal plane. For the location, the horizontal distance between the 

measured and predicted locations of the vertebrae was considered as the surgery 

mainly aims to straighten the curvature by minimizing such horizontal distances. 

Moreover, there were eight different instrumentation configurations for our patient 

cohort. As such, the accurate predictions can show that our model may be able to 

predict the surgical correction as a function of the instrumentation configurations. 

Overall, the developed patient-specific instrumented scoliotic spine model can predict 

the post-operative Cobb angles more accurately than the existing models, and provide 

good estimates of the instrumented spine shape in the coronal plane to assist with 

testing the prescribed instrumentation configurations. The model with such capability 

may allow surgeons to test different instrumentation configurations and identify a 

better configuration for a patient. This can mitigate surgical complication risks in the 

current management of such complex spinal deformity. 

  



iii 

 

List of Tables 

Table 3.1 The descriptive data of the patients ............................................................ 34	

Table 4.1 The Denavit-Hartenberg parameters ........................................................... 42	

Table 4.2 The special rotary segments and their labels .............................................. 44	

Table 5.1 The scenarios for personalization of the model .......................................... 67	

Table 5.2 The results of the hypothesis tests at confidence level of 95% .................. 79	

Table 6.1 The fusion levels in our cohort of patients with the available post-operative 
X-rays .......................................................................................................................... 87	

 

  



iv 

 

List of Figures 

Figure 1.1 The scoliotic spine in the coronal plane, the spine regions, and the 
vertebrae; the thoracic region comprises the vertebrae from T1 to T12 and the lumbar 
region comprises the vertebrae from L1 to L5 .............................................................. 1	

Figure 1.2 Examples of Cobb angle. Specifically, it is the angle between the tangent 
line of the upper endplate of the superior end vertebra and the lower endplate of the 
inferior end vertebra in the coronal plane. It is typically measured on the spine curves 
in the thoracolumbar/lumbar, main thoracic, and proximal thoracic regions ............... 2	

Figure 1.3 The surgical intervention is performed with the patient in the prone 
position. The scoliotic deformity is corrected by applying the corrective loads to the 
individual vertebrae selected for the instrumentation. The selected vertebrae, rigid 
rods, and pedicle screws are fused into a single unit. The radiograph is the post-
operative X-ray of the instrumented spine in the coronal plane ................................... 3	

Figure 1.4 An example of the dissimilarity between the curves of two spines with 5° 
difference in their Cobb angle, (a) Cobb angles, and (b) visual comparison ................ 5	

Figure 2.1 (a) the mechanism of a functional spinal unit with the spherical joint, (b) 
exemplification of the performance of the mechanism on the X-ray of the functional 
unit, and (c) illustration of the offset between the center of rotation of the joint and 
the connection point O on the link .............................................................................. 14	

Figure 2.2 exemplification of the mechanism of a functional unit with the flexible 
beam element, (a) the X-rays of the functional unit in the left and right bending 
positions, (b) the relative location of the endpoints of the beam element in larger scale 
for easier illustration, and (c) the force and moment applied to the upper endpoint 
(black circle) in the erect position ............................................................................... 16	

Figure 2.3 An example of the effects of the line of action on the moment arm causing 
overestimation/underestimation of the stiffness coefficients ...................................... 23	

Figure 2.4 The key points of the literature review ...................................................... 25	

Figure 3.1 The framework for developing a patient-specific multibody model of the 
scoliotic spine for surgical correction prediction in the coronal plane ....................... 26	

Figure 3.2 The programing software and their relationships ...................................... 29	

Figure 3.3 (a) RMSEs of the locations and orientations are considered and RMSE of 
the curvature is not considered, and (b) RMSE of the curvature is considered and 
RMSEs of the locations and orientations are not considered ..................................... 31	

Figure 3.4 Description of the geometry of the scoliotic spine in the coronal plane, (a) 
the scoliotic spine curvature shown on a X-ray of the erect spine, (b) the location and 
orientation of a vertebra, and (c) the global coordinate system .................................. 32	

Figure 4.1 The configuration of the proposed kinematic model and the coordinate 
systems, (a) a rotary segment and its location and orientation defined in G, and (b) the 
chain of rotary segments laid on the spine curvature .................................................. 41	



v 

 

Figure 4.2 Representation of the spine curvature by the proposed kinematic model 
(this figure is only for the illustration purpose and does not represent a real situation 
in terms of the spine shape and location and orientation of a vertebra with respect to 
its inferior one) ............................................................................................................ 46	

Figure 4.3 RMSEs of LOC and Θ for the included and not included positions for each 
patient; Each dark (white) bar represents RMSE for the vertebrae in the three 
included (three not included) positions for a patient .................................................. 47	

Figure 4.4 (a) the measured scoliotic spine, and (b) the scoliotic spine estimated by 
the proposed kinematic model (shown on the measured spines) ................................ 48	

Figure 4.5 The box charts; for Γ, each point represents RMSE of curvature/LOC/Θ in 
a spine position ........................................................................................................... 50	

Figure 4.6 Illustration of ec and em, (a) em<0, and (b) em>0 .................................... 54	

Figure 5.1 The proposed tangent function and modifications by the parameters ....... 59	

Figure 5.2 |r| of the rotary segments from the erect to four positions for patient #1 .. 62	

Figure 5.3 The location of INFs with respect to location of LSTs ............................. 63	

Figure 5.4 The amount of rotation of INFs in the spine movement from the erect to 
four positions for all the patients ................................................................................ 64	

Figure 5.5 Identification of the line of action to simulate position P ......................... 65	

Figure 5.6 The simulation results of the 3D model and our 2D model, (a) RMSE of 
the spine curvature, (b) RMSE of LOC, and (c) RMSE of Θ ..................................... 69	

Figure 5.7 The simulation results of the three scenarios for the personalization, (a) 
RMSE of the spine curvature, (b) RMSE of LOC, and (c) RMSE of Θ ..................... 70	

Figure 5.8 The box charts of the estimation errors of LOC and Θ ............................. 71	

Figure 5.9 An example of simulation of the right bending position by the 3D model 
and our 2D model for a patient, (a) the 3D model well reconstructs only the lumber 
spine, (b) the 3D model reconstructs the spine shape according to (5.5), (c) the 3D 
model well reconstructs only the thoracic spine, and (d) Our 2D model well 
reconstructs the spine shape (the least error according to (5.5)) ................................. 73	

Figure 5.10 The ranges for the infinitesimal, finite, and large finite displacements .. 74	

Figure 5.11 The box charts of the magnitude of the estimation errors of r in the ranges
..................................................................................................................................... 75	

Figure 5.12 The box charts of (a) the distance of INFs and LSTMean from LSTs, and 
(b) the amount of rotation of INFs and LSTMean ......................................................... 78	

Figure 6.1 The simulation results of the developed instrumented spine model in 
scenario 1, (a) RMSE of the spine curvature, (b) RMSE of Y, and (c) RMSE of Θ .. 84	

Figure 6.2 The simulation results of the developed instrumented spine model in 
scenario 2, (a) RMSE of the spine curvature, (b) RMSE of Y, and (c) RMSE of Θ .. 85	



vi 

 

Figure 6.3 The prediction errors of the post-operative Cobb angle obtained by the 
developed instrumented spine model in scenario 2 .................................................... 86	

Figure 6.4 The surgical correction prediction provided by our instrumented spine 
model for 3 of the patients with different instrumentation configurations (continues in 
the next page). The figures, from left to right, are the results of scenario 1 and 
scenario 2, and the immediate post-operative X-ray. The vertebrae whose LOC and Θ 
are predicted are shown in blue color. The grey instrumentation (scenario 1) is drawn 
based on the measurements on the post-operative X-rays. The green instrumentation 
(scenario 2) is placed according to the predicted LOC and Θ of the vertebrae in the 
fused spine segment. The spines are rendered by using OpenGL® in the Microsoft 
Visual C# platform. Note that the 3D rendering is only for the better visualization. . 88	

Figure 6.5 The box chart of the results of the surgical correction predictions ........... 90	

Figure 6.6 The screenshot of the tab named ‘Kinematic Model’. The spines in the five 
positions are reconstructed in the coronal plane by using the measured LOC and Θ. 
The three spines in the left side are the positions included in the model development 
and personalization; left bending, erect, and right bending positions from left to right. 
The other two spines in the right side are the positions not included in the model 
development and personalization; neutral and traction positions from left to right ... 92	

Figure 6.7 The screenshot of the tab named ‘Kinematic Model’. The spines are 
reconstructed by using the proposed kinematic model ............................................... 93	

Figure 6.8 The screenshot of the tab named ‘Stiffness Calculation & Optimization’ 94	

Figure 6.9 The screenshot of the tab named ‘Movement Simulation’ ........................ 95	

Figure 6.10 The screenshot of the tab named ‘Movement Simulation’. In this 
screenshot the four positions have been simulated ..................................................... 96	

Figure 6.11 The screenshot of the tab named ‘Movement Simulation Errors’ ........... 97	

Figure 6.12 The screenshot of the tab named ‘Surgical Correction Prediction based on 
Post-operative Data’ .................................................................................................... 98	

Figure 6.13 The screenshot of the tab named ‘Surgery Planning & Correction 
Prediction’ ................................................................................................................... 99	

Figure A.1 Approximation of a curve by using polygonal chains, (a) segmentation on 
the z-axis, and (b) parameterization by equally-length line segments ...................... 115	

Figure B.1 The effect of the enlargement of the range on the approximation of the 
load-displacement data by the tangent function ........................................................ 116	

 



 

1 

 

 Introduction 

1.1 Background 

Scoliosis is a complex three-dimensional (3D) structural deformity of the human 

spine that has been diagnosed between 1.5% and 3% of the population [1]. It affects 

the thoracic and lumbar regions of the spine, and causes S- and/or C-shape spine 

curvature in the coronal plane (Figure 1.1) [2, 3]. The gold standard for quantification 

of the scoliotic spine is Cobb angles measured on two-dimensional (2D) radiographs 

(Figure 1.2) [4]. Cobb angles are measured between the end vertebrae1 in the coronal 

plane [6]. The scoliotic spine with Cobb angle of greater than 45° corresponds to the 

severe scoliosis [7]. Surgical correction is often required for the severe deformities in 

order to straighten and stabilize the spine [8]. 

 

Figure 1.1 The scoliotic spine in the coronal plane, the spine regions, and the 
vertebrae; the thoracic region comprises the vertebrae from T1 to T12 and the lumbar 

region comprises the vertebrae from L1 to L5 
                                                        

1 The vertebrae that are angled maximally toward the concavity of the spine curvature, as 
measured in the coronal plane (adapted from Glossaries of Scoliosis Research Society [5]). 
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Figure 1.2 Examples of Cobb angle. Specifically, it is the angle between the tangent 
line of the upper endplate of the superior end vertebra and the lower endplate of the 

inferior end vertebra in the coronal plane. It is typically measured on the spine 
curves1 in the thoracolumbar/lumbar, main thoracic, and proximal thoracic regions 

Planning the surgical correction, especially the instrumentation configuration, is a 

complex procedure that involves many difficult decisions made by surgeons, e.g. the 

selection of fusion levels (i.e. the lowest and uppermost instrumented vertebrae) and 

the loads that the instruments exert on the spine [9] (Figure 1.3). Such decisions can 

result in different correction results for the same patient [10]. Despite the current use 

of various 2D radiological curvature pattern classifications to predict the surgical 

correction after selective fusion [11, 12], the surgery outcome remains difficult to 

predict [13]. The prediction is made largely by the surgeons’ clinical experience and 

interpretations of the literature [13]. In addition, the selection of fusion levels depends 

on the surgeon and it is not standardized [14, 15]. Therefore, scoliosis surgeons are 
                                                        

1 The spine curve is the concave/convex parts of the spine curvature. The ends of the spine 
curves are determined by the end vertebrae. 
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highly in demand of information concerning the prediction of the surgery outcome to 

find a better instrumentation configuration. Such predictive information allows 

surgeons to explore different instrumentation configurations and evaluate the 

appropriateness of the configurations on the same patient in terms of the degree of 

correction expected by both surgeons and patients, and accordingly, propose a better 

configuration so as to enhance the correction of the scoliotic deformity [16, 17]. 

 

Figure 1.3 The surgical intervention is performed with the patient in the prone 
position. The scoliotic deformity is corrected by applying the corrective loads to the 
individual vertebrae selected for the instrumentation. The selected vertebrae, rigid 
rods, and pedicle screws are fused into a single unit. The radiograph is the post-

operative X-ray of the instrumented spine in the coronal plane 
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Computational biomechanical modelling and simulation of instrumentations can be 

used to predict the surgical correction as a function of instrumentation configuration 

to identify a better configuration for a given patient before the implementation of the 

actual surgery and mitigate the surgical complication risks [13, 18]. The existing 

instrumented spine models have been generally developed for use in a research 

context, and a few for surgical instrumentation simulation [17]. The models for the 

instrumentation simulation are typically based on finite element methods and 

multibody formalisms [16, 17]. From the mathematical point of view, the models 

based on the finite element methods (e.g. [19-22]) require a high computational 

power relating to the number of elements used to create the models [23]. In general, 

the greater the total number of the elements is, the more accurate the predictions are; 

but, the greater the demand is on the computational power and processing time, and 

the more convergence problems occur during simulation runs [24]. Another major 

issue is that the solutions may not be unique [22]. From the clinical use point of view, 

surgeons require that the predictive information to be available in a short time 

especially when modifying their decision about the fusion levels, which may not be 

offered by the existing finite element models because of their long processing time 

due to the high computational expenses. Overall, it can be said that the finite element 

models, may not be good for the surgical correction prediction application from the 

mathematical point of view, and are not surgeon-friendly from the clinical use point 

of view. 

In contrast, multibody models are less complex, less computing expensive, and easier 

to validate [16]. In addition, they are capable of simulating the kinematics and 

kinetics of the spine partially or entirely [25], allowing incorporation of 

independently developed models into the whole system because loads can be 

transferred to the model segments and analyzed without changes in boundary 
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conditions [26]. Hence, the models based on the multibody formalisms are better for 

the application of the surgical correction prediction [16, 27]. Despite the potential 

benefits of the multibody formalisms, few instrumented scoliotic spine models based 

on multibody approach have been developed, e.g. [17, 28, 29]. These models, 

however, may not offer sufficiently accurate predictions (post-operative Cobb angle 

error of ±5°). Figure 1.4 exemplifies how dissimilar two spine curves with Cobb 

difference of 5° can be. As is clear, the curve (i.e. a part of the spine curvature with 

end vertebrae at its ends) with the greater Cobb angle (53º) is much more concave 

than the other curve. Therefore, there is a need for an instrumented scoliotic spine 

model that is more accurate for prediction of the surgical correction for different 

instrumentation configurations, which is considerably lacking in previous studies. To 

improve the accuracy, the model needs to be personalized to a given scoliotic patient 

because the scoliosis is a very patient-specific deformity [16, 23, 30, 31].  

 

Figure 1.4 An example of the dissimilarity between the curves of two spines with 5° 
difference in their Cobb angle, (a) Cobb angles, and (b) visual comparison 
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1.2 Objectives and scope 

In spite of recent attempts made to classify the scoliotic deformity by using 3D 

classification [32], there is no consensus in interpretation of 3D classification and 

validation for the surgical treatment guidelines, to the best of our knowledge. The 

current standard care for surgical treatment of 3D scoliotic deformity relies heavily 

on the use of 2D radiographs taken in the coronal plane [7, 33]. In the current 

standard care, to plan the surgery, the spinal flexibility is one of the key parameters to 

select the spinal fusion levels and the extent of spinal instrumentation required to 

correct the scoliotic deformity [13, 23]. The flexibility is measured in the coronal 

plane as the difference of spinal excursion (movement) from the erect to lateral 

bending positions [7]. Various clinical tests have been made to assess the spinal 

flexibility since the onset of scoliosis surgical correction [13]. They include 2D 

radiographs of the spine in the coronal plane; the 2D radiographs in the erect position 

and 2D radiographs of the lateral bending positions [34], 2D fulcrum bending 

radiographs [35], 2D supine traction [36], and/or 2D push prone radiographs [37]. 

Moreover, to evaluate the outcome of the surgical correction, the straightness of the 

spine curvature in the coronal plane is one of the main parameters [8]. To measure the 

straightness, Cobb angles are measured on post-operative 2D radiograph of the erect 

spine. According to the abovementioned key points, the geometrical information from 

the scoliotic spine in the coronal plane is of primary importance in planning scoliosis 

surgical correction and its evaluation. Therefore, a good scoliotic spine model should 

be capable of providing good estimates of the spine shape in spine positions in the 

coronal plane.  

In the existing 3D multibody models of the scoliotic spine, the spine response to loads 

is typically determined by load-displacement relationships of functional spinal    
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units1 [23, 30]. The relationships have been defined by stiffness matrices [39-41]. 

Personalization of the stiffness matrices has been generally done in the coronal plane 

according to the lateral bending test the gold standard to estimate the spine stiffness 

[36, 42, 43]. The spine stiffness in the other planes (i.e. sagittal and transverse) has 

been taken from in vitro data or the available data of non-scoliotic subjects, which 

may not be good estimates of the stiffness of the patients’ spine being studied [16]. 

As the scoliosis is a very patient-specific deformity [23], such estimates can 

negatively affect the simulation results. More specifically, they may cause coupled 

motions (between the coronal and sagittal planes and between the coronal and 

transverse planes) that can affect the estimates of the spine shape in the coronal plane, 

and accordingly, the estimates of the geometrical information important for planning 

the surgery and its evaluation. 

An overriding research question arises here is that: ‘Can we develop a software tool 

to predict the surgical correction in the coronal plane for different instrumentation 

configurations?’. According to the abovementioned issues of 3D biomechanical 

modelling of the scoliotic spine, for ‘surgical correction prediction’ application, we 

found ‘2D’ patient-specific modelling of the scoliotic spine in the coronal plane more 

proper than 3D modelling with questionable values of the mechanical properties of 

the spine. Therefore, in our attempt to address the question, this thesis aims to 

develop a 2D patient-specific biomechanical model of scoliotic spine reasonably 

accurate for prediction of the surgical correction in the coronal plane for different 

instrumentation configurations. For this end, the following specific research 

objectives are proposed: 

                                                        

1 A functional spinal unit includes two successive vertebrae and the intervertebral disc 
between them [38]. 
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(1) To develop a patient-specific multibody kinematic model of the scoliotic 

spine to underlie the spine movement, 

As the spine shape is a parameter important to the surgeons and patients [8], 

the kinematic model should be able to represent the spine movement so that 

the represented movements provide well-reconstructed spine shape during the 

movement. As the spine movement can be considered as the sequence of 

spine positions [44], such ability of the kinematic model can imply that the 

shape of the spine in the positions of the sequence is well reconstructed. 

Considering the instrumented spine as a spine position, the ability can 

therefore show how well the model can reconstruct the shape of the 

instrumented spine.  

(2) To develop a patient-specific multibody kinetic model, based on the 

developed kinematic model, to underlie the spine response to loads, 

The kinetic model estimates the response of different parts of the spine 

curvature to loads exerted on the spine. Such estimates determine the shape 

of the loaded spine. Considering the instrumented spine as a loaded spine, the 

kinetic model should be able to estimate the response accurately in order to 

make good prediction of the shape of the instrumented spine. 

(3) To develop a patient-specific instrumented scoliotic spine model, based on 

the developed kinetic model, for surgical correction prediction. 

The scope of this thesis encompasses an extensive review of the existing literature on 

the related topics, proposal of a comprehensive framework for multibody modelling 

of the instrumented scoliotic spine, and proposal of a new approach to multibody 

modelling of the scoliotic spine. For the proposals, the following specific research 

scopes are considered and covered: 
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• An instrumentation configuration refers to the selection of fusion levels and 

locations and orientations of the instrumented vertebrae in relation to their 

inferior instrumented vertebrae. As a brief description of the surgery intervention 

which of interest to this thesis; the rods are screwed loosely to the vertebrae 

selected for instrumentation, the vertebrae are moved to a location and 

orientation, and the screws are then tightened to fuse the selected vertebrae into a 

single unit. The surgeon’s decisions on the trade-off between their desired 

relative locations and orientations of the instrumented vertebrae and the loads 

exerted by the surgical instruments define the shape of the corrected spine. 

• As correction of the spine shape is a main concern in the scoliosis surgery [8], for 

the scoliotic spine model to be of great help in the surgery planning, it is 

important that the model accurately reconstruct the spine shape in the spine 

positions in the coronal plane [31]. The reconstructed shape should give good 

estimates of the spine curvature because the parameters important for the surgery 

planning and evaluation (e.g. Cobb angle and spinal flexibility) can be measured 

on the curvature [45-47]. In addition, good estimates of the location and 

orientation of the vertebrae should be made: (1) to allow appreciation of the 

intersegmental flexibility at each functional spinal unit pre-operatively for better 

assessment of the spinal flexibility to propose better instrumentation 

configuration, and (2) to give the surgeons an idea of the corrected spine shape, 

• The spine movement in the coronal plane is considered as a sequence of spine 

positions, from the first to intermediate to last positions. The first (reference) 

position is typically the erect position because it is the resting position in scoliotic 

spine models, i.e. the spine model with no external load [17, 23, 44, 48]. Besides, 

it is the reference position for the scoliosis evaluation and its surgical correction 
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planning, e.g. to measure pre- and post-operative Cobb angles and spinal 

flexibility [7]. Furthermore, the X-ray of the erect spine is a part of the standard 

care for monitoring scoliosis [49]. 

• Pre- and post-operative 2D X-rays of a cohort of 18 patients are used. The X-rays 

are part of the scoliosis standard care at National University Hospital, Singapore. 

The patients were admitted to the hospital for the surgical treatment. The patients 

had adolescent idiopathic scoliosis (AIS) deformity. AIS is the most common 

form of the scoliosis (80% [50]), and the patients are predominantly female [51]. 

• In our patient cohort, posterior instrumentation was performed to correct the 

deformity. The uniaxial pedicle screws and rigid rods were used. This thesis 

attends to simulation of such instrumentation. 

The proposed work in this thesis may offer many potential benefits and may be used 

for many applications in the future such as: 

• Better patient and parent counseling by providing a visual input from the virtual 

correction of the spine curvature. This reduces patient and parent anxiety, 

improves their understanding of the disease, and encourages better patient’s and 

parent’s compliance to the prescribed treatment,   

• Experimenting different instrumentation configurations to identify a better 

surgical correction. This can significantly increase the patient safety because the 

instrumentation configurations can be tested before their clinical application. This 

is contrary to the current less optimal clinical practice in which the 

instrumentation configurations are often used for a patient without testing as there 

is no large primate or readily available human cadaver with scoliotic spine for the 

surgical correction experimentation. 
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1.3 Organization 

This thesis describes a patient-specific multibody model of scoliotic spine for surgical 

correction prediction. Chapter 2 presents a detailed study of multibody scoliotic spine 

modelling. It covers extensive literature reviews on joint-link configurations 

underlying the scoliotic spine movement, load-displacement relationships of the spine 

joints underlying the scoliotic spine response to loads, in vivo characterization of the 

configurations and relationships, and the spine models for the surgical 

instrumentation simulation and prediction. Chapter 3 proposes a framework for 

developing the patient-specific multibody model of the scoliotic spine. This is 

followed by description of the materials and methods adopted for development and 

test of the model. Chapter 4 introduces our novel approach to kinematic modelling of 

the scoliotic spine with a new joint-link configuration for representation of the spine 

movement. It also introduces a new method for in vivo characterization of the 

kinematic parameters, useful for improving the accuracy of the kinematic 

models. Chapter 5 presents the development of a patient-specific kinetic model to 

mimic the scoliotic spine response to loads. It introduces our new methods for non-

linear approximation of the load displacement relationships of the spine joints and for 

in vivo characterization of the relationships. Chapter 6 applies different 

instrumentation configurations to the developed patient-specific kinetic model to 

demonstrate the capability of the model for surgical correction prediction. Chapter 7 

concludes the thesis with a detailed discussion on its contributions, limitations, and 

future work. 



 

12 

 

 Literature review 

This chapter contains work from our journal paper [16]: “Computational 

Biomechanical Modeling of Scoliotic Spine: Challenges and Opportunities,” Spine 

Deformity, 2013. 1(6): p. 401-411. This chapter also contains the review sections of 

our subsequent works [30, 31, 44]. 

2.1 Patient-specific multibody kinematic modelling of the 

scoliotic spine 

In creating the biomechanical multibody models of the scoliotic spine, development 

of patient-specific kinematic models is one of the most essential steps as they underlie 

the movement of the spine models [16]. Considering the spine movement as the 

sequence of the spine positions, the kinematic models should give good estimates of 

the spine shape in the positions to well represent the spine movement [44]. The 

kinematic models define a joint-link configuration for the spine to define the degree-

of-freedom (DOF) of the bodies (e.g. vertebrae and intervertebral discs) and the 

constraint to their movement [52]. The joint-link configurations are required to 

accurately estimate the spine curvature and place the vertebrae at their respective 

locations and orientations for better reconstruction of the spine shape in the positions 

[44]. To improve the accuracy, personalization of the kinematic parameters (e.g. 

length of the links) of the models is essential. Incapability of the kinematic models to 

give good representation of the spine movement negatively affects the prediction of 

the surgical correction [16, 27, 53], as the spine model may not be able to accurately 

reconstruct the shape of the instrumented spine. 
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In the existing kinematic models, the spine (including intact and scoliotic) has been 

typically considered as a chain of functional spinal units [54]. The configuration of 

the functional units has been defined as two links interconnected with a joint [26, 55]. 

Links represent the vertebrae, and they are generally assumed rigid [56-58]. Joints 

mainly represent the intervertebral discs and the other flexible elements of the spine 

(e.g. ligaments and muscles) [59], and are modeled as articulated mechanisms with 

tension/torsion springs (e.g. spherical joints [55, 60]) and/or flexible beam elements 

[61]. In the following, we discuss the issues relating to the exiting kinematic models: 

the issues of the joint-link configurations in section 2.1.1, and the issues of the 

personalization in section 2.1.2. 

2.1.1 Joint-link configurations of kinematic models 

Several studies have considered the spine joints as 3-DOF rotary joints (spherical 

joint) [62-64]. De Zee et al. [55] and Christophy et al. [54] have placed the center of 

the rotation of the joints on the upper endplate of the inferior vertebra of a functional 

spinal unit. Petit et al. [65] in a study on 82 patients with AIS found that the center of 

the rotation could be at the posterior extremity of the upper endplate. In these models, 

in a functional unit (Figure 2.1-a), the spherical joint connects the inferior vertebra to 

the superior one by using a rigid link (the superior vertebra is part of the link).  

Figure 2.1-b exemplifies1 the performance of this mechanism in a real situation. The 

situation is described by using the X-ray of a functional unit of a scoliotic spine in the 

coronal plane. As shown, the mechanism cannot place the upper vertebra (red 4-sided 

shape) on its measured location and orientation (dark gray 4-sided shape). 
                                                        

1 The examples in this section are based on the measurements done on the X-rays of the 
scoliotic patients included in this thesis. 
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Figure 2.1 (a) the mechanism of a functional spinal unit with the spherical joint, (b) 
exemplification of the performance of the mechanism on the X-ray of the functional 
unit, and (c) illustration of the offset between the center of rotation of the joint and 

the connection point O on the link 
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The reason for this performance of the mechanism is depicted in Figure 2.1-c. In 

Figure 2.1-c, the link and joint of the functional unit are placed at their measured 

location and orientation. As is clear, there is an offset between the joint and the 

connection point O where the link must be connected to the joint. The offset is due to 

the fact that the stretch of the intervertebral discs is not considered in the mechanism. 

As such, this mechanism cannot make the possible movement of a vertebra in relation 

to its adjacent vertebrae. Therefore, the kinematic model that considers the spherical 

joints may not give good representation of the scoliotic spine movement [44]. To 

address the mentioned deficiency, consideration of the joint as a beam element can be 

a viable alternative [41]. 

In various studies [39, 61, 66, 67], the joints have been modelled as flexible beam 

elements. Such configuration of the functional units, i.e. rigid vertebrae 

interconnected with flexible beam element, can describe the location and orientation 

of the vertebrae in 3D space [26, 41]. However, this configuration is not without 

limitations in representing the scoliotic spine movement. Here, we explain one 

limitation that has been already mentioned in our previous work [44]. The limitation 

is explained through an example of a real situation shown in Figure 2.2. In the 

example, we make a comparison between the movement direction of the beam 

element and the direction of the scoliotic spine movement from the erect to lateral 

bending positions in the coronal plane. Figure 2.2-a shows X-rays of a functional unit 

in left and right bending positions of a scoliotic spine to determine the movement 

directions. To represent the movement of the beam element, we consider the 

movement of its endpoints (the white and blue/red circles). The endpoints are the 

points at which the beam element is attached to its adjacent vertebrae at the middle of 

the upper and lower endplates of the vertebrae of a functional unit [17, 68].  



Chapter 2  Literature review 

16 

 

 

Figure 2.2 exemplification of the mechanism of a functional unit with the flexible 
beam element, (a) the X-rays of the functional unit in the left and right bending 

positions, (b) the relative location of the endpoints of the beam element in larger scale 
for easier illustration, and (c) the force and moment applied to the upper endpoint 

(black circle) in the erect position 
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The relative location of the endpoints is shown in Figure 2.2-b in a larger scale for 

easier illustration. As is clear, the upper endpoint of the beam element in the right 

bending position (red circle) is in the left side of the upper endpoint in the left 

bending position (blue circle). Thus, the upper endpoint moved to the left (right) side 

in the right (left) bending position. In other words, the upper endpoint of the beam 

element moved to the direction opposite to the direction of the scoliotic spine 

movement. The opposite movement direction implies that this configuration may not 

give good representation of the scoliotic spine movement. The reason is described in 

the following.  

The left (right) bending position of the scoliotic spine has been made by exerting a 

leftward (rightward) force on the spine model in the erect position [23]. The force is 

applied to the uppermost vertebra [28]. As is clear in Figure 2.2-c, the impact of the 

force, i.e. the horizontal component of the force (F) and moment (τ), at the upper 

endpoint (black circle) of the beam element in the erect position must move the 

endpoint (black circle) to the direction of the bending positions. However, in the 

abovementioned real situations, the endpoint (black circle) was moved to the 

direction opposite to the bending direction (blue and red circles). As such, the beam 

element may not place the upper vertebra of the functional unit at its measured 

location and orientation (the red or blue 4-sided shape). This shows a mismatch 

between the spine shapes in the simulated and measured bending positions in the 

coronal plane. 

Overall, the multibody models of the scoliotic spine may lack a kinematic model that 

can give good estimates of the spine shape in the positions in the coronal plane [16, 

44, 53]. 
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2.1.2 Personalization of kinematic models 

The existing kinematic models such as [23, 69, 70] have been typically personalized 

(e.g. specification of length of the links) by minimizing the errors in estimating the 

location and orientation of the vertebrae of the spine in the erect position [44]. 

Personalization by using more positions can be helpful to improve the ability of the 

kinematic models in representation of the spine movement. Such personalization can 

offer better values for the kinematic parameters (such as length of the links) for more 

accurate estimates of the spine curvatures and the location and orientation of the 

vertebrae in the coronal plane, resulting in better reconstruction of the spine shape in 

the positions, and thus, better representation of the spine movement [44]. However, to 

the best of our knowledge, personalization using more than one position has not been 

done [16, 44]. 

2.2 Patient-specific multibody kinetic modelling of the 

scoliotic spine 

The kinetic models mimic the response of the scoliotic spine to loads. In the kinetic 

models for surgical correction prediction application, the response is typically defined 

by characterizing the spine stiffness. The reason for considering only the spine 

stiffness is that for such application, the models are analyzed in a quasi-static/static 

equilibrium [17, 19], as we are interested in the spine response in the steady state 

when the spine elements are not moving. Therefore, the exact values of the inertia 

and damper are not big deals in the analysis as the vibration in the spine structure is 

negligible; the inertia and damper are generally neglected [17]. The effects of mass of 

the trunk and vertebrae are also negligible on the simulation results as the patients are 
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in the prone position during the surgery; for example, the mass of the vertebrae was 

arbitrarily set to 300 g in [61]. 

The stiffness of the spine model is characterized by defining the load-displacement 

relationships of the joints. These relationships play important roles in determining the 

displacements of a vertebra with respect to its inferior vertebra against the loads 

applied to the vertebrae. As such, they play important roles in reconstruction of the 

shape of the spine under loads. Panjabi pioneered the concept of using 6×6 stiffness 

matrices for the load-displacement relationships [39, 52]. Subsequently, Gardner-

Morse et al. [40] and Christophy et al. [41] demonstrated the methods to incorporate 

experimentally-measured stiffness of the functional units into the stiffness matrices. 

Interestingly, Aubin et al. [61] introduced the concept of the stiffness matrices to the 

multi-body modelling of the scoliotic spine.  

Concurrent with the incorporation of the stiffness matrices into the scoliotic spine 

models, Petit et al. [23] derived an algorithm to characterize in vivo the stiffness 

coefficients associated with the lateral rotation. They showed that the personalization 

could improve the accuracy of the scoliotic spine shape reconstruction in the bending 

positions up to 50%, which is a significant improvement. Therefore, to improve the 

accuracy of the scoliotic spine shape reconstruction, in vivo characterization of the 

stiffness matrices can be effectively helpful [16, 19, 31, 48].  

In the following sections, first, we review the existing literature on the load-

displacement relationships and identify their limitations (section 2.2.1). Then, we 

attend to the issues relating to the existing personalization methods (section 2.2.2). 
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2.2.1 Load-displacement relationships of the spine joints 

The load-displacement relationships are mainly approximated by linear functions [59] 

that are based on Hooke’s law [71]. The linear approximation is mostly made based 

on infinitesimal displacement of a vertebra in relation to its inferior vertebra [41, 72]. 

However, the displacements featured in the vertebral motion are often finite [73, 74]. 

Besides, referring to the experimental studies done on the displacement of the 

vertebrae against load [75-77], the change of the displacement significantly reduces 

when the load increases. This implies that the linear approximation made according to 

the infinitesimal displacements leads to overestimation of the displacements, 

affecting the reconstructed spine shape. It is worth mentioning that the overestimated 

displacements show the underestimation of the joints stiffness that causes the spine 

models be less stiff than the patients’ spine.  

To tackle the aforementioned issue, O’Reilly et al. [73] studied the linear 

approximation made based on the finite displacements against load. However, the 

linear approximation, made based on either the infinitesimal or the finite 

displacements, is far from the non-linear nature of the joints behavior [59, 78] 

according to the experimental data in [67, 78, 79]. In addition, the linear 

approximation cannot offer the bounded displacement, which is an important 

characteristic of the non-linear elastic behavior of the joints [76, 77]. The unbounded 

displacement can negatively affect the surgery simulation because the large forces 

and moments exerted on the vertebrae by the instruments [17, 80, 81] can cause 

excessive displacements if the displacement is not limited. Overall, the suitability of 

utilizing Hooke’s law to approximation of the load-displacement relationships of the 

spine joints is questionable especially in the surgical correction prediction application 
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in which large loads are involved, and thus, the assumption of the linear elastic joints 

needs to be revised [59]. 

To overcome these complications, Abouhossein et al. [26] defined non-linear 

responses for the joints as a series of non-linear B-splines fitted to in vitro load-

displacement curves obtained experimentally by Heuer et al. [77]. In addition, Rupp 

et al. [59] and Huynh et al. [82] approximated the responses to loads by polynomials. 

However, these approximations may not offer the bounded displacement. Besides, 

they may not be one-to-one, meaning that a displacement can be produced by 

different loads, which is in conflict with experimental data of the load-displacement 

relationships reported in the literature [76, 77, 83]. Therefore, there is a need for a 

non-linear function that gives good approximation of the load-displacement 

relationships of the joints while dealing with the infinitesimal, finite, and bounded 

displacements. Although the non-linear approach can be superior to the linear 

approaches [59, 66, 74, 78], study on deriving the patient-specific non-linear load-

displacement relationships to assist estimating the scoliotic spine response to load is 

considerably lacking in the existing literature. 

2.2.2 Personalization methods for kinetic models 

Petit et al.’s study [23] was the first to pave the way for developing a method to 

personalize the stiffness matrices for the scoliotic spine models. This method has 

been widely used for the personalization of the scoliotic spine models [17, 28]. The 

method is based on the lateral bending test in the coronal plane, and it simulates the 

bending positions. The stiffness coefficients are then adjusted to minimize the 

discrepancy between the spine shapes of the simulated bending and the respective X-

rays in the coronal plane; the initial stiffness coefficients are taken from in vitro 
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experimental data reported in the literature [39]. The method adjusts the coefficients 

that are relating to the lateral rotation of the vertebrae with respect to their inferior 

vertebra. To simulate a bending position, a force is exerted on the uppermost vertebra 

of the spine model in the erect position. The magnitude of the force is increased until 

the amplitude of the bending position1 is reproduced. The line of action of the force is 

parallel to the line drawn through the superior tips of the left and right iliac crests in 

the coronal plane. 

Simulation of the lateral bending positions is an essential step in the personalization 

methods based on the lateral bending test. The way of exerting the force on the model 

to simulate the bending positions affects the accuracy of the personalization of the 

stiffness coefficients, and accordingly, the accuracy of the spine shape reconstruction. 

In this regard, the line of action of the force is a critical factor in setting the stiffness 

coefficients. The line of action affects the moment of the force about the axis of 

rotation of the joints because it determines the moment arm that is the distance 

between the line of action and the axis of rotation.  

If the line of action is not correctly found, the moment arms become larger/smaller 

than the actual arms (Figure 2.3). The larger (smaller) arm leads to overestimation 

(underestimation) of the stiffness coefficients. For instance, considering the 

equilibrium equation of the moment (i.e. k · r = d · |F|, where |·| denotes the 

magnitude),  for a  known  rotational  displacement  (r) of a joint from the erect to a 

bending position and a known force (F) making the movement, the stiffness 

coefficient (k) is overestimated if the moment arm (d) is larger than the actual arm.  

                                                        

1 The amplitude is measured on the bending X-rays. It is “the angle between the line drawn 
through the mid points of T1 and L5 and the normal to the line drawn through the superior 
tips of the left and right iliac crests” [23]. 
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Figure 2.3 An example of the effects of the line of action on the moment arm causing 
overestimation/underestimation of the stiffness coefficients 

In a functional unit, the joint with overestimated (underestimated) stiffness 

coefficients causes the superior vertebra to make smaller (larger) displacements than 

the actual ones with respect to the inferior vertebra, affecting the reconstructed spine 

shape. Overall, there is a need to find the line of action to achieve a personalization 

that results in more accurate reconstructed spine shape. However, little mention has 

been made with regards to this critical factor in the existing literature. 

2.3 Simulation of surgical instrumentation 

Few models for the surgical instrumentation simulation have been developed. Aubin 

et al. [61] developed a model for simulating the posterior instrumentation in 2003. 

The model was analyzed in a quasi-static equilibrium. The incorporated spine model 
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was composed of rigid vertebrae (From L3/L2 to T4) and massless flexible beam 

elements representing the joints. The geometry of the spine model was personalized 

by using pre-operative X-rays taken in the erect position. The 3D location and 

orientation of the vertebrae were obtained from the X-rays by using Cheriet et al.’s 

[84, 85] 3D multi-view reconstruction method. The beam elements were attached to 

the vertebrae with 30 mm posterior offsets proposed by Gardner-Morse and Stokes 

[68]. The mass of the vertebrae was arbitrarily fixed to 300 g.  

Using the abovementioned model, Aubin et al. predicted post-operative Cobb angle 

with error of less than 6° for three patients. In 2008, they personalized the stiffness 

coefficients of the joints by using Petit et al.’s method of personalization [23], and 

incorporated different surgical instruments (e.g. uniaxial and monoaxial pedicle 

screws) into their model. In a study on 10 patients, they showed that their model 

could predict post-operative Cobb angle with error of less than 10° [17]. 

Subsequently, in 2011, the prediction error was enhanced to less than 5° in their 

cohort of six patients [29].  

In addition to the posterior instrumentation, several attempts have been made to 

simulate the anterior instrumentation [28]. For example, Little et al. [19] attempted to 

predict the surgery correction by developing a finite element model. The prediction 

error of post-operative Cobb angle varied between −10.3 and +8.6◦. Only for three of 

their six patients, the error was less than 5°.  

However, Cobb angle error of 5° achieved by the abovementioned studies can be 

influential to the spine shape (Figure 1.4). Therefore, as correction of the spine shape 

is a main concern in the surgery [8], there is a need to develop an instrumented 

scoliotic spine model that is more accurate for prediction of the post-operative Cobb 

angles. 
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2.4 Key points of the literature review 

The key points raised in the review are highlighted in Figure 2.4. This thesis attends 

to developing the instrumented scoliotic spine model for surgical correction 

prediction while addressing the key points. 

 

Figure 2.4 The key points of the literature review 
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 The framework for surgical simulation 

3.1 Overview of the proposed framework 

The proposed framework, for development of the patient-specific instrumented spine 

model in the coronal plane, comprises three sequential steps (Figure 3.1).  

 

Figure 3.1 The framework for developing a patient-specific multibody model of the 
scoliotic spine for surgical correction prediction in the coronal plane 
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The framework begins with developing a kinematic model for a patient to represent 

the patient’s spine movement in the coronal plane (step 1). As the spine movement is 

the sequence of spine positions [44], to represent the spine movement, the framework 

reconstructs the shape of the spine in the positions of the sequence. Considering the 

instrumented spine as a spine position, the capability for representation of the 

patients’ spine movement can therefore show how well the shape of the instrumented 

spine can be reconstructed. In step 1, first, a joint-link configuration is defined to give 

the spine model the DOF that it requires to reconstruct the patients’ spine shape, and 

thus, to represent the spine movement in the coronal plane. Then, the kinematic 

parameters of the joint-link configuration, such as the length of the links, are 

personalized to the patients in order to improve the capability of the spine model for 

reconstruction of the spine shape. The framework adopts our personalization method 

[44] that uses pre-operative X-rays of a number of spine positions to set the kinematic 

parameters for the individual patients. This thesis uses the X-rays of the erect, left 

bending, and right bending positions that are routine in scoliosis standard care. The 

framework, in step 1, delivers a patient-specific joint-link configuration for the 

kinematic model of the scoliotic spine to represent the patients’ spine movement so 

that the represented movements provide well-reconstructed spine shape in the 

positions in the coronal plane. 

The patient-specific kinematic model developed in step 1 is passed to step 2 attending 

the kinetic modelling of the scoliotic spine. The framework, in this step, defines the 

stiffness of the spine model so that the model mimics the spine under loads. To define 

the spine stiffness, non-linear springs are incorporated at each joint of the joint-link 

configuration developed in step 1. The springs are non-linear because the elasticity of 

the spine joints reduces when the load increases according to previous experimental 

studies on the displacements of the joints against loads [76, 83] (section 2.2.1). In 
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addition, the displacements are bounded, showing that the linear functions may not be 

able to give good estimates of the displacements especially when the loads are large, 

e.g. the loads that the instrumentation exerts on the spine [81]. A new non-linear 

approach to approximation of the stiffness (the load-displacement relationships) of 

the springs is proposed [30]. It helps reconstruct the shape of the spine under loads 

more accurately than the linear approach mainly used in the existing literature. A 

method is devised to characterize in vivo the stiffness of the springs to reduce the 

discrepancy between the spine shapes on the simulated positions and their respective 

X-rays. The three X-rays of the erect, left bending, and right bending positions, are 

also utilized for the personalization in this step. The framework, in step 2, delivers a 

non-linear patient-specific load-displacement relationship of the spine joints to 

estimate the stiffness of the patients’ spine so that the spine responses to loads 

provide well-reconstructed spine shape in the coronal plane.  

The developed patient-specific kinetic model (step 2) is utilized for the instrumented 

spine modelling in step 3. The model simulates the surgery to predict the outcome of 

the prescribed instrumentation configurations. To do this, the corrective loads (i.e. 

force and moment generated by the instrumentation) are exerted on the vertebrae 

selected for the instrumentation until the prescribed corrections are achieved, e.g. 

alignment of the instrumented vertebrae with respect to their inferior instrumented 

one. The non-instrumented vertebrae in the fused spine segment are moved according 

to the defined load-displacement relationships of their joints. The framework, in step 

3, delivers a patient specific model for the instrumented scoliotic spine to predict the 

surgical correction so that the predictions provide well-reconstructed shape of the 

patients’ instrumented spine in the coronal plane.  
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3.2 Overview of the programing software 

Microsoft Visual C# platform is used to integrate the simulations and renderings 

(Figure 3.2). Robotic Toolbox of MATLAB® is used to define the scoliotic spine 

model and estimate the response of the model to loads. The simulations are done in 

static equilibrium to obtain the response in the steady state. The simulation results are 

then rendered by using OpenGL® platform. To do this, 3D geometrical models of the 

vertebrae are placed at their locations and orientations determined by the simulated 

spine model. The renderings are done in the coronal plane. The 3D models of the 

vertebrae are taken from the free database of the human anatomy provided by 

National Bioscience Database Center, Japan, http://lifesciencedb.jp/bp3d/.  

 

Figure 3.2 The programing software and their relationships 

3.3 The scoliotic spine shape in the coronal plane 

In this thesis, the scoliotic spine shape is described by three geometrical parameters in 

the coronal plane; ‘spine curvature’, ‘location of the vertebrae’, and ‘orientation of 

the vertebrae’ [44]. We consider the spine curvature in addition to the location and 

orientation because of the following reasons. The spine curvature provides the Cobb 

angles and the key parameter for evaluation of the scoliosis deformity and its surgical 
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correction. Cobb angles can be measured by using Cobb method [4] or Analytic Cobb 

method [45, 46]. Cobb method measures the angle between the endplates of the end 

vertebrae. However, estimation of the endplates on the spine models can be 

associated with large errors because of the error in geometrical models of the 

vertebrae and their orientations. In contrast, Analytic Cobb method is a viable 

alternative for measurement of the angles on the spine models. It measures Cobb 

angle as the angle between the perpendiculars at inflectional points of the spine 

curvature projected in the coronal plane. Therefore, the spine curvature is one of the 

important parameters to describe the spine shape. 

To test the accuracy of the developed models to reconstruct the spine shapes, the 

estimation errors of these geometrical parameters are computed. RMSE is considered 

in this thesis. RMSEs of the curvatures demonstrate how accurately the spine shape is 

drawn, and RMSEs of the locations and orientations show how accurately the 

vertebrae are placed along the spine curvature. In some cases, it is possible that 

RMSEs of the locations and orientations are small, while the estimated curvature does 

not well match the spine curvature (Figure 3.3-a). In addition, small RMSEs of the 

curvatures cannot imply well-reconstructed spine shapes, as they cannot show that 

how well the vertebrae are placed at their measured locations and orientations 

(Figure 3.3-b). Therefore, computation of all these three RMSEs is critical to the test 

the accuracy of the spine shape reconstruction. For surgery prediction, RMSE of the 

post-operative Cobb angles is also considered [17, 19, 28]. RMSE is calculated 

between the parameters measured on the simulated spines and their respective X-rays. 

It is worth mentioning that X-rays are used because the measurements on X-rays are 

considered as the gold standard [86-91], and the most widely used scoliosis 

classifications are 2D and based on 2D X-rays [2]. 
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Figure 3.3 (a) RMSEs of the locations and orientations are considered and RMSE of 
the curvature is not considered, and (b) RMSE of the curvature is considered and 

RMSEs of the locations and orientations are not considered 

Measurements of the parameters in the coronal plane are defined based on the 

concept of ‘vertebral body line’ proposed in Glossary of Three-Dimensional 

Terminology of Spinal Deformity and also Glossary of Spinal Deformity 

Biomechanical Terms [5, 92]; these glossaries are provided by Scoliosis Research 

Society. In the rest of the thesis, we omit the term ‘coronal plane’ for easier reference 

to the parameters. The definitions are as follows: 

• Scoliotic spine curvature. It is the curved line that passes through the mid-points 

of all the vertebral bodies projected on the coronal plane (Figure 3.4-a). The mid-

point in the coronal plane is the intersection of the line drawn from the upper left 

corner to the lower right of the vertebral body and the line drawn from the upper 

right to the lower left of the vertebral body [92]. 
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• Location of a vertebra (LOC). It is the location of the mid-point of the vertebra 

in the coronal plane (Figure 3.4-b).  

• Orientation of a vertebra (Θ). It is the orientation of the line (Figure 3.4-b) that 

passes through the center of the upper and lower endplates of the vertebra in the 

coronal plane. 

The parameters are defined in the global coordinate system (G). According to 

Scoliosis Research Society, G is represented by XYZ defined on the lowest vertebra 

considered in the spine model (Figure 3.4-c). G has its origin at the mid-point of the 

lowest vertebra. X- and Y-axes define the anterior and left directions respectively. Z-

axis is parallel to the line that shows the orientation of the lowest vertebra. The plane 

YZ is the coronal plane, and LOC is given by the ordered pair of (Y,Z). 

 

Figure 3.4 Description of the geometry of the scoliotic spine in the coronal plane, (a) 
the scoliotic spine curvature shown on a X-ray of the erect spine, (b) the location and 

orientation of a vertebra, and (c) the global coordinate system  
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3.4 Materials 

3.4.1 Subjects 

Involving human subjects in this project has been approved by the domain specific 

review board (DSRB) and ethics committee at National University Hospital, 

Singapore. All the patients involved had been properly consulted, and their approval 

and informed consents were obtained. Following the DSRB approval and obtaining 

the proper informed consents, pre-and post-operative digital X-rays of a cohort of 18 

patients with AIS were used (Table 3.1).  

The patients had no neurological deterioration, and they were admitted to the hospital 

for surgical treatment. There were 12 females and six males between the ages of 12 

and 19 years (mean age of 15 years). Cobb angle of the main curves1 (the fifth 

column) ranged from 46° to 86°, and the average and median Cobb angles were 56° 

and 53° respectively. 

The pre-operative X-rays were taken in five posterior-anterior positions in the coronal 

plane; one erect position and four prone positions (left bending, right bending, 

neutral2, and traction3). The five X-rays were available for our cohort of patients. The 

post-operative X-rays were in the erect position and taken immediately after the 

surgery. These X-rays were available for 10 out of 18 patients. The scoliotic spine 

model is developed for all the patients, and those models that correspond to the 10 

patients are then utilized to develop the instrumented spine model. 

                                                        

1 The part of the spine curvature with the largest Cobb angle. 
2 Neutral prone. 
3 Traction films are taken with the patient's arms and legs pulled to stretch the spine out. 
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Table 3.1 The descriptive data of the patients 

Patient Gender Age 
(year) 

Lenke 
classification**  

Pre-operative 
Cobb angle (°) 

Post-operative 
Cobb angle (°) 

1* Female 13 1A 49 16 

2 Female 15 1B 53 - 

3* Female 16 1C 46 11 

4 Female 12 1C 48 - 

5* Female 13 2A 53 12 

6* Female 16 2B 53 18 

7* Female 19 2C 48 14 

8* Female 14 2C 55 5 

9* Female 15 3A 59 13 

10 Female 13 4C 86 - 

11 Female 12 5C 62 - 

12* Female 14 6C 59 8 

13* Male 14 2A 59 10 

14* Male 19 2B 48 8 

15 Male 18 2B 61 - 

16 Male 18 3B 46 - 

17 Male 14 3C 53 - 

18 Male 19 3C 70 - 

 
*  The patients with the post-operative X-rays 
** Lenke classification is provided in http://www.oref.org/docs/default-source/default- 

document-library/sdsg-radiographic-measuremnt-manual.pdf?sfvrsn=2  
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The pre-operative X-rays of the erect and bending positions (three X-rays) are used to 

develop and personalize the spine model. These X-rays are chosen because in general, 

they are part of the routine scoliosis standard care. The five pre-operative X-rays (the 

erect, left bending, right bending, neutral, and traction positions) are then utilized to 

test the accuracy of the developed patient-specific models to reconstruct the spine 

shape. The accuracy for reconstruction of the two positions (neutral and traction) not 

included in the development of the patient-specific models can show the capability of 

our scoliotic spine model for prediction of the spine shape in different positions in the 

coronal plane.  

The post-operative X-rays are used to test the accuracy of the instrumented spine 

model to predict the surgical correction. In addition, considering the instrumented 

spine as a spine position, the post-operative X-rays are also used for evaluating the 

capability of the developed kinematic model to reconstruct the shape of the 

instrumented spine. 

3.4.2 Data acquisition 

The pre- and post-operative X-rays were analyzed to measure LOC and Θ of the 

vertebrae from L4 to T2. In this thesis, L4 is the lowest vertebra and T2 is the 

uppermost vertebra. L5 and T1 were not considered since the X-rays of our patients 

obtained at these vertebrae were often suboptimal for measurement of LOC and Θ. 

This does not affect the surgery instrumentation modelling because in our patient 

cohort, no patients had end vertebrae at L5 and T1 (this means that L5 and T1 were 

not included in the measurements of the Cobb angles and in the instrumented segment 

of the spines). For the post-operative X-rays, the insertion points of the screws on the 

instrumented vertebrae were also measured. 
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The curvature in a position is a mathematical function f of Z, as expressed in (3.1). 

Polynomials have been used to define the spine curvature [2, 44], and f in this thesis 

is a polynomial fitted to LOC and Θ by using the linear least squares method; the 

detailed description is provided in our previous work [44].  

  

𝑓" Z = 𝛽&Z"& + 𝛽&()Z"&() + ⋯+ 𝛽+Z"+, 𝑖 = 0,1, … ,∞ (3.1) 

  

  

Where, βt, …, β2 are the coefficients and t is the order of the polynomial. i denotes a 

spine position. Position 0 corresponds to the erect position that is the reference 

position in this thesis (please see section 1.2). The positons 1, 2, 3, and 4 correspond 

to the left bending, right bending, neutral, and traction positions respectively. 

Θ is incorporated as the angle of the tangent line to the curvature at LOCs (3.2).  

  

𝑓"
2 Z = tan 𝛩" = 𝑡𝛽&Z"&() + 𝑡 − 1 𝛽&()Z"&(+ + ⋯+ 2𝛽+Z")  (3.2) 

  

  

As the origin of G is at the mid-point of L4 (Figure 3.4) in all positions, LOC of L4 is 

(Y,Z) = (0, 0) and its Θ is 0, showing that  f(0) = 0 and f'(0) = 0 respectively. As such, 

the fitted polynomials have no first-degree and constant terms.  

The coefficients (β) of the polynomials are given by: 

  

𝛃 = 𝐙<𝐙
()
𝐙<𝐘  (3.3) 
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Where, the T sign stands for the transpose operation. β and Y are the vectors of the 

coefficients and measured parameters respectively. Z is the design matrix. β, Y, and 

Z are given by (3.4). The upper and lower halves of Y and Z correspond to the 

measured locations and orientations respectively. 

  

𝛃 =

𝛽&
𝛽&()
⋮
𝛽+

 

𝐘 =

Y@A
Y@B
⋮
Y<+_	_	_	_	_	_

tan 𝛩@A
tan 𝛩@B

⋮
tan 𝛩<+

 

𝐙 =

Z@A& Z@A&() ⋯ Z@A+

Z@B& Z@B&() ⋯ Z@B+

⋮ ⋮ ⋱ ⋮

Z<+& Z<+&() ⋯ Z<++_	_	_	_	_	_	_	_	_	_	_	_	_	_	_	_	_	_	_	_	_	_
𝑡Z@A&() 𝑡 − 1 Z@A&(+ ⋯ 2Z@A)

𝑡Z@B&() 𝑡 − 1 Z@B&(+ ⋯ 2Z@B)

⋮ ⋮ ⋱ ⋮

𝑡Z<+&() 𝑡 − 1 Z<+&(+ ⋯ 2Z<+)

 

(3.4) 

  

  

The order of each polynomial is adjusted in order to find the best fitting, i.e. the least 

RMSEs of LOC and Θ. The orders, for our patient cohort, were 15 ± 3. RMSEs of 

LOC and Θ were 0.19 ± 0.08 mm and 0.17 ± 0.07° respectively (mean ± standard 

deviation of RMSEs calculated for 18 patients). The small RMSEs show that the 

fitted polynomials can give good estimates of locations and orientations of vertebrae.  
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3.4.3 Intra- and inter-observer repeatability and reliability of the 

measurements 

The measurements were done manually by two experts in radiographic measurements 

of the spine, three times. Then, the mean values of the measurements were 

considered. All the measurements were supervised by G. Liu who is an experienced 

scoliosis surgeon at National University Hospital, Singapore. 

The intra- and inter-observer reliabilities of the measurements were evaluated by 

using Pearson correlation analysis. The intra-observer reliabilities of the 

measurements were 0.96 ± 0.04 for expert one and 0.93 ± 0.04 for expert two. The 

inter-observer coefficient was 0.91. These agreements are excellent according to [93] 

and can demonstrate the high repeatability and reliability of the measurements [49]. 
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 Developing a patient-specific multibody 

kinematic model of the scoliotic spine 

This chapter contains work from our journal paper [44]: “A patient-specific 

multibody kinematic model for representation of the scoliotic spine movement in 

frontal plane of the human body,” Multibody System Dynamics, doi:10.1007/s11044-

016-9556-1. 

This chapter aims to develop a patient-specific kinematic model of the scoliotic spine 

to underlie the spine movement in the coronal plane. In this regard, it attempts to 

address the research gaps identified in section 2.1, for a brief description of the gaps, 

please refer to the key points in Figure 2.4.  

A new approach to the joint-link configuration of the scoliotic spine is introduced to 

reconstruct the spine shape. For the purpose of surgical correction prediction, it is 

important that the configuration be able to reconstruct accurately the shape of the 

instrumented scoliotic spine in the coronal plane. To improve the accuracy, a linear 

programing problem, (or simply, a minimization problem) is proposed to personalize 

the configuration by using X-rays of a number of spine positions in the coronal plane. 

To the best of our knowledge, this thesis is the first to develop such a personalization 

method taking into account more than one position. 

This chapter is organized as follows. In section 4.1, the proposed kinematic model is 

introduced. Section 4.2 evaluates the accuracy of the model. This is followed by a 

detailed discussion on the feasibility and capabilities of the model to represent the 

scoliotic spine movement, in section 4.3. This section also concludes the chapter. 
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4.1 Description of the kinematic model 

4.1.1 Assumption 

To develop the model, we make an assumption: ‘the change in the spinal length1 from 

L4 to T2 is negligible during the spine movement’. The assumption indicates that the 

spinal lengths (L) of all the positions are equal, i.e. L0 = L1 = … = L∞. The assumption 

is considered valid if |L0-Li| for i = 1, 2, …, ∞ is less than 0.5% of L0; |·| denotes the 

absolute operation. The assumption and the constraint (0.5%) will be supported in 

section 4.2.3. 

In the context of mathematics, a curve can be approximated by a piecewise linear 

curve consisting of a number of straight lines with equal length. In relation to this 

statement, two curves with equal length can be approximated by the same number of 

the lines if the length of the lines is sufficiently small. Appendix A briefly explains 

the approximation, and the term ‘sufficiently small’ lines. Therefore, referring to the 

assumption, the scoliotic spine curvatures in different positions can be approximated 

by the same number (n) of the sufficiently small lines. Thus, we define our kinematic 

model as a chain of n rotary segments. A rotary segment (Figure 4.1-a) consists of a 

rigid straight link (corresponding to the straight lines) and a 1-DOF rotary joint 

(corresponding to the connecting points of the successive lines). The links of the 

rotary segments are equal in length (Lseg in Appendix A). The chain of the segments 

lays on the spine curvature (Figure 4.1-b) to estimate the curvature, LOC and Θ. The 

chain is constrained at the first rotary segment attached to the mid-point of the lowest 

                                                        

1 The arc length of (part of) the spine curvature in the coronal plane [92]. 
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vertebra L4. The first segment cannot translate with respect to the mid-point of L4. 

The last segment corresponds to the mid-point of the uppermost vertebrae T2. The 

kinematic model is characterized by n rotary segments if Lseg is sufficiently small. In 

section 4.1.2, we specify the term ‘sufficiently small’ and explain how Lseg and n are 

obtained. 

 

Figure 4.1 The configuration of the proposed kinematic model and the coordinate 
systems, (a) a rotary segment and its location and orientation defined in G, and (b) the 

chain of rotary segments laid on the spine curvature 
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We adopt Denavit-Hartenberg convention [94] to represent the chain. The coordinate 

systems in Figure 4.1 are attached according to the Denavit-Hartenberg convention. 

The rotation axes of the joints are parallel to each other and perpendicular to the 

coronal plane. The location of a rotary segment is the location of the origin of its 

coordinate system (xy in Figure 4.1-a) in G. The orientation of the rotary segment is 

the orientation of x-axis of its coordinate system with respect to Z-axis of G. 

Table 4.1 illustrates the Denavit-Hartenberg parameters. The first two rows of 

Table 4.1 are for transformation of G to the coordinate system x0y0z0. Referring to the 

configuration of the model, the offsets along previous z to the common normal (d) are 

zero and the angles about the common normal (α) are zero for transformation of the 

coordinate system of a rotary segment to the next one. The scoliotic spine curvatures 

are defined by specifying θ1 to θn. 

Table 4.1 The Denavit-Hartenberg parameters 

θ (°) d (mm) a (mm) α (°) 

90 0 0 -90 

-90 0 0 0 

θ1 0 Lseg 0 

θ2 0 Lseg 0 

⁞ ⁞ ⁞ ⁞ 

θn-1 0 Lseg 0 

θn 0 Lseg 0 
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4.1.2 A method to personalize the kinematic model 

The model is personalized by specifying n and Lseg. As the chain represents the 

scoliotic spine curvature, the length of the chain (n · Lseg) should estimate the spinal 

length in all the positions. We consider that the acceptable estimation error (i.e. |L0 - 

ni · Lseg|) is less than 0.5% of L0 according to the assumption. Besides, Lseg should be 

‘sufficiently small’ to result in the same number of rotary segments in all the 

positions, i.e. n0 = n1 = … = n∞. It should be noted that ni may be different due to the 

differences |L0 - Li|. Therefore, to find the ‘sufficiently small’ Lseg, the minimization 

problem in (4.1) is defined. The minimization problem finds Lseg and ni such that 

∑|n0-ni| is minimized. Each Lseg on the curvature of position i gives an ni. After 

solving the minimization problem, the ‘sufficiently small’ Lseg is obtained and n is the 

number of segments obtained for the erect position (n0). 

  

min 𝑛I − 𝑛) + 𝑛I − 𝑛+ + ⋯+ 𝑛I − 𝑛J
subject	to	constraints 𝐿I − 𝑛I ∙ 𝐿UVW < 0.005𝐿I

𝐿I − 𝑛) ∙ 𝐿UVW < 0.005𝐿I
⋮

𝐿I − 𝑛J ∙ 𝐿UVW < 0.005𝐿I

𝐿UVW <
𝐿I
14	

 (4.1) 

  

  

Where, L0/14 is the average spinal length between two successive vertebrae in the 

erect position, as there are 15 vertebrae in our model. 

After the personalization, the rotary segments closest (Euclidian distance) to the 

important points on the spine curvature in the erect position are labelled (Table 4.2) 

for easier reference in the following sections and chapters. 
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Table 4.2 The special rotary segments and their labels 

Label Description 

VER 
Rotary segments representing the mid-point of the vertebrae; the 
locations and orientations of these segments are the estimates of LOC 
and Θ in all the positions. 

APX 
Rotary segments representing the mid-point of the apical vertebrae; in a 
spine region, an apical vertebra is the vertebra most deviated laterally 
from the vertical axis that passes through the patient’s sacrum [92]. 

INF Rotary segments representing the inflection points of the spine 
curvature in the erect position 

INS Rotary segments representing the mid-point of the instrumented 
vertebrae 

  

  

4.2 Proof-of-concept 

The feasibility and capability of the proposed kinematic model are shown by 

representing the spine movement of our cohort of 18 patients. The accuracy of the 

model in representing the spine movement is tested. The assumption is also tested. 

4.2.1 Kinematic models for the individual patients 

Before solving the minimization problem, first, we tested whether the spinal lengths 

of the individual patients satisfied the assumption (section 4.1.1). The difference 

between the lengths in the erect and the other positions (i.e. ΔL = 100 × (L0 - Li) / L0) 

was in the range of [-0.27,0.31] for all the patients. As such, the assumption |L0 - Li| < 

0.005L0 is satisfied for all the patients. Therefore, for each patient, there exists an Lseg 

that satisfies the constraints in the minimization problem (4.1). The model is 

personalized in the following. 
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Lseg and n were computed by solving the minimization problem (4.1). To do this, the 

three positions (erect, left bending, and right bending) were used. Then, for each Lseg 

satisfying the constraints (i.e. |L0 - ni × Lseg| < 0.005L0), the chain was laid on f0, f1, 

and f2 to obtain n0, n1, and n2 respectively. After that, Lseg was chosen the one that 

minimizes |n0 - n1| + |n0 - n2|. n obtained for the erect position (i.e. n0) was considered 

for the model. In our patient cohort, n ranged from 994 to 1003 (998 ± 3) and Lseg was 

0.39 ± 0.05 mm. The estimation error of the spinal length (i.e. Li - n0 · Lseg) for the 

positions included in the personalization (positions 0, 1, and 2) was 0.27 ± 0.42 mm, 

and for the other three positions (neutral, traction, and post-operative erect), it was 

0.13 ± 0.38 mm. These small errors show that the mechanism can estimate the spinal 

length in the coronal plane. This error will be discussed in detail in section 4.3. 

4.2.2 Accuracy of representation of the spine movement 

To compute the accuracy, first, the personalized model was laid on the curvatures of 

the six positions. Second, LOC and Θ of the vertebrae were estimated as the locations 

and orientations of their corresponding VER, respectively (Figure 4.2). Third, RMSE 

(4.2) of the curvatures was calculated between f and the curvature estimated by the 

model (f). 

  

RMSE =
1
𝑄

𝑓" Za − 𝑓" Za
+

b

ac)

 (4.2) 

  

  

Where, Q is the total number of data points. (Y1, Z1) and (YQ, ZQ) are the location of 

L4 and T2 respectively. 
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f was obtained by considering the chain as a continuous piecewise function of Z. To 

do this, the joints of the chain were considered as the data points on f and their 

intermediate data points were interpolated by using straight lines connecting the 

joints. RMSE was calculated between the intermediate points and their corresponding 

points on the polynomials. 

 

Figure 4.2 Representation of the spine curvature by the proposed kinematic model 
(this figure is only for the illustration purpose and does not represent a real situation 
in terms of the spine shape and location and orientation of a vertebra with respect to 

its inferior one) 
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For the three positions included in the personalization, RMSEs of LOC and Θ were 

0.26 mm and 0.24° respectively (Figure 4.3). For the three positions not used for the 

personalization (neutral, traction, and instrumented spine), the RMSEs were 0.21 mm 

and 0.23° respectively. RMSE of all the curvatures was not significant (3e-5 mm). As 

is clear, RMSEs were quite small for the locations and orientations, and particularly 

for the curvatures. The small RMSEs imply that the model can accurately reconstruct 

the spine shape not only in the three positions used for the personalization but also in 

the other three positions. As such, our patient-specific kinematic model can give good 

estimates of the spine shape. Besides, the proposed personalization method can offer 

good personalization of our kinematic model by using a few positions. 

 

Figure 4.3 RMSEs of LOC and Θ for the included and not included positions for each 
patient; Each dark (white) bar represents RMSE for the vertebrae in the three 

included (three not included) positions for a patient 
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Figure 4.4 shows an example of the chain in the positions for one of the patients. A 

visual comparison shows that the curvatures, locations, and orientations estimated by 

the chain agree well with the measured ones. Overall, it can be concluded that our 

kinematic model is feasible and capable of reconstructing the scoliotic spine shape in 

the coronal plane, and thus, describing the scoliotic spine movement in this plane. 

 

Figure 4.4 (a) the measured scoliotic spine, and (b) the scoliotic spine estimated by 
the proposed kinematic model (shown on the measured spines)  
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4.2.3 Support of the assumption 

To support the assumption (section 4.1.1), statistical analysis was performed on ΔL 

and RMSEs of the spine curvatures, LOC, and Θ. The results of the statistical 

analysis are depicted by box charts (Figure 4.5). Shapiro-Wilk’s test [95] showed that 

ΔL was significantly drawn from a normally distributed population NΔL(mean = -0.01, 

SD2 = 0.01), at 1% significance level. In addition, Anderson-Darling’s test [96] 

demonstrated that the data of the RMSEs could be described by Gamma distribution 

Γ(shape, scale), at 1% significance level. According to the distribution functions and 

with 99% confidence interval, ΔL is between -0.34 and 0.32 mm, and such change in 

the spinal length causes RMSEs less than 6e-5 mm, 0.59 mm, and 0.38° for the spine 

curvature, LOC, and Θ respectively. These small RMSEs show that the proposed 

kinematic model could give good estimates of the spine shape, even though the spinal 

length changed by 0.36%. Therefore, the assumption, underlying neglecting the 

change in the spinal length, can be valid for representing the scoliotic spine 

movement in the coronal plane by the proposed patient-specific kinematic model. 

The reasons for considering the coefficient 0.5% for neglecting ΔL and for the 

constraints in the minimization problem (4.1) are explained as follows. First, from 

NΔL, it was found that the chance of getting |ΔL| < 0.5% was around 99.99%, which is 

quite high. Besides, it was shown that ΔL drawn from NΔL (Figure 4.5) caused small 

RMSEs in representing the spine curvatures, LOC, and Θ. Therefore, we considered 

the change of less than 0.5% in the spinal length as a negligible change. Second, for 

the minimization problem, on the one hand, it is important that the coefficient of L0 

be large enough so that all the constraints are satisfied. On the other hand, it is 

important that the coefficient value be small to reduce the computational expense 

incurred by the minimization problem (note that increase in the value exponentially 
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increases the computational expense). The coefficient value of 0.5% could make a 

trade-off between these conflicting conditions. It was considered as the smallest value 

for the remarkable chance (99.99%) of satisfying all the constraints in (4.1). 

 

Figure 4.5 The box charts; for Γ, each point represents RMSE of curvature/LOC/Θ in 
a spine position 
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4.3 Discussion and conclusions 

A patient-specific multibody kinematic model of the scoliotic spine was developed 

for representation of the scoliotic spine movement in the coronal plane. A 

minimization problem (4.1) was proposed to personalize the values of the kinematic 

parameters by using X-rays of a number of spine positions. This distinguishes our 

patient-specific kinematic model from the existing ones whose kinematic parameters 

are typically obtained by using X-rays of only erect position. Involving X-rays of 

more spine positions helps setting better values of the kinematic parameters for more 

accurate estimates of the spine shape [44]. As there are X-rays of three spine 

positions (erect, left bending, and right bending) in the coronal plane in scoliosis 

routine standard care, we used all the three positions for development and 

personalization of the proposed kinematic model to increase the accuracy of the 

model. In general, the X-rays of more positions can help to increase the accuracy. 

However, increasing the number of positions require more X-rays that expose the 

patients to the harmful radiation, increasing the radiation risk. Therefore, three can be 

the maximum number that is available according to scoliosis standard care. The 

feasibility and capability of the model were tested by using the five pre-operative X-

rays of 18 patients and one post-operative X-ray of 10 patients, and discussed in the 

following. 

The feasibility of the proposed kinematic model traces back to the minimization 

problem (4.1). The minimization problem has a solution for the ‘sufficiently small’ 

length for a given patient if and only if the area limited to the constraints is not null. 

In section 4.2.3, through statistical analysis, it was shown that at 99.99% confidence 

interval, the change in the spinal lengths in the positions is less than 0.5% of the 

length of the erect spine. This can confirm that at least one Lseg exists to specify an n 
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for all the spine positions of a given patient, and thus the model can be feasible. 

Moreover, in practice, only a few positions are available to solve the minimization 

problem. Thus, to have a more complete examination of the feasibility, we need to 

show that ‘the model that is personalized by a few positions can give good estimates 

of the spine shape in all the positions’. In this regard, we performed the 

personalization by using X-rays of three positions, and then, we showed that the 

personalized models could give good estimates of the spine shape in the other three 

positions not included in the development and personalization of the model as well as 

the three included positions. Besides, the X-rays of the three included positions are 

routine in scoliosis standard care. Therefore, our model personalized by using the 

routine X-rays has the potential to represent the scoliotic spine movement, and the 

post-operative erect position. Overall, it can be concluded that the developed 

kinematic model is feasible. 

The capability of the model for representing the scoliotic spine movement was 

demonstrated by testing the accuracy of the model in estimation of the scoliotic spine 

shape in the six positions. RMSE of the curvatures was not significant (less than 6e-5 

mm). RMSEs of the location and orientation of the vertebrae were less than 0.59 mm 

and 0.38º respectively (Figure 4.5). These small RMSEs for the six positions can 

show that our model can accurately estimate the spine shape. In addition, the small 

RMSEs of the locations and orientations imply that VERs can be accurate estimates 

of the vertebrae in terms of their LOC and Θ. Therefore, the model can be capable of 

representing the scoliotic spine movement by estimating a sequence of the spine 

positions. 

In general, a 2D spine model in the coronal plane does not include the information 

relating to the torsion, kyphosis, and lordosis angles of the spine. This can have 
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negative effects on the accuracy of the 2D model in estimating the parameters such as 

Cobb angle (measured by Analytic Cobb method) [45-47] and spinal flexibility and 

mobility. These are the key parameters measured in the coronal plane for scoliosis 

surgical planning [23]. To measure/calculate the parameters by using Analytic 

Methods, the first derivative of the spine curvature is required. It was demonstrated 

that the proposed model estimated the curvature with small RMSE of 3e-5 mm, 

showing that the geometry of the curvature is preserved. Besides, the small RMSE of 

the orientations of the vertebrae (0.24°, RMSE of Θ in all the positions of all the 

patients) show that the first derivatives of the estimated curvatures at the mid-points 

of the vertebrae were good estimates of those on the measured curvatures. Therefore, 

it can be concluded that the first derivative of the estimated curvatures can correspond 

well with the first derivative of the measured curvatures. Overall, the proposed model 

is able to give good estimates of the key parameters without taking into consideration 

the torsion, kyphosis, and lordosis angles. 

The proposed kinematic model neglects the change in the spinal length and considers 

the links as rigid bodies, according to the assumption. It was demonstrated that these 

concepts could not significantly influence the accuracy of the kinematic model. In the 

following, we discuss that the concepts may also not raise major issues in a kinetic 

model that is based on the developed kinematic model.  

Regarding the concept of neglecting the length change, it was shown that the model 

could give good estimates of the spinal length in section 4.2.1. The estimation error of 

the length is the sum of two errors, namely ec and em. ec is the error of 

approximating parts of the curvature (Lpart) with straight lines (Lseg) (Figure 4.6-a). ec 

is the sum of differences between Lpart and Lseg from L4 to T2, and it is always 

positive. ec was 0.18 ± 0.29 mm, and the differences (Lpart - Lseg) were 2e-4 ± 2e-4 
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mm. Such small differences from L4 to T2 can show that the rotary segments can 

correspond well to their associated spine parts. Thus, ec may not significantly affect 

the accuracy of the kinetic model that is based on the proposed kinematic model.  

 

Figure 4.6 Illustration of ec and em, (a) em<0, and (b) em>0 

em is the distance between the locations of the mid-point of T2 and the last rotary 

segment. em is negative (Figure 4.6-a) when the last rotary segment adds extra length 

to the curvature; otherwise, it is positive (Figure 4.6-b). em was 0.02 ± 0.21 mm. 

Studies that model the spine joints as 3D spherical joints (see section 2.1.1), neglect 

the change in the spinal length and accordingly ec and em in their kinematic models. 

The errors ec and em in these models can be greater than the errors in our model 
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because the models approximate much larger parts (functional spinal units) of the 

spine with rigid links in comparison with our model. Neglecting such larger errors 

has had no significant effect on the accuracy of the kinetic models [54, 55]. As such, 

our kinematic model with smaller errors may not raise major issues in kinetic 

modelling.  

The concept of rigidity of the links was formulated according to Panjabi et al.’s [39] 

and Oxland et al.’s [83] studies on the stiffness of the thoracic and thoracolumbar 

spine respectively. Our proposed joint-link configuration allows 3-DOF movements 

of the vertebrae by a number (m) of rotary segments between the mid-points of two 

successive vertebrae. Such a configuration due to the rigidity of the links offers m · 

Lseg as the maximum axial stretch of the spine joints. Panjabi et al.’s [39] and Oxland 

et al.’s [83] found that the stiffness in the axial direction is high, and thus, the impact 

of limiting the stretch on the dynamics is negligible [44], showing that the assumption 

of the rigid links may not raise major issues in kinetic modelling as well. 

The kinematic model may not work well for the patients whose spinal lengths do not 

satisfy the assumption (section 4.1.1). Further study is required to investigate the 

effects of spinal length stretch on the accuracy of the developed patient-specific 

kinematic model. 

In the next chapter, we introduce our kinetic model defined based on the developed 

kinematic model. 
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 Developing a patient-specific multibody 

kinetic model of the scoliotic spine 

This chapter contains work from our journal papers [30, 31]: “Finding line of action 

of the force exerted on erect spine based on lateral bending test in personalization of 

scoliotic spine models,” Medical & Biological Engineering & Computing, 2016. 

doi:10.1007/s11517-016-1550-5, and “A new method to approximate load-

displacement relationships of spinal motion segments for patient-specific multi-body 

models of scoliotic spine,” Medical & Biological Engineering & Computing, 2016. 

doi:10.1007/s11517-016-1576-8. 

This chapter aims to develop a patient-specific kinetic model, based on the introduced 

kinematic model, to underlie the spine response to loads. In this regard, it attempts to 

address the research gaps identified in section 2.2; for a brief description of the gaps, 

please refer to the key points in Figure 2.4.  

A new non-linear approach to approximation of the load-displacement relationships 

of the spine joints is proposed [30]. It helps reconstruct the shape of the spine under 

loads more accurately than the linear approach mainly used in the existing literature. 

For personalization of the kinetic model, a method is devised to characterize in vivo 

the load-displacement relationships of the spine joints based on the lateral bending 

test. To the best of our knowledge, this thesis is the first to develop a personalization 

method for the non-linear approaches to the load-displacement relationships of the 

joints of the scoliotic spine. Moreover, to enhance the personalization, for simulation 

of the bending positions, a new concept is introduced regarding the line of action of 

the force exerted on the spine [31, 48]. 
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This chapter is organized as follows. In section 5.1, the proposed kinetic model is 

introduced. The personalization method is devised in section 5.2. Section 5.3 

evaluates the accuracy of the model. This is followed by a discussion on the 

capabilities of the model to represent the spine behavior under loads, in section 5.4. 

This section also concludes the chapter. 

5.1 Configuration of the kinetic model 

In our kinetic model, the rotary segments between the mid-points of each two 

successive vertebrae play the role of the spine joints. To approximate the load-

displacement relationships of the spine joints, a non-linear torsion spring is 

incorporated at the joint of each rotary segment. As the developed kinematic model 

has only rotary joints in the coronal plane, we focus on the rotational responses of the 

spine joints in the lateral direction. Thus, the load is the moment of the force exerted 

on the spine. 

The load-displacement curves of the spine joints possess three fundamental 

characteristics referring to the experimental data reported in the existing literature 

[76, 77, 83]. 

(1) The rotational displacement (r) of the spine joints from their resting position 

(erect position, section 1.2) is zero if and only if the moment (τ) about the 

axis of rotation of the joints is zero [76], 

(2) When τ increases, the change (Δ) of r significantly reduces in comparison 

with Δτ [66, 77], i.e. if τ → ±∞, then Δr/Δτ → 0, 

(3) r is limited [77]. When τ is approaching ±∞, r reaches a limited value. 
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According to the abovementioned characteristics, we propose that the stiffness (the 

load-displacement relationships) of the non-linear torsion springs can be 

approximated by a tangent function as expressed in (5.1). 

  

𝜏 = 𝐴 ∙ tan 𝐵 ∙ 𝑟 + 𝐶 + 𝐷 ,−
𝜋
2
≤ 𝐵 ∙ 𝑟 + 𝐶 ≤

𝜋
2

 (5.1) 

  

  

Where, τ here is the moment about axis of rotation of the joints of the rotary 

segments, and r pertains to the rotational displacement of the rotary segments with 

respect to their inferior segments or deflections of the torsion springs, in the spine 

movement from the erect (the resting position) to a position; i.e. θerect - θposition. 

The parameters A, B, C, and D in (5.1) modify the tangent function to define the 

stiffness of the torsion springs (to characterize the load-displacement relationships) 

(Figure 5.1). A stretches the tangent function along the τ-axis to vary the stiffness. B 

stretches the tangent function along the r-axis to allow the representation of different 

range-of-motion of the springs. C is introduced to translate the tangent function along 

the r-axis because the range-of-motion of the springs to the left and right may not be 

equal, as the range-of-motion of the vertebrae of scoliotic spines in the right and left 

bending movement may not be symmetric [53, 97]. D eliminates the bias along the τ-

axis so that the zero τ results in the zero r (the first characteristic). 

5.2 A method to personalize the kinetic model 

The joint stiffness is characterized in vivo based on the lateral bending test. The 

bending positions are simulated to obtain the data points (r, τ) to set the parameter 
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values of the tangent functions (5.1). A tangent function (5.1) is defined for each 

spine joint. According to section 2.2.2, the line of action of the force to simulate the 

bending positions is influential to setting the parameter values. A study is done to find 

the line of action resulting in better values for better reconstruction of the shape of the 

spine under loads. 

 

Figure 5.1 The proposed tangent function and modifications by the parameters 

5.2.1 Personalization of the load-displacement relationships 

For each spine joint: 

First, the two asymptotes of the tangent function are estimated. They are the largest r 

of the rotary segments in a spine joint towards the right and left sides, represented by 

RRight and RLeft respectively. RRight/Left is estimated by 1.2 × rRight/Left. We use rRight/Left 

for estimation of the asymptotes because the bending X-rays are taken while the 

patients perform maximum voluntary bending movements to the right and left sides, 

implying that there may be small differences between RRight/Left and rRight/Left. The 

reason that RRight/Left is considered 20% greater than rRight/Left is explained in Appendix 
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B. According to our previous study [48], a number of vertebrae in a scoliotic spine 

may not rotate in the direction of the bending movement. In this case, the maximum r 

in a spine joint towards the right and left sides is considered for both RRight and RLeft, 

i.e. RRight = -1.2 × max(|rRight|, |rLeft|) and RLeft = 1.2 × max(|rRight|, |rLeft|); note that the 

rotations towards the right side (i.e. clockwise) are negative. 

Second, two linear equations (5.2) are derived by using RRight/Left and the range of B · r 

+ C in (5.1). The values of B and C are obtained by solving these equations. 

  

𝐵 ∙ 𝑅mnopq + 𝐶 = −
𝜋
2

𝐵 ∙ 𝑅@rsq + 𝐶 =
𝜋
2

→

𝐵 =
𝜋

𝑅@rsq − 𝑅mnopq

𝐶 = −
𝜋 𝑅@rsq + 𝑅mnopq
2 𝑅@rsq − 𝑅mnopq

 (5.2) 

  

  

Third, D is given by –tan(C) according to the first characteristic. 

Fourth, A is obtained by using the linear regression method and the load-displacement 

data, i.e. the pairs of (r, τ), as expressed in (5.3). 

  

𝐴 =
𝐹",v ∙ 𝑑",v ∙ tan 𝐵 ∙ 𝑟",v + 𝐶 + 𝐷x

vc)
+
"c)

tan 𝐵 ∙ 𝑟",v + 𝐶 + 𝐷
+x

vc)
+
"c)

 (5.3) 

  

  

Where, |·| denotes the magnitude. i and k represent the positions and rotary segments 

respectively. m is the total number of rotary segments in the spine joint. F is the force 

exerted on the spine in the bending positions, and d is the moment arm of F around 

the axis of rotation of the rotary segments. 
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To obtain F for solving (5.3), the minimization problem (5.4) is defined [30]. This 

minimization problem is defined, because in vivo measurement of F may not be 

practically possible [74, 98]. Besides, F is a very patient-specific parameter 

depending on the spine stiffness of the patient studied [30]. 

  

minimize	 RMSEz

)A

zc)

subject	to	constraints
0 < 𝐹@rsq ∙ 𝑑@rsq,{|} < 63	N ∙ m
0 < 𝐹mnopq ∙ 𝑑mnopq,{|} < 63	N ∙ m

 (5.4) 

  

  

Where, j represents the spine joints. RMSEj is the RMSE between the defined tangent 

function and the data for the jth spine joint; j=1 to 14 corresponds to the joints L3-L4 

to T2-T3. APX (Table 4.2), here, refers to the rotary segment representing the apical 

vertebra in the thoracolumbar/lumbar region. 

Genetic algorithm is adopted to solve the minimization problem. It looks for (FRight, 

FLeft) in the defined 2D domain of |FRight| × |FLeft| so that the resulting A (5.3) provide 

the tangent functions that best fit the pairs of (r, |F| · d). 

The upper bound of the moment in (5.4) was set according to Petit et al.’s [23] 

measurements. Referring to these measurements, the moment about the joints of the 

apical vertebrae in the thoracolumbar/lumbar region had the largest range, showing 

roughly the largest range for the moment about the spine joints in the spine. 

According to the mean and SD of the moment obtained by Petit et al. and 

Chebyshev’s theorem [99], the range of [0,63] N·m can cover 99% of the moment 

population exerted on the joints, implying the good choice for the upper bound. 
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5.2.2 Line of action of the force to simulate spine positions 

An in-depth study was done on the amount of r (i.e. |r|) of the rotary segments in the 

bending positions and the neutral and traction positions. It was found that for each 

spine curvature, there were two rotary segments with a locally least |r| (Figure 5.2) 

[31, 48]; these rotary segments are called LST. The lower LST was in the 

thoracolumbar region between mid-points of L2 and T9, and the upper one was in the 

thoracic region between mid-points of T7 and T4. In total, there were 144 LSTs (1 

rotary segment × 2 regions × 4 positions × 18 patients). Amount of r of these rotary 

segments was 0.0019 ± 0.0016°, which is 96% smaller than the mean |r| of all the 

segments; amount of r of all the rotary segments was 0.0418 ± 0.0353° with lower 

and upper 95% confidence intervals of 0.0415° and 0.0421° for the mean value 

respectively. Such small |r| of LSTs show that LSTs have almost no rotation when the 

spine moves from the erect to the other four positions. 

 

Figure 5.2 |r| of the rotary segments from the erect to four positions for patient #1 
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It was found that in a region, INFs (Table 4.2) were within the distance of 0 to 2 

segments from LSTs  as shown in Figure 5.3. In 20% of the cases, INFs were LSTs. 

Around 62% and 18% of INFs were 1 and 2 segments above/below LSTs, 

respectively. The Euclidian distance between INFs and LSTs was 0.36 ± 0.24 mm. 

Such a short distance shows that the locations of INFs are good estimates of those of 

LSTs. In addition, |r| of INFs was 0.0028 ± 0.0021° (Figure 5.4), which is 93% 

smaller than the mean r of all rotary segments, showing small amounts of rotation for 

INFs. Such a small |r| of INFs shows that INFs had no significant rotation in the spine 

movement from the erect to the four positions. Overall, according to the locations and 

amounts of rotation of INFs, it can be concluded that INFs, identified in the erect 

position, can estimate LSTs in the four positions. 

 

Figure 5.3 The location of INFs with respect to location of LSTs 
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Figure 5.4 The amount of rotation of INFs in the spine movement from the erect to 
four positions for all the patients 

The small r of INFs (Figure 5.4) in the four positions can be due to the weak 

moments of F about their rotary joints. According to the relationship between the 

force and moment (i.e. τ = d · F), these weak moments result from small moment 

arms because the force is typically strong to simulate the spine in the positions [83]. 

The small moment arms show that in a spine position, the line of action is very close 

to the axis of rotation of the rotary joints of INFs. Therefore, we introduce our 

concept of the line of action as follows: in the coronal plane, the line of action of the 

force to simulate a spine position passes through INFs in the position. An example of 

identifying the line of action is shown in Figure 5.5. INFs are the ith and jth rotary 

segments on the spine curvature in the erect position (step 1). Thus, the line of action 

of the force to simulate position P passes through INFs on the spine in P (step 2). 

Then, to simulate P, a force with this line of action is exerted on T2 in the erect 

position (step 3). 
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Figure 5.5 Identification of the line of action to simulate position P 
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5.3 Proof-of-concept 

5.3.1 Methods 

The introduced patient-specific kinetic model is developed for our patient cohort, and 

then utilized to simulate the left and right bending positions. The same is done by 

using an existing 3D scoliotic spine model personalized by using Petit et al.’s [23] 

method. The simulation results of the models are then compared to evaluate the 

capability of our model for mimicking the spine response to loads. In addition, to 

further demonstrate the capability of our model, it is also used to simulate the neutral 

and traction positions. Simulation of the neutral and traction positions can challenge 

the model on prediction of the spine response because these positions are not included 

in the development and personalization of the model. 

The 3D model is closest in similarity to the model in Petit et al.’s study. The initial 

3D geometry of the model is personalized to the patients by using 2D X-rays 

according to 3D reconstruction method of Cheriet et al.’s [84, 85]. Vertebrae are 

considered as rigid bodies [26, 58]. The intervertebral discs are defined as an 

articulated mechanism with a spherical joint allowing 3-DOF in rotation [54]. The 

spherical joints are placed at the posterior extremity of the superior endplate of each 

vertebra according to [65]. The relative translations between the vertebrae in a 

functional spinal unit are constrained referring to [39].  

Linear torsion springs are incorporated into the mechanism for each DOF of the joints 

of the 3D model [83]. The initial stiffness coefficients of the torsion springs are set as 

in Table 1 in [23]. The personalization method of Petit et al.’s defines mechanical 

modulation parameters to tune stiffness coefficients for the lateral bending movement 
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of the vertebrae with respect to their inferior vertebra. The modulation parameters are 

defined for three spine parts: thoracolumbar/lumbar, main thoracic, and proximal 

thoracic parts. They are set by using an optimization algorithm that minimizes the 

discrepancy between the simulated bending and the measured spine on the X-rays in 

the lateral bending positions. The discrepancy is defined as the difference between 

Ferguson angles1 measured on the three spine parts in the coronal plane. 

To support our proposals concerning the personalization of our kinetic model, three 

scenarios (Table 5.1) are considered for personalizing the model. Scenario 1 is based 

on the existing personalization method [23]. Scenarios 2 and 3 are defined to assess 

our tangent function and line of action, respectively, in comparison with scenario 1. 

In scenarios 1 and 3, for linear approximation of the load-displacement relationships, 

linear torsion springs are incorporated at the joints of the rotary segments. 

Table 5.1 The scenarios for personalization of the model 

Scenario Load-displacement relationship Line of action 

1 Linear Parallel to iliac line 

2 The proposed tangent function Parallel to iliac line 

3 Linear Passing through INFs (the 
proposed line of action) 

   

   

                                                        

1 It is the angle between the lines drawn from the mid-points of the apical vertebrae to the 
mid-point of the end vertebrae [100]. 
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Simulation of the positions is done by fixing all DOFs of VERL4 (L4 for the 3D 

model) and by exerting F on VERT2 (T2). The magnitude of F is increased from zero 

until the spine shape obtained by the models best fits the measured spine in the 

positions (5.5), i.e. RMSEs of the spine curvature (4.2), LOC, and Θ become the 

least. Equation (5.5) is solved by increasing F with steps of 0.01 N to make a trade-

off between a good accuracy of F and a good computation time. 

  

minimize	MSE�����q��r + MSE@�� + MSE�
subject	to	constraint 0 < 𝐹 ∙ 𝑑{|} < 63	N ∙ m (5.5) 

  

  

Where, MSE stands for mean-squared-errors ( errors+ 𝑚; m is the total number of 

errors). The cost function is defined as the sum of the MSEs (squared RMSEs). 

5.3.2 Accuracy of representation of the spine under load 

Our 2D model resulted in smaller RMSEs1 of the spine curvature (74%), LOC (70%), 

and Θ (56%) than the 3D model (Figure 5.6), showing better reconstruction of the 

spine shape in the bending positions. In addition, the RMSEs in the neutral and 

traction positions not included in the personalization were as small as the RMSEs in 

the bending positions, implying the high capability of our 2D model for prediction of 

the shape of the spines under the loads. Therefore, the developed patient-specific 

kinetic model could accurately estimate the spine response to the loads in the coronal 

plane.  
                                                        

1 For curvature, there were 36 (1 curvature ´ 2 bending positions ´ 18 patients) errors in the 
movement from the erect to the bending positions. For LOC and Θ, there were 504 (14 
vertebrae ´ 2 bending positions ´ 18 patients) errors.  
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Figure 5.6 The simulation results of the 3D model and our 2D model, (a) RMSE of 
the spine curvature, (b) RMSE of LOC, and (c) RMSE of Θ 

The simulation results of the three scenarios considered for the personalization are 

illustrated in Figure 5.7. The models personalized based on the scenario 2 could 

reconstruct the spine shapes more accurately than those personalized based on the 

scenario 1; 42%, 40%, and 42% smaller RMSEs of the spine curvature, LOC, and Θ 

respectively. This can show that the proposed non-linear approximation can increase 

the capability of our kinetic model for estimating the spine response to the loads. 

Regarding the proposed line of action, the models in scenario 3 were also more 

accurate in reconstruction of the shape of the spines under the loads in comparison 

with the models in scenario 1; 54%, 50%, and 37% smaller RMSEs of the spine 

curvature, LOC, and Θ respectively. This can demonstrate that the proposed line of 
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action can enhance the existing personalization method. Therefore, both proposed 

tangent function and line of action offered improvements in the ability of our patient-

specific kinetic model to mimic the spine under loads in the coronal plane. 

 

Figure 5.7 The simulation results of the three scenarios for the personalization, (a) 
RMSE of the spine curvature, (b) RMSE of LOC, and (c) RMSE of Θ 

For illustration of the abovementioned improvements achieved based on our 

proposals, we also plotted the errors of LOC and Θ by using the box charts 

(Figure 5.8). As is clear, our 2D model (chart 2) with linear torsion springs 

personalized by using Petit et al.’s method is almost as accurate as the existing 

patient-specific 3D model personalized by using Petit et al.’s method (chart 1). The 

accuracy of the 2D model (chart 2) was increased both when the linear torsion springs 

were replaced with the non-linear torsion springs characterized in vivo based on our 
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proposed tangent function (chart 3), and when the proposed line of action was used 

for the personalization instead of the typical line of action parallel to the iliac line 

(chart 4). Our proposed patient-specific kinetic model (charts 5 and 6), by integrating 

all the proposals, offered a remarkable reduction in the estimation errors of LOC and 

Θ. The small errors (charts 5 and 6) imply that our model can accurately place the 

vertebrae at their respective locations and orientations in the spine positions. 

 

Figure 5.8 The box charts of the estimation errors of LOC and Θ 
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5.4 Discussion and conclusions 

Our patient-specific kinetic model could comprehensively mimic the spine response 

to the loads according to the small errors of the reconstructed spine shapes in the 

positions. The model yielded less discrepancy between the shapes of the simulated 

spines and X-rays than the patient-specific 3D model. An example of performance of 

the models to simulate the right bending position of a patient is shared (Figure 5.9). 

The force is exerted on the models and it is increased from zero. Referring to 

Figure 5.9-a, in step 1, the 3D model bends as much as the measured lumbar spine, 

according to the small discrepancy between the simulated and measured spines in the 

lumbar region, and it bends less than the measured thoracic spine. By increasing the 

force, the cost function is minimized (step 2, Figure 5.9-b). However, the 3D model 

bends more than the measured lumbar spine, and it does not bend as much as the 

measured thoracic spine. By further increasing the force (step-3, Figure 5.9-c), the 

model eventually bends as much as the measured thoracic spine, while it bends much 

more than the measured lumbar spine. Such discrepancies can show that the 3D 

model in this example overestimates the response of the lumbar spine to the loads or 

underestimates the response of the thoracic spine to the loads. In contrast, our kinetic 

model (Figure 5.9-d) results in better estimates of the spine response to the loads 

according to the less discrepancy between the measured right bending and simulated 

spine in the three steps. Moreover, our personalized kinetic models could estimate the 

spine response in the neutral and traction positions not included in the development 

and personalization of the model as accurate as the bending positions included 

(Figure 5.8). This can show the potential capability of our model for prediction of the 

spine response to loads. Overall, our model can be superior to the existing 3D model 

in terms of representation of the spine response to loads in the coronal plane. 
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Figure 5.9 An example of simulation of the right bending position by the 3D model 
and our 2D model for a patient, (a) the 3D model well reconstructs only the lumber 
spine, (b) the 3D model reconstructs the spine shape according to (5.5), (c) the 3D 

model well reconstructs only the thoracic spine, and (d) Our 2D model well 
reconstructs the spine shape (the least error according to (5.5)) 
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5.4.1 Load-displacement relationships 

To evaluate the capability of the proposed tangent function for approximation of the 

load-displacement relationships in relation to the linear function, the four positions 

(lateral bending, neutral, and traction) were simulated by the models personalized 

based on scenarios 1 and 2. The estimation errors of r were then compared.  

The tangent function estimated the rotational displacements of the spine joints 54% 

more accurate than the linear function; RMSEs of 1.13° and 2.44° respectively. This 

was achieved because the proposed tangent function could deal with both 

infinitesimal and finite displacements and could limit the displacements. To further 

demonstrate such a capability, first, we divided the displacements into three ranges 

(Figure 5.10) [30]: 

(1) Infinitesimal (0.2RRight, 0.2RLeft),  

(2) Finite (0.8RRight, 0.2RRight] and [0.2 RLeft, 0.8RLeft), and  

(3) Large finite (RRight, 0.8RRight] and [0.8RLeft, RLeft). 

 

Figure 5.10 The ranges for the infinitesimal, finite, and large finite displacements 
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Then, we studied the magnitude of the estimation errors of r in these ranges 

(Figure 5.11). These ranges were considered because of the noticeable differences 

between Δr/Δτ in the ranges (characteristic 2, section 5.1) according to the 

experimental data [76, 77].  

The magnitude of the estimation errors of r by the tangent function were smaller than 

those by the linear function in all the three ranges; 25%, 50%, and 58% smaller 

RMSEs for the infinitesimal, finite, and large finite ranges respectively. Besides, a 

visual comparison (Figure 5.11) also shows the effective reduction of the errors.  

 

Figure 5.11 The box charts of the magnitude of the estimation errors of r in the ranges  
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The smaller errors of r by the tangent function can be attributed to the capability of 

the proposed tangent function for distinguishing the three ranges and making good 

estimates of Δr/Δτ associated with each range. In contrast, the linear function offered 

a constant Δr/Δτ over the whole displacement range, negatively affecting the 

estimation of r in the three ranges. As a consequence, an intra-comparison between 

the errors by the linear function shows that it induced almost 45% larger errors in the 

large finite range than the other ranges. Therefore, the proposed tangent function 

outperformed the liner function in terms of approximation of the load-displacement 

relationships. Overall, it can be concluded that the proposed tangent function offers 

an improvement in approximation of the load-displacement relationships of the spine 

joints in the coronal plane. 

As shown, the tangent function allows to dealing with the situations in which the 

displacements are in the large finite range. Simulation of scoliosis surgery is an 

example of such situations. In the surgery, surgeons try to straighten the spine 

curvature in the coronal plane by using spinal instrumentation that exerts the large 

forces and moments on the spine joints according to [17, 80, 81]. Therefore, our 

method of approximation, by offering good estimates of the displacements against the 

large loads by referring to the small errors of displacement in the large finite range, 

can improve the ability of our kinetic model in the surgery simulation. 

One limitation relating to characterization of the tangent function is that the coupled 

motions are not considered when measuring r. Although the rotations measured on 

the lateral bending X-rays are mainly produced by the lateral bending of the spine 

joints [23], they may be influenced by the coupled motions. This can affect the 

stiffness of the rotary segments, and thus, the accuracy of the simulation of the spine 

response to loads. For example, it can affect the asymptotes of the tangent functions, 
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determining the range-of-motions of the rotary segments. This can cause larger 

(smaller) range-of-motions showing underestimation (overestimation) of the stiffness 

of the rotary segments. Analysis of the displacements in 3D can help disguising the 

lateral rotations from the other motions for better characterization of the tangent 

function for the lateral rotations. As another limitation, the assumption made for 

setting R when the vertebrae rotate in the opposite direction of the bending movement 

can also affect the asymptotes of the tangent, and thus, the stiffness of the rotary 

segments. According to the results for this case, the estimation errors of r were 1.5° 

and 2.68° by the models based on scenarios 1 and 2 respectively, showing 44% 

smaller errors by the tangent function than the linear function. Thus, the tangent 

function is superior to the linear function in this case as well. 

5.4.2 Line of action of the force 

To find the line of action, we analyzed amounts of rotation of the rotary segments in 

two more positions (neutral and traction positions) in addition to the lateral bending 

positions. This potentially helped us in formulating and supporting the proposed line 

of action. In addition to INFs, we initially considered several alternatives for 

estimation of LSTs, e.g. the mean of LSTs (LSTMean) in the left and right bending 

positions for a spine region as a worth mentioning alternative. In a region, LSTMean is 

a rotary segment located between LST in the left bending and the one in the right 

bending. The distance between LSTMean and LST was calculated in terms of the 

number of segments (Figure 5.12-a). r of  LSTMean was also obtained (Figure 5.12-b). 

The results of LSTMean were then compared with those of INFs by using Student’s t-

test. According to the results in the lateral bending positons, we hypothesized that the 

mean of distance/|r| of INFs and LSTMean are equal. In the neutral and traction 
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positions, the results of INFs were better compared to the results of LSTMean. Besides, 

the maximum distance for INFs did not exceed two segments, while for LSTMean, it 

increased to three segments (Figure 5.12-a). Therefore, for the results in the natural 

and traction positions, we hypothesized that the mean of distance/|r| of INFs are 

smaller than that of LSTMean. The null hypothesis (H0) in all cases stood for the 

difference between the means in the other direction.  

 

Figure 5.12 The box charts of (a) the distance of INFs and LSTMean from LSTs, and 
(b) the amount of rotation of INFs and LSTMean 
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Table 5.2 illustrates the t-test results. For both distance (test 1) and r (test 2) in the 

bending positions, there was no significant difference between the mean values of the 

distance as well as |r| respectively. According to tests 3 and 4 (Table 5.2), we found 

strong evidence that INFs were better than LSTMean to estimate LST in the neutral and 

traction positions. Overall, it can be concluded that INFs can be good estimates of 

LSTs in all the four positions, whereas, LSTMean may only give good estimates in the 

bending positions. Therefore, INFs were chosen over LSTMean to formulate the 

concept of the line of action because the line of action is a critical factor in simulation 

of not only the bending positions for the personalization but also the other positions 

for the applications of scoliotic spine models in scoliosis treatment.  

Table 5.2 The results of the hypothesis tests at confidence level of 95% 

Test H0 Result P-value 

1 Distance (left & right bending) Failed to reject H0 0.8939 

2 r (left & right bending) Failed to reject H0 0.1567 

3 Distance (neutral & traction) Strong evidence to reject H0 0.0111 

4 r (neutral & traction) Strong evidence to reject H0 0.0001 

    

    

Furthermore, as an observation, in 11 spine curvatures out of 72 (4 positions × 18 

patients), our proposed line of action went through three points; two at INFs and one 

at another rotary segment in the lumbar region. Interestingly, similar to INFs, r of the 

extra rotary segments (0.0020 ± 0.0015°) was almost the least in the lumbar region. 

This can reaffirm that the small r of rotary segments can be due to the small moment 
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arms about the joints of the segments (section 5.2.2), supporting our justification for 

formulation of the line of action. 

5.4.3 Conclusions 

We developed a patient-specific kinetic model of the scoliotic spine for representation 

of the spine response to loads in the coronal plane. For this end, we proposed a new 

non-linear approach based on the tangent function for approximation of the load-

displacement relationships of the spine joints. To personalize the kinetic model to a 

given scoliotic patient, a method was devised to characterize in vivo the load-

displacement relationships based on the lateral bending test. Besides, to simulate the 

bending positions for the personalization, we proposed a new concept regarding the 

line of action of the force exerted on the spine. It was shown that the developed 

patient-specific kinetic model could accurately estimate the spine under loads and 

could outperform an existing patient-specific 3D model. Moreover, we supported our 

proposals by comparing the results of the three scenarios considered for personalizing 

our kinetic model, and showed that both proposed tangent function and line of action 

offered improvements in the ability of our patient-specific kinetic model to mimic the 

spine response to loads in the coronal plane. 
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 Surgical correction prediction 

In this chapter, we aim to develop an instrumented scoliotic spine model, based on 

the introduced patient-specific kinetic model, to predict the scoliosis surgical 

correction (i.e. the instrumented spine shape in the coronal plane, in this thesis). To 

accomplish the aim, we attempt to address the research gaps identified in section 2.3; 

for a brief description of the gaps, refer to the key points in Figure 2.4. 

In our patient cohort, posterior instrumentation was performed to correct the 

deformity. The vertebrae were fused by uniaxial pedicle screws and rigid rods. For S-

shape scoliotic spines, the main curve was fused. For C-shape spines, the fusion level 

is extended to a larger spine segment, typically from L3/L2 to T2. The fused spine 

segment refers to the part of the spine curvature from the lowest to uppermost 

instrumented vertebrae. In fused spine segments, the vertebrae screwed to rods are 

called instrumented vertebrae and the others are called non-instrumented vertebrae. 

This chapter attends to simulation of such a posterior approach. 

This chapter is organized as follows. In section 6.1, the proposed instrumented spine 

model is described. Section 6.2 evaluates accuracy of the model. Section 6.3 

discusses capabilities of the model to predict the surgical correction. 

6.1 Description of the instrumented scoliotic spine model 

The surgical intervention mainly aims to reduce and prevent the scoliotic deformity 

[101]. The correction of the deformity is achieved by a complex orthopedic 

instrumentation that includes pedicle screws and spinal rods. During the surgical 

intervention (Figure 1.3), fusion levels are chosen, and the screws are inserted into 
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the vertebral body. Then, the spinal rods are fixed into the pedicles to generate a set 

of corrective forces and moments to correct the deformity. In this thesis, the 

instrumentation is considered as a single rigid body [13]. It means that the selected 

vertebrae, rigid rods, and pedicle screws are fused into a single unit. The surgeon’s 

decisions on the trade-off between their desired correction and the corrective forces 

and moments define the corrected spine shape. 

For simulation of the surgery, the instrumentation is augmented on our patient-

specific kinetic model developed in Chapter 5. The corrective forces and moments are 

then exerted on the rotary segments corresponding to the mid-points of the 

instrumented vertebrae (INS, Table 4.2). Other rotary segments in the fused spine 

segment are moved according to their defined load-displacement relationships. 

6.2 Proof-of-concept 

6.2.1 Methods 

According to the available post-operative X-rays (section 3.4), two scenarios are 

considered for testing the capability of the proposed instrumented spine model for 

prediction of the surgical correction. 

Scenario 1: The instrumented vertebrae are placed at their measured locations and 

orientations and they cannot move, indicating that the instrumentation is augmented 

on the model. Then, the accuracy of the model to predict the locations and 

orientations of the non-instrumented vertebrae in the fused spine segment is tested to 

evaluate prediction of the corrected spine shape. 
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Scenario 2: The simulation follows the surgeon1’s prescribed method used for the 

surgical correction. According to the surgeon, two successive instrumented vertebrae 

should be aligned. In the coronal plane, this means that an instrumented vertebra 

should have no lateral translation and no lateral rotation with respect to the inferior 

instrumented vertebra. In this scenario, only the fusion levels are known. To 

implement this strategy for the surgery, rotary segment of the upper instrumented 

vertebra (INSUPPER) was forced to be aligned with the rotary segment of the lower 

instrumented vertebra (INSLOWER). Equation (6.1) ensures that the orientation of 

INSUPPER is zero with respect to INSLOWER. Equation (6.2) ensures that the lateral 

translation of INSUPPER is zero with respect to INSLOWER. 

  

𝛩��������
�������� = 𝜃v

��������

vc��������

= 0 (6.1) 

Y��������
�������� = 0  (6.2) 

  
  

Where, |INSUPPER
INSLOWER  describes an entity with coordinate system of INSUPPER described in 

the coordinate system of INSLOWER. Y is the lateral translation of INSUPPER with 

respect to INSLOWER. 

For both scenarios, RMSEs of the spine curvature, Y and Θ are obtained to test the 

accuracy of the reconstruction of the instrumented spine shape. In scenario 2, RMSE 

of the post-operative Cobb angle is also considered. This RMSE is not considered in 

the first scenario because the end vertebrae used for measuring Cobb angles are the 

instrumented vertebrae placed at their measured LOC and Θ. 
                                                        

1 Associate Professor Gabriel Liu, the deputy head and senior consultant in Department of 
Orthopedic Surgery at National University Hospital, Singapore. 
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6.2.2 Accuracy of the surgery prediction 

In scenario 1, RMSE of the spine curvature was 0.43 mm. RMSEs of Y and Θ were 

0.32 mm and 0.45° for the non-instrumented vertebrae in the fused spine segment, 

respectively (Figure 6.1). These small RMSEs can show that our instrumented spine 

model can predict the shape of the spine segments between two successive 

instrumented vertebrae with good accuracy. 

 

Figure 6.1 The simulation results of the developed instrumented spine model in 
scenario 1, (a) RMSE of the spine curvature, (b) RMSE of Y, and (c) RMSE of Θ 
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In scenario 2, RMSE of the spine curvature was 0.47 mm. RMSEs of Y and Θ were 

0.33 mm and 0.38° for the vertebrae in the fused spine segment, respectively 

(Figure 6.2). These small RMSEs can show that our instrumented spine model can 

predict the shape of the fused spine segment from the lowest to uppermost 

instrumented vertebrae with good accuracy.  

 

Figure 6.2 The simulation results of the developed instrumented spine model in 
scenario 2, (a) RMSE of the spine curvature, (b) RMSE of Y, and (c) RMSE of Θ 
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The post-operative Cobb angle errors (the difference between the measured and 

predicted angles) were between -0.76° and 0.52° (Figure 6.3). RMSE was 0.42°. 

These errors were quite smaller than the range of the acceptable prediction error of 

the post-operative Cobb angle reported in the literature; ±5° according to [17, 19, 29]. 

Such significant improvement in prediction of the post-operative Cobb angle can 

demonstrate the higher capability of our proposed instrumented scoliotic spine model 

for surgical correction prediction in comparison with the existing models. 

 

Figure 6.3 The prediction errors of the post-operative Cobb angle obtained by the 
developed instrumented spine model in scenario 2 

There were eight different instrumentation configurations for our cohort of 10 

patients (Table 6.1), showing a variety of configurations used for our patient cohort. 

Considering such a variety, the small RMSEs of the spine curvature, Y, Θ, and post-

operative Cobb angle can demonstrate that our patient-specific instrumented scoliotic 

spine model can have the potential capability for predicting the surgical correction as 

a function of the instrumentation configurations. 

1      3      5       6      7      8      9      12    13    14 
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Table 6.1 The fusion levels in our cohort of patients with the available post-operative 
X-rays 

Patient Fusion levels 

1 T12, T11, T9, T7, T5, T4 

3* T12, T11, T9, T7, T5, T4, T3 

5 L3, L2, T12, T10, T8, T6, T5, T3, T2 

6 T12, T11, T9, T7, T5, T3, T2 

7 T11, T10, T8, T6, T5, T4 

8* T12, T11, T9, T7, T5, T4, T3 

9 L2, L1, T11, T9, T7, T5, T3, T2 

12 L3, L2, T12, T10, T8, T6, T4, T2 

13 L2, L1, T11, T10, T9, T7, T5, T3, T2 

14* T12, T11, T9, T7, T5, T4, T3 

 
* patients with the same instrumentation configuration  

  

  

Figure 6.4 shows some examples of the instrumented spine models in scenarios 1 and 

2. The images in the background illustrate the measured spines. The errors were 

computed for the blue vertebrae. A visual comparison between the post-operative X-

rays and the simulation results illustrates the similarities in the coronal plane and 

provides a qualitative evaluation of the simulation results obtained by our patient-

specific instrumented scoliotic spine model. 
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Figure 6.4 The surgical correction prediction provided by our instrumented spine 
model for 3 of the patients with different instrumentation configurations (continues in 

the next page). The figures, from left to right, are the results of scenario 1 and 
scenario 2, and the immediate post-operative X-ray. The vertebrae whose LOC and Θ 
are predicted are shown in blue color. The grey instrumentation (scenario 1) is drawn 
based on the measurements on the post-operative X-rays. The green instrumentation 
(scenario 2) is placed according to the predicted LOC and Θ of the vertebrae in the 
fused spine segment. The spines are rendered by using OpenGL® in the Microsoft 
Visual C# platform. Note that the 3D rendering is only for the better visualization. 

Patient #1 

Patient #6 
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Figure 6.4 (continued) 

6.3 Discussion and conclusions 

The simulations of surgical instrumentation agreed well with the post-operative X-

rays. It was shown that the RMSEs of Y and Θ were small (Figure 6.1 and 

Figure 6.2). Shapiro-Wilk’s test [95] showed that the prediction errors of Y and Θ 

were significantly drawn from normally distributed populations NY(mean = 0.06, SD2 

= 0.10) and NΘ(mean = 0.02, SD2 = 0.12) with P-value of 0.6575 and 0.2142 

respectively, at 1% significance level (Figure 6.5). According to the distribution 

functions and 67-95-99.7 rule, the prediction errors of Y can be between -0.85 and 

0.98 mm and the prediction errors of Θ can be between -1.00 and 1.04°, with 99.7% 

confidence interval, showing that our model can yield the errors of less than almost 1 

mm and 1° for Y and Θ respectively. Therefore, the developed instrumented spine 

model can give good estimates of the post-operative spine shape in the coronal plane. 

Patient #12 
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Figure 6.5 The box chart of the results of the surgical correction predictions  

In addition, the prediction errors of the post-operative Cobb angle (the key parameter 

to evaluate the surgical correction) were quite smaller than the acceptable errors 

reported in the literature (Figure 6.3). At 1% significance level, these errors were 

significantly drawn from a normally distributed population NCobb(mean = -0.14, SD2 = 

0.18) with P-value of 0.8251 (Figure 6.5), showing that the prediction errors of the 

post-operative Cobb angle can be between -1.40° and 1.12°, with 99.7% confidence 

interval. Therefore, the simulation results can give the surgeons an idea of how 

straight the instrumented spine would be. 
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Moreover, there were eight different instrumentation configurations for our patient 

cohort. As such, the accurate predictions can show that our developed instrumented 

spine model can be able to predict the surgical correction as a function of the 

instrumentation configurations. Importantly, in the second scenario, we implemented 

the surgeon’s strategy for the surgery. The small discrepancies between the shapes of 

the simulated spine and X-rays can verify our model for the surgery correction 

prediction. Overall, we showed that our attempt to address the gap concerning the 

surgical correction prediction (Figure 2.4) was successful. 

6.4 A graphical user interface for creating the proposed 

scoliotic spine model and its personalization 

A graphical interface was designed and developed to create the developed scoliotic 

spine model for a given patient. It is developed in the Microsoft Visual C# platform. 

The visualizations are rendered by using OpenGL®; the developed model is 2D in the 

coronal plane, and the 3D rendering is only for easier illustration purpose. The 

developed interface comprises several tabs following the process of the model 

creation and personalization proposed in this thesis. The tabs are explained in the 

following. 

In the tab ‘Kinematic Model’ (Figure 6.6), the measured LOC and Θ are taken, and 

the spines are rendered. Then, polynomials are fitted to the measurements to obtain 

the spine curvatures (section 3.4.2). The yellow curved lines going through the 

rendered spines illustrate the spine curvatures estimated by the polynomials. The 

order of the polynomials can also be set manually by unchecking the checkbox ‘Auto’ 

and using the numeric up/down boxes.  
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Figure 6.6 The screenshot of the tab named ‘Kinematic Model’. The spines in the five 
positions are reconstructed in the coronal plane by using the measured LOC and Θ. 
The three spines in the left side are the positions included in the model development 

and personalization; left bending, erect, and right bending positions from left to right. 
The other two spines in the right side are the positions not included in the model 
development and personalization; neutral and traction positions from left to right 

After estimating the spine curvature, the kinematic model (the chain of the rotary 

segments laying on the spine curvatures introduced in Chapter 4) is created and 

personalized by using the minimization problem (4.1) that sets the number of the 

rotary segments and their length. The red spines (Figure 6.7) are the reconstructed 

spine curvatures by the chain. The number of the rotary segments can also be set 

manually by unchecking the checkbox ‘Auto’ and using the numeric up/down box 

‘Segments’. In the manual mode, a moving average filter can be applied to smooth 

the joint variables of the rotary segments. The graphs (yellow/green) next to the 

spines show the amount of rotation of the rotary segments in the spine movement 

from the erect to the positions. Each yellow/green area corresponds to the rotary 

segments between mid-points of two successive vertebrae. The amounts of rotation 
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are shown on the spine curvatures; the left and right sides of the curvatures 

correspond to the counterclockwise and clockwise rotations respectively. 

 

Figure 6.7 The screenshot of the tab named ‘Kinematic Model’. The spines are 
reconstructed by using the proposed kinematic model  

After creating the patient-specific kinematic model of a patient’s spine, the kinetic 

model is created by incorporating the non-linear torsion springs at the joints of the 

rotary segments in the tab ‘Stiffness Calculation & Optimization’ (Figure 6.8). The 

stiffness of the springs is defined by the proposed tangent function (5.1) and 

personalized by using the method proposed in section 5.2. According to the method, 

first, the lines of action are estimated to move the model from the erect position to the 

lateral bending positions (section 5.2.2). Second, the minimization problem (5.4) 

proposed in section 5.2.1 is utilized to characterize the stiffness of the springs. It is 

solved by using genetic algorithm.  

In the tab ‘Stiffness Calculation & Optimization’ in Figure 6.8, the graphs plot the 

moment at the rotary segments against the amount of rotation for all the rotary 
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segments in the movement from the erect to lateral bending positions. The red and 

magenta graphs correspond to the left and right bending positions respectively. It 

should be noted that the identified tangent functions are plotted for only one 

functional spinal unit in the three spine regions for easier illustration purpose; L3-L4 

(blue graph, for the lumbar region), T8-T9 (orange graph, for the main thoracic 

region), and T3-T4 (green graph, for the proximal thoracic region).  

 

Figure 6.8 The screenshot of the tab named ‘Stiffness Calculation & Optimization’ 

The menu on the left side allows editing the parameter values of the proposed genetic 

algorithm for solving the minimization problem defined to characterize the tangent 

functions. The menu also allows fine-tuning the asymptotes of the tangent functions 

in each region (for details, please see section 5.2.1 and Appendix B). The fine-tunings 

are for achieving better accuracy to estimate the stiffness of the springs. The 

identified values of the parameters of the tangent functions can be saved into an excel 

file by clicking the ‘save’ button. The saved results can be loaded by checking the 

checkbox ‘Saved data’ in the left top corner of the tab. 
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The created patient-specific spine model is then evaluated by simulating the spine 

under load in the tabs ‘Movement Simulation’ (Figure 6.9 and Figure 6.10) and 

‘Movement Simulation Errors’ (Figure 6.11). The positions both included (left and 

right bending) and not included (neutral and traction) in the model creation are 

simulated. The accuracy of the model to estimate the spines is tested by calculating 

the RMSEs between the estimated and measured spine curvature, LOC, and Θ. In the 

‘Movement Simulation’ tab in Figure 6.9, the four red spines illustrated from left to 

right are the spine in the left bending, neutral, traction, and right bending positions. 

The blue spines are the positions simulated by exerting a force on the erect spine; in 

this screenshot, as the force is zero, the blue spines show the erect spine. The yellow 

boxes above each spine give the RMSEs of the LOC (mm), spine curvature (mm), 

and Θ (°).  

 

Figure 6.9 The screenshot of the tab named ‘Movement Simulation’ 

The menu in the left side solves a minimization problem to find the force and adjust 

the line of action so that the estimated positions (blue spines) best fit the measured 
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spines (red spines) according to (5.5); it should be noted that when the magnitude of 

the force is changed, the shape of the blue spine changes, and therefore, the lines of 

action should be adjusted according to the new shape of the spine. The resolution for 

changing the magnitude of the force and its orientation can be set before solving the 

minimization problem. The magnitude and orientation of the force are displayed in 

the numeric up/down boxes below the spines. The numeric up/down boxes also allow 

manually changing the magnitude and orientation of the force. The results including 

the magnitude and orientation of the force and the RMSEs can be saved into an excel 

file by clicking the ‘save’ button. The saved results can be loaded by checking the 

checkbox ‘Saved data’ in the left top corner of the tab. 

In the ‘Movement Simulation’ tab in Figure 6.10, the four positions have been 

simulated. The computed magnitude and orientation of the forces are displayed in the 

numeric up/down boxes below the spines. The RMSEs are displayed in the yellow 

boxes above the spines.  

 

Figure 6.10 The screenshot of the tab named ‘Movement Simulation’. In this 
screenshot the four positions have been simulated  
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In the ‘Movement Simulation Errors’ tab (Figure 6.11), the errors are plotted for each 

position. From the menu on the left top corner of the tab, the simulated spine 

positions can be selected. In this screenshot, the traction position is selected. The 

upper graph in the right side plots the errors of LOC (mm) and Θ (°) for each 

vertebra. The blue and orange bars correspond to the errors of LOC and Θ 

respectively. The lower graph illustrates the curvature error. The numeric up/down 

boxes below the spine allows manually fine-tuning the magnitude and orientation of 

the force to achieve better results; the RMSEs in the yellow box above the spine and 

the all the graphs are updated accordingly. 

 

Figure 6.11 The screenshot of the tab named ‘Movement Simulation Errors’ 

In the next tab named ‘Surgical Correction Prediction based on Post-operative Data’ 

(Figure 6.12), the surgical correction is simulated by using the developed spine model 

for the two scenarios proposed in section 6.2.1. The simulated instrumented spines in 

the left and right sides illustrate the simulation results of the first and second 

scenarios respectively. The accuracy of the model to predict the correction is tested 
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by calculating the prediction errors of LOC and Θ as well as the post-operative Cobb 

angle. The errors of LOC and Θ (ORI in Figure 6.12) are shown in the columns next 

to the simulated instrumented spines. By referring to the scenarios, the errors of the 

blue vertebrae are only displayed. The post-operative Cobb angle, its prediction, and 

error are shown in the yellow box for only the fused spine segment. The genetic 

algorithm menu (above the yellow box) is used to find a good solution for the second 

scenario. The picture box in the right side depicts the post-operative X-ray. 

 

Figure 6.12 The screenshot of the tab named ‘Surgical Correction Prediction based on 
Post-operative Data’ 

The last tab, namely ‘Surgery Planning & Correction Prediction’ (Figure 6.13), is also 

developed to predict the surgical correction as a function of the instrumentation 

configuration and corrective forces and moments decided by the surgeons. The 

instrumented vertebrae can be selected, and the magnitude of the force and moment at 

an instrumented vertebra can be changed to achieve a good correction. The column of 

the checkboxes (FL column) in the left side is to select the instrumented vertebrae, 
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and the horizontal slide bars are to exert the force and moment on the instrumented 

vertebrae. The columns of the slide bars from left to right are for horizontal force, 

vertical force, and moment. The columns of LOC and ORI display the lateral 

deviation and orientation of a vertebra with respect to its inferior vertebra in the fused 

spine segment, respectively.  

 

Figure 6.13 The screenshot of the tab named ‘Surgery Planning & Correction 
Prediction’ 

The picture boxes illustrate the simulation results; the spine in the left picture box can 

be zoomed in/out and moved so that the surgeon can see more details of the corrected 

spine. The Cobb angle of the fused segment is displayed in the yellow box. In 

addition to manual setting of the forces and moments, a method based on genetic 

algorithm is devised to propose one of the good corrections for an instrumentation 

configuration; it should be noted that the method is based on scenario 2.  
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 Conclusions and future work 

This chapter summarizes and outlines the main contributions of this thesis in the field 

of multibody modelling of the scoliotic spine for surgical correction prediction. The 

limitations of the work and subsequent future works are also discussed. 

7.1 Conclusions 

This thesis developed a 2D patient-specific multibody model of the scoliotic spine 

reasonably accurate for prediction of the surgical correction for AIS patients. The 

model could predict the post-operative Cobb angles much more accurately than the 

existing models, and could comprehensively predict the shape of the instrumented 

spines in the coronal plane with eight different instrumentation configurations. As the 

corrected spine shape in the coronal plane is of high importance to the patients and 

surgeons, the developed model can be of great help in the surgery planning. The 

followings are some quotations from Associate Professor Gabriel Liu (a scoliosis 

surgeon) about the developed model and software: 

“The developed model appears to be logical and with potential clinical 

applications. The assumptions are reasonable, and the proposed methods to 

develop and personalize the model appear to be reliable and innovative. The 

model can adequately represent the spine behavior. The results of the model are 

interesting and promising, and are good approximations of the clinical outcome. 

The idea for the validation of the model is excellent.  

The research direction is very well defined. The research is of current scientific 

importance and is very well conducted, and the model is a very sound basis for 
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our future research. The developed interface for the surgeons (the last tab) can be 

what a surgeon needs, and the developed software is a good starting point for a 

future product.” 

The developed patient-specific model for surgical correction prediction in this thesis 

may offer many potential benefits and may be used for many applications: 

• Better patient and parent counseling by providing a visual input from the virtual 

correction of the spine curvature. This reduces patient and parent anxiety, 

improves their understanding of the disease, and encourages better patient’s and 

parent’s compliance to the prescribed treatment, 

• Experimenting different instrumentation configurations to identify a better 

surgical correction for a scoliotic patient. This can mitigate surgical complication 

risks in the current management of such a complex spine deformity, and thus, can 

increase the patient safety because the instrumentation configurations can be 

tested before their clinical application. This is contrary to the current less optimal 

clinical practice in which the instrumentation configurations are often used for a 

patient without testing, as there is no large primate or readily available human 

cadaver with scoliotic spine for the surgical correction experimentation, 

• Training the surgeons to practice their decision-making in surgical correction and 

spinal fusion levels selection to ensure greater clinical success in real patients. 

This can be one of the important future applications of our model because 

suboptimal pre-operative planning and poor understanding of the mechanics of 

correction can lead to many serious problems such as extraction of the 

instruments, breakage of the rods, and loss of correction [102].  
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To develop the instrumented scoliotic spine model, first, a patient-specific multibody 

kinematic model of the scoliotic spine was developed to underlie the spine movement 

in the coronal plane [44]. The kinematic model could comprehensively reconstruct 

the spine shape in the positions, and thus, could well represent the spine movement. 

Importantly, we showed that the developed kinematic model could comprehensively 

reconstruct the shape of the instrumented spine, which is a key factor in the scoliosis 

surgical correction. Such quite an achievement was obtained because of our novel 

joint-link configuration for modelling the kinematics of the scoliotic spine in the 

coronal plane. The proposed configuration with the small rotary segments (0.39 ± 

0.05 mm in our patient cohort) allowed accurate estimation of the spine curvature and 

placement of the vertebrae at their respective locations and orientations. Another 

reason for the achievement was that our kinematic model was personalized to a given 

patient by using a number of spine positions, while previous studies personalize the 

kinematic model by using only the erect position [44].  

Second, a patient-specific multibody kinetic model, based on the introduced patient-

specific kinematic model, was developed to underlie the spine response to loads. The 

kinetic model could accurately predict the shape of the spine under the loads. Such a 

success was achieved because of the proposed non-linear approach to approximation 

of the load-displacement relationships of the spine joints and the proposed 

improvements in the personalization method. It is worth mentioning that to the best of 

our knowledge, this is the first time that a non-linear approximation is introduced in 

the scoliotic spine models and personalized to a given patient [30]. As an essentially 

important application, we showed that the developed patient-specific kinetic model 

with our proposed non-linear load-displacement relationship has high capability for 

being used for simulation of the scoliotic surgery. 
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Representation of the scoliotic spine by the chain of the small rotary segments is well 

suited to do the in-depth analysis of the scoliotic spine behavior in the coronal plane 

because the chain provides the changes of the curvature during the spine movement 

[31, 48]. This analysis can help to improve the knowledge of the scoliotic spine 

movement before surgery, which is considerably limited in the literature [44, 49]. 

Such knowledge is important for planning of scoliosis surgery [11, 33]. The proposed 

model can provide useful information about intriguing relationships between the 

flexibility and degree of the deformity in different parts of the spine, especially in 

each functional spinal unit; e.g. relationships that show impacts of the deformity of 

the functional units in different spine regions on the flexibility of the spine.  

Another study that can be carried out by using the model is to determine whether 

there exists a relationship between the range-of-motions of the functional units in 

different positions [103]. If such a relationship is identified, a spine curvature of a 

position can be estimated by using the information from a curvature of another 

position. This may help to decrease the total number of the X-rays required for the 

scoliosis monitoring, and then, reduce the patients’ exposure to the radiation [103], 

which is an important topic in scoliosis.  

As an important finding based on the study of the spine movement in the small scale 

(rotary segments with length of 0.39 ± 0.05 mm), we could identify a better line of 

action of the force for simulating the spine positions [31]. It was shown that the 

proposed line of action could enhance the personalization method based on the lateral 

bending test so that the personalized models mimic the spine response to loads more 

accurately [31]. Such a line of action could be identified because the chain provided 

the amount of rotation of the rotary segments (i.e. the change of the small parts of the 

spine curvature) from one position to another one. 
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7.2 Limitations and recommendations 

The instrumented spine model can predict the shape of the fused spine segment from 

the lowest to uppermost instrumented vertebrae. As the instrumentation also affects 

the shape of the non-fused segments, involving the non-fused segments can help to 

evaluate the instrumentation configurations for the purpose of the whole spine 

correction. Thus, we aim to continue to improve our model by including the non-

fused segments in the surgery prediction. 

Our model offers only the immediate correction prediction (the post-operative X-rays 

were taken immediately after the surgery, section 3.4.1), while the shape of the 

instrumented spine may change over time because of several reasons such as the 

change of stiffness of the flexible elements of the spine (e.g. muscles and ligaments). 

This is also noticeable in the X-rays taken during the standard follow-ups at National 

University Hospital, Singapore, e.g. 6 months, 12 months, and 24 months. Prediction 

of the long-term changes can be useful as a criterion for decision-making on different 

instrumentation configurations. As a future work, we aim to work on the prediction of 

the long-term changes.  

It was shown that the model could make good predictions of the correction of the 

lateral translation (Y in section 6.2.1) and orientation (Θ) of the vertebrae in the fused 

spine segment. However, the predictions of the vertical translations (Z) were not as 

good as that of the lateral translations. Even though the vertical translations are of 

secondary importance in scoliosis surgery, reduction of the prediction errors of the 

vertical translations can help improve the model accuracy to predict the corrected 

spine shape. As a future work, we aim to work on reduction of the prediction errors of 

the vertical translations. 
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The vertebrae L5 and T1 were not considered in this thesis since the X-rays of our 

patients obtained at these vertebrae were often suboptimal for measurement of LOC 

and Θ. This can affect the estimation of the spine curvature, and thus, our proposed 

scoliotic spine model because the spine curvature is an important parameter for 

development of the joint-link configuration of the model. To reduce the effects, we 

considered Θ in addition to LOC when estimating the spine curvature; referring to 

(3.1) and (3.2). This can help to achieve a more robust estimation so that excluding 

L5 and T1 causes no significant change on the spine curvature. Besides, in our cohort 

of patients, no patients had fusion at L5 and T1. Therefore, the effect of excluding L5 

and T1 on our simulation and prediction results may not be significant. 

The developed 2D instrumented spine model can be a sound underlying basis for a 

3D model because of its high capability for prediction of the surgery correction. In 

this thesis, we focused on the coronal plane because of its importance for planning the 

surgery and evaluating the surgical correction (section 1.2). However, apart from the 

spine shape in the coronal plane, the sagittal configuration of the scoliotic spine (i.e. 

kyphosis and lordosis angles) and the transversal configuration (i.e. twisting of the 

spine) are another factors that can be taken into account in scoliosis surgical 

treatment. Thus, extending the developed model to a 3D model can be useful and 

helpful for achieving better surgical treatment. As a future work, we aim to study the 

sagittal and transversal configurations of the scoliotic spine to extend the model from 

2D to 3D. According to the experimental data of the sagittal and transvers planes 

reported in [76, 83], the load-displacement curves in these planes have almost similar 

characteristics as those we mentioned for the coronal plane (section 5.1). Thus, our 

kinetic model could be extended to a 3D model and the consideration of the tangent 

function for the load-displacement relationships in the three planes could be 

appropriate, once the patients’ data of these planes are available. However, the X-rays 
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of the bending positions in the sagittal and transvers planes are not routine in scoliosis 

standard care, and thus, the extension of the model from 2D to 3D will require a more 

sophisticated measurement of the displacements in 3D. 

In addition to the spine deformation, the rib-hump is also influential to cosmetic 

appearance as one of the main reasons motivating the patients to undergo the surgery. 

As such, prediction of the change of the rib-hump shape caused by the spine 

instrumentation is a potential research direction in the future, which is considerably 

lacking in the existing literature [16]. Ribs are attached to the vertebrae by a gliding 

(arthrodial) joint, and the ribcage shape is changed by the spine correction. As 

another future work, we aim to develop a patient-specific multibody model of the 

ribcage, and incorporate it into the instrumented spine model. Our model allows 

incorporation of the independently developed models as it is based on the multibody 

formalisms [25, 26]. 

The majority of the patients in this thesis had curve types of 1, 2, and 3 according to 

Lenke classification [11], considering that these types affect around 75% of the 

population of the scoliotic patients [104]. Involving more samples of the other curve 

types can help to better generalize the results, and find a link between the results and 

deformity.
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Appendix A  

A 2D curve (y=f (z)) can be approximated by a polygonal chain (a piecewise linear 

curve or polyline [105]. The chain is obtained by connecting a finite number of points 

on the curve using line segments. The points (z, y) can be defined by segmentation of 

the z-axis, e.g. z0, z0 + t, z0 + 2t … and t is a real number and positive (Figure A.1-a). 

Alternatively, the points can be specified by parameterization of the curve [106]. The 

parameterization by equally-length line segments (Figure A.1-b) can be given by: 

  

𝑧" − 𝑧"() + + 𝑦" − 𝑦"() + = 𝐿UVW+, 𝑖 = 1,2, … , 𝑛 (A.1) 

  

  

Where, Lseg is the length of the lines, and n is the total number of the lines. 

 

Figure A.1 Approximation of a curve by using polygonal chains, (a) segmentation on 
the z-axis, and (b) parameterization by equally-length line segments 

Rectification gives the length (L) of a curve by adding up the length of the line 

segments [107]. For example, for the parameterized curve in Figure A.1-b, the length 

(L) of the curve is n · Lseg. Indeed, the rectification gives a good approximation of the 

curve length if Lseg is sufficiently small. Thus, the parameterization of two curves 

with equal length (i.e. L1 = L2) can result in the same number of the equally-length 

line segments (i.e. n1 = n2 → L1 = n1 · Lseg = L2 = n2 · Lseg) if Lseg is sufficiently small.  



   

116 

 

Appendix B  

Identification of the period of tangent functions is influential to the fitting of such a 

function to data. The catch is that the data may not show where the vertical 

asymptotes will fall precisely, and thus, the period cannot be identified directly. To 

estimate the asymptotes, the range of the available data on the horizontal axis is 

considered as the initial value for the period of the tangent, and then, both sides of the 

range are extended until the best fitting is achieved. In our case where the horizontal 

axis is the rotational displacement of vertebrae, the displacements from erect to the 

right/left bending positions are considered as the initial value for the period. This 

traces back to the fact that the patients perform maximum voluntary bending 

movements to the right/left sides, implying that the vertebrae may rotate almost as 

much as their displacement limits (the vertical asymptotes). Therefore, to identify 

RRight/Left, we studied the discrepancy between the fitted tangent functions and the 

displacement data acquired from the lateral bending X-rays against the extension to 

[rRight, rLeft] (Figure B.1). To do the study, the minimization problem expressed by 

(5.4) was solved for 0, 10, 20, 30, and 40% enlargements of rRight/Left. According to 

RMSEs plotted in Figure B.1, the enlargement by 20% resulted in the smallest 

discrepancies among the considered enlargement percentages. 

 

Figure B.1 The effect of the enlargement of the range on the approximation of the 
load-displacement data by the tangent function 


