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1. Introduction 

The design of the human spine has fascinated researchers of many disciplines throughout 

history. In particular, the relationship between form and function has been subject of 

research in philosophy, anthropology, biology, medicine and engineering. Certain medical 

specialties, such as orthopaedics, have even chosen the investigation and treatment of 

abnormalities in the spinal form as a symbol (Figure 1). In this thesis, the focus was placed 

on bony deformities of the thorax and how they interact with the development and shape 

of the spinal curvature.  

 

One of the most common spinal 

“deformities” is scoliosis. Scoliosis is 

characterised by a three-dimensional 

deformation of the straight spine to a C- 

or S-shaped spinal curvature within the 

frontal plane.    

Despite extensive research, the causes of 

scoliosis during adolescence in 85% of 

cases are still unknown, therefore called 

idiopathic. While different hypotheses for 

the causation of the deformity have been 

proposed [67, 181], no single causative 

factor has yet been identified [91, 155]. Therefore, no clear consensus on the optimal 

strategy for the treatment and correction of this spinal deformity has been found [13, 90]. 

 

A scoliotic condition of the spine, considered as a mechanical imbalance, requires a 

representative model to investigate the biomechanics and the aetiology of this spinal 

deformity.  

Animal models have been used to investigate hypotheses for the development and 

treatment of scoliosis [82]. The basic drawbacks of these animal models include, not only 

ethical concerns, but also primarily the different biomechanical loading mechanisms 

Figure 1: “The crooked tree”, symbol of 

Orthopedics. Drawn in “L’Orthopedie” or the Art of 

Correcting and Preventing Deformities in Children, 

from Nicolas Andry in 1741. [Figure used by 

courtesy of Hagströmer Library, Karolinska 

Institute, Stockholm, Schweden] 
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between the quadrupedal animals and the bipedal upright posture of humans. 

Additionally, the reproducibility of certain scoliotic patterns in animals is low.   

In vitro models of scoliosis have been created by manually deforming normal spines post-

mortem by dissecting certain structures and fixing the spinal curvature using either 

screws and rods [182], or adhesive and silicon [162, 186]. Thus, major curvatures in the 

frontal plane (with Cobb-angles > 40°) could be artificially produced [186]. A main 

limitation of these models lies in the fact that the mechanics of the soft tissue are 

strongly altered and an accurate reproduction of the scoliosis types is very difficult.    

Numerical models, as applied in this study, have the potential to consider the individual 

morphology of patients, analyse particular complex loading conditions, and allow for 

performing extensive parameter studies. Within numerical models, multiple data sets can 

be assembled from various in vivo and in vitro experiments to explore hypotheses and 

perform predictions. In addition, they allow for the analysis of usually inaccessible regions 

within experiments. 

The validity of a numerical model, however, is always limited by the accuracy of the 

numerical formulation of the nature, as well as, the amount and quality of the 

experimental data that has been used for verification and validation [176]. Numerical 

models of the spine have been recently developed to simulate surgical approaches [25, 

34, 61, 69, 107, 108, 110, 118, 119, 139, 174, 180, 192] or brace treatment [40]. With the 

increasing amount of computer power and implementation of more sophisticated 

material models, numerical models have the potential to be of great benefit to 

biomechanical research.  

 

Within this thesis, the aetiology of scoliosis was investigated by analysing the interaction 

between the morphology of the spine and mechanical loads which potentially trigger the 

deformation, as illustrated in Figure 2. 

During adolescence, a scoliotic spine shows characteristic changes in the shape and 

biomechanical imbalance. Yet, what enables the spine to develop in a certain way and 

which factors trigger an abnormal development? Furthermore, to what forces is the spine 

exposed, and what are the biomechanical characteristics of the thorax?  
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These questions are relevant for understanding and developing an adequate 

biomechanical model of the spine and chest. Structural and biomechanical characteristics 

are outlined in the following sections.  

 Mechanobiology - Bone growth and mechanical interaction 1.1

The skeleton exhibits a close relationship between form and function [27]. In the context 

of analysing the bone morphology of patients, the different stages of bone modelling and 

its mechanical adaptation during adolescence are briefly described.  

Figure 2: Illustration of the approach and line of argument for investigating the hypothesis. (FE: 

Finite Element, AIS: adolescent idiopathic scoliosis) 
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1.1.1 Bone growth 

The relevant regions for bone morphology analysis, are regions in which ossification 

occurs, due to their high content on osteogenic cells and high potential to adapt to 

mechanical stimuli  [167]. The formation and growth rate of the bone depends on the 

stage during life development.  

In the early stages of foetal development, the 

mesenchyme cells (mesoderm) give rise to the 

muscles and skeletal system, in particular to 

the cartilage, bone, muscle and connective 

tissue. During foetal development, the 

mesenchyme extends backwards on either side 

of the neural tube and surrounds it.  

The at first uniformly distributed mesenchymal 

cells later become condensed in a region which 

develops to the intervertebral disc (IVD). The 

IVD grows postnatally most likely due to cell 

proliferation and matrix synthesis [76, 173]. 

The growth rate of the IVD is smaller compared to the vertebral body growth [168].     

The vertebral body is built from a framework of cartilage which defines where bone will 

form. It grows specifically in height by endochondral ossification at the growth plates 

adjacent to the IVD, as illustrated in Figure 3. An increase in diameter of the vertebral 

body is mainly attributed to appositional growth [41]. Bone is additionally built from the 

primary ossification centres. These are regions within the cartilage which are penetrated 

by capillaries.  

 

The mesenchyme also extends laterally, forming the transverse process, and continues 

ventrally into the body wall, which is the future position of the ribs. Hereby, the 

mesenchyme undergoes chondrification (cartilage generation) and subsequent 

ossification to form the ribs. The sternum is formed by fusion of two sternal bars that 

develop on either side of the midlines [9].  

 

 

Figure 3: Ossification and growth plates of the 

vertebral body during adolescence. Figure 

based on Moore et al. [128] (p. 454). 
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While this bone modelling occurs primarily during adolescence, bone remodelling 

dominates after maturity is reached. The bone remodelling process primarily maintains 

the bone mass during adulthood in order to restore or sustain skeletal integrity. At this 

stage, old or damaged bone is resorbed by osteoclasts and rebuild by osteoblasts. The 

shape and mass of the bone remains stable until age-related bone loss begins [100].   

1.1.2 Mechanical stimuli for bone growth 

Bone adapts to local mechanical stimuli as described by Wolff’s Law [190]. If the load 

increases, the bone becomes stronger. Conversely it dissipates if the load decreases. 

Specifically, Wolff identified that the trabecular structure of the bone undergoes adaptive 

changes as it orients along the trajectory of the stress field.  

Later, the Hueter-Volkmann Principle extended Wolff’s Law [75, 177]. It states that a 

mechanical compression across the growth plate decreases the longitudinal growth. In 

contrast, tensile load across the growth plate stimulates longitudinal growth. The length 

of the bone, therefore, is dependent on the tensile force to which it is locally exposed.  

These bone adaptation theories were further redefined on the cellular level by Frost [53, 

54]. He suggested that the bone adaptation process depends on the magnitude of strain 

which the tissue is locally exposed to. Strain values above a certain modelling threshold 

provoke a strengthening of the bone, whereas strain values below a certain remodelling 

threshold would cause resorption of the bone.  

 Biomechanics of the spine and chest 1.2

The biomechanics of the body can be divided into three aspects:  

1. The intrinsic weight and weight bearing within the body;  

2. Passive structures (soft tissue) which provide support and stability within the 

body;  

3. Active structures (muscles) which counterbalance the gravitational forces of the 

weight and provide movement. 

Muscles play an essential role in biomechanics of the spine. Yet, due to their redundant 

composition and the difficulties in measuring their forces, the influence of each isolated 

muscle is very difficult to estimate. In this thesis, the focus was placed on the intrinsic 

loads and the passive structures which support the spine and chest.   
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1.2.1 The spine 

The spine can be separated into functional spinal units (motion segments) which mainly 

determine the mechanical behaviour (stiffness) of the spine. Excluding the muscles, each 

spinal unit includes two adjacent vertebrae, an intervertebral disc and seven ligaments. 

The intervertebral disc consists of a gel-like nucleus which is surrounded by a 

fibrocartilage ring called the annulus. The pressure within a non-degenerated nucleus is 

quasi hydrostatic. This pressure is sustained by the annulus ring which provokes a tension 

stress within the annulus.  

The stiffness of a spinal segment is governed by the morphology and material properties 

of the soft tissue. These vary within subjects and between vertebral levels leading to a 

wide possible range of motion (RoM) [185].  

 

Material properties 

The identification of the material properties is an essential step while modelling the 

spine, as it affects the mechanical behaviour of the spine. The material parameters are 

commonly extracted from published literature [43]. However, only a few experimental 

studies explicitly deal with the measurement of distinct material properties.  

 

In recent years, the properties of the lumbar annulus fibrosus was subject of a few 

comprehensive studies [48, 49, 74, 84]. The mechanical behaviour of the annulus fibrosus 

is determined by the properties, orientations and densities of the collagen fibres, as well 

as the property of its ground substance.  

The in vitro testing of isolated ligamentous structures revealed high standard deviations, 

resulting in a wide range of possible material property values which, in turn, impact the 

mechanical behaviour of the spinal segment [197].  

To solve this issue, a stepwise reduction method was introduced to allow for the 

determination of the material properties. This involved leaving the specimen embedded 

and performing mechanical testing after step-wise removal of the various anatomical 

structures [71].  

 

 



Introduction  7 

 

 

Numerical models to simulate spine biomechanics 

Various numerical models have been developed in the past to simulate the biomechanics 

of the spine. The type and complexity of the models can be differentiated by their 

application.  

Common Finite Element (FE) models generate a representative spinal column which 

considers the morphology of one ideal (often lumbar) spine [43]. These FE models 

attempt to replicate the average mechanical behaviour of a spinal segment by modelling 

the passive structure of the spine. They are mainly utilized in implant research, for 

instance, to identify the change in stiffness of the spine after instrumentation, or to 

identify the stresses acting on the implant  [12, 57, 108, 111, 156].  

Further models focus primarily poroelasticity of the nucleus. This enables the 

investigation of disc diffusion and disc degeneration processes [56, 116]. 

Spinal muscles are commonly simulated by using multibody models [8, 55, 165]. These 

are useful for conducting motion analysis in a relative rapid and robust manner. A typical 

model comprises a multitude of rigid bodies, joints and constraints together with their 

kinematic relationships. The main limitation of multibody simulation is that the 

morphology and biomechanics are numerically very roughly described. Additionally, there 

is a great lack of calibration/validation data to simulate the spinal muscle architecture.   

1.2.2 The chest 

The rib cage plays an important role in human trunk biomechanics, such as respiration [6, 

26, 189], protection and support of the viscera, as well as, the stabilization of the spine [7, 

21, 105, 106, 134].  

The chest consists of twelve ribs on the left and right sides, which originate from the 

thoracic spine and form via the costal cartilage and the sternum a closed mechanical 

construct.   

 

The main mechanical links between the rib cage and the thoracic spine are the 

costovertebral joints (CVJ) which provide an articular connection between a rib and its 

adjacent vertebrae. The costovertebral joint provides a stable link between a rib and the 

adjacent vertebra and has the ability to transmit high loads to the spine, while 

simultaneously offering enough flexibility for respiration. 
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The biomechanical properties of the CVJ were first investigated by Schultz et al. [157]. 

They performed in vitro studies using five human costovertebral articulations at six rib 

levels by measuring the displacements in superior-inferior, posterior-anterior and medial-

lateral directions. Their results indicated that the CVJ stiffness varies depending on the 

loading direction and the rib level. The stiffness of the CVJ increased from T1 to the mid-

thoracic region, and decreased towards the lower rib levels. Lemosse et al. identified that 

the rotational stiffness along the axis of the rib head was lower than along the cranial-

caudal and posterior-anterior axes [104].  

Stepwise resection steps were also performed to investigate the influence of each 

ligament on the RoM of the CVJ. According to Lemosse et al., the ligaments surrounding 

the articular costo transversalis had the strongest influence on the RoM. Duprey et al. 

replicated some of the tests from Lemosse, yet with less specimens, and found 

comparable results [46]. 

Further in vitro and numerical studies of the chest primarily investigated blunt trauma to 

the chest [88, 160, 170]. In vitro experiments on the entire chest by Eckert et al. revealed 

that the axis of rotation of the CVJ is not fixed and that, therefore, the kinematics cannot 

be represented by a single axis pivot element [50]. Further in vivo measurements 

identified that the axis of rotation of the joint was not in line with the anatomical axis of 

the rib neck axis during respiration [16, 17]. 

Most numerical models of the entire rib cage simplify the CVJ to a single spherical 

kinematic joint which adheres to a moment–angle relationship obtained from in vitro 

data of Duprey et al. [88, 175]. By varying the CVJ properties within four orders of 

magnitude, Kindig et al. noticed that the total rib movement depends strongly on the 

stiffness of the CVJ. They identified that the stiffness of the CVJ effected mainly the 

magnitude, rather than the direction of rotation of the ribs.  

 

While past numerical models considered the motion of the CVJ within the whole chest, 

the main goal was to establish a refined, more accurate model of this joint which can 

subsequently serve as a building block for a reliable model of the complete chest. This 

study, therefore, focused on the isolated motion and properties of the CVJ in order to find 

an adequate model that represents the complex biomechanical behaviour of the CVJ, and 

thus, sufficiently models the load transmission between the ribs and the adjacent 
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vertebrae. Modelling the load transmission is particularly relevant to simulate the 

interaction between rib cage and spine. This could be useful to investigate the influence 

of brace treatment on the spinal shape. (see [154]) 

 Mechanical loads acting on the spine 1.3

During daily activities, the upper human body is most frequently in an upright position. In 

this posture the spine must carry the weight of the upper body and transmit this load to 

the pelvis. To model the mechanics of the spine in an upright posture, it is necessary to 

know the magnitude of the loads and how the body weight is transmitted to the spine.  

Body segments 

The weight of the body segments and organs was measured 

in a few human cadaver studies [22, 33, 38, 66]. According to 

the literature, the head contributes in average 6.6 - 8.5 % to 

the body weight and the torso without extremities 44.2 - 

50.7 %. The weight of the upper and lower limbs, human 

heart, brain, lungs, liver, spleen and kidneys were measured 

and summarized in Table 1 [126, 127]. In summary, more 

than 50% of the body weight is located above the pelvis 

which needs to be transmitted through the spine to the 

pelvis in an upright posture (Figure 4). 

 

Table 1: Weight of extremities and main organs that act on the spine. 

Structure Weight [kg] % of total body mass  Literature 

Head (and neck) 5.2 +/- 0.8 7.92 +/- 0.85 %  [38] 

Arms 1.6 +/- 0.4 2.64 +/- 0.3 %  [38] 

Abdomen 14.2 +/- 4.3 16 +/- 2.6 %  [137] 

Lung 0.11 - 0.72  - [127] 

Heart Total: 0.09-0.7  
Mean: 0.2-0.4  

-  
[126] 

Liver 0.9 - 1.9  - [127] 

Spleen 0.03 - 0.23  - [127] 

Kidneys 0.08 - 0.18  - [127] 

Figure 4: Body weight 

distribution in % of the total 

body mass [22, 33, 38, 66] 
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Load bearing of the head and arm 

The cervical spine balances the weight of the head using several muscles, such as the 

sternocleidomastoideus and scalenus muscles.  

The arm is connected via the shoulder joint (glenohumeral joint) to the thorax. It is a 

multiaxial joint which involves articulations between the shoulder blade (scapula) and the 

head of the humerus. The main stability to the shoulder is provided by the connected 

muscles. Multiple muscles connect the arm with the ribs, scapula and clavicle. From 

there, widely spread muscles transfer loads to the spine.  The scapula can slide within 

connective tissue along the back of the upper ribs. It creates a compressive force on the 

rib cage. Thus, the weight of the arms is transmitted to the cervical and upper thoracic 

spine.  

 

Load bearing within the torso 

The major weight contribution of the upper body lies within the torso. A great amount of 

the gravitational load can be attributed to the bones and muscles. The density of muscles 

is about 1.06 kg/litre. Theoretically, their 

weight can estimated by knowing the size of 

each muscle and their attachment points. The 

latter can be deduced from literature [51, 

136].   

 

Further gravitational loads originate from the 

intrathoracic and intraabdominal organs.  

To date, a correct anatomical schema that 

addresses the transmission of organ weight to 

the spine has not been investigated. Previous 

models have considered the body weight by 

applying a force at the boy centre of gravity. A 

bit more advanced study measured the 

density distribution within the transverse 

planes and calculated the point of gravity 

 

Figure 5: Sketch of the human torso in the 

sagittal symmetry plane, derived from [136, 

S.132-180] . The liver is connected via the 

coronarium ligament to the inferior surface 

of the diaphragm. The heart via 

sternoparicaridal ligaments to the sternum.  
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within transverse cross-sections within the body [137, 138]. This data on gravity 

distribution continues to be the basis of various numerical models [59]. In these models, 

the centre of gravity in each transverse plane is applied via a beam to each vertebral 

level. The main limitation of this approach is that the anatomically correct load bearing 

structures are not considered, since no beam-like structure is present within the 

abdomen.   

To identify the correct load distribution, it is necessary to analyse the individual organs 

and their attachment points:  

 

Heart 

The heart is located in the middle mediastinum, anteriorly bounded by the sternum and 

the 2nd-6th costal cartilages and posteriorly by the vertebrae T5-T8. It is contained within a 

double-walled sac, called the pericardium. The pericardium is attached on the caudally to 

the central tendon of the diaphragm. Cranially it is connected to the sternum (manubrium 

and xiphoid process) and is adherent to the mediastinal pleura, as illustrated in Figure 5. 

It is most likely held in place by the ligaments connected to the sternum 

(sternopericardial ligaments), as well as by the recoil force of the lungs. 

   

Organs within the peritoneum 

The organs in the abdomen are covered by a doubled-walled sac called the peritoneum. It 

covers the liver, spleen, kidneys, as well as most of the small and large intestine. The 

outer layer is, called the parietal peritoneum, which is attached to the abdominal and 

pelvic walls. The liver and spleen belong to the intraperitoneal organs which are covered 

by the visceral peritoneum. The kidneys lie behind the peritoneum and are only partially 

covered by the visceral peritoneum, and are therefore referred to as the retroperitoneal 

organs. The latter are fixed in their location, whereas organs in the intraperitoneal are 

generally mobile.  

The liver is attached to the peritoneum via the falciform ligament and coronarium 

ligament which connect to the diaphragm and rectus walls, ensuring that the liver stays in 

place. 

The organs are connected to each other by peritoneal ligaments, omenta and 

mesenteries. Cranially they are attached to the central tendon of the diaphragm and 
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therefore hang within the peritoneum. Thus, the weight within the abdomen is most 

likely also carried through the central tendon via the pericardium to the sternum.  

 

Pleura 

The lung is a serous membrane covered by a double-walled sac called the pleura. The 

pleural cavity is a fluid-filled region between the visceral and parietal pleura (Figure 6). 

The visceral pleura is an elastic membrane which contracts and expands relative to the 

parietal pleura [64, 103]. Hereby, the intrapleural fluid lubricates the movement of the 

elastic visceral pleura. The intrapleural fluid can be seen as a mechanical link between the 

forces generated within the thorax and abdomen and the rib cage which again transmits 

the forces to the spine. 

 

The biological tissue of the visceral pleura contributes greatly to the recoil force and the 

volume limitation of the lung. It contains a large amount of collagen and elastic fibre 

networks which are both intermingled. While the interwoven collagen networks limit the 

dilatation of the lung, the elastic fibres provide the recoil force to restore the collagenous 

mesh to the lungs resting position [103]. A study reported that the elastic fibres increase 

in size and content during adolescence, but remain unchanged when growth maturity is 

 

Figure 6: a. Cross-sectional MRI image of the thorax in men.* b. Schematic image of the anatomy 

within the thorax. c. Assumed direction of the load vectors within the cross-section surrounding the 

lung in an upright posture. These vectors originiate from the intrapleural pressure (blue), 

intrapericardial pressure (red), intraabdominal pressure (green), as well as the weight of the 

intrathoracic and abdominal organs (gray). The latter is thought to be transmitted through the 

chest to the spine. (lig.: Ligament, P.: pressure)  [*MRI image used by courtesy of J. Frahm, MPI 

biophysical chemistry, Goettingen, Germany; Adapted with permission by Springer Nature] 
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reached [195]. This might be correlated to the increase in size and weight of the body 

during growth until skeletal maturity is attained.   

Alterations in the distribution of both collagen fibre types are associated with illnesses 

such as bullous pleura disease and pulmonary emphysema. 

 

The amount of fluid within the pleural cavity also plays a decisive role in the mechanics of 

the lung, while the thickness of the interpleural space correlates with the intrapleural 

pressure (IPP) [3, 5]. In general, interpleural thickness values in mammals were measured 

within the range of 0.005mm and 0.8 mm [3–5, 178]. Studies on dogs, rabbits and mice 

revealed that the IPP magnitude increases exponentially with a reduction of interpleural 

thickness, while the IPP becomes zero at an interpleural thickness of about 1.2 mm [3].  

In humans, a similar correlation between IPP and the amount of fluid in the interpleural 

space can be measured while performing pleural manometry during thoracentesis [42].  

 

Anatomically, the interpleural spaces of the right and left lungs are separated. To what 

degree the intrapleural pressures between the left and right side interact is unclear to 

date. Simultaneous measurements of the IPP at the right and left lungs in dogs during 

acceleration revealed that the pressure can vary significantly, while the local IPP depends 

on gravitational forces and posture [149, 191]. The authors found that the displacement 

of the heart during acceleration correlated with the IPP distribution [149]. Simultaneous 

measurements of the left and right sides indicate that the pressure on the left hemithorax 

may be more negative than on the right hemithorax [35].       

Also, since the organs within the thorax and abdomen in humans are not symmetrically 

positioned with respect to the sagittal plane, a general asymmetry in the IPP can be 

assumed.  

 

Summary of the load bearing principal 

The weight within the peritoneum in an upright posture is most likely transmitted 

through the diaphragm in two ways (Figure 6c): firstly, via the diaphragm and the pleura 

to the chest walls bilaterally, and secondly, through the central tendon and pericardium 

to the sternum. To model this load distribution, the load could simply split up into three 
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components: intrapleural pressure on the right and left sides across the inner surface of 

the hemithorax, and a third component acting on the sternum.  

 Spinal deformation: scoliosis  1.4

Scoliosis is a spinal deformity which exhibits changes of the shape of the bone during 

adolescence. To understand the mechanisms which lead to the altered bone morphology, 

the pathology and aetiology of scoliosis are briefly described in following sections.  

1.4.1 Pathology and treatment 

Scoliosis is a three-dimensional deformity of the spine. A slight deformity of the spine can 

be observed in almost every individual [93]. The prevalence of AIS is 0.47-5.2%, generally 

defined once an angle of the main spinal curvature (Cobb-angle) of >10° is observed 

[114]. 

Scoliosis may have different ages of onset. It is commonly classified based on the age it is 

diagnosed:  

• <3 years: Infantile (congenital) scoliosis; 

• 3-9 years: Juvenile scoliosis; 

• 10-18 years: Adolescent scoliosis;  

• >18 years: Adult / Degenerative scoliosis 

Infantile and juvenile scoliosis share many characteristics and are commonly grouped 

under the name of early onset scoliosis to distinguish them from the most common 

“adolescent” type. Adult scoliosis can be classified as degenerative or “de novo” scoliosis, 

which appears in the adult due to degenerative changes in the spine. Almost every 

second person above 60 years develops the “degenerative scoliosis” type [28, 158]. 

 

The spinal deformity goes hand in hand with several other factors such as deformation of 

the chest, reduction in lung capacity, modification of the soft-tissue, changes in the 

muscle architecture, as well as, asymmetrical shoulder and head balance. These factors 

can lead to disabilities, cosmetic issues, pain, activity limitation, quality of life issues and 

breathing problems. In addition, possible health issues into and throughout adulthood 

remain, such as, increased risk of disc degeneration and curve progression. 
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Initial treatment of patients with AIS involves physical therapy and bracing. Surgery is 

generally recommended when conservative treatment fails, the curvature progresses and 

a Cobb-angle greater than 40° is reached. During this very invasive surgery, the curved 

spine is first mobilized by resecting soft tissue (e.g. facet joints, intervertebral discs), then 

straightened using manual force, and finally stabilized with screws and rods.   

1.4.2 Aetiology hypothesis for AIS 

In approximately 85% of scoliotic cases in adolescence, a causative factor has not yet 

been identified [91].  

AIS occurs more often in girls (7 girls to 1 boy) and the incidence of scoliosis within the 

family is increased [58]. Genetics, however, indicate a predisposition but do not explain 

the cause for the development of this spinal deformation. 

 

According from the data from literature, four different mechanisms could potentially 

cause a spinal deformity, as illustrated in Figure 7: 

a. A pre-existing initial asymmetry in the shape and material properties of the 

mechanical construct. This asymmetry then increases once the construct is 

mechanically loaded;    

b. Disorder of the passive (connective tissue) and/or active (muscles) supporting 

structures for an erect spine; 

c. An asymmetric growth in bone leading to deformity of the spine; 

d. Intrinsic loads, such as an asymmetrical weight distribution that deform the 

construct. 
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Figure 7: Sketch of aetiology theories for the development of adolescent idiopathic scoliosis.          

o. Healthy stable erect growing spine. a.-d. Theoretical mechanisms that might lead to a spinal 

deformity: an initial spinal asymmetry increases over time (a.), supporting structures (orange) 

which are necessary for the stability of the erect spine are disturbed (b.), asymmetrical growth of 

the bone (c.), and/or asymmetrical forces deform spine (d.)  

force
vector

a. b. c. d.o.

spine

growth
vector

muscle

The published hypothesis on the aetiology of AIS can be grouped according to these four 

aspects. One of the main challenges is to identify which factor is primary or secondary to 

the formation of scoliosis.  

 

a. Pre-existing deformation  

This theory proposes that the spine inherits a pre-existing deformation, e.g. at birth, 

which increases over time.  

On average, a pre-existing vertebral rotation is present in every human and quadruped  

[80, 81, 94]. Yet, only 0.5%-5% of the population develop a pathological deformation of 

the spine during adolescence [155]. How strong an initial deformity needs to be 

pronounced to become unstable and to progress is unknown.  

Children and adolescents with curve angles of 5° to 19° have a probability of curve 

progression of 22%, and curve angles between 20° to 29° a probability of 68% [113]. 

Curves angles < 30° after growth maturity will most likely not progress.   

A predisposition to a strong spinal deformation can exist, which is referred to as 

congenital scoliosis. Congenital scoliosis includes anomalies during embryonic formation, 

such as fusion of vertebral segments and/or ribs, or local disturbances of the growth plate 

which lead to malformation of vertebrae, called hemivertebra. These malformations can 

be considered as a disturbance in the statics of the spinal construct. This can cause a 

deformation of the entire spine which usually worsens with growth. The shape of the 

spinal deformation depends on the structure of the anomaly in which the child may 
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exhibit a scoliotic curvature to the right or left, kyphosis, and/or a lordosis. Currently 

there is no evidence that this condition can be inherited.  

Patients with AIS do not show any congenital abnormalities. AIS is usually diagnosed 

before Cobb-angles above 20° are obtained. Currently, curve progression is not possible 

to predict.  

 

In summary, clinical data has not presented any evidence that a pre-existing curvature 

could cause AIS.  

 

b. Disorder of the supporting structures of the spine 

Many structural components interact to provide a stable erect posture of the spine. This 

interaction consists of intervertebral disc, bone and ligaments, muscles and gravity.   

Disorders in the connective tissue can cause scoliosis, such as a reduced bone mineral 

density (osteopenia), as well as be part of syndromes such as Marfan, Ehlers-Danlos, 

Osteogenesis Imperfecta syndrome. In patients with AIS, alterations were observed in the 

extracellular matrix of the connective tissue, such as the collagen composition within the 

disc, and the elastic fibres [18, 196]. This is most likely secondary to scoliosis. 

The Euler Stability theory is also often referred to when explaining spinal deformations. 

This theory describes the amount of maximal load a long ideal straight column can carry 

without buckling. In the in vitro experiments on cadaveric human spinal specimens, 

devoid of muscles and ribs, it was measured that the spine buckles at a load of 20 N to 80 

N [36], whereas the buckling-load depended on the length of the spine. In comparison, it 

is assumed that an axial load of more than 500 N acts on the lumbar spine in vivo [144, 

184]. To compensate this almost 10-fold axial load which indicates potential instability, 

the spine needs to be stabilised using muscles.  

Reduced strength and activity of the supporting musculature of the spine may indeed 

lead to scoliosis as part of neuromuscular disorders such as in muscular dystrophy [194]. 

Furthermore, disorders were observed including those with neurological deficit, 

abnormalities in the contractile apparatus [89][147], as well as differences in the ratio of 

muscle fibre type I/II (slow/fast twitch) between the convex and the concave side of the 

spinal curve [121]. Curve patterns in patients with scoliosis secondary to neuromuscular 

diseases also appeared  comparable to those patterns in patients with AIS [95]. A 
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weakness of the muscles may be a possible nonspecific trigger for the development of 

scoliosis.  

Whether a disorder of the supporting structures is the primary cause of scoliosis is 

questionable. Firstly, the mentioned Euler stability theory is not directly comparable to 

the spinal deformation, particularly since the spinal shape is not ideally straight and the 

stiffness of the spine is not homogeneous along its length. In addition, muscles inherit a 

great ability to adapt to loading conditions which could explain the differences in the 

muscle activity between concave and convex sides. Also, neither general physical therapy 

[131] nor scoliotic specific exercise [145] have been proven to reduce the curve or stop 

curve progression. Current literature provides weak evidence that anthropometric data, 

such as body weight and spinal length, and neuromuscular disorders, such as a decrease 

trunk muscle strength, are associated with AIS [155].  

 

In summary, the question whether the stability of the passive or active structures is a 

primary or secondary cause for AIS remains a matter of debate. Evidence indicates it is 

most likely secondary. 

 

c. Asymmetrical growth  

Morphological studies revealed a disproportional growth between the anterior and 

posterior spinal column [63, 143]. This led to the theory that either an abnormal growth 

of the anterior column, or a tethering of the spinal canal might inhibit the growth of the 

posterior column [142, 143].  

Furthermore, a decreased melatonin level in AIS patients has been measured [117]. 

Scoliosis can also be part of the Noonan Syndrome in which the growth regulation is 

disturbed.  

As described in chapter 2.1, the vertebral growth originates via endochondral ossification 

of the epiphyseal growth plates on superior and inferior endplates. Although a different 

growth kinetic between convex and concave side of the spine has been measured within 

patients with AIS [179], there is no evidence that AIS is caused by a primary growth 

disturbance [24].  

The explanation of the observed asymmetrical morphology is rather provided by the 

Hueter-Volkmann Principal [167]. This law states that bone is formed by compression and 
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distraction forces to which bone is exposed. Animal studies have demonstrated that 

asymmetrical loading can lead to bone formations comparable to AIS [123, 129, 169].  

 

In summary, morphological variations are most likely caused by adaption to altered 

loading rather than to a primary growth disturbance.   

 

d. Intrinsic load distribution  

The in-vivo load distribution along the scoliotic, as well as the healthy spine, is fairly 

unknown.  

Other than an axial load component, a lateral load component originating from the ribs 

potentially acts on the thoracic spine. The ribs transmit muscle forces of the sternum and 

rib cage to the spine. Extensive animal studies on the influence of rib resections on the 

spine identified that only unilateral resections of the posterior ends of 5 to 6 adjacent ribs 

resulted in a progressive scoliosis [101, 102, 124]. It is also known that children with 

thoracotomies, particularly in the posterior region above the 6th rib level, are of higher 

risk to develop scoliosis [39, 52, 60, 85].  

However, patients with AIS usually have no history of surgical interventions performed on 

the rib cage. Additionally, weak evidence of an increased chest asymmetry within patients 

with AIS exists.   

The treatment of spinal deformations with a 

brace to which distinct load points are applied 

on the chest wall can lead to a momentary 

straightening of the spinal curvature. Evidence 

that the brace treatment can prevent curve 

progression is yet lacking [130].  

It can be assumed that intrinsic forces indeed 

trigger the spinal deformation, although the 

underlying mechanisms remains unclear.   

 

The common conclusion of literature reviews 

on the pathogenesis of scoliosis is that the 

 

Figure 8: Vicious cycle on the development of 

scoliotic curvature, proposed by Stokes et al. 

[169]. Small disturbances activate that circle 

which leads to an increase of the curvature 

over time.    
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mechanics triggering scoliosis are complex and its aetiology is most likely multifactorial 

[67, 91, 114, 181]. This multifactorial process was illustrated as a vicious cycle by Stokes 

et al. [169] (Figure 8). However, the causal mechanisms as well as the constellation of the 

components which lead to scoliosis are not yet understood [155]. In general, the spinal 

disorder classified as “idiopathic” is not homogenous. This leaves the possibility that 

different causative factors might explain the aetiology of AIS.   

 Aim of this thesis 1.5

The objective of this thesis was, firstly the development of a fully parametric numerical 

model of the spine including the rib cage to perform biomechanical simulations. Secondly, 

the bone morphology of healthy and scoliotic individuals was quantified to obtain 

morphology parameters for the model generation. This data was further analysed to 

identify morphological patterns within scoliotic spines.  

With this model, the development of scoliosis was investigated with emphasis on the 

potential influence of an asymmetry in the intrapleural pressure distribution on the spinal 

deformation.  



Material and Methods  21 

 

 

2. Material and Methods  

The determination of the in vivo mechanics of biological living tissue is very challenging, 

since the structures involved in the mechanics are highly complex and difficult to 

measure. In addition, these naturally inherit a high standard deviation within and in-

between subjects. To approximate the in vivo condition, multiple data sets can be 

obtained from either in vivo or in vitro measurements. A strong potential of numerical 

methods is that all these data sets can be pieced together into one model as in a puzzle. 

This allows the testing of hypothesis, estimating predictions and approximating the in vivo 

condition.  

Within this thesis, a finite element model was created which aimed to represent the 

biomechanical condition of the chest and spine. The model was intended to approximate 

the biomechanical condition within individual patients. The steps from the images of an 

individual patient to the complete FE-model are illustrated in Figure 9.   

 

Figure 9: Basic schema for generating a numerical model of an individual human spine and chest. 
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To generate a biomechanical model of an individual, two main aspects must be 

considered: the morphology/geometry and the material properties of the soft and hard 

tissues. Both aspects are nearly impossible to represent in a personalized model, 

particularly since most of the data cannot be directly obtained from neither in vivo nor 

from in vitro measurements. Extracting mean material property values from the literature 

does not necessarily result in a biomechanically correct representation of the individual 

spinal motion segment.  

These issues were dealt with by generating a model in which the morphology and 

material properties were defined using a set of parameters. The variation of these 

parameters allows, firstly, a quick adaption of the model to simulate, for example, 

different types of scoliotic curvatures. Secondly, it enables the estimation of sensitivity of 

a chosen parameter set towards the obtained results.  

The following chapter describes the general acquisition of the morphology and material 

parameters, as well as the background and generation of the numerical model of the 

spine, chest and boundary conditions.  

 Morphology quantification 2.1

The morphology of the spine and chest was quantified by placing landmarks on 

reconstructed bone from CT-data of patients.   

2.1.1 Patient group 

Morphology parameters of the spine were obtained retrospectively by evaluating 

collected computed tomography (CT) images of 21 patients diagnosed with AIS (AIS 

group) and 48 patients without any visible spinal abnormalities (healthy group) (ethical 

votes: 418/15-Zo/Sta in 2016, and B-F-2016-053 in 2016). The mean age was 15 ± 2 years 

for the AIS group and 23 ± 12 years for the healthy group. Inclusion criteria for the CT 

data were a visibility of the spinal levels T1 to S1, including the entire chest. In addition, 

the slice thickness of the CT-data was <1 mm and the in-slice resolution 0.91 mm, 

resulting in a voxel size of 0.91 mm × 0.91 mm × 1 mm. 

The AIS cases were subdivided into the three groups depending on the location of the 

main curvature: lumbar (n = 5), thoracic (n = 12), and thoracolumbar (n = 4). This allowed 

for a better comparison of the data and identification of morphology patterns. (see [151]) 
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2.1.2 Landmark placement 

The skeletal structure was reconstructed from CT data using the software tool AVIZO 

(release: 8.0; FEI Visualization Sciences Group, Hillsboro, Oregon, USA). Landmarks were 

placed manually on predefined characteristic morphological points on the spine and 

chest. The location of the main landmarks on a vertebra was comparable with those of 

previous studies [11, 109].   

2.1.3 Morphology parameters  

Morphological parameters were derived from the coordinates of those landmarks.  

More than 300 parameters were calculated from the landmarks: 62 global parameters 

(e.g. position of the vertebrae relative to S1), about 100 for each vertebral level (e.g. 

vertebral body width), and 125 parameters for the rib cage (e.g. width of a rib).  

The focused was placed on the analysis on the overall dimensions of the spine, the shape 

of the vertebrae and discs, as well as the cross-sectional area of pedicles and the articular 

facet joint surface area. In addition, other global morphology parameters of the rib cage, 

such as the lateral position of the posterior section of each rib, were quantified. 

 

Figure 10: Landmarks that were placed on the reconstructed spine and chest. Right: List of 

exemplary parameters of a vertebral segment. Abbr.: Abbreviation, Vb: vertebral body. [151]. 

[Reprinted with permission from Springer Nature] 
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An average endplate size for each spine was calculated by summarizing the endplate area 

at each vertebral level (�) for all levels (�) (sup: superior, inf: inferior).  

�̅ � 1
� � ��,sup 
 ��,inf

2
�

��
 

The endplate area was assumed to have an elliptical shape.  

To investigate potential length differences between the anterior and posterior spinal 

column, the length of the spinal canal was quantified by connecting the centre of the 

spinal canal at each vertebral level. The centre of the spinal canal was positioned in 

midline: between the posterior tip of the canal on the lamina and the point on the 

posterior edge of the superior endplate (Figure 10). 

Furthermore, the individual length of the spinal curvature and height of the spine was 

calculated (Figure 11a). Each length was calculated in three-dimensional space: “spinal 

height” between middle of the superior endplates of T1 and S1, and the “spinal 

curvature” by connecting the midpoint of the superior endplate of each vertebra.  

A patient-specific coordinate system was created using three landmarks to reduce 

parameter variations in-between individuals (Figure 11b). 

Spinal parameters, such as the displacement in the coronal plane and rotation of the 

vertebrae, were calculated relative to the superior endplate of S1. (see [151]) 

 

Figure 11: a. Sketch of the specified “spinal height” and “spinal curvature”. b. Orientation of the 

global coordinate system of each patient. The z-axis points from the middle of the posterior edge 

of the superior endplate of S1 to T1, while the sagittal plane was defined by the vector between 

T1 and the centre of the suprasternal notch. Ref.: Reference [151]; [Reprinted with permission 

from Springer Nature] 
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2.1.4  Statistical analysis 

The intra- and inter observer variability for the placement of the landmarks was analysed 

by two observers who repeated the placement of the landmarks six times on a non-

scoliotic and a scoliotic spine. The variability of placing landmarks was quantified by 

analysing the variance of the deduced morphology parameters. The coefficient of 

variation was calculated for each parameter at each level. An average coefficient of 

variation was estimated by calculating the mean value of the coefficient of variation over 

all levels. This enabled the measurement of the dispersion of a parameter value due to 

individual observers. Furthermore, a Bland–Altman plot was generated for specific 

parameters to visualize and analyse the variance between the two observers.  

 

The results of the healthy group were statistically analysed using a two-sided one sample 

t-test by comparing the values to an expected true mean.  

To identify significant differences between the healthy and scoliotic spines, the mean 

values at each level were compared using the t-test for unpaired data. A significance level 

of 0.01 was considered. The statistical analysis was performed using the SciPy package 

(version 0.16.0) with Python (version 3.4.3) [135]. (see [151]) 

 Finite element model of the chest and spine 2.2

A full parametric finite element (FE) model of 

the anatomy and material properties of the 

thoracic and lumbar spine, including the rib 

cage, was developed. The model generator is 

based on the methodology published by 

Niemeyer et al. [133], in which morphology 

parameters were used to generate the 

geometry of the spine using geometric 

primitives. The basic principal of this method 

was adopted, yet modifications in the code 

structure, the overall geometry, as well as 

further extensions were included, such as the 

 

Figure 12: Examplary finite element model 

of a 13-year-old male obtained using the 

FE-model generator. This model was used 

for this study. [Reprinted with permission 

from Springer Nature] 
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entire rib cage. Although the muscles of the spine were also implemented, their model 

generation and calibration are beyond the scope of this thesis and, therefore, omitted 

here.  According to the model-scheme illustrated in Figure 9, the model was generated 

from a parameter database. This database included morphology and material 

parameters. The morphology parameters were imported into an in-house code which 

automatically generated a finite element model of the spine and chest. The model also 

included the disc, the surrounding ligaments and boundary conditions. The model 

generation was implemented in APDL using ANSYS (Release 15.0, Ansys Inc., Canonsburg, 

PA, USA). The meshed model was then exported into ABAQUS (Release 6.12, SIMULIA 

Dassault Systems, Johnston, RI, USA), where the simulations were performed. 

In this thesis, the model generation was demonstrated on one particular patient: a 13-

year-old male who did not showed any signs of abnormal spinal deformities. The 

geometry of the model was generated from computed tomography data of that particular 

patient in the supine position. 

Since the RoM of a vertebral segment and the CVJ vary along the spine, their material 

properties also differ. The RoM distribution of the vertebral segments [185, 187] and 

costovertebral joints [104] was extracted from literature.   

 

The main joints that contribute to the biomechanical behaviour of the thorax include the 

spinal segments and the costovertebral joints. Their kinematics are determined by the 

material properties of the soft tissue and the morphology. The material properties can 

vary within subjects and between vertebral levels, leading to a wide possible range of 

motion of a spinal segment and CVJ. To identify the influence of the material properties 

and the morphology parameters on the RoM, a sensitivity analysis was performed on 

both a spinal segment and costovertebral joints. Subsequently, a method was developed 

to estimate the material properties based on a given RoM and the morphology of the 

joints.  

2.2.1 Spinal segment 

The numerical model of the spine as described here is based one spinal segment, which 

represents the smallest functional unit of a spine. It involves an intervertebral disc 

between two adjacent vertebral bodies.   
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In order to capture the variability of the spine morphology within and in-between 

subjects, the geometry of the spine was constructed numerically using geometric 

primitives. This led to a strong simplification of the spinal geometry, yet allowed for a 

rapid and robust generation of subject-specific models that considered the individual 

spine morphology and shape.   

2.2.1.1 Numerical model 

The cortical bone, the cancellous bone and cartilage endplates of the vertebral bodies 

were formulated using eight-node isoparametric solid elements, as listed in Table 2. The 

posterior structures were constructed as a framework of beam elements. The motivation 

behind the selection of a beam framework for the posterior structures was, firstly, the 

challenge of replicating the geometry of the posterior structures using the parametric 

approach. Secondly, the framework facilitated the inclusion of various muscle and 

ligament attachment points on the posterior structures.    

The annulus ground substance was modelled using 8-node brick elements. Rebar 

elements were embedded in the mid-plane of the annulus ground substance using 

membrane elements to model the collagen fibre network. The nucleus was represented 

as a fluid cavity in which hydrostatic conditions were present.  

2.2.1.2 Material model 

The material properties which have potentially have a strong influence on the RoM of the 

spinal segment were identified and parameterized.  

The following material properties were parameterized: the annulus fibrosus, the anterior 

longitudinal ligament (ALL), the posterior longitudinal ligament (PLL), the capsular 

ligament (CL), the flaval ligament (FL), intraspinous ligament (ISL) and the supraspinous 

ligament (SSL). In addition, the size of the gap between the respective inferior and 

superior articular areas of the facet joints was varied. The facet gap is difficult to deduce 

from radiographs and CT scans, adding a further unknown. Since the stiffness of bone is 

much higher than that of the annulus fibrosus and the ligaments, the influence of a 

variation in bone properties on the overall flexibility was assumed to be negligible.   
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In the FE model, the ligaments were represented by membrane elements with embedded 

rebar properties. The rebar behaviour was parameterized using a functional relationship 

between stress (σ) and strain (ε):  

����lig � �lig ⋅ exp��lig,� ⋅ �� � �lig , (Eq. 1) 

 

where �lig  determines the overall stiffness and the derived quantity  

�lig,� � 2.62 ⋅ ln��lig� 
 17.44 (Eq. 2) 

The parameter (�lig ) allows the adaption of the ligament properties to the in vitro data 

published by Pingel [140] (Figure 13a). The constant coefficients in the equations (Eq. 2) 

where obtained by regression analysis of the in vitro data.  

In addition to the nonlinear stress-strain relationship, the cross-sectional area of the 

ligaments was varied. The annulus fibrosus was modelled by embedding the collagen 

fibres as rebar elements by superimposing membrane elements, which were again 

embedded in continuum solid brick elements. This allowed for the consideration of a non-

linear behaviour of the collagen fibres, a non-uniform fibre distribution, as well as, the 

variation of the fibre orientation in all three axial directions. The collagen fibre property 

was varied in circumferential and in radial direction, since the stiffness of the annulus 

fibrosus decreases towards the nucleus pulposus [23].  

 

 

Figure 13: Exemplary comparisons of the in vitro data with the calculated stress-strain 

relationship using the parametric regression equations. a. Parametrised ligament behaviour, 

with the in vitro data from Pingel et al. [140]. b. Annulus fibrosus fibre behaviour, with in vitro 

data from Holzapfel et al. [74]; Pe: posterior external, Ae/i: anterior external/internal part of the 

annulus fibrosus ring. [152] [Reprinted with permission from Taylor & Francis] 
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Table 2: Material properties and numerical model of the tissues used in the finite element model. 

SSL: supraspinal lig., ISL: interspinal lig., FL: flaval lig., CL: capsular lig., PLL: posterior longitudinal 

lig., ALL: anterior longitudinal lig., ACC: articulatio capitis costae, ACT: articulatio 

costotransversalis, LCTS: lig. costotransversarium superius, LCT: Lig. costotransversarium 

Structure 
Numerical 

model 
Properties Source 

Cortical 
bone 

Solid 8-node 
brick 

element 

Young’s 
modulus in 

MPa 

Shear 
modulus in 

MPa 

Poisson’s 
ratio 

#$$ 11300  %$& 3800  '$& 0.48  

#&& 11300  %&( 5400  '&( 0.20 

#(( 22000  %$( 5400  '$( 0.20 
 

[10] 

Cancellous 
bone 

Solid 8-node 
brick 

element 

Young’s 
modulus in 

MPa 

Shear 
modulus in 

MPa 

Poisson’s 
ratio 

#$$ 140       %$& 48.3 '$& 0.45  

#&& 140 %&( 48.3 '&( 0.32 

#(( 200 %$( 48.3 '$( 0.32 
 

[87] 

Cartilage 
Solid 8-node 

brick 
element 

Young’s Modulus # � 26 MPa, Poisson’s ratio 
' � 0.4 

[172] 

Nucleus Fluid cavity. Bulk modulus * � 2200 MPa [1] 

Annulus 
ground 

substance 

8-node brick 
elements. 

Neo-Hookean: +�, � 0.348 MPa, /� � 0.3 [65, 193] 

Annulus 
collagen 

fibres  

Rebar 
elements 

embedded in 
the mid-

plane of the 
annulus 
ground 

substance. 

Empirical relationship between the strain at 
1 MPa (��012) and the stress (σ) (Eq. 3) 

[74] 

Ligaments:  
SLL, ISL, FL, 
CL, PLL, ALL 

Rebar 
elements 
embedded in 
membrane-
elements. 

Empirical relationship between strain (ε) and 
stress (σ) (Eq. 1) 

[140] 
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The fibre material properties were parameterized by an empirical stress-strain 

relationship:  

����annulus � �3,� 
 �3,� ⋅ ln��/�,� (Eq. 3) 

with �3,� � ��012    

and �3,� � 0.053 
  0.013 ⋅ ln���012� (Eq. 4) 

 

where ��012 refers to the strain at 1 MPa (Figure 13 b), and �, � 1 6789:. The constant 

coefficients in the equation (Eq. 4) were determined by fitting the equation to the data 

published by Holzapfel [74]. 

 

The properties of the annulus fibrosus were also varied in circumferential direction for 

each sector �sec ∈ <1,2, … ,6> (ant. – post.) according to  

ε@$A,�BCD
�EFG

 �  ε@$A,   2HA�EFG 
 �ε@$A,IJKL�EFG  � ε@$A,GML�EFG   � ∙ ���O@P �1� 5⁄ �RS (Eq. 5) 

To vary the properties in radial direction, a factor (�3,�HA� was introduced which varied the 

strain in the inner ring (��012TUV,TBCD ) relative to the strain in the outer ring (ε �EFGCWV,TBCD ) at 

each section (�O@P).  

ε�HA,�XYZ
�EFG  � ε@$A,�XYZ

�EFG ⋅ �3,int (Eq. 6) 

The collagen fibre angle was varied along the circumferential direction of the annulus by 

interpolating between the fibre angle at the anterior section ([3,ant, �sec � 1) and the 

posterior section ([3,post, �sec � 6)  (Figure 14): 

[3,�sec � α3, ant  
 �α3,post � α3, ant � ∙ ���O@P �1� 5⁄ �Rangle  (Eq. 7) 

where �sec is the section number of 

the annulus and �angle an exponent 

controlling the amount of non-

linearity in the spatial distribution 

of the fibre angles. The fibre angles 

were not varied in the radial 

direction, since Eberlein [49] did 

not find any significant dependency 

between fibre angle and depth.  

Figure 14: Standard deviation (SD) of the collagen fibre 

angle in the annulus fibrosus in circumferential direction. 

The annulus fibrosus was divided into six sections, 

defined by the polar angle. Values were extracted from 

Eberlein et al. [49]. [152] [Reprinted with permission 

from Taylor & Francis] 
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The material properties were extracted from the literature and varied within the specified 

standard deviations (Table 3). The nucleus was represented as a hydrostatic fluid cavity. 

An exponential pressure-overclosure contact condition was chosen to model the contact 

behaviour of the articular surfaces of the facet joints, with a clearance of 0.4, a contact 

pressure of 170 [MPa] at zero clearance and a friction coefficient of 0.001 [133]. (see 

[152])  

Table 3: List of the investigated parameters, including their ranges, as well as the resection steps 

affecting the corresponding structures. [152] 

Resec

tstep 

Resected 

structure 

Investigate

d structure 
Investigated parameter range Source 

0 - (Intact) SSL areaSSL: 1 – 100 mm2; �lig � 0.1 �
0.4 6MPa: 

[30, 140, 141, 
161, 197] 

1 SSL ISL areaISL: 1 – 100 mm2; �lig � 0.15 �
0.6 6MPa: 

2 ISL FL areaFL: 50 – 300 mm2; �lig � 0.03 �
0.12 6MPa: 

3 FL CL areaCL: 1 – 10 mm2; �lig � 0.075 �
0.2 6MPa: 

4 CL Facet gap 0.5 – 5 mm 

5 VA PLL areaPLL: 10 – 100 mm2; �lig � 0.3 �
0.5 6MPa: 

6 PLL ALL areaALL: 10 – 100 mm2; �lig � 0.2 �
0.4 6MPa: 

7 ALL Annulus embedded rebar properties. Parameters of 
the functional relationship (Eq. 3) 

[49, 74] 

anterior outer ring ε �EFGext, ant
: 0.05 – 0.116�: 

posterior outer ring ε �EFGext, post
: 0.01 – 0.05 6�: 

distribution  k3,ext: 1 (linear) – 4 (quartic)  

Annulus strain at 1 MPa of inner ring: �3,int: 3 – 4 

Annulus collagen fibre angle.  
Parameters of the functional relationship (Eq. 8). 

fibre angle:          
anterior 

[3,ant: 16° - 31° 

posterior [3,post: 41° - 60° 

distribution  �angle: 1 (linear) – 4 (quartic)  
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2.2.1.3 Simulation procedure 

A total of 500 different models were generated, each based on a unique parameter 

combination. The parameters were varied within specified ranges which corresponded to 

the mean standard deviation (+/-SD) of published experimental data (Table 3). All 

parameters were sampled together using the uniform latin-hypercube sampling method 

(with pyDOE 0.3.6). The intact condition and all seven resection steps were simulated for 

each parameter combination which led to a total of 4000 simulations. In accordance with 

the in vitro experiments of Heuer [71], pure moments of 7.5 Nm were applied for each 

simulation in flexion, extension, lateral bending and axial rotation. Prior to applying the 

pure moments, a hydrostatic pressure of 0.1 MPa was applied to the nucleus pulposus.  

The inferior endplate of the caudal vertebra (L5) was fixed. The loads were applied on a 

node rigidly connected to the superior endplate of the cranial vertebra (L4).  (see [152]) 

2.2.2 Costovertebral joint (CVJ) 

The main structure which governs the motion of the rib cage, is the costovertebral joint. 

Therefore, the focus was placed on modelling its mechanical behaviour which included 

the load transmission to the adjacent vertebral bodies.  

2.2.2.1 Background on the CVJ 

Within the CVJ, two synovial joints, the articulatio capitis costae (ACC) and the articulatio 

costotransversalis (ACT), connect the rib to the spine. At the spinal levels T1, T11 and T12 

the ACC is typically attached to one vertebral body only, while at T2-T10 the ribs 

articulate with an ACC that spans two adjacent vertebrae. The ACT, which is mainly 

pronounced at the levels T1-T10, connects a rib to the transverse process of the adjacent 

caudal vertebrae. The connection between rib and spine is also reinforced by cross-linked 

ligaments: the ligamentum costotransversarium (LCT), the ligamentum 

costotransversarium superior (LCTS), the ligamentum costotransversarium laterale (LCTL), 

the ligamentum capitis costae radiatum (LCCR) and the aforementioned ligamentum 

capitis costae intraarticulare (LCCI) (Figure 15). The LCTS connects the transverse process 

of the superior vertebra to the rib head on each thoracic level [78]. (see [154]) 
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2.2.2.2 Numerical model 

An FE-model was developed which is fully parametric with respect to anatomy and 

material properties of the CVJ. A main goal was to accurately model the load transmission 

between the rib and the adjacent vertebrae. In accordance with the CVJ’s anatomy, the 

model, therefore, included the load-paths between rib and adjacent vertebral bodies (via 

the ACC), between rib and transverse process (via the ACT), and between rib and the 

cranial vertebra (via the LCTS). Morphology and material parameters were imported into 

an in-house code, which automatically generated a finite element model of the spine. 

This included the rib cage and the surrounding ligaments, as well as the boundary 

conditions. The model generation was implemented in APDL using ANSYS (Release 15.0). 

The meshed model was then imported into ABAQUS (Dassault Systems, Release 6.12), 

where the simulations were performed. 

Figure 15: Coordinate system and load conditions of the CVJ. The orientation of the coordinate 

system reflects the orientation of the two joints: the x-axis points normal to the surface, while 

the y-axis points perpendicular to the surface. [154] [Reprinted with permission from Taylor & 

Francis] 
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The rib and joint geometry were simplified by using geometric primitives. The complex 

mechanics of the ACC and ACT joint with their capsular and surrounding ligaments were 

represented by connector elements (Figure 16). The ACC-connector element simulates 

the mechanics of the LCCR, LCCI, and synovial joint of the fovea costalis vertebralis, 

whereas the ACT-connector element represents the mechanics of the LCTL and the 

synovial joint of the fovea costalis transveralis. These connector elements allowed the 

assignment of nonlinear behaviour in six degrees of freedom. The motion perpendicular 

to the joint surface was restricted using connector-stop behaviour which represented a 

contact condition between rib and transverse process, as well as rib and vertebra.  

The connector stiffness was parameterized using a quadratic force-displacement 

relationship (Eq. 8) in which a stiffness factor (�3cc , �3cd) was introduced to vary the 

mechanical behaviour of each connector in each degree of freedom according to the 

equation: 

efghi � �j� ⋅ k�lmn9hi�iop� with i � ACC, ACT and j � x, y, z, rx, ry, rz   (Eq. 8) 

The mechanical behaviour of the LCTS was represented using non-linear tension-only 

truss elements which connected the rib neck with the corresponding transverse 

processes.  The nodes of the truss elements were attached to the rib surface by rigid 

connector beam elements. The body of the rib was modelled using 8-node linear brick 

elements. Although no study was found which measured the isolated properties of the 

Figure 16: a. Coordinate system and load conditions of the CVJ. b. Numerical model of the 

costovertebral joint including the boundary conditions. FCT: fovea costalis transversalis, ACC: 

articular capitis costae [154]; [Reprinted with permission from Taylor & Francis] 
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costo-vertebral ligaments, a quadratic stress-strain relationship, deduced from spinal 

ligaments, was assumed:   

lpgill � �LCTS ⋅ lpg9�o� , (Eq. 9) 

Since bone is much stiffer than the ligaments, its influence was assumed as negligible and, 

therefore, the bone properties kept constant. (see [154]) 

 

Table 4: List of the modelled tissue and their properties. The rib properties were extracted from 

Sham et al. [159]. [154] 

Structure Numerical model Properties 

Rib 8-node linear brick 
elements 

Elastic modulus: 12000 [MPa] 
Poisson-ration: 0.35 [-] 

ACC, ACT Connector element: 
- Section: Cartesian, 

rotation 
 

Non-linear connector stiffness (Eq. 8) 
Contact of the joint surface was modelled 
using connector stop behaviour: -0.5,100 
(perpendicular to joint-surface: negative 

x~��� /x~����  - direction) 

Ligaments 

(LCTS) 

2-node truss 
element 

- Thickness: 10 mm 
- Non-linear behaviour (Eq. 9) 

 

2.2.2.3 Simulation procedure 

In total 2000 different models were generated, each based on a unique parameter 

combination. The material and morphology parameters were varied within a chosen 

range, as listed in Table 5, and sampled using the latin hypercube sampling method (using 

pyDOE 0.3.6). The morphology parameters were sampled as a group, in which each 

parameter combination corresponded to the morphology of one of the CVJs from the 39 

patients. This led to 780 (20 CVJs per patient × 39 patients) possible morphology 

parameter combinations, in which the selection of the CVJ occurred randomly. Pure 

moments of 0.6 Nm were subsequently applied around all three anatomical axes: the 

torsion axis of the rib head (�ACC
� -axis), the caudal-cranial (z-axis) and dorsal-ventral (x-

axis) axes (Figure 16). The intact condition and two material resection steps were 

simulated for each parameter combination. This resulted in 6000 parameter conditions. 

When five loads steps were included, a total of 30000 simulations were obtained. (see 

[154]) 
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Table 5: List of the investigated material parameters, including their range of value and the 

resection steps. [154] 

Resection step 
Resected 

structure 

Investigated 

structure 
Investigated parameter range 

0 - (Intact) LCTS �LCTS � 100 – 10000 MPa 

1 LCTS ACT 

�$��,&��,(��~�� � 0.05 – 15 N/mm2, 

��$��,�&��,�(��~�� � 10 – 100000 

Nmm/rad2
 

2 
LCTS, 
ACT 

ACC 
�$�,&�,(�~�� � 0.05 – 15 N/mm2, 

��$�,�&�,�(�~�� � 10 – 100000 Nmm/rad2 

 

Data analysis  

To check the plausibility of the results, the computed RoMs were compared to the in vitro 

data published by Lemosse [104]. The second resection step was neglected as the 

influence of the LCT was integrated in the properties of the ACC. Since no distinction was 

made between positive and negative loading conditions within the published data, it was 

assumed that rotation around an axis is symmetrical towards positive and negative 

direction.  

 

To identify how strongly a variation each of the input parameters (morphology and 

material) affected the RoM, the Spearman correlation coefficient was determined for 

each pair of input parameter and response variable. In order to calibrate numerical 

models to emulate physiological mechanical behaviour, it was important to understand 

how the different input parameters interact. Therefore, the correlation of the model 

responses with all of the 262,143 possible multiplicative combinations of input variables 

was computed. Their influence on the RoM in each load-direction and resection step was 

then investigated. To accomplish this, all parameter values (p) were non-dimensionalized 

(m∗� using the equation: 

m�∗ � �T��min
���W���TU

 , (Eq. 10) 

Spearman correlation coefficients were computed using the SciPy package [83]. (see 

[154]) 
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2.2.3 Material calibration 

The main parameter which was targeted during the calibration process was the range of 

motion of a joint. The RoM was defined as the maximal deflection angle while applying 

pure moments around the anatomical axes. A vertebral segment deforms non-linearly 

while applying pure moments in flexion-extension, lateral bending and axial rotation, as 

illustrated in Figure 18a.   

The RoM can simply be obtained from numerical simulations and compared to in vitro 

experiments. The main question was: which material properties led to a certain RoM 

when considering the subject-specific morphology?   

After the parameter analysis (chapter 2.2.1.3, 2.2.2.3), a parameter database was 

obtained which contained the relationship between morphology, material properties and 

RoM around each motion axis and at each resection step for the vertebral segment and 

the CVJ. From this database, the material parameters were extracted which theoretically 

should lead to a targeted RoM with a given morphology, as illustrated in Figure 17. (see 

[152]) 

 

Figure 17: Sketch on the material calibration procedure, exemplary for the vertebral segment. 

First, a parameter study is performed using morphology and material parameters. As a result, the 

RoM of each parameter combination is obtained. Then, from a given morphology and a targed 

RoM, the material parameters were deduced and assigned to the numerical model. 
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2.2.3.1 Background on calibration data 

Prior to performing material calibration, the targeted RoM values needed to be 

determined. This RoM-data of the vertebral segments were obtained from our in-house 

(UFB-institute) in vitro data, while the RoM data of the CVJ were extracted from the 

literature.   

 

The ultimate goal was to assign any desired RoM within the physiological range of a joint 

to the model. Therefore, the in vitro data was non-dimensionalized towards a predefined 

reference condition. This reference condition was defined as the RoM at 7.5 Nm for a 

lumbar and 2.5 Nm for a thoracic intact segment in flexion-extension. All other resection 

steps and motion directions were referred to this RoM, as illustrated in Figure 19.   

 

 

Figure 18: a. Range of motion (RoM) at different moments and directions, relative to the moment 

of 7.5 Nm. In-vitro data obtained from Heuer [71]. b. Total RoM of spinal segments in flexion and 

extension while applying 2.5 Nm in the thoracic region and 7.5 Nm in the lumbar region. The RoM 

values within the black box indicate RoM values that were directly obtained from in vitro 

experiments. The other values were interpolated from RoM measurements at 7.5 Nm by 

multiplying the values by 0.5 (see Figure a). In vitro data was obtained from [62, 70, 71, 187]. 
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2.2.3.2 Calibration procedure 

As reference RoM, the RoM in combined flexion-extension at the intact condition was 

chosen. From this reference RoM, the possible range of variability of the RoMs was 

estimated at each resection step in all three directions. These values were then compared 

to the standard deviation reported by Heuer [71]. 

Subsequently, the material parameters were extracted from the parameter database 

using the nearest-neighbour methodology, in which the best parameter combination was 

identified that fitted to the expected RoM values.  (see [152]) 

The accuracy of this method was tested by calculating the deviation between the 

expected RoM values from the in vitro data and the RoM values obtained by using the 

extracted material parameters. Fifteen models were created by increasing the reference 

RoM stepwise by 0.1° within the in vitro measured RoM range for an L4-L5 segment 

Figure 19:  RoM values relative to the intact condition at flexion-extension for the thoracic region 

(T2-T3) and the lumbar region (L4-L5). The coloured region indicates the region of the standard 

deviation. In vitro data was obtained from Heuer [71]. (SSL: supraspinous ligament, ISL: 

interspinous ligament, lf: ligamentum flavum, CL: capsular ligament, va: vertebral arch, pll: 

posterior longitudinal ligament, all: anterior longitudinal ligament, nuc: nucleotomy) 
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between 6° and 21° [185]. Finally, the calculated deviations were averaged over all 

models, thus obtaining the accuracy of the desired RoM within the investigated 

parameter range. A basic procedure of the calibration process is illustrated in the 

appendix (A-2). 

 Intrapleural pressure model 2.3

The analysis of the weight and load-bearing structures within the upper body suggested 

that the main load on the erect spine originates from the head, the arms, muscles, bones 

and the intrapleural pressure. It was assumed that the latter includes the weight-impact 

of the intrathoracic and intraabdominal organs on the spine.  

Considering the asymmetrical distribution of the organs within the thorax, it was 

hypothesised that a potential asymmetry in the intrapleural pressure has an impact on 

the shape of the spine. Therefore, focus was placed on the modelling of the intrapleural 

pressure distribution.     

2.3.1 Background to pleura mechanics 

Some fundamental concepts of pleural mechanics have been elaborated and summarized 

in the last decades [2, 98]. However, only a few researchers attempted to measure the 

IPP directly. Generally, the IPP at the end of expiration depends mainly on the recoil force 

of the lung [64], the weight of the heart and the abdomen [15, 77, 112], and the amount 

of fluid in the pleural space (thickness of the interpleural space) [2, 42].  

During inspiration, additional loads triggered by the contraction of the diaphragm and 

thoracic muscles increase the magnitude of the IPP from approximately -300 Pa at the 

end of expiration to -1000 Pa at the end of inspiration [86].  

A vertical pressure gradient in caudocranial direction exists along the chest wall which is 

not in hydrostatic equilibrium. The gradient varies in vertical and ventral-dorsal direction 

of the rib cage, while its magnitude depends on posture [2, 14, 37, 97, 148, 149, 171].  

The weight of the abdomen [2] as well as the weight of the heart [15, 77] increase the 

vertical gradient. In particular, a change in the pressure gradient at the cranial border of 

the heart was observed in dogs [14, 171]. 
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Table 6: Literature data on end-of-expiration measured intrapleural pressure gradients in dogs and 

pressure magnitudes in human. c.b.: cardiac border, i.c.s.: intercostal space [153] 

Literature Method Subject Vertical gradient [Pa/mm] Measurement site 

Krueger 
1961 [96] 

Pleural 
balloon 

Dog 
(n=15) 

Upright: 
above c.b.: -2.45, 
below c.b.: -5.50 

Right side, from 
4th/5th i.c.s to 

costophrenic sulcus 

Suprenant 
1963 [171] 

Needle 
Dog 

(n=8) 
Upright: 

-9.12 ± 1.96 
Right side, between 
3rd/4th & 7/8/9th i.c.s 

Banchero 
1967 [14] 

catheter 
Dog 

(n=5) 

Upright: mean -7.06 
Above c.b.: -2.94, 
below c.b.: -9.80 

Left side, between 
apical and basal sites 

from heart. 

McMahon 
1969 [122] 

Pleural 
balloon 

Dog 
(n=4) 

Upright: -1.96 
 

Left side, between 3rd 
& 6th i.c.s 

Coulam 
1971 [35] 

pleural 
catheter 

Dog 
(n=6) 

Upright: mean -5.89 ± 0.49 
Above c.b.: -4.31, 
Below c.b.: -8.83 

Left & right side, 
between apical and 

costophrenic surface 

Rutishauer 
1966 [148, 

149] 

Pleural 
catheter 

Dog 
(n=9) 

Supine: -6.27 ±0.40* 
Prone : +8.92 ± 0.53* 

 

Right side, around 
c.b., *gradient from 
dorsal to ventral site 

Wiener-
Konish 1984 

[183] 

Rib 
capsule 

 

Dog 
(n=15) 

Upright: -5.20 ± 3.14 
Supine: -4.51 ± 1.67 
Prone: -2.25 ± 2.55 

Right side, between 
4th & 6th rib 

  Absolute values [Pa]  

Cherniack 
1955 [31] 

Needle 
Human 
(n=15) 

Supine: -300 to -2600 In ventral 3rd/4th i.c.s 

Kawamata 
1994 [86] 

Needle 
Human 
(n=11) 

Side: -280 ± 40 Below 8th rib 

 

To the best of the author’s knowledge, measurements concerning the IPP gradient in 

humans are not available in the literature to date. However, it can be assumed that the 

IPP gradients are similar to the values measured in dogs, since the esophageal pressure 

gradients [171] and surface pressure gradients in both are comparable. Most likely, the 

absolute IPP values vary in a broad range between individuals due to differences in body 

size, anatomy, weight and weight distribution. 

2.3.2 Pleura model generation 

The IPP was applied perpendicular to the inner pleural surface in the region of the lung 

(Figure 20). An upright posture was modelled in which the IPP distribution was assumed 

to vary in the vertical direction only.  
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The exact distribution of IPP is difficult 

to estimate since the published data 

were quantified with different 

methodologies (Table 6). Different IPP 

distributions were simulated (Table 7): 

firstly, a constant IPP gradient of -6 ��
��, 

and secondly, a stepwise IPP gradient of 

-9 ��
��  below and -3 ��

��  above the 

cardiac border. An IPP of -300 Pa at the 

base of the lung was assumed (Figure 

21). The pressure was assumed to be 

uniformly distributed in the transverse 

plane. The lung base was positioned at 

the level of the superior endplate of 

T11.  (see [153]) 

 

Additionally, the effect of a potential difference in the IPP gradient between the left and 

right chest sides was investigated. The IPP asymmetry was induced by either reducing the 

gradient by 1 
FG

�� on one side, or by reducing the base pressure to -200 Pa.   

Figure 21: Modelled intrapleural pressure distribution acting on the inner chest wall.  The pressure 

was distributed evenly within the transverse plane. In the vertical direction of the chest, three 

different cases of possible intrapleural pressure distributions were investigated (based on the 

literature in Table 6. [153]; [Reprinted with permission from Springer Nature] 

 

Figure 20: a. Reconstructed lung within the chest 

(blue). b. pleura surface of the chest with the 

vectors (blue) illustrating the region and the 

direction the interpleural pressure is acting. This 

surface is attached to the inner rib surface. [153]; 
[Reprinted with permission from Springer Nature] 
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Table 7: List of all simulated pressure distributions on the left and right side of the rib cage. c.b.: 

cranial border [153] 

 left pleura side right pleura side 
# base IPP 

[Pa] 
IPP gradient [Pa/mm] base IPP 

[Pa] 
IPP gradient [Pa/mm] 

 dorsal medial ventral dorsal medial ventral 

1 -300 -6 -300 -6 
2 -300 below c.b.: -9, above c.b.: -3 -300 below c.b.: -9, above c.b.: -3 
3 -300 -6 -300 -5 
4 -300 -5 -300 -6 
5 -300 -6 -200 -6 
6 -200 -6 -300 -6 
7 -300 -6 -300* 0 -6 -6 
8 -300 -6 -300* -6 0 -6 
9 -300 -6 -300* -6 -6 0 

*only if IPP gradient is not 0, else 0 Pa 
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3. Results 

A fully parametric model of the spine and chest was developed. At first a morphology 

database was created, which included information on shape and size of the spinal 

sections from T1 to S1 along with the corresponding ribs and the sternum.  

From this given parameter database, a complete finite element model could be 

automatically generated. This included involving geometry generation, meshing, material 

assignment and implementation of the boundary conditions according to the workflow in 

Figure 9.      

 Morphology analysis 3.1

The morphology of 21 individuals diagnosed with AIS (AIS group) and 48 subjects without 

any visible spinal abnormalities (healthy group) were successfully analysed.  

The inter/intra-rater variability was quantified by calculating the coefficient of variation 

and analysing the data using the Bland–Altman plot, as illustrated in Figure 22. On 

average, a coefficient of variation of 3% was obtained for the vertebral body height and 

the intervertebral disc height. The highest coefficient of variation was measured for the 

Figure 22: Exemplary inter- and inrarrater variability during the placement of the landmarks by 

two observer to calculate the posterior vertebral body height (VBHp). The squared points indicate 

the variability by placing landmarks on a healthy spine, and the circled points by placing 

landmarks on a scoliotic spine. The regression line in the left image indicates that the agreement 

between two observers dependently on the magnitude of the parameter. The Bland–Altman plot 

on the right illustrates the range of variation of the paramter. Untrained reflects the value of a  

(SD: standard deviation, AIS: adolescent idiopathic scoliosis) 
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orientation of the superior endplate surface (39%), articular facet joints (17%) and 

costovertebral joints (12%).   

 

3.1.1 Non-scoliotic (healthy) patient group  

The lateral displacement relative to the mid-sagittal plane of each individual coordinate 

system of the healthy patients varied in the ranges of -1.3 ± 5.0 mm at T7 and 

0.8 ± 3.4 mm at L4 (Figure 23). Interestingly, the vertebrae of the healthy group exhibited 

an inherent rotation of the vertebrae which deviated significantly from zero at level T2 

(2.6° ± 4.3°, m � 0.009�. It should be noted that the reduction of the lateral displacement 

to 0 at T1 is due to the reference coordinate system in which S1 and T1 were used as 

reference points. Despite the high standard-deviation, the relative position of the 

posterior point of the ribs exhibit, in average, a more dorsal located right rib in the lower 

thoracic region (T7-T12) compared to the left rib (Figure 23d).  

The pedicle area ratio between the left and right side were within the expected mean 

value of 1.0: between 0.9 ± 0.1 at T6, and 1.1 ± 0.2 at T1. In addition, the shape of the rib 

cage deformed within the transverse plane (Figure 23c). (see [151]) 

 

Figure 23: Mean value and standard-deviation at each spinal level of the lateral displacement (a.) 

and axial rotation (b.) of the vertebral body (VB), as well as the ratio between left and right pedicle

area (c.) and deviation between left and right position of the posterior point of the rib (d.) for the 

non-scoliotic (“healthy”) spine group. [151]; [Reprinted with permission from Springer Nature] 
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Position of the fovea costalis transversalis (FCT) 

The position and orientation of the FCT varied according to the spinal level (Figure 24).  

The distance from the FCT to the vertebral reference point (��cd) increased in the dorsal 

direction from T1 (-6 ± 3 mm) to T8 (-19 ± 4 mm) and then decreased gradually towards 

T12 (-14 ± 3 mm). In the lateral direction (��cd) the position decreased from T1 (32 ± 4 

mm) to T12 ( 21 ± 3 mm), whereas along the z-axis, the position remained fairly constant 

between the mid-thoracic region: T1 (-1 ± 3 mm), T6 (-6 ± 4 mm) and T12 (-11 ± 5 mm). 

The angle of the FCT varied in the transverse plane between 130° ± 20° at T1, and 145° ± 

21° at T8. Within the sagittal plane the angle of the FCT relative to the superior endplate 

of the vertebrae decreased from 87° ± 24° at T1 to 43° ± 29° at T8. 

3.1.2 Comparison between AIS and healthy groups 

General length of the spine 

Within the healthy group, the height of the spine from T1 to S1 correlated with the length 

along the spinal curvature (g� � 0.99) (Figure 26a). All scoliotic spines deviated from the 

almost perfectly linear relation present in the healthy group towards a disproportionally 

longer spinal curvature compared to their T1-S1 height. The anterior height of the 

vertebral bodies was in scoliotic spines higher than in non-scoliotic spines (Figure 26b). 

Whereas, the pedicle height was on average reduced in patients with AIS. (see [151]) 

Figure 24: Position and orientation of the fovea costalis transversalis (FCT) relative to the posterior 

reference point of the superior vertebral endplate, depending on the vertebral level. Values 

indicate mean and standard deviation. [154] [Reprinted with permission from Taylor & Francis] 
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Spinal canal length 

The average relation between the length along the curvature of the anterior spinal 

column and the spinal canal length was 1.07 ± 0.01 for healthy spines and 1.12 ± 0.03 for 

scoliotic spines (Figure 25a). This relation was found to be significantly increased in 

patients with AIS. In contrast, the relation between length of the spinal height and the 

 

Figure 26: a. Relation between the length of the curvature and the spinal height for each spine. 

Linear regression was performed using the data of the healthy-group. [151] b. Pedicle height (PH) 

and anterior height of the vertebral body (VBHa) of non-scoliotic (healthy) spines and AIS. 

[Reprinted with permission from Springer Nature] 

0 10 20 30 40

T1
T2
T3
T4
T5
T6
T7
T8
T9

T10
T11
T12

L1
L2
L3
L4
L5

PH, AIS

PH, healthy

VBHa, AIS

VBHa, healthy

height in mm

a.

length of spinal height in mm

le
n

gt
h

 o
f 

sp
in

al
 c

u
rv

a
tu

re
 in

 m
m

y=1.018x + 3.142

250

350

450

550

200 300 400 500 600

healthy
lumbar AIS
thoracic AIS
thoracolumbar AIS
Linear (healthy)

r2 = 0.99

b.

 

Figure 25: a. Relation between the length of the spinal canal to the spinal height and spinal 

length, for non-scoliotic (healthy, dark) and scoliotic spines (AIS, green). A significance level of 

p=0.01 was assumed.  b. Relation between the length of the anterior spinal column and the 

length of the spinal canal compared to the Cobb-angle in the mid-thoracic region (only for 

thoracic and thoracolumbar scoliotic curvatures). [151]; [Reprinted with permission from Springer 

Nature] 
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length of the spinal canal was reduced in patients with AIS.  (see [151]) 

The relation between length of spinal curvature and the spinal canal correlated 

significantly with the mid-thoracic Cobb-angle, measured within the thoracic and 

thoracolumbar AIS-group (p<0.01, Pearson's r=0.88) (Figure 25b).   

 

Endplate 

The averaged endplate area (�̅) was compared 

to the height of the spine and the length of the 

spinal curvature (Figure 27). The averaged 

endplate area in relation to the spinal height 

could not reveal any differences between the 

healthy and AIS group. Yet, the endplate area 

was significantly smaller within the AIS group 

once the endplate area was compared with the 

length of the curvature. (see [151]) 

 

Spinal displacement  

The lateral displacement of the scoliotic spine was significantly different in relation to the 

healthy spines.  This was dependent on the position of the main scoliotic curvature 

(Figure 28 a). In the lumbar AIS group, the lateral offset was significantly varied within the 

lumbar levels and at T2, whereas the thoracic group exhibited significant differences in all 

levels between T4 and L5, with exception of T12. (see [151]) 

 

Axial rotation  

The analyses revealed that axial rotation increased towards the apex vertebra of the 

scoliotic curvature (Figure 28b), whereas the rotational peak depended on the type of the 

scoliotic curvature. For lumbar AIS the values ranged from -8.9° ± 8.1° at T7 and 

32.7° ± 5.3° at L1. The axial rotation at thoracic AIS curvatures ranged between -

20.7° ± 14.1° at T9 and 25.9° ± 10.5° at L2. At the thoracolumbar AIS a main peak at T9 

with -58.5° ± 11.0° was measured. (see [151]) 

 

 

Figure 27: Relation between average 

endplate area and the spinal height, 

respectively, the length of the curvature, for 

healthy and scoliotic spines. [151] 

[Reprinted with permission from Springer 

Nature] 
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Dorsal-ventral displacement  

Scoliotic spines generally revealed a reduced kyphosis within the thoracic region, whereas 

in the lumbar area, the spinal shape in the sagittal plane depended on the type of 

scoliosis (Figure 28 c). Lordosis was decreased significantly at the levels L1 to L3 in lumber 

scoliosis types, while lordosis was increased in thoracolumbar scoliosis.  (see [151]) 

 

Shape of the vertebral body  

Wedging of the vertebral body was significantly pronounced in all three scoliotic types in 

the thoracic region between T7 and T10, with a lower vertebral body height on the left 

(concave) side compared to the right (convex) side of the curvature. A minimal ratio of 

0.67 ± 0.1 at T8 in the thoracolumbar AIS group was observed (Figure 28 d). This relation 

was reversed in the lumbar region for lumbar and thoracic AIS cases, with maximal values 

of 1.25 ± 0.16.   

The relation between the anterior and posterior vertebral body height was generally 

higher in scoliotic spines than in healthy spines (Figure 28 e). Compared to the posterior 

height, the anterior height in scoliotic spines was lower in the upper thoracic region (min. 

0.91 ± 0.05). In the lumbar region, the heights were equal or in an opposite relation to the 

thoracic region, with a maximum of about 1.25 ± 0.07.  (see [151]) 

 

Shape of the intervertebral disc  

Lateral wedging of the disc was significant in the lumbar region with a maximal value of 

2.06 ± 0.37 in the thoracolumbar AIS group (Figure 28f). The relation between the 

anterior and posterior disc height was overall reduced within the thoracic levels T1 to T9 

in the AIS groups in comparison with the healthy spines (Figure 28g).  (see [151]) 

 

Articular facet joint area 

The superior facet joint areas exhibited differences especially in the lower thoracic region 

between T8 and T12, with a relation of 2.3 ± 0.5 (Figure 28 h). This relation was reversed 

above and below this spinal region, which resulted in a smaller facet area on the left side 

compared to the right facet (min. 0.5 ± 0.2 at T4 for thoracolumbar AIS).  (see [151]) 
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Figure 28: Nine morphology parameters (a.-i.) and their development along the spinal levels for 

healthy spines (black) and scoliotic spines (green). Scoliotic spines were grouped depending on the 

position of the main scoliotic curvature: top row lumber AIS (n=5), middle row thoracic AIS (n=12) 

and bottom row thoracolumbar AIS (n=4). [151]; [Reprinted with permission from Springer Nature] 
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Figure 29: Position (pos.) of the ribs on the right and left side of AIS-patients and non-scoliotic 

(“healthy”) patients. The positions are calculated relative to the chest coordinate system, 

which is defined as: the z-axis points from T12 to T1, the x-axis from T1 to the costo-sternal 

notch and the y-axis points left perpendicular to the z-x plane.  
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Pedicle cross-sectional area 

Differences within the cross-sectional area of the pedicles between left and right side 

were found to be pronounced in the thoracic region, independent of the scoliotic type 

(Figure 28i). High peaks were measured around T3 (2.5 ± 0.79 for thoracic AIS), T7 

(0.4 ± 0.19 at thoracolumbar AIS) and T12 (1.8 ± 0.3 at lumbar AIS). (see [151]) 

 

Rib cage deformation 

All scoliosis types exhibited a deformed rib cage relative to the healthy control group 

(Figure 29). The deformation was most pronounced in the mid to lower level of the ribs. 

In the case of lumbar scoliosis, the ribs on the left and right sides were positioned more 

ventrally in the mid-thoracic region. Thoracic and thoracolumbar scoliosis were 

associated with an asymmetrical deformation of the rib cage: the ribs on the right convex 

side were further dorsal, while the ventral ribs were positioned more ventrally compared 

to the ribs attached to a healthy straight spine.     

 Finite Element model of the spine and chest 3.2

3.2.1 Spinal segment 

The impact of uncertainty of the 12 spinal material parameters and the facet gap size was 

examined. Of the 500 parameter combinations, 432 converged successfully. As expected, 

the material properties had a strong effect on the RoM. (see [152]) 

 

Obtained RoM at each resection step 

The assumed lower and upper bounds of the parameters resulted in an RoM ranging from 

6°-17° in the intact condition in flexion-extension, from 5°-22° in lateral bending, and 

from 3°-14° in axial rotation (Figure 30). The RoM generally increased once each structure 

was removed. The difference between each resection step became more visible by 

observing the relative change of the RoM between two consecutive resection steps 

(ROMstep,i+1 / ROMstep,i ) (Figure 32). 
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Varying the facet gap between 0.5 and 5 mm caused a change in RoM in axial rotation by 

a factor between 1.1 and 2.8 compared to the range 1.4 and 1.8 measured in vitro. The 

property of the ALL altered the RoM values in flexion and extension by a factor of up to 

1.7. (see [152]) 

 

Impact of the parameters on the RoM 

The RoM was most sensitive towards the variation of the material properties of the ALL 

and the annulus, as well as the width of articular facet gap (Figure 31). 

 

 

 

Figure 30: Variation in RoM depending on load direction and resection step. Left: In vitro data 

from Heuer et al. [71]. Each dot represents an individual spinal segment specimen. Right: 

simulation results. Each dot represents a specific parameter combination. [152]; [Reprinted with 

permission from Taylor & Francis] 
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Figure 32: Variation of the relative change in RoM between subsequent resection steps, depending 

on the load-direction and resection step. Left: In-vitro data obtained from Heuer et al. [71]. Each 

dot represents a spinal motion segment. Right: simulation results. Each dot represents a specific 

parameter combination. [152]; [Reprinted with permission from Taylor & Francis] 

Figure 31: Relations between the RoM and the three most influential parameters: the property of 

the anterior annulus fibrosus, the facet joint gap and the area of the interspinous ligament. Each 

dot represents a specific parameter combination. High correlation values correspond to low 

scattering around the regression lines. [152]; [Reprinted with permission from Taylor & Francis] 
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The heat map of the Spearman's rank correlation coefficient illustrates how strong each 

parameter correlated with the RoM obtained at each resection step and loading condition 

(Figure 33). This plot reveals that the strain of the annulus fibrosus in the anterior region 

gained correlation values up to ±0.9 in all loading directions. As the facets joints were 

added, its correlation value dropped to 0.5 in axial rotation. The Spearman correlation 

coefficient between the RoM and the facet joint gap was 0.8 in axial rotation. Many 

material parameters of the intervertebral disc had correlation values smaller than 0.5, 

particularly the parameters seen for the angle of the annulus fibres. (see [152]) 
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Figure 33: Spearman correlation coefficients of each modified parameter depending on the 

resection step and load application. [152]; [Reprinted with permission from Taylor & Francis] 
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3.2.2 Costovertebral joint  

The impact of the value of thirteen material and five morphology parameters was 

investigated. Of the 2000 simulated parameter combinations, 1487 converged 

successfully for all load cases and resection steps. Unconverged results were mostly 

caused by extreme parameter combinations at the limits of the allowed parameter ranges 

which led to unstable conditions.  (see [154]) 

 

Sensitivity analysis 

The RoM computed for each loading condition and resection step of every parameter 

combination was recorded and compared to the in vitro data published by Lemosse 

(Figure 34). The variation of the material and morphology parameters resulted in torsion 

around the rib head with an RoM between 5.4° and 30.1°, whereas according to Lemosse, 

the RoM can vary within a standard deviation between 9° and 24°. After resecting all 

ligaments, leaving only the ACC joint (step-2), the RoM increased to an RoM between 9.7° 

and 39.8°, while in vitro ranges between 11.8° and 40.2° were reported. The sudden 

increase in the RoM at resection step 2 was also observed for all other loading conditions, 

in vitro as well as numerically.     

The correlation plot illustrates how strongly each individual input parameter correlates 

Figure 34: Range of motion (RoM) for different load conditions and resection steps. Left: Mean 

and standard deviation of the published data from Lemosse (Lemosse et al., 1998). Right: 

Distribution of the RoM obtained by varying the material properties. Each dot represents the FE-

result of one specific parameter-combination. [154]; [Reprinted with permission from Taylor & 

Francis] 
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with the determined RoM at each resection step and loading condition (Figure 35). The 

most influential parameter on the RoM in torsion was stiffness of the rotational stiffness 

of the ACC around its x-axis (��$�~��) and of the ACT around its y-axis (��&��~��). Similar results 

were obtained for the RoM around the cranial-caudal axis. In the ventral-dorsal direction 

the rotational stiffness of the ACC around its z-axis (��(�~��) demonstrated the highest 

amount of correlation.  

 

Regarding the morphology parameters, the ventral-dorsal position (����) and the lateral 

position (����) of the FCT exhibited the highest correlation values of up to ±0.4. This 

coefficient decreased to less than ±0.2 during torsion and once the ACT was resected. For 

the orientation angles of the FCT, low correlation values of less than ±0.2 were obtained.   

For the intact condition, the combination of the parameters ��$�~�� and ��&��~�� showed the 

strongest influence on the RoM in torsion (Figure 36). Table 8 summarizes the most 

important input parameter combinations that are required to achieve a desired 

mechanical response. 

 

Figure 35: Spearman correlation coefficient for the varied parameters at different loading 

conditions and resection steps. ��cd, ��cd , ��cd: Transversal and rotational offset of the fovea 

costalis transversalis to the vertebral body; �3cc ,  �3cd: transversal (x,y,z) and rotational (rx, ry, 

rz) stiffness of the articular capitis costae (ACC) and articular costae transverarium (ACT) relative 

to their coordinate system (′, ′′); ��cd�: stiffness of the ligament costo transversarium superius 

(LCTS). [154]; [Reprinted with permission from Taylor & Francis] 
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For example, according to this table, arbitrary combinations of parameter values for ��$�~�� 

between 1067 and 3799 Nmm/rad2, as well as a ��&��~��  between 89 and 2524 Nmm/rad2 

result in an RoM in torsion between 20° and 25° for the intact condition. (see [154]) 

Table 8: Range of the parameter values which exhibited strongest sensitivity towards the specified 

RoM range (first column). In order to approximately obtain a desired mechanical response (RoM in 

first column), one may pick a combination of arbitrary parameter values, as long as these values 

are inside the ranges delimited by the corresponding min/max values. [154] 

 

RoM 

in ° 
������� 

in Nmm/rad
2
 

�������  

in Nmm/rad
2
 

������� 

in Nmm/rad
2
 

�¡�   

in mm 

min max min max Min max min max min max 

torsional 

load 

5.4 10.4 972.4 19999.7 120.6 39885.0     

10.4 15.3 951.0 15837.8 283.2 11617.0     

15.3 20.2 1116.9 6710.8 18.3 5464.3     

20.2 25.2 1067.2 3799.1 189.1 2524.5     

25.2 30.1 1271.6 1703.2 314.1 1397.4     

caudal-cranial 

load 

4.4 9.4 972.4 19999.7 120.6 39885.0 132.7 99997.3 18.4 40.1 

9.4 14.4 951.0 19781.6 18.3 36645.8 465.0 99906.5 18.4 38.8 

14.4 19.4 1480.9 11606.2 189.3 5404.9 675.9 98946.5 18.4 38.8 

19.4 24.3 1241.7 3727.5 190.4 9645.0 2808.8 84762.6 18.7 36.5 

24.3 29.3 1337.8 1435.7 314.1 433.1 28979.4 59795.8 18.7 22.6 

 
 

������ 

in N/mm
2
 

��¢���� 

in Nmm/rad
2
 

��¢����  

in Nmm/rad
2
 

 

  min max Min max min max 

ventral-dorsal 

load 

2.6 5.4 0.1 14.7 2406.6 99834.9 115.5 39959.2 

5.4 8.2 0.1 15.0 1004.2 99013.9 116.0 39726.5 

8.2 11.0 0.1 6.6 482.4 33629.6 26.4 17841.9 

11.0 13.7 0.1 4.6 428.2 11493.3 214.0 8024.7 

13.7 16.5 0.4 1.3 3553.9 4955.4 520.4 924.0 

 

 

Figure 36: Scatter plot showing for each load-axis the relationship between the range of motion 

(RoM) and the parameter combination with the highest spearman correlation coefficient at the 

intact condition. Each dot represents a specific parameter combination. The values were non-

dimensionalized (*) using the minimal and maximal values of each parameter. [154]; [Reprinted 

with permission from Taylor & Francis] 



Results  60 

 

 

3.2.3 Material calibration algorithm 

A parameter database was obtained from the parametric studies on the spinal segment 

and CVJ. They included information on how morphology and material parameters interact 

with the RoM. The parameter database included 432 parameter sets for the vertebral 

segments and 1487 parameter sets for the costovertebral joint. (see [152])  

Based on this database, the material properties were estimated to fit a targeted RoM of a 

joint in respect to its specific morphology.  

This calibration process of the material properties considered each resection step and 

motion-axis, as illustrated in Figure 37. 

In total, an average deviation of 

±0.2° was estimated between the 

gained RoMs after the material 

property estimation and targeted 

RoMs between 6° and 21°. This is 

illustrated in Figure 38. The 

deviation relative to the targeted 

RoM generally increased towards 

the border RoM values (6° and 

21°). This effect could be 

explained by the reduced amount 

Figure 37: Exemplary result of the material calibration process for a vertebral segment L4-L5. A 

predefined reference RoM in combined flexion-extension of 10° was targeted. The coloured arrows 

indicate the RoM-region within the standard-deviation, obtained from the in vitro data from Heuer et 

al. [71], in flexion-extension, lateral bending and axial rotation at the seven resections steps. The 

encircled points indicate the obtained RoMs, after extracting the material properties from the 

database for the predefined reference RoM.  [152]; [Reprinted with permission from Taylor & 

Francis] 
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Figure 38: Deviation between trageted RoM and obtained 

RoM after material property extraction, depending on the 

magnitude of the targeted RoM of a verterbal segment.   
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of data points at the outer RoM-limits within the database (see Figure 30).   

 This method was employed for each vertebral segment and costovertebral joint.  

To create the full numerical model, the material properties were determined to fit to the 

RoM as listed in Table 9.  

Table 9: Obtained RoM values of the vertebral segments and costo-vertebral joint. The ROMs refer 

to an applied pure moment of 2.5 Nm for the thoracic vertebral segment, 7.5 Nm for a lumbar 

vertebral segment, and 0.6 Nm for the costovertebral joint (CVJ). [153] 

Vertebral 
segment level 
(*not for CVJ) 

RoM of vertebral segment RoM of costovertebral joint 

flexion-
extension 

bending Rotation torsion 
cranial-
caudal 

dorsal-
ventral 

T1 (-T2)* 8.0 7.6 8.9 40.6 13.7 8.6 

T2-T3 7.7 9.6 8.6 35.9 12.7 8.0 

T3-T4 6.4 8.9 7.7 31.2 11.7 7.4 

T4-T5 6.1 11.3 8.8 26.5 10.7 6.7 

T5-T6 6.9 10.2 7.7 21.8 9.7 6.1 

T6-T7 5.1 8.6 6.4 23.5 11.8 8.6 

T7-T8 4.7 8.7 6.6 25.1 13.9 11.2 

T8-T9 4.3 8.4 5.7 26.8 16.0 13.7 

T9-T10 5.1 7.8 5.9 28.4 18.1 16.2 

T10-T11 4.9 5.2 5.0 28.4 18.1 16.2 

T11 (-T12)* 4.2 5.3 3.8 28.4 18.1 16.2 

T12 (-L1)* 8.6 11.7 8.7 28.4 18.1 16.2 

L1-L2 7.6 10.4 7.7  

L2-L3 9.3 11.4 7.5 

L3-L4 8.1 10.2 6.1 

L4-L5 8.2 10.2 7.3 

L5-S1 7.9 7.4 6.3 

 Intrapleural pressure analysis  3.3

Firstly, the influence of the IPP on the overall displacement and loads on the free moving 

spine, fixed at S1, was investigated. Secondly, to identify the influence of the IPP on the 

deformation of an upright spine, the lateral displacement of T1 in the x and y direction 

was additionally fixed. 
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Area of the pleural surface 

The total surface of the pleura on the left 

side was 430 cm2, and 437 cm2 on the right 

side. The pleural surface area generally 

increased from T1 (10 cm2) to T8 (60 cm2) 

(Figure 39). The magnitude in deviation 

between the left and right pleural areas 

varied depending on the vertebral level, 

with a maximal deviation of -4.9 cm2 at T9-

T10. (see [153]) 

 

 

 

Freely moving spine  

The application of a constant pressure gradient of -6 £�
��, while fixing the spine at S1 only, 

predominantly caused a flexion of the spine (Figure 40). T1 was displaced in the sagittal 

plane by 50 mm and rotated in flexion by 11°. The spine also bent to the left side with a 

maximal deviation of 5 mm at T1.  

A stepwise pressure gradient of -9 £�
�� below and -3 £�

�� above T6 increased the lateral 

bending of the spine to a displacement of 24 mm at T1.  

 

Figure 39: Pleural surface area calculated 

within sections defined by the vertebral levels. 

The pleural sections were defined by transverse 

planes which touched the posterior edge of the 

superior endplate of the vertebral bodies. 

[153]; [Reprinted with permission from 

Springer Nature] 
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Figure 40: Displacement and rotation of the spinal vertebrae caused by a constant IPP gradient 

of -6 £�
�� (black) and by a stepwise gradient distribution (green) of -9 £�

�� below T6 and -3 £�
�� 

above T6. [153]; [Reprinted with permission from Springer Nature] 
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While applying a constant IPP distribution of -6 £�
��, the reaction force at the base of the 

spine at S1 reached a magnitude of 22 N in the vertical direction (Fz) and a moment in 

flexion around the lateral (y) axis of 3.1 Nm (Figure 41). The stepwise IPP gradient 

generally increased the load on S1 in vertical direction to values of 25 N and a moment 

around the y-axis of 3.4 Nm.  

 

The loads acting within the costovertebral joint of each rib were summarized at each rib 

level (Figure 42). Along the dorsal-ventral axis, the load vector pointed in the dorsal 

direction (-0.7 N) at rib 2. In the mid-thoracic region, the vector pointed in the ventral 

direction reaching its maximum of 2.4 N at rib 6. In the lateral direction, the orientation of 

the load vector also changed according to the rib level. While the load vector pointed 

Figure 42 Forces that were transmitted from the ribs to the spinal segments at each rib level. A 

constant IPP distribution of -6 £�
�� was applied. [Reprinted with permission from Springer Nature] 

Figure 41: Reaction forces and moments acting at the base of the spine (S1). The load originates 

from a symmetrical intrapleural pressure distribution. [153]; [Reprinted with permission from 

Springer Nature] 
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away from the spine in the upper rib level bilaterally (max. -1 N at rib 1), the vector 

pointed towards the spine at rib level 3 to 10 (max. 2 N at rib 8). The highest vertical load 

was calculated at rib 2 with a maximum of -2.5 N. Despite an application of symmetrical 

pressure distribution, the vertical load was higher on the right side in the more cranial 

region, and on left side, higher in caudal region of the spine.  

The application of a stepwise IPP gradient below and above T6 resulted in a similar load 

distribution compared to the constant IPP gradient distribution (Figure 43). Yet, the load 

magnitude generally increased while the deviation of the load between the left and right 

sides was more pronounced. (see [153]) 

 

Upright spinal posture  

To investigate the influence of the IPP distribution on the deformation of the spine in an 

upright posture, the lateral displacement of T1 was additionally fixed. The influence of an 

asymmetrical IPP distribution was analysed by subtracting the displacements and 

rotations of the symmetrical condition from the asymmetrical condition.  

 

Reducing the vertical IPP gradient on the right side from -6 £�
�� to -5 £�

��, resulted in a 

lateral deviation towards the right side with an apex at T11 (Figure 44). The lateral 

deviation went hand in hand with lateral bending of the spine, with an inflection point of 

the angle at T11. The vertebrae particularly rotated within the thoracic region around the 

axial axis towards the right side. Reducing the vertical IPP gradient on the left side caused 

Figure 43: Forces that were transmitted from the ribs to the spinal segments at each rib level. A 

stepwise pressure gradient of -9 £�
�� below and -3 £�

�� above T6 was applied. [153]; [Reprinted with 

permission from Springer Nature] 
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an opposite lateral displacement and axial rotation of the spine. In both cases, the 

asymmetrical IPP distribution resulted in a reduction of the kyphosis.  

Furthermore, a deformation of the rib cage was obtained, as illustrated exemplary for the 

case of a reduced pressure on the right chest side in Figure 45. The posterior section of 

the right ribs displaced mainly dorsally, while the left rib exhibited a small displacement in 

ventral direction. The mid-point of the ribs moved in medial direction. Inducing an 

 

Figure 45: Displacement (displ.) of the ribs after applying an asymmetrical intrapleural 

pressure distribution, by reducing the pressure gradient either on the left or the right side by -1 
£�

�� (green). The dark lines indicate the initial position of the different rib points. 

Figure 44: Displacement and rotation of the vertebral segments for an asymmetrical intrapleural 

pressure distribution, created by reducing the pressure gradient either on the left or the right 

side by -1 £�
��. Values represent deviation to the symmetrical pressure distribution (black). The 

arrows in the images indicate the positive direction of displacement and rotation.  [Reprinted 

with permission from Springer Nature] 
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asymmetry by altering the absolute IPP base on one side from -300 Pa to -200 Pa 

generally resulted in a similar deformation of the spine (Figure 46). Differences were 

obtained in dorsoventral displacement and the flexion angle. A reduction of both 

parameters was obtained, which demonstrated an almost linearly distributed along the 

spine.  

 

 Removing the IPP unilaterally within different sections depicted the specific influence of 

IPP in these regions on the deformation of the spine (Figure 47). In particular, the 

Figure 46: Displacement and rotation of the vertebral segments caused an asymmetrical pressure 

distribution created by reducing the base pressure either on the left or the right side by -100 Pa. 

All values relative to a symmetrical pressure distribution (black). The vertical IPP gradient was -6 
£�

��  in each case. [153]; [Reprinted with permission from Springer Nature]  

Figure 47: Displacement and rotation of the vertebral segments while removing the IPP in three 

different coronal sections within the right hemithorax: ventral, medial and dorsal section. Values 

relative to a symmetrical IPP distribution between left and right hemithorax [153]; [Reprinted 

with permission from Springer Nature] 
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presence of pressure in the dorsal region had a strong influence on the magnitude of 

rotation of the vertebrae. Removing the IPP on the right dorsal site resulted in a lateral 

deviation towards the left side in the upper thoracic region and to the right side in the 

lower thoracolumbar region. In contrast, removing the pressure in the right medial or 

ventral region resulted in a lateral deviation to the right side. The axial rotation of the 

vertebrae was most pronounced at removing the pressure in the dorsal region, with a 

maximal rotation of 3.7° at T1.  (see [153]) 
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4. Discussion 

To investigate the biomechanics of scoliosis, a fully parametric FE model of the spine 

including the rib cage was developed. The influence of an asymmetry in the intrapleural 

pressure distribution on the spinal shape was investigated with the use of this model. The 

obtained results suggest that the IPP distribution may have a strong effect on the spinal 

deformity. Furthermore, deformation patterns similar to those seen in patients with an 

adolescent idiopathic scoliosis could be identified.     

 Morphology analysis 4.1

The analysis of the CT data of patients suggests that the development of morphological 

parameters along the spine depict a characteristic pattern which reveals a distinct load 

path prevalent within scoliotic spines. The deformation of the spine relative to the sagittal 

plane of symmetry appears to go hand in hand with multiple changes within the bone 

morphology.  

It should be noted that also the spines of the healthy group, classified as non-scoliotic, 

exhibited an inherent deformation and rotation of the spine which qualitatively matched 

those found in scoliotic spines. These findings correspond to data measured by 

Kouwenhoven et al. [92], who also identified significant rotation of up to 2.7° of the 

vertebrae within the thoracic region of healthy patients.  

The measurement of an increased length of the anterior column of scoliotic spines 

compared to healthy spines agrees with previous studies: the comparison of the anterior 

spinal length with the length of the spinal canal [143, 146], as well as the increased 

anterior to posterior vertebral body height [132]. However, these results do not present 

any evidence that scoliosis is primarily caused by a growth-disturbance or tethering of the 

spinal canal. The presence of a morphological pattern within scoliotic spines suggests, 

rather, a natural adaption process of the bone. 

The observed increased spinal length and, concomitant, the reduced endplate area in 

scoliotic spines in comparison with the healthy control group might be explained by the 

Hueter-Volkmann Principle [75, 177] and Wolff’s Law [190]. The latter would suggest that 

in a straight healthy spine the size of an endplate area would correlate to the axial load to 

which the vertebra is subjected. Should the magnitude of the axial load be independent 
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of the shape of the spine, the size of the 

endplate area would not be significantly altered 

in scoliotic spines. The results indeed suggest 

that size of the endplate area is normal in 

patients with AIS, yet, the spinal length is 

increased. According to the Hueter-Volkmann 

Principle [166, 167], an increase in the axial 

compression load would result in an decrease in 

the height of the bone. This concurs with the 

observed wedging of the vertebral body, as well 

as the size differences between the right and left 

facet areas and pedicle sizes in AIS. The latter 

also suggests an uneven load sharing between and within the anterior and posterior 

column. The pedicle size between the left and right sides deviates mainly at the apex of 

the scoliotic curvature, while the facet size varies predominately in the region of the 

inflection point of the curvature (Figure 48).  

These findings suggest that the concave site of the vertebral bodies in the region of the 

apex is subjected to higher loads. The site of loading on the articular facets changes above 

and below the apex. (see [151]) 

 

Limitations of the morphology analysis 

This study was mainly limited by the rather small patient number. Due to ethical 

concerns, CT images of high quality which cover the entire thoracic and lumber spine 

including the chest are rarely taken. This makes the analysed images within this study an 

exceptional database.  

Sources of error include the placement of the landmarks, particularly those on the 

scoliotic vertebrae, since the selection of the right, left and anterior vertebral edges on 

strongly distorted vertebrae proved to be challenging. These errors, however, should be 

captured by the quantified inter- and intra-rater variability.  (see [151]) 

 

 

Figure 48: Qualitative sketch of the 

variation of the pedicle and facet area 

size along a scoliotic curvature. [151]; 

[Reprinted with permission from Taylor & 

Francis] 
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Due to the distinct correlation between deformation and multiple morphological changes, 

the deformation of bony structures may very well be secondary, caused by inherent loads 

deforming the spine and triggering scoliotic changes.  

 Finite element model of the spine and chest 4.2

An FE-model generator was developed which allowed for the consideration of a subject-

specific morphology and RoM of the spine (T1-S1) and rib cage by using distinct 

parameters. Prior to identifying the influence of material properties and morphology on 

the RoM, an uncertainty study was performed on the spinal segment and CVJ.  

4.2.1 Spinal segment 

Distinct material parameters of a spinal segment which had a strong effect on the RoM of 

the segment were identified. These were, in particular, the properties of the annulus 

fibrosus, the gap size between the articulating surfaces of the facet joints and the 

property of the ISL.  (see [152]) 

The overall selected parameter ranges appeared adequate, as they resulted in a similar 

RoM response at each resection step as found in the in vitro experiments of Heuer [71]. 

Deviations between the numerical and in vitro data may be affected by morphological 

differences, such as the disc height [133], which were not considered in this study. The 

high degree of uncertainty in the material properties published in the literature led to a 

correspondingly wide scatter in the RoM of the spinal segment. Therefore, a single set of 

material parameter combinations cannot reflect the broad range of spinal response nor 

can this explain the impact of a specific structure on the flexibility of the spinal unit.  

Niemeyer [133] estimated that the natural variability of the morphology may explain a 

variation in the RoM of 4° in flexion and extension, 3° in lateral bending and 1.5° in axial 

rotation. In contrast, the impact of the material parameters investigated in this study 

resulted in RoM differences which were nearly twice as high.  

The data suggested that the intervertebral disc properties have a strong impact on the 

stiffness of a spinal unit. The variation in the collagen fibre angle seemed to be weakly 

correlated with the overall RoM, yet the orientations of these fibres may be important for 

local stress distribution within the annulus fibrosus [120]. 
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The gap between the articular facets is a parameter which is difficult to determine from a 

radiograph or CT scan and also depends on the spinal posture. However, the sensitivity 

analysis revealed a major influence of this parameter on spinal flexibility. Facet gaps 

between approximately 1.3 mm and 2.4 mm resulted in RoMs that are comparable to 

those measured in vitro, and which also agree with the facet gap thickness measured in 

vivo [163]. 

The relative change of the RoM by varying the ISL properties during flexion did not 

correspond to the in vitro data of Heuer [71], who identified only a minor influence of this 

structure. This discrepancy may be due to multiple factors. Firstly, the stiffness of a 

ligament may depend on the vertebral level, whereas Heuer solely considered an L4-L5 

segment. The stiffness properties on isolated ISL in vitro were obtained from multiple 

vertebral levels [30, 72]. Thus, the chosen parameter ranges for the ISL in this study which 

were extracted from the literature, may have been too high. In addition, the orientation 

of the collagen fibres were modelled in cranial-caudal direction, while the orientation 

may differ within segments in vitro [150].  The impact of the ISL may be more pronounced 

at other loading conditions which were not performed in the in vitro experiments.  

 

In conclusion, the performed statistical analysis of the variability within parameter values 

might help to estimate the sensitivity and total uncertainty which propagate through 

biomechanical simulations. This variability can affect the reliability of the predictions. 

4.2.2 Costovertebral joint  

The impact of the variability of material and morphology parameters on the stiffness of a 

CVJ was investigated. The chosen model and selected parameter ranges were adequate, 

as they resulted in a similar RoM found in the in vitro experiments performed by Lemosse 

[104].  

 

The main challenge of modelling the CVJ lies in its complexity. It consists of two synovial 

joints and multiple ligaments connecting the rib to the spine. Previous numerical models 

reduced the CVJ to a single joint element and neglected the various load paths from the 

rib to the spine. In this study, however, an approach is presented which considered the 
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main load sharing paths of the CVJ between rib and vertebral body, rib and transverse 

process, as well as the rib and cranial vertebra.  

 

The sensitivity analysis exhibited that only few parameters strongly correlated with the 

RoM. These parameters were the rotational stiffness of the ACC around the torsion axis, 

the rotational stiffness of the ACT, and the lateral position of the FCT. The LCTS properties 

showed weak correlation with the RoM, which corresponds to the in vitro data of 

Lemosse et al. This was a surprising result, since a biomechanical impact of the LCTS could 

be expected. However, low correlation values do not necessarily mean that the influence 

of the material properties can be neglected: The correlation of a material property with 

the RoM can be affected by the chosen parameter-value range, further loading 

conditions, as well as the resection step sequence.  

 

The complexity of the numerical model was limited by the small amount of experimental 

data on the mechanics of the CVJ published to date. This information is necessary for the 

calibration and validation of a CVJ model. The accurate representation of the 

biomechanics of the CVJ is relevant for the load transmission between rib cage and spine. 

This is necessary for the simulation of respiratory mechanics or for the influence of brace 

treatment on the shape of the spine. 

This parametric study provides data that can help identify important morphology and 

material parameters necessary for the creation of an adequate numerical model of the 

CVJ.  (see [154]) 

 

4.2.3 Material calibration algorithm 

The methodology for estimating material parameters based on morphology and 

predefined RoM, which was based on the database obtained from the uncertainty 

analysis, generated adequate results within the predefined parameter range. An accuracy 

of 0.2° is adequate as it lies within the accuracy of the experimental measurement of the 

RoM in vitro of approximately 1° [188]. The deviation between the expected RoM and the 

obtained RoM generally increased towards the border regions of the reference RoM, 

since the database did not include sufficient data points within this region. The accuracy 
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for determining the material properties based on a given RoM in flexion-extension and 

morphology, depended on the size and quality of the database. The accuracy of obtaining 

predefined RoM values could be improved by increasing the parameter database and 

improving the material extraction algorithm (e.g. response surface methodology instead 

of nearest-neighbour).     

The primary advantage of identifying the material properties based on the parameter-

database is that the stiffness properties can be automatically obtained and rapidly 

modified. This allows for the estimation of an error and uncertainty range during 

biomechanical simulations of the spine. In addition, new research data obtained from in 

vivo and/or in vitro studies could be considered in the numerical model. (see [152])      

 Intrapleural pressure analysis 4.3

The numerical results suggest that the IPP may have a strong effect on the shape of an 

erect spine. The IPP can induce forces via the rib cage which are non-linearly distributed 

and cause a displacement and rotation of the spine. 

 

The direction and magnitude of the deformation of the spine were dependent on the 

distribution and magnitude of the IPP. The simulation of a symmetric IPP distribution on 

the left and right hemithorax resulted in an asymmetrical deformation of the spine out of 

the sagittal symmetry plane. This asymmetry could be explained by the asymmetrical load 

distribution along the spine. However, the surface area, and therefore the total load, was 

only slightly higher on the right side. Thus , it is assumed that the asymmetry is caused by 

an asymmetrical shape of the chest wall between the left and right chest side, and slight 

misalignment of the spine within the CT. Applying the stepwise pressure gradient (-9 £�
��, -

3 £�
��) increased the asymmetry, since the total pressure is higher compared to the linear 

IPP gradient case (-6  £�
��).  

 

The simulation of an asymmetrical IPP distribution between a left and right hemithorax 

resulted in a lateral deformation towards the side of reduced pressure. The estimated 

deformation patterns were most comparable to those seen in patients with 

thoracolumbar scoliosis (Figure 49). General differences between the simulated results 

and morphological characteristics of scoliotic spines are reasonable since the simulation 
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considered neither muscle forces nor tissue adaptation processes.  Better approximation 

towards the scoliotic curvature types could be expected once considering these aspects. 

(see [153]) 

 

Clinical aspect on pleural scoliosis  

An important aspect which has been widely neglected in aetiology debates of AIS involves 

the stresses which arise within the rib cage. Clinical studies reported that interventions 

affecting the pleura were closely related to deformations of the spine, notably scoliosis. 

The secondary formation of pleural scoliosis depends on the surgical intervention which 

also influences the risk for developing scoliosis. Spinal deformations can also develop 

secondarily either due to pneumonectomy (risk: 90%) [79], chest wall 

resection/thoracoplasty (risk: 67-99%)  [39, 44, 60, 85, 115], thoracotomy (risk: 40-50%) 

[19, 32, 47] or organ (heart) transplantation (risk: 22%) [29, 45]. Adolescents are generally 

considered to be at higher risk to develop scoliosis after surgery compared to mature 

patients [19, 39, 47, 68, 85, 164]. Rib resections above the 6th rib [60], as well as 

resections, particularly of the posterior part of the ribs, were also described as risk factors 

for scoliosis [39].   

The assumption that asymmetrical pressures and stresses which arise within the rib cage 

can induce scoliosis had already been hypothesized at the beginning of the 20th century. 

In 1934, Bisgard compared anatomical characteristics of pleural and idiopathic scoliosis in 

Figure 49: Exemplary comparison between FEM results and data obtained from patients with a 

thoracolumbar AIS. Displacement and rotation parameters were calculated relative to the minimal 

value. [153]; [Reprinted with permission from Springer Nature] 
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512 patients [20]. With the available technology of the time, he identified that in contrast 

to patients diagnosed with idiopathic scoliosis, patients with pleural scoliosis had only a 

slight rotation of the vertebra, an absence of a rib hump, and a deviation of the 

mediastinum and short and sharply angulated spinal curves. However, a mechanical link 

between the stresses within the rib cage and the occurrence of scoliosis has not yet been 

established. 

The spinal morphology of patients who developed scoliosis after pleural interventions 

were not investigated within this study. Since the bone is mature within these patients, 

the disc potentially adapts more to the altered load situation than the bone. This would 

explain the sharply angulated spinal curve in patients with a pleural scoliosis, compared 

to the curvature observed in AIS. 

 

The assumption that the pathology of the IPP is related to the occurrence of scoliosis is 

supported by the reported risk factors for the development of scoliosis. Rib resections 

above the 6th rib are described as risk factors for scoliosis which corresponds to the region 

where the IPP acts along the chest wall [60]. A further risk factor are rib resections in the 

dorsal region [39]. The results of this study support this assumption, since the absence of 

the IPP on one side in the dorsal region had the strongest impact on the vertebral 

rotation. In comparison, the absence of pressure in medial and ventral regions mainly 

contributed to the lateral displacement of the spine.  

 

After unilateral pneumonectomies, the pleural cavity is absent at the site of 

pneumonectomy, and therefore, the IPP as well. The IPP should now act only on the non-

resected site which would imply a spinal deformation to the side of the resected lung. 

Interestingly, a pneumonectomy causes spinal deformation away from the side of the 

resection. According to the obtained results, two factors could explain this phenomenon. 

Either, a pneumonectomy provokes a cicatrisation which causes more negative stress on 

the chest wall on the resected side. Or, a more ventral load still acts on the chest wall 

after the lung has been resected. The latter would explain a lateral deformation without a 

vertebral rotation. (see [153]) 
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Weight distribution and scoliosis 

It is assumed that the weight of the intrathoracic and abdominal organs is also 

counterbalanced by the IPP and recoil force of the visceral pleura. This would imply that 

the reaction load of the spine caused by the IPP should be within the same order of 

magnitude as the weight of the organs. The summation of the mean weight of the heart 

(0.33 kg), the lungs (0.84 kg), the liver (1.56 kg) and spleen (0.14 kg) results in a total 

mean weight of 2.88 kg (general range: 1.46-5.16 kg) [126, 127]. The calculated vertical 

load of 22 N approximately corresponds to 2.2 kg. Thus, the organ weight and reaction 

load are within the same order of magnitude despite the strong standard-deviation in the 

weight of organs, the uncertainty of exact IPP values, and further possible weight-bearing 

structures, such as ligaments connecting the organs directly to the chest/sternum.     

 

Assuming that, firstly, the organ weight is proportional to the magnitude of the IPP at the 

end of expiration, and secondly, the IPP induces forces which deform the spine, an 

asymmetrical organ weight distribution would result in a deformation of the spine. This is 

particularly the case if the load cannot be compensated, for example by muscle forces of 

the spine. A correlation between asymmetrical weight (density) distribution and spinal 

deformation within the thorax has already been reported in the literature [92].  

 

Whether an asymmetrical IPP distribution plays a key role in the formation of idiopathic 

scoliosis is not known to date. This is especially due to the challenges in measuring the IPP 

distribution in vivo. The simulations suggest, however, that the forces emanating from an 

asymmetrical IPP distribution may trigger in vivo the deformation of the spine. Possible 

explanations for such an asymmetric IPP distribution may be an asymmetrical organ 

weight distribution and variations in the amount of intrapleural fluid (e.g. pleural 

effusion). Furthermore, potential structures such as tendons and muscles which usually 

compensate the forces emanating from the rib cage, may be abnormal in scoliotic 

patients.  

 

The interaction between intrapleural and intraabdominal pressure (IAP) would be a 

further interesting aspect to consider. These two pressure regions are separated by the 

diaphragm, where they most likely interact. The IPP and the IAP values also lie within the 
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same order of magnitude at the end of expiration (approximately 400 Pa) [125]. 

According to the results, the IPP can potentially reduce the stability of the spine by 

inducing a deformity. In contrast, it is thought that the IAP increases the stability of the 

spine [73]. The occurrence of scoliosis secondary to the prune-belly syndrome, in which 

the abdominal muscles (and most likely the IAP) are reduced, might indicate a correlation 

of IAP, IPP and scoliosis [99].      

  

Limitations of the IPP analysis 

The modelled IPP distribution was deduced from published experiments which were 

mainly performed on dogs. The IPP distribution in humans might vary in magnitude and 

distribution in both vertical and lateral directions along the surface of the lung. Yet, a 

general similarity between the IPP distribution in dogs and humans can be assumed since 

the esophageal pressure gradients and pleura surface pressure gradients measured in 

humans are comparable to the values measured in dogs [171]. It should be noted that no 

explicit study which focused on a potential asymmetrical IPP distribution within subjects 

could be found in the literature. Due to the inherently asymmetrical anatomy of humans 

and limited published data, it is likely that an asymmetry in the IPP exists.  

 

The determination of the exact in vivo or even in vitro material properties of an individual 

spinal segment remains a great challenge, since these properties cannot be measured 

directly and can, therefore, only be approximated. Thus, the calculated deformations of 

the spine should only be considered as an estimation. In addition, the model was 

generated from a patient in the supine posture. The shape of the spine alters once the 

patient is upright which may change the magnitude of spinal deformation. Not lying 

perfectly straight in the CT may also affect the alignment of the chest in the model and 

load distribution. (see [153]) 

 Outlook 4.4

4.4.1 Numerical model of the spine and chest 

The developed parametric FE model of the spine and chest may be a powerful tool to 

investigate various biomechanical conditions of the spine and thorax. Currently, the 
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programme enables the generation of models of the thorax that can consider a broad 

range of physiological and scoliotic curvatures and chest shapes. Furthermore, the 

stiffness of the each spinal segment and CVJ can be adapted. The validity of chest 

biomechanics could be further improved by calibrating the motion of the complete rib 

cage using in vitro data.    

 

As a next step, instrumentation techniques may be implanted within the model to 

simulate surgical interventions. This would enable the investigation and optimization of 

the treatment and correction of spinal deformities. The model of the instrumentation 

could be verified, using for example in vitro experiments that deal with various fusion 

techniques.    

 

An ultimate goal would be the simulation of spinal deformities under physiological 

conditions, such as an erect posture that considers gravitational loads. This could give, for 

instance, insight into local stress distribution along the spine, which may explain the 

asymmetrical bone formation seen in AIS.  

To achieve this, the mechanics of the spinal muscles as well as the intrinsic load 

distribution need to be considered within the model. Despite emerging publications using 

multi-body models to simulate muscle forces of the spine, there remains a great lack of 

knowledge on muscle mechanics and regulation of the upright spine. Furthermore, the 

anatomical correct representation of the gravitational loads and the load-bearing of the 

thorax has been neglected in past biomechanical models.  

In this thesis, important fundaments for generating an adequate biomechanical model of 

the spine and chest, which considered gravitational loads, have been elaborated. 

4.4.2 Aspects on an asymmetry in the intrapleural pressure 

The resulting hypothesis of this thesis that an asymmetry in the intrapleural pressure 

distribution between left and right sides triggers the development of scoliosis requires 

verification, clinically as well as experimentally.  

 

A clinical approach to investigate the existence of an asymmetrical IPP within patients 

with scoliosis requires the development of a non-invasive method to measure the IPP.  
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According to literature, increased amount of fluid (pleural effusions) may also be an 

indicator for an alteration of the IPP. Therefore, clinical studies could additionally focus 

on the amount of pleural fluid and thickness of the interpleural gap within scoliotic 

patients.  

An asymmetry in the IPP distribution could also exist even if the amount of intrapleural 

fluid appears normal. The asymmetrical pressure distribution may then be triggered by an 

asymmetrical weight distribution of the intrathoracic organs, such as a misalignment of 

the heart.     

Furthermore, the presence of an asymmetrical IPP within humans might be non-

pathological. In such cases certain spinal structures which usually counterbalance these 

asymmetrical forces may be abnormal and lead to the development of scoliosis.   

 

The investigation of the IPP experimentally is very challenging, since the reproduction of 

the complex pleural physiology in a test setup is difficult.   

Improvements to the numerical model that mirror the in vivo situation would need to 

include bone adaptation and the muscles.    

  

Identifying the IPP as a possible causative factor for the development of idiopathic 

scoliosis may have a major impact on its treatment. Currently this is not addressed.    

Presently, the treatment is symptomatic: addressing muscle balance with physiotherapy 

and straightening of the curved spine surgically. Both treatment options most likely do 

not alter the IPP. Brace treatment might indeed counterbalance the asymmetrical IPP 

distribution by applying opposite forces to the outer surface of the rib cage. The brace 

should then should be worn as long as the asymmetrical inner stresses act.  

Surgical correction and subsequent fixation of the spinal curvature aim to restrain the 

spine. Yet, the asymmetrical loads would still act on the treated spine, which may lead to 

a postoperative deformation and loosening of the fixation devises.  

Spinal deformities caused by an asymmetrical IPP distribution might only be sustainably 

treated by directly addressing the intrapleural physiology.    
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5. Summary and Conclusion 

The aetiology of scoliosis during adolescence is in most cases (85%) unknown (idiopathic). 

To investigate potential causes and treatments of scoliosis, a fully parametric finite 

element model of the spine and chest was developed. This work investigated the principle 

hypothesis that adolescent idiopathic scoliosis (AIS) is triggered by an asymmetrical load 

distribution resulting in a malformation of the bone.  Furthermore, the impact of a 

potential asymmetry in the intrapleural pressure (IPP) distribution on the spinal shape 

was explored.  

 

The biomechanical aspect of the hypothesis was analysed using a subject-specific 

numerical model of the human spine (levels: T1-S1) and rib cage of a healthy 13-year-old 

male. The finite element model was generated using a self-developed program which 

allows a rapid semi-automatic generation of numerical models that consider the patient-

specific morphology and a predefined flexibility of the main joints. The material 

properties of the soft-tissue were primarily extracted from literature. The material 

properties of the spinal segments and costovertebral joints were further optimized to fit 

the specific range of motion obtained from in vitro tests.  

 

In view of the close relationship between the form and function of the skeleton, the bone 

morphology of the spine and chest was quantified using CT data of individuals. The   

comparison of the bone morphology of patients, with (n = 21, 15 ± 2 years) and without 

(n = 48, 23 ± 12 years) AIS, revealed a characteristic morphological pattern in patients 

with AIS. This pattern included wedging and rotation of the vertebral bodies, differences 

between the right and left pedicle and facet size, as well as, asymmetrical rib cage 

deformities. This indicates the presence of an inherent asymmetrical stress distribution 

along the scoliotic spine. It should be noted, however, that in the non-scoliotic patient 

group a predisposition towards a characteristic scoliotic curvature was on average also 

observed.  

 

Simulations of various assumed intrapleural pressure distributions suggest that an 

asymmetrical intrapleural pressure can lead to spinal deformation patterns comparable 
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to those seen in scoliotic spines. In particular, the pressure within the dorsal section of 

the rib cage had a strong influence on vertebral rotation, whereas the pressure in medial 

and ventral regions demonstrated a lateral displacement. An asymmetrical pressure 

between the left and right hemithorax resulted in lateral deviation of the spine towards 

the side of the reduced magnitude of negative pressure.  

 

The application of the IPP, assumed within the numerical model, resulted in a 

compressive force of 22.3 N in craniocaudal direction of the spine, which corresponds to 

2.3 kg of organ weight. This reaction force supports the assumption that the IPP 

contributes in counterbalancing the weight of the intrathoracic organs.  

 

Due to the current lack of a non-invasive method to measure the IPP in vivo, clinical 

verification of the influence of the IPP on spinal stability remains unclear and challenging. 

It is known, however, that scoliosis can develop secondarily to surgical interventions of 

the pleura.   

 

In conclusion, the results of this study suggest that the intrapleural pressure distribution 

has the potential to play a key role in the development of spinal deformities. The 

interaction between the pleural physiology and the thorax may be an important piece in 

the puzzle to further understand the biomechanical in vivo condition and explain various 

spinal pathologies. Furthermore, the developed numerical model is suitable to simulate 

the biomechanics of the spine and chest. It can be a useful tool to investigate various 

spinal pathologies and treatment strategies.   
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Appendix 

 

A-1. Raw data of RoM data of Figure 18 and 19.   

 

Table 10: Mean and the standard-deviation (SD) of the RoM  in flexion and extension of different 

vertebral segments. Data obtained from in vitro experiments. Values plotted in Figure 18b.   

Moment 

[Nm] 

Vertebral 

segment 

ROM in Flexion-Extension 

mean [°] SD 

2.5 

T1-T2 7.01 0.47 

T2-T3 5.13 2.96 

T3-T4 3.88 1.07 

T4-T5 3.42 0.86 

T5-T6 3.93 1.42 

T6-T7 5.73 0.55 

T7-T8 2.78 0.66 

T8-T9 3.26 0.75 

T9-T10 3.60 0.89 

T10-T11 3.50 1.15 

7.5 

T11-T12 3.64 0.81 

T12-L1 6.69 2.16 

L1-L2 7.14 2.09 

L2-L3 9.72 3.99 

L3-L4 8.16 2.21 

L4-L5 11.47 3.61 

L5-S1 12.06 5.47 
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Table 11: Standard deviation of the RoM values relative to the intact condition at flexion-extension 

for the thoracic region (T2-T3) and the lumbar region (L4-L5). In vitro data was obtained from 

Heuer [71]. 

T2-T3 
     

Resection 

step 

Flexion-Extension lateral bending axial rotation 

Min-Sd Max-Sd Min-Sd Max-Sd Min-Sd Max-Sd 

(intact) 1.00 1.00 0.90 1.27 1.04 1.31 

ssl 1.00 1.07 0.92 1.28 1.08 1.33 

isl 1.01 1.09 0.92 1.28 1.09 1.35 

lf 1.04 1.17 0.94 1.30 1.09 1.42 

cl 1.10 1.18 0.92 1.38 1.19 1.71 

va 1.65 1.89 0.95 1.56 1.62 2.19 

pll 1.76 2.13 0.92 1.70 1.66 2.55 

all 1.89 2.51 1.03 1.80 1.67 2.72 

nuc 2.37 2.94 1.27 2.27 1.94 3.12 

 

L4-L5 
     

Resection 

step 

Flexion-Extension lateral bending axial rotation 

Min-Sd Max-Sd Min-Sd Max-Sd Min-Sd Max-Sd 

(intact) 1 1 0.88 1.18 0.28 0.76 

ssl 1.06 1.1 0.98 1.24 0.3 0.8 

isl 1.06 1.12 0.97 1.23 0.31 0.81 

lf 1.11 1.17 0.98 1.24 0.32 0.82 

cl 1.15 1.21 1 1.24 0.35 0.95 

va 1.22 1.8 0.99 1.33 0.55 1.45 

pll 1.26 1.86 1.01 1.35 0.56 1.48 

all 1.43 2.55 1.08 1.42 0.57 1.55 

nuc 2.07 3.29 1.48 1.84 1.18 2.24 
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A-2. Material calibration process 

 

 

 

Figure 50: Schema of the basic material calibration process. At first, a range of motion (RoM) is 

defined in flexion-extension at the intact condition, Resection (Res.) step 0. Secondly, the 

remaining RoMs are estimated based on the in-vitro data (see A-1). From the parameter database, 

obtained from parametric studies, the parameter set is selected which fits best to the targeted 

RoM and morphology. 
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A-3. The ParaSpine program 

The ParaSpine program generates a finite element model of the spine and chest. Input 

into the program are mainly landmark or parameter data. As an output a complete FE-

Model with adjusted material properties is obtained. Within the program the range of the 

vertebral levels, as well the rib cage and muscles can be included.   

 It is divided into multiple sub-modules, which all can be executed independently. All 

necessary files for running the program should be included in the folder called 

“ParaSense”. These file are:  

File Description 

ParaSpine_setup.txt Includes all specifications, such as  

• which vertebral levels should be generated 

• include chest and/or muscles 

• default parameters 

ParaSpine_para.txt All parameters, including their default values, that are 

necessary to build the geometry in Ansys 

ParaSpine_Material.txt Table of all material parameters and properties for each 

vertebral level 

ParaSpine_Para.txt List of all morphology parameters and their values of each 

vertebral and rib level. 

Folder: “Landmarks” Includes files of the coordinates of the landmarks.  

  

The main python script 

This script is the main script that loads all sub-modules. It is called using the 
“run_paraspine()” command.  
 
def run_paraspine(imp_para, target_path, module): 
 """Import module 
 Input Parameters: 

imp_para : List Includes parameters that are do be changed. It is 
distinguished   
between geometry and material parameters:  

- geometry parameter: 
["paraname:vertnumber",value]  

- material parameter: 
["paraname:index:vertnumber:dim",value] Whereas 
e.g. stress: dim=1, strain: dim=2 

e.g. imp_para = [["para1:24",1.232],["matpara:-:22:1",33.2]], 

target_path: String Path to which results should be copied to. If files should stay 
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in inital "name" folder type: "" 

module: List of 
integer 

which module should be acitvated 

Local parameters: 

Para_data dictionary Contains the parameters that are to be changed (material 'm', 
geometry 'g').  

path dictionary contains all path directions 
  
 
 #================================================================== 
 #---CHECK input content  
 if isinstance(imp_para, list)==False: 
  print("INPUT-ERROR: imp_para must be a list! e.g.  

imp_para=[]") 
  exit() 
  
  if module==[]: #default model generation from landmarks 
  module=[1,2,3,4,5] 
 #------------------------------------------------------------------ 
 if target_path!="":  
  path["NewPath"] = target_path  
 else: 
  path["NewPath"] = path["study_res"] 
 #================================================================== 
 """Calculate from Xray-point data anatomical parameters  """ 
 if 0 in module: 
  path_py = path["py"]+"\\Xray2Para" 

exec(compile(open(path_py+"\\RUN_Xray2Para.py").read(), 

path_py+"\\RUN_Xray2Para.py", 'exec'))  
 #================================================================== 

"""Calculate from CT-landmarks anatomical parameters. Scripts:   
Landmarks2Para. Add also RoM-calibration values""" 

 
 if 1 in module: 

path_py = path["py"]+"\\Landmarks2Para" 
exec(compile(open(path_py+"/RUN_Landmarks2Para.py").read(), 
path_py+"/RUN_Landmarks2Para.py", 'exec')) 

 #================================================================== 
 """Calibrate material properties for each vert and CVJ """ 
 if 11 in module: 
  print("Run_Calibration running") 

from SpineCalibration import Run_Calibration_ThLu 
  path_py = path["py"]+"\\SpineCalibration"  
  imp_para = Run_Calibration_V2.mat_calibration(SpineData,  

imp_para, path)  
 #================================================================== 
 """Modify input parameters """ 
 """ Check if imported parameters are valid and create dictionary   
      Para_data """ 
 if len(imp_para)!=0: 

print("Write and edit parameter file (ParaSpine_Para.txt)...") 
Para_data,check = modify_para.dicParaData(imp_para, SpineData, ParaData, path) 

  if check==False: 
   wait=input("Error") 
   exit() 
  modify_para.parafile(Para_data,path) 
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 #================================================================== 
 """Para2Para: Modify/estimate missing parameters """ 
 if 2 in module: 
  org_data.init(2,path) 
  path_py = path["py"]+"\Para2Para" 
  exec(compile(open(path_py+"/RUN_Para2Para.py").read(),  

path_py+"/RUN_Para2Para.py", 'exec')) 
  org_data.exit(2,path) 

 #================================================================== 
"""Para4Check: Checks parameters in "ParaSpine_Para.txt" if they are suitable for the model-
generation, and if not modifies them. """ 

 if "check" in module: 
  from Para4Check import Run_Para4Check 
  run_module = Run_Para4Check.para4check(SpineData,path) 

#==================================================================== 
 """Para2Ansys: Creates input files for ANSYS, which include model  

parameters."" 

 if 3 in module: 
org_data.init(3,path) 

  path_py = path["py"]+"\Para2Ansys" 
exec(compile(open(path_py+"/RUN_para2ansys.py").read(), 
path_py+"/RUN_para2ansys.py", 'exec')) 

  org_data.exit(3,path) 
#==================================================================== 
"""Runs ANSYS APDL script. For more detail, see the APDL main script "ParaSpine.inp" """ 

 if 4 in module: 
  org_data.init(4,path) 
  path_py = path["py"]+"\\AnsysScripts\\" 
  print(path_py+"Run_BATCH_Ansys.cmd") 
  os.system(path_py+"Run_BATCH_Ansys.cmd") 
  org_data.exit(4,path)  

#==================================================================== 
 """ Material: Edit material file, that will be imported by Abaqus   
      """ 
 if len(imp_para)!=0: 
  modify_para.matfile(Para_data,SpineData,path) 

#==================================================================== 
 """ Generates files for ABAQUS: material (abaqmesh_material.inp).   

""" 
 if 5 in module: 
  org_data.init(5,path) 
  path_py = path["py"]+"\Ansys2Abaqus"  
  exec(compile(open(path_py+"/RUN_Ansys2Abaqus.py").read(),  

path_py+"/RUN_Ansys2Abaqus.py", 'exec'))  
  org_data.exit(5,path) 

#==================================================================== 
 """ Copy data into unique folder """ 
 if target_path!="":  
  org_data.init(99,path) 

#==================================================================== 
 """ Returns path which contains all generated files """ 
 return target_path 
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