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Abstract 

Musculoskeletal multibody modeling can offer valuable insight into aetiopathogenesis behind adolescent 

idiopathic scoliosis, which has remained unclear. However, the underlying model should represent 

anatomical joints with compatible kinematic constraints while allowing the model to attain scoliotic postures. 

This work presents an improved and kinematically determinate model including the whole spine and ribcage, 

which can attain typical scoliosis deformations of the thorax with compatible constraint strategy and simulate 

the interaction between all the bony segments of the ribcage and the spine. In the model, 

costovertebral/costotransverse joints were defined as universal joints based on reported anatomical studies. 

Articulations between ribs and the sternum were defined as spherical joints except in the ninth and tenth 

levels, which have one additional anteroposterior degree-of-freedom. The model is controlled by fifteen 

kinematic parameters including spinal rhythms and parameters relating to clinical metrics of scoliosis. These 

input values were measured from the bi-planar radiographs of a 17-year-old scoliosis patient with a right 

main thoracic curve of 33° Cobb angle. Dependent kinematic variables with clinical relevance were selected 

for validation purposes and compared with measurements from radiographs. The average errors of rib-

vertebra angles, rib-vertebra angle differences, and rib humps were 6.3° and 10.5°, and 8.7mm. The model 

appeared to reproduce the spine and rib deformation pattern conforming to radiographs, results in 

simulating the rib prominence, rib spread, rib-vertebra angles, and sternum orientation, therefore supporting 

the constraint definitions. The model can subsequently be used to investigate the kinetics of scoliosis and 

contribute to uncovering the aetiology. 
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INTRODUCTION 

Despite several studies to unravel the aetiologies and pathogeneses that underlie Adolescent Idiopathic 

Scoliosis (AIS) [1–3], the aetiopathogenesis behind AIS has remained unclear [2, 3]. We hypothesize that 

musculoskeletal multibody modeling can offer valuable insight into the matter, and we therefore extend 

recently published thoracolumbar models with a kinematically consistent ribcage to obtain a model that can 

plausibly represent the biomechanics of the system. 

Most of the models to investigate the biomechanics of the trunk have used the finite element method [4]; 

some to model the spine alone [5–7], and some to include the ribcage system [8–10]. However, despite the 

critical role of the trunk musculature in kinetics and stability of the spine [11–14], most of the finite element 

models have excluded muscle contraction and considered muscles as purely passive elements. A few finite 

element models include some active muscles [15–18]. Multibody models can simulate the movements and 

muscle actions of the living spine at a modest computational cost, and they are also able to simulate the 

kinematics of the spine in separation from kinetics [4]. Additionally, multibody models allow the combination 

of independently developed models into the system, providing the opportunity to easily add a spine model 

into a whole-body model and allow the different parts to interact with each other and transfer loads through 

joints without changes in boundary conditions [19]. 

Most of the multibody spine models have been devoted to the lumbar region, where the thorax has been 

considered as a single rigid body, or the mechanical contribution of the ribcage has been neglected [20–25], 

which possibly leads to inaccurate representations of spine biomechanics. Some prior models include an 

articulated thoracic spine, but neglect the contribution of the ribcage or the comprehensive thoracic 

musculature [26–30], or have represented the ribcage’s effects from its stiffness properties only [31]. 

However, studies and clinical observations indicate that the kinematic constraints of the thoracic bony 

components play an important role in thoracic stability and force transmission [31–33], and this notion also 

influences clinical practice because radiographic observations of skeletal displacements form the basis of 

diagnostics and treatment in the field. A model including the kinematics of the ribcage is therefore required 

for a comprehensive understanding of the biomechanics of the thoracolumbar spine.  

A few detailed musculoskeletal models of the entire thoracolumbar spine with articulated ribcage have been 

proposed to estimate in vivo skeletal and muscular loads during dynamic activities [34–37], and they 

represent the current state-of-the-art in the field, from which the present work began. They can reconstruct 

spine deformations, albeit with kinematically indeterminate constraint strategies. The kinematic constraints 

of the joints form the boundary conditions for the equilibrium equations, from which muscle forces and joint 

reactions can be derived, so they are essential for a valid mechanical representation of the system. Constraint 



assumptions can be evaluated through kinematically admissible deformation states, their compatibility with 

anatomical joint properties, and ability to represent experimentally observed deformations. In other words, 

model constraint definitions should be compatible with the anatomical joints while allowing the model to 

attain scoliotic postures. 

This task is complicated because the chain of links forming the human thorax contains multiple closed loops, 

which make its kinematic constraints nontrivial, especially in the presence of pathological deformations, 

which tend to cause locking in models with redundant kinematic constraints. We, therefore, assume that 

compatible joint kinematics is a necessary condition for correct biomechanics and ultimately for obtaining 

an understanding of the aetiology of AIS. 

This work presents an improved and kinematically determinate model, which can attain typical scoliosis 

deformations of the thorax and simulate the interaction between all the bony segments of the ribcage and 

the spine. The model consists of multiple closed loops corresponding to the ribcage, comprising rigid bodies 

interconnected with different types of joints. 

 

METHODS 

The kinematic spine model 

The model was created using the AnyBodyTM Modeling System v. 7.2 (AnyBody Technology, Aalborg, 

Denmark), which is a software system for three-dimensional multibody dynamics simulation [38]. The system 

uses a Cartesian formulation [39] to form a mathematical model based on constraint definitions and solves 

the position problem from the nonlinear constraint equations. The constraints originate from the user’s 

definition of joints and from kinematic drivers, which can be any holonomic measure of kinematics, e.g. 

angles, distances between segments, and various mathematical combinations of them. In contrast to joint 

constraints, the values of drivers can change during the simulation to form different postures and spine 

curves [38]. The model is kinematically determinate when the system of nonlinear equations formed by 

constraints and drivers is solvable. This usually entails equal numbers of degrees-of-freedom (DOFs) and 

constraint equations. 

The previously presented lumbar [21] and cervical spine models [40] together with a thoracolumbar spine 

model with articulated ribcage [35] form the basis for the development of the new multibody spine model. 

Individual rigid osseous elements are already defined within these regions. They comprise pelvis, sacrum, 

five lumbar vertebrae, twelve thoracic vertebrae, ten pairs of ribs (the floating ribs were fixed to their 



vertebrae), the sternum, seven bony segments of the cervical region, and the skull. In the current 

development, the pelvis is grounded with a one-component revolute joint allowing lateral rotation, but the 

model can be connected to the lower extremity models to form a full body. In the following, we describe 

joint definitions that render the model kinematically determinate in concert with clinically meaningful driver 

definitions. 

 

Joint definitions 

Intervertebral discs in the entire spine were defined as spherical joints. The centers of the intervertebral 

joints of the lumbar region were defined from previous work [41]. For the thoracic region, the location of the 

centers was defined as 65% posterior to the middle of the space between the upper and lower endplates, 

similar to the lumbar joints definition. The center of the cervical joints lies in the middle of the space between 

the endplates of the discs.   

The articulation between ribs and vertebrae is constrained by the costovertebral (CV) and costotransverse 

(CT) joints (CVCTJ). In previous work  [34–37], they are implemented as a single compound revolute joint or 

a single spherical joint. However, with the coordinate definition by Lemosse et al. [42], in vitro experimental 

investigation shows that the range-of-motion of the rib rotations in two directions dominate the third 

direction [42, 43]. Therefore, a rational assumption is to disregard rotation about the latter axis. Besides, 

Beyer et al. [44] have published results from in vivo breathing analysis implying that the rib rotations in two 

directions are greater than the third direction with a slightly different coordinate system definition, which 

supports the aforementioned assumption. 

In this model, the CVCTJ complex was modeled as a compound universal joint, allowing rotation in two 

directions, based on the following assumptions: The CV joints were assumed as spherical joints allowing for 

three independent rotations. The CT joints are assumed to provide one additional constraint preventing 

separation of the rib perpendicularly to the facet surface, which prevents rib rotation about the longitudinal 

axis of the joint. Together, these assumptions result in two rotational DOFs for the CVCTJ complex, which is 

the definition of a universal joint. This definition also corresponds to the aforementioned assumption that 

arises from in vivo and in vitro analysis on clinical data of intact ribs [42–44]. 

In this work, the origin of the CVCTJ coordinate system was placed in the rotational center of the articular 

surface of the CV joint (Figure 1(a)). The axis directions of the joint coordinate system (Figure 2(a)) were 

defined by rotation from the global coordinate system (x-axis posterior-anterior, y-axis longitudinal, z-axis 

mediolateral) by 20° about the y-axis followed by 5° about the z-axis. These angles were selected to align the 



XCVCT-axis with the axis from the CT to CV facets. The ZCVCT-axis is the normal vector from the articular facet of 

the transverse process (similar to the Y-axis of Lemosse et al. [42]), and the YCVCT-axis is perpendicular to the 

XCVCT and ZCVCT axes. This definition allows for the personalization of the CVCTJ coordinate system if the CV 

and CT are detectable from medical imaging. Figure 2(b) shows the resulting DOFs of the CVCTJ complex with 

rotations about XCVCT and ZCVCT. Finally, individual kyphosis angles were assigned to each vertebra to form the 

shape of the thoracic spine in the sagittal plane in the standing posture (Figure 3).  

To define the articulations between the ribs and the sternum, i.e. the costochondral joints (CCJ), the sternum, 

and the costal cartilages were assumed as one rigid body. The CCJs were defined as spherical joints for all 

ribs, except the ninth and tenth pairs, which were modeled as four-DOFs trans-spherical joints allowing three 

rotations and one anterior-posterior translation. We assumed that the lower deformable costal cartilages 

have greater length, therefore more mobile cartilaginous junctions compared to other pairs of ribs [45] 

(Figure 1(b)). 

 

Figure 1. (a) The rotation centers of the costovertebral/costotransverse joints (CVCTJ) from the posterior view (blue nodes). (b) The 
centers of the costochondral joints (CCJ) from the anterior view, spherical joints (red nodes), and four-DOFs joints allowing three-DOFs 
rotation and one-DOF anterior-posterior translation (green nodes). 



 

Figure 2. (a) Transformation of the global coordinate (grey) to create the costovertebral/costotransverse coordinate system (CVCTJ 
coordinate in blue). (b) Schematic representation of the CVCTJ modeled as universal joints, allowing rib rotation about XCVCT and ZCVCT. 

 

Figure 3. All rotation axes of the right CVCTJs (blue), which follows the kyphosis angles, and ninth and tenth right CCJ translation axes 
(red). 

 



Model input: additional constraint to determine the kinematics 

The whole model has 288DOFs. The joints constrain 219DOFs, which leaves 69DOFs (26DOFs are devoted to 

the thorax and 43DOFs are devoted to lumbar and cervical parts) as free variables requiring 69 additional 

constraints to specify the model posture. In order to control the kinematics of the model reasonably, the user 

should estimate a set of fifteen parameters from bi-planar radiographs of the patients. Figure 4 presents a 

schematic of the kinematic inputs in a randomly curved spine model. The sagittal view shows four inputs that 

can be measured from the sagittal radiograph and also the axial rotation of the apical vertebra, which can be 

measured from anteroposterior (AP) radiographs. The frontal view represents seven inputs that can be 

measured from an AP radiograph. The frontal view of the sternum and the spine illustrates the only three 

inputs that are relative to the sternum and they can also be measured from AP radiographs. 

To create this set of drivers, careful study of spinal postures from multiple radiographs led to the following 

approach: the user identifies six key-vertebrae (Figure 4), i.e. the apical vertebra of the 

thoracolumbar/lumbar (VApex-1) and main thorax (VApex-2) curves, and also the inferior and superior vertebrae 

of the lateral curves (VInferior-1, VSuperior-1, VInferior-2, VSuperior-2).  

The spine was divided into four regions, which are illustrated in Figure 4: thoracolumbar/lumbar (TL/L), main 

thoracic (MT), proximal thoracic (PT), and cervical. The required constraints of the spine were defined using 

so-called spinal rhythms, where the input is the curve angle. To control the 3D rotation of the cervical spine, 

a rhythm was defined, which distributes the rotation between the relevant vertebrae. In this paper, we 

constrained the cervical spine to hold the head vertically, which eliminates the use of input to the cervical 

rhythm, but this is not a necessary condition for the use of the model and the cervical spine rhythm can be 

easily driven by the user using an extra input for the cervical spine rhythm.  

To control the lateral curvature of the spine, three rhythms were defined respectively on the TL/L curve 

between VInferior-1 to VSuperior-1, on the MT curve between VInferior-2 to VSuperior-2, and on the PT curve between 

VSuperior-2 to T1. In these rhythms, all the lateral rotational DOFs were constrained. The lateral rhythms use a 

function to distribute the curve angle to the vertebral joints in between the inferior and superior vertebrae. 

The angle of the inferior vertebral joint of the curve is fixed to 8% of the curve angle. The function is 

symmetric about the apical vertebra and tapers linearly on both sides, which means that the apical vertebra 

has the greatest contribution, and the sum of vertebral joint angles amounts to the specified total angle. To 

reconstruct lumbar lordosis and thoracic kyphosis of the spine in the sagittal plane, two rhythms were 

defined, spanning L5 to L1 and T12 to T1 respectively. In these rhythms, the curve angle was uniformly 

distributed between all vertebral joints of the curve. In the lumbar lordotic curve, all the frontal rotation 

DOFs were constrained. However, in the thoracic kyphosis rhythm, only five frontal rotation DOFs were 



constrained, i.e. T12 to T9 and T4. One spinal rhythm was defined to create axial rotation, which constrains 

the axial rotation DOFs between VInferior-2 to T8. In the following, the inputs of the model, which is a set of 

fifteen parameters, are presented.  

A review of the literature on scoliosis characteristics [42, 43, 46–50] has revealed several clinically accepted 

measures for scoliosis deformities and severity. Among these, the following parameters, defined by measures 

to anatomical landmarks, were selected as input to the model and for validation purposes. Seven of the 

inputs are angles between two elements (Figure 4):  

• PLR: defined as pelvis lateral rotation relative to the ground in the upright standing posture. 

• TL/L Cobb: defined as the Cobb angle of the TL/L curve spanning VInferior-1 to VSuperior-1. In the coronal plane, the 

Cobb angle is defined as the greatest angle at a particular region of the spine measured from the inferior 

endplate of a lower vertebra to the superior endplate of an upper vertebra and considered the main factor to 

represent scoliotic spines.  

• MT Cobb: defined as Cobb angle of MT curve spanning VInferior-2 to VSuperior-2. 

• PT Cobb: defined as Cobb angle of PT curve spanning VSuperior-2 to T1. 

• LL: lumbar lordosis is defined as an angle from the inferior endplate of L5 to the superior endplate of L1. 

• TK: thoracic kyphosis is an angle from inferior endplate T12 to superior endplate T1. 

• AVAR: defined as the axial rotation of the apical vertebra (VApex-2) relative to the pelvis. 

The other eight inputs are distances between two segments’ nodes (Figure 4) and some of them are 

measured relative to the central sacrum vertical line on the frontal and sagittal view (CSVL), which is a vertical 

line from the posterior superior endplate of the sacrum. 

• AVTLumbar-z : defined as the translation of the lumbar apex (VApex-1) along the z-axis relative to the pelvis, which 

was measured relative to CSVL. 

• AVTThorax-z : defined as the translation of the thorax apex (VApex-2) along the z-axis relative to the pelvis, which 

was measured relative to CSVL. 

• L3Tx: defined as L3 translation along x-axis relative to the pelvis, which was measured relative to CSVL.  

• C7Tx , C7Tz : defined as C7 translation along x and z axes relative to the sacrum, respectively, which were 

measured relative to CSVL. These parameters describe the coronal and sagittal balance [51]. 

• AVT-STThorax-z : defined as the translation of the thorax apex (VApex-2) along z-axis relative to a sternum node that 

is in the apical transverse plane. 

• STNTy , STNTz : defined as the lateral and longitudinal translation of the sternal notch (along y and z axes) 

relative to T10, respectively. 



 

Figure 4. Kinematic inputs in a randomly curved spine model. All inputs are illustrated with red shape fill and arrows. Six key-vertebrae 
are also shown in the figure. Spine regions are also represented with different background colors. (a) the sagittal view of the spine 
shows four inputs that can be measured from a sagittal radiograph and also the axial rotation of the apical vertebra, which can be 
estimated from AP radiographs. (b) the frontal view of a curved spine represents seven inputs that can be measured from AP 
radiograph, (c) the frontal view of the sternum and the spine illustrates the three inputs that are relative to the sternum and they can 
also be measured from AP radiograph. 



Table 1 represents the set of fifteen general kinematic inputs, segments defining the measurements, and the 

axes that the segments translate along or rotate about. 

Table 1. The set of fifteen general kinematic inputs, segments that the measurements were performed relative to them, the relevant 
axes that the variables translate along or rotate about them. 

Input’s No. General kinematic inputs Relevant segments axis 
1 Pelvis lateral rotation (PLR) Pelvis - Ground X 
2 Thoracolumbar/lumbar Cobb angle (TL/L Cobb)  VInferior-1 - VSuperior-1 X 
3 Main thoracic Cobb angle (MT Cobb) VInferior-2 - VSuperior-2 X 
4 Proximal thoracic Cobb angle (PT Cobb) VSuperior-2 - T1 X 
5 Lumbar lordosis angle (LL) L5 - L1 Z 
6 Thoracic kyphosis angle (TK) T12 - T1 Z 
7 VApex-2 axial rotation (AVAR) VApex-2 - Pelvis Y 
8 VApex-1 translation (AVTLumbar-z) VApex-1 - Pelvis  Z 
9 VApex-2 translation (AVTThorax-z) VApex-2 - Pelvis  Z 

10 L3 translation (L3Tx) L3 - Pelvis  X 
11 C7 translation along X (C7Tx) C7 - Sacrum X 
12 C7 translation along Z (C7Tz) C7 - Sacrum Z 
13 VApex-2 translation (AVT-STThorax-z) VApex-2 - Sternum Z 
14 Sternal notch translation along Y (STNTy) Sternum - T10 Y 
15 Sternal notch translation along Z (STNTz) Sternum - T10 Z 

 

Radiographic Imaging 

Two-dimensional radiography is already performed in the clinical routine of AIS patients but CT scanning is 

avoided in the interest of radiation dose minimization for adolescents. Bi-planar radiography is a considerable 

clinical advantage compared to single-plane X-rays [52]. The required inputs described in the preceding 

section were measured from AP and lateral radiographs of the whole spine and the ribcage in the relaxed 

standing position. The radiographic measurement was carried out by an experienced pediatric surgeon 

treating scoliosis using the Synedra view software.  

Participant 

A 17-year-old scoliosis patient with a right MT curve of 33° Cobb angle and a minor left TL/L curve with a 24° 

Cobb angle was used as a sample. The AP and sagittal radiographs of the patient are represented in Figure 5. 

This study was evaluated and approved by the local Research Ethics Committee (Journal number: 

H17034237). We obtained oral and written consent from the patient, and the study was conducted according 

to national guidelines and the Helsinki Declaration.  



 

Figure 5. The AP and sagittal radiographs of the patient. The left picture was flipped, so the left side of the picture is the left side of 
the patient. The patient was 17-year-old with a right MT curve with a 33° Cobb angle and a minor left TL/L curve with a 24° Cobb 
angle. 

 

Scaling the model  

The dimensions of the bony elements are based on the reconstruction of the male anatomy of a body with 

62cm trunk height, available in the AnyBody Managed Model Repository (AMMR 2.3). To generate a patient-

specific model, the spine length of the participant was measured. The spine length from the superior 

endplate of the sacrum to C7 is 46cm based on the AP radiographs, which results in a scale factor of 0.74 by 

which all segments of the model in the standing and normal spine posture were scaled uniformly. 

 



Simulation 

Quasi-static simulation of the 3D motion of the whole spine and ribcage was performed. The simulation 

started with a healthy spine and finished with a scoliotic spine, which corresponds to the patient, in the 

upright standing posture.  

 

RESULTS 

Create the patient-specific model 

Identifying the key-vertebrae from radiographs  

The key-vertebrae were identified from the radiographs and are listed in Table 2. 

Table 2. Key-vertebrae recognized from bi-planar radiographs 

Key-vertebrae Recognized from radiographs 
VApex-1 L3 
VApex-2 T8 

VInferior-1 L5 
VSuperior-1 T11 
VInferior-2 T10 
VSuperior-2 T6 

 

Measurement of the model’s input from radiographs  

The fifteen input parameters were defined based on the key-vertebrae and were measured from 

radiographs. Angles and distances were measured in degree and mm, respectively. Table 3 presents the set 

of fifteen patient-specific kinematic inputs, the translation/rotation axes, and the measured values from 

radiographs. Most of the inputs were easily measurable from the radiographs (Figure 5). The axial rotation 

of T8 was measured from the AP radiograph using a method by Chi et al. [53]. The sternal notch was 

estimated as the middle point of the line passing through the clavicles, and the sternum position was 

estimated using a perpendicular line to that line from the sternal notch.  

 

 

 

 



Table 3. The set of fifteen kinematic inputs, the relevant axes, and the measured values from radiographs. 

Number Kinematic variable axis Measured value  
1 PLR X 0° 
2 TL/L Cobb angle  X 24° 
3 MT Cobb angle  X 33° 
4 PT Cobb angle  X 8° 
5 LL Z 44° 
6 TK Z 23° 
7 AVAR Y 14° 
8 AVTLumbar-z Z 7mm 
9 AVTThorax-z Z 24mm 

10 L3Tx X 30mm 
11 C7Tx X 40mm 
12 C7Tz Z 2mm 
13 AVT-STThorax-z  Z 23mm 
14 STNTy Y 165mm 
15 STNTz Z 15mm 

 

Validation from radiographs  

Dependent kinematic variables with clinical relevance were selected for validation purposes and compared 

with measurements from radiographs, defining the difference between dependent parameters and 

measurements as an error. These validation parameters are:  

• RH10 , RH8 , RH5: Rib hump is the linear distance between the left and right posterior rib prominences along the 

x-axis defining RHi at the ith thoracic level of the rib deformity; it represents the truncal rotation and concavity 

and convexity of the patient’s back. Figure 6 displays the sagittal and top views of the scoliosis skeletal model 

representing the rib hump of the fifth, eighth, and tenth levels. 

• RVA_Ri , RVA_Li and RVADi of the tenth to sixth level, and RVAD4: The rib-vertebra angle difference (RVADi) of 

the ith thoracic level is defined as the difference between the rib-vertebra angle (RVA) of the concave (left side 

in this case, which is called RVA_Li) and convex (in this case RVA_Ri) sides of the curved spine; the RVA is defined 

as the angle between a line joining the center of the rib head and rib neck, and a second line perpendicular to 

the inferior endplate of the vertebra. Figure 6 illustrates the posterior view of the model representing the 

measurement and calculation of the RVA_R8 , RVA_L8 , and RVAD8. 

• STFA: Sternum frontal angle is the manubrium angle about the z-axis relative to the vertical line, which is visible 

from the lateral radiograph. 

• RSD: Rib spread difference is the difference of the left and right intercostal distances at twelfth and seventh rib 

levels along the y-axis measured at the lateral transverse process (Figure 6). 



• AVB_R: The apical vertebral body-rib ratio is the ratio of linear measurements from the lateral borders of the 

apical thoracic vertebrae to the chest wall. 

• HI: Haller index is the ratio of sagittal diameter (from apical vertebra to the sternum) to the frontal diameter 

of the ribcage.  

• The TK was used in a rhythm for driving L1 to T9 plus T4 joints but the rhythm did not drive T9 to T1 vertebral 

joints except T4. In other words, the model do not use TK to control the thoracic kyphosis angle of the whole, 

but a part of spine. Thus, TK can also be used as a parameter for validation. 

 

Figure 6. Left and right ribs are illustrated in green and blue colors, respectively. (a) The posterior view of the model represents rib-
vertebra angles in right (RVA_R8) and left (RVA_L8) sides in the apical level (eighth level), and the RVAD8 measurement. It also 
illustrates the rib spread from seventh to twelfth level in right (RS_R) and left (RS_L) sides and calculation of the relevant RSD. (b) The 
RH5, RH8, RH10 in the fifth, eighth, and tenth levels have been shown using the sagittal view of the model. (c) top view illustration of 
RH8. 

 



The mentioned kinematic variables, the relevant axes, measurements from radiographs, measurements from 

model projection into 2D, and their errors are listed in Table 4. The average error of RVAs and RVADs, which 

were calculated around the apex, were 6.3° and 10.5°. The average error of rib hump were 8.7mm. 

Table 4. The kinematic variables for validation purposes, the relevant axes, measurements from radiographs, measurements from 
model projection into 2D, and their absolute errors. 

 Kinematic variable axis 
Measured from 

radiographs 
Measured 

from model 
error 

1 RH10 X 39mm 23mm 16mm 
2 RH8 (Apex) X 33mm 28mm 5mm 
3 RH5 X 14mm 9mm 5mm 
4 RVA_R10 X 41° 42° 1° 
5 RVA_L10 X 52° 60° 8° 
6 RVA_R9 X 47° 40° 7° 
7 RVA_L9 X 73° 75° 2° 
8 RVA_R8 (Apex) X 46° 36° 10° 
9 RVA_L8 (Apex) X 81° 85° 4° 

10 RVA_R7 X 50° 44° 6° 
11 RVA_L7 X 92° 77° 15° 
12 RVA_R6 X 46° 36° 10° 
13 RVA_L6 X 101° 101° 0° 
14 RVAD10 X 11° 18° 7° 
15 RVAD9 X 26° 35° 9° 
16 RVAD8 (Apex) X 35° 49° 14° 
17 RVAD7 X 42° 33° 9° 
18 RVAD6 X 55° 65° 10° 
19 RVAD4 X 23° 16° 7° 
20 STFA Z 37° 38° 1° 
21 RSD Y 20mm 16mm 4mm 
22 AVB_R - 0.64 0.71 0.07 
23 HI - 0.43 0.51 0.08 
24 TK Z 23° 29° 6° 

 

Figure 7 shows the posterior, anterior, and left view of the resultant scoliosis skeletal model in the upright 
standing posture. For visual assessment, the simulated spine was projected to the radiographs in both sagittal 
and frontal views (Figure 8). 



 

Figure 7. (a) Anterior, (b) posterior, and (c) left view of the scoliosis skeletal model in the upright standing posture. The sternum is 
shown in transparent blue color. 



 

Figure 8. The simulated spine (light yellow color) was projected to the radiographs in both frontal (a) and sagittal (b) views for 
validation purposes. 

 

DISCUSSION 

Understanding the aetiopathogenesis of scoliosis and developing new prevention methods, exercises, and 

rehabilitation procedures requires a comprehensive kinematic analysis of the spine and ribcage, as well as 

joint and muscle loading patterns in the trunk. Biomechanically valid musculoskeletal models of the thoracic 

region predispose a correct definition of the ribcage kinematics. The ribcage contains multiple closed loops 

connecting the ribs to the sternum, resulting in a complex model. The main contribution of the present work 

was to work out a kinematically determinate and anatomically compatible constraint strategy for this model. 



The constraint definitions should represent the anatomical joint properties while allowing the model to attain 

different types of scoliotic postures known from clinical practice. This goal was reached by defining a set of 

fifteen clinically relevant kinematic constraints, most of which are already employed to assess the severity of 

the scoliotic spine [42, 43, 46–50]. 

Costovertebral and costotransverse joints were previously modeled as a compound revolute and spherical 

joint. We redefined these as universal joints based on reported anatomical studies. Articulations between 

ribs and the sternum were defined as spherical joints except in the ninth and tenth level, which have one 

additional anteroposterior DOF. With this joint definition, the model can simulate different kinds of lateral 

bending using three Cobb angles. Most of the scoliosis patients have rib prominence, especially when they 

bend forward. Due to the restriction of longitudinal rib rotation, the model mimics this behavior and 

reproduces a similar pattern of rib hump. Moreover, the model can simulate rib rotations about the frontal 

axis to model specific tasks such as inhaling and exhaling, and flexion, as well as rotation about the 

anteroposterior axis to model the different kinds of deformities. 

One of the observable effects of scoliosis upon the thoracic cage is an increased downward tilt of the ribs on 

the convex as compared with the concave side, maximal at the apex of the curve [54], which can be quantified 

by RVAD. The rib asymmetry is an adaptive response of the ribs, secondary to vertebral rotation as a contrary 

effect to primary involvement in the pathogenesis of the deformation [55]. The average error of RVADs was 

10.5° and the greatest error of RVAD was placed at the apex level, which was 14°. The average error of RVAs 

was 6.3° and the greatest error of RVAs occurred in the RVA_L7, RVA_R8, and RVA_R6 which were 15°, 10°, 

and 10°. Since we only had one patient in this study, to make the comparison more understandable, T6 to 

T10 and their relative ribs of the model were projected to the radiograph in the posterior view for visual 

comparison in Figure 9 (a), which implies that the model followed the patient’s rib angle trend in both right 

and left sides with reasonable errors. Please notice that the model is kinematically determinate and provides 

RVADs as dependent output variables. 

The coupled motion of lateral and axial rotation of the vertebrae leads ribs to rotate, thus facilitating the rib 

hump [56]. Rib prominences of the lower ribs are greater in this patient according to the lateral radiograph. 

The model also generated the same pattern for the rib prominence, therefore again supporting the constraint 

definitions. The error of the model for RH8 and RH5 were 5mm and the error for RH10 was 16mm and the 

average error of RHs was 8.7mm. Ribs in the eighth and tenth levels were projected to the radiograph in the 

sagittal view in Figure 9 (b) and The measurement of RH8 and RH10 are shown using yellow and white colors 

in the model projection and the radiograph, respectively. Even though the error of the RH8 is small, both right 



and left ribs of the patient are placed further posterior than the model’s ribs. However, Figure 9 (b) shows 

that the model followed the rib prominence trend of the radiograph. 

 

Figure 9. Left and right ribs are illustrated in green and blue colors, respectively. (a) T6 to T10 and their relative ribs of the model were 
projected to the radiograph in the posterior view for visual comparison. The yellow and white lines present the head-to-neck lines of 
the ribs in the model projection and the radiograph, respectively. (b) Ribs in the eighth and tenth levels were projected to the 
radiograph in the sagittal view and the measurement of RH8 and RH10 are shown using yellow and white colors in the model projection 
and the radiograph, respectively. 

Besides, on the convex side, ribs are more separated at their margins compared to the concave side [56], 

which can be quantified by defining RSD. The error of the RSD is under 5mm. One of the assessment 

parameters for the overall thoracic and rib deformity is AVB-R [48], which describes the translation of the 

apical vertebra relative to the rib’s sides. The errors of the AVB-R and HI are directly relative to the scaling, 

and in this case, they are 0.07 and 0.08, respectively. The TK and STFA were generated with errors of 6° and 

1°. The model generated the RSD and AVB-R, TK, ad STFA with reasonable errors. 

The model appeared to visually reproduce the rib deformation pattern conforming to radiographs, results in 

simulating the rib prominence, rib spread, and rib-vertebra angles. The measured errors were acceptable 

with the notable difference of RH10 and RVAD8. Please notice that, since the initial fitting of the model to the 

patient was done with a simple uniform scaling, the observed errors between dependent and measured 

validation variables comprise scaling errors as well as kinematic errors. 

In this paper, we represented a base model that can simulate curved spines, and the scaling method was not 

the aim of this work. Thus, one of the limitations of this work is the use of a uniform scaling method. However, 

adolescents could have different segment proportions, especially for scoliosis patients that sometimes have 



tall slim spines. To improve the scaling and create more precise bone dimensions, the user can implement 

more advanced scaling methods available in AMMR. Another limitation of this work is the measurement of 

the variables from the radiographs. Some of the variables such as vertebral rotation or sternum position are 

not directly measurable and need estimation, which can be a source of error in low-quality radiographs. 

However, the ordinary radiographs are considered as the golden standard of current clinical scoliosis 

evaluation, whereas new methods of 2D/3D recording, such as the EOS system, which can estimate these 

parameters more precisely, is unavailable in most clinical settings. In near-future clinical use of the modes, 

the recommendation is to select the set of independent drivers according to which parameters can be 

measured reliably in low-quality radiographs. Please notice that the Cartesian method underlying the 

simulation makes no assumption on constraint sequence and thus allows for the exchange of constraints 

without further model modifications. 

CONCLUSIONS 

A detailed study of clinical data describing ribcage deformation led to the definition of a set of kinematically 

determinate, holonomic constraints in the human thoracolumbar system and the implementation of these 

into the complete model of the human thorax. The resulting model is controlled by a set of fifteen drivers, 

relating to clinical metrics of scoliosis. The model qualitatively reproduces the spine and ribcage deformation 

pattern and reproduces most dependent metrics with acceptable errors. Correct kinematic constraints are a 

condition for the subsequent use of the model to investigate the kinetics of scoliosis aetiology. Forthcoming 

work will attempt kinetic verification of the loading patterns. If the model can subsequently be shown to 

reproduce the kinetics of scoliosis, then it can also be used for in-silico design of interventions such as 

advanced orthotics to manage the condition. 
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