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1. INTRODUCTION 

1.1. In silico medicine and finite element analysis 

In general, investigation of the human body encompasses methodologies conducted in 

vitro, in vivo, or in silico. In vitro denotes the execution of procedures within a controlled 

environment external to a living organism. In vivo involves experimentation utilising a 

complete, living organism instead of an incomplete or deceased organism. The term in 

silico denotes experiments conducted on a computer or via a computer simulation (1). 

The term “in silico medicine” is frequently employed to denote the translational 

application of modelling and simulation in diagnosing, treating, or preventing diseases 

(2). Emerging as a developing science, in silico medicine generally employs synthetic 

and cellular biology, tissue engineering, animal experimentation, and various branches of 

experimental biophysics, including biomechanics, bioelectricity, and biochemistry (3).  

This PhD thesis discusses biomechanics-based in silico medicine, which employs the 

finite element (FE) method. The FE method is a numerical technique used to approximate 

solutions to partial differential and integral equations, enabling the analysis of complex 

structures by starting from their material properties (2). 

The first biomechanical application of finite element analysis (FEA) was reported by 

Brekelmans et al. in 1972 (4). Their study demonstrated the FE method's suitability for 

assessing stresses and strains in complex structures under different loading conditions. 

Subsequently, in 2002, Fagan et al. conducted a comprehensive review of the 

contributions of FEA to the understanding of the spine, its behaviour in healthy, diseased 

or damaged states (5). Fagan emphasised the FE method's ability to reduce reliance on 

animal and cadaver experiments and presented FEA as a valuable adjunct to clinical 

studies (5). Since Fagan’s study, FEA has been recognised as an effective predictive tool 

for assessing spinal biomechanics (6). Applying FEA can eliminate the difficulties, 

limitations and ethical concerns associated with in vitro experiments. Furthermore, FEA 

is more cost-effective than in vivo or in vitro experimental studies (5,7). The possibility 

of employing complex load cases and boundary conditions allows the investigation of 

biomechanical parameters that are difficult to measure by experimental methods (8). 

Recently, in silico studies using the FE methods have become more widespread (2,9,10), 

enabling patient-specific investigations and the development of new treatments and 

medical devices (11–13).  
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1.2. Patient-specific and literature-based finite element models  

Musculoskeletal FE models in the literature vary in patient-specificity depending on the 

modelling strategy (7,14,15). Two main bone material modelling strategies are used: the 

"hybrid patient-specific" approach, where geometry relies on the patient's medical 

imaging data while the homogenous material properties are derived from literature, and 

the "fully patient-specific" approach, where both the geometry and heterogenous bone 

material properties are defined based on medical images (CT, QCT, MRI).  

This PhD thesis first presents the development and validation of a "fully patient-specific" 

FE model of the lumbar spine. For the thoracolumbar and lumbopelvic regions, the 

"hybrid patient-specific" modelling approach was utilized. In the sacropelvic region, both 

methods were employed and compared. 

The  “fully patient-specific”  models can be used to investigate the load-fracture 

mechanism of bony structures, either with single vertebra models (14,16,17) or motion 

segments (15,18). Crawford et al. created a voxel-based vertebral body FE model to 

investigate vertebral compressive strength with CT-derived bone material properties and 

geometry (17). Costa et al. assessed the biomechanical characteristics of vertebrae with 

lytic lesions using a subject-specific FE model (14). Xiao et al. developed an FE model 

of the L4–L5 lumbar motion segment using patient-specific bone material properties to 

analyse its kinematics by measuring the range of motion (ROM) and comparing it with 

experimental results (15). The effects of medical imaging-based bone material properties 

were evaluated in the literature by comparing their results with simulations employing 

literature-based material properties. O’Reilly and Whyne compared geometrically 

parametric models with “fully patient-specific” models to analyse the strain and 

displacement patterns in healthy and metastatically involved vertebrae in a T6-T8 spinal 

motion segment. However, only the trabecular bone’s material property was assigned 

based on the CT scans. They found that both the geometry and material properties have a 

notable effect on vertebral strain and displacement (19). Sapin-de Brosses et al. compared 

the effect of medical imaging-derived bone material definition with literature-based bone 

material characteristics using an FEA of fourteen vertebrae. Their study concludes that 

applying patient-specific bone material properties reduces the relative error of the failure 

load estimation (20).  
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1.3 Clinical needs finding 

The National Center for Spinal Disorders (Budapest, Hungary) is a recognized regional 

clinical institute specializing in the treatment of spinal conditions. The extensive clinical 

observations from surgeries related to spinal deformities, tumours, or trauma provide 

valuable insights for in silico investigations. This approach aligns with the principles of 

the Stanford Biodesign program, a pioneering life science initiative that emphasizes 

training innovators to focus on clinical needs (21). Unlike traditional approaches that 

often start with a promising technology, the Stanford Biodesign process prioritizes 

identifying and characterizing the clinical need first. By adopting this clinical need-driven 

methodology, the work presented in this PhD dissertation aims to address some specific 

questions encountered in the everyday clinical practice. 

1.3.1. Proximal junctional kyphosis 

In recent years, the upward shift in age demographics has led to a significant increase in 

the prevalence of adult spinal deformity (22). In treating patients with adult spinal 

deformities, the application of surgical fixation techniques has grown significantly. 

However, these surgical techniques remain a cause for concern as they are associated with 

increased revision and complication rates (22). Proximal junctional kyphosis (PJK) is a 

complication with an incidence rate ranging from 17% to 39% within two years of surgery 

(23). PJK is an abnormal kyphotic deformity affecting the vertebral components proximal 

to the upper instrumented vertebra (UIV). PJK is described by the segmental kyphosis 

(SK) defined by the proximal junctional Cobb angle measured between the UIV and the 

vertebra two levels cranial to the UIV (UIV+2) (24). PJK occurs if the SK between the 

UIV and UIV+2 is at least 10° or if the SK increases by at least 10° after surgery. In more 

severe cases, PJK includes vertebral subluxation, vertebral body fracture, implant failure, 

damage to the posterior ligament complex, or adjacent level degeneration (25). Various 

patient-specific risk factors have been linked to PJK, such as older age, higher body mass 

index, lower bone mineral density (BMD), and comorbidities (26). Surgery-related risk 

factors have also been identified, such as the position of the UIV, given that PJK is more 

likely to occur in the lower thoracic and thoracolumbar regions (26). Furthermore, a high 

construct rigidity, a high degree of corrected deformity, and the number of fused vertebrae 

were also considered surgical risk factors (27). In addition, the quantitative GAP score 
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was found to be an efficient tool for predicting mechanical complications such as PJK 

(28). Besides these, the sudden change in rigidity between the instrumented and non-

instrumented segments was also identified as a contributing (29). To address this problem, 

various semirigid fixation techniques (SFTs) (29) were introduced in the literature, such 

as transverse process hooks (TPH) (30), transition rods (31), or the use of PEEK instead 

of metallic alloys (32). The purpose of such implants is to provide a more gradual 

transition to normal motion at the UIV level following long instrumented posterior spinal 

fusion, thereby reducing the probability of developing PJK (33). Previously, various in 

vitro experiments were performed to investigate the effect of different spinal constructs 

on the development of PJK. Thawrani et al. analysed the biomechanical effect of placing 

TPHs at the UIV level (30) and found that TPHs can provide a more gradual transition in 

motion than more rigid constructs and thus reduce the incidence of postoperative PJK 

(30). Viswanathan et al. published their findings that the SFTs could effectively extend 

the transition zone and reduce peak stress at the UIV level of long-segment thoracolumbar 

fixations (34). Doodkorte et al. analysed different SFTs, such as TPHs, and the use of 

sublaminar tapes at the cranial end of the construct (33). They found a more beneficial 

transition in mobility at the junctional levels in all semirigid constructs compared to the 

conventional pedicle screw fixation (33). Besides the in vitro measurements, FE analyses 

were also used to understand the biomechanical background of PJK. Bess et al. evaluated 

the effect of posterior anchored polyethylene tethers and concluded that the tethers 

provided a more gradual transition in ROM and reduced the load in the posterior ligament 

complex and in the pedicle screws at the UIV level (35). Zhang et al. investigated the 

application of PEEK rods and found that the risk of PJK is lower in the case of SFTs (36). 

As pointed out, these studies agree that the biomechanical assessment of the instrumented 

spinal segments may help predict and prevent postoperative PJK. In part II of this PhD 

thesis, two different SFTs were investigated and compared to the conventionally used 

titanium rod fixation (TRF) technique. The multiple-rod fixation (MRF) technique, based 

on the arrangement of thinner titanium rods in a shield pattern, was introduced by Farkas 

and Varga in 2002 (37). MRF aims to improve angular mobility while maintaining the 

stability resulting from the titanium material (37). The PEEK rod fixation (PRF) 

technique consists of PEEK material at the cranial end of the construct to decrease its 

rigidity. Among the previous in vitro and in silico studies of SFTs, the MRF technique 
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has not been previously investigated in relation to PJK. Furthermore, the effect of PEEK 

material at the cranial end of the construct on mobility and load distribution in long 

posterior spinal fixations has not been previously analysed.  

1.3.2. Sacral fractures and their impact on biomechanical properties 

The sacrum serves as a biomechanical keystone by transmitting the load of the upper body 

to the lower extremities (38). Sacral fractures are usually caused by high-energy traumas 

such as road accidents or falls from a greater height. Due to its biomechanical properties 

as a load-transition zone, sacral fractures are subjected to increased mechanical stress and 

can lead to an unstable pelvic ring (39,40). These traumatic, non-osteoporotic sacral 

fractures occur with a relatively low incidence of 2.1 per 100,000 (41). However, Bydon 

et al. reported a fivefold increase in traumatic sacral fractures between 2002 and 2011 

(42). The exact reason remains unclear. Potentially, the increased availability of CT scans 

could enhance the detection of sacral injuries (38,42). Although sacral fractures are 

recognised more frequently and treated surgically (38), there is still debate regarding 

optimal surgical management (43). The surgical options include iliosacral screw (ISS) 

and transverse iliosacral screw (TISS) (44), posterior plating (45), transiliac internal 

fixator (46), unilateral or bilateral triangular fixation (47,48)  and S2-alar-iliac techniques 

(49,50). Especially in cases of minor or non-displaced sacral fractures, achieving high 

stability with as little invasiveness as possible is crucial (38). Therefore, ISS and TISS 

emerge as suitable techniques from all those described (44). Osteosynthesis can typically 

be performed through a small lateral incision, percutaneously, and minimally invasively 

(51). Furthermore, the sacroiliac joint (SIJ) usually characterised by robust cortical bone, 

provides good screw purchase with a screw trajectory perpendicular to the fracture plane 

(38). This allows for fracture compression, potentially leading to improved fracture 

healing according to AO principles (52). However, screw placement requires a thorough 

understanding of the sacral anatomy as individual morphological variations exist (53). 

Screw loosening and hardware failure have been reported at relatively high rates, at 11.8% 

- 17.3%, with uncertain clinical relevance (44). Several biomechanical studies have been 

conducted to assess fixation techniques used for sacral fracture treatment (43,48,54–58). 

Acklin et al. and Hu et al. compared ISS fixation with different lumbopelvic fixations for 

treating Denis Type II sacral fractures (48,59). They concluded that lumbopelvic fixations 

are biomechanically more stable. However, such fixation techniques significantly 
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compromise the mobility of the lumbar region and require a larger surgical approach (60). 

Zhao et al. compared three ISS and three TISS configurations to evaluate their 

biomechanical stability for treating unilateral transforaminal sacral fractures, while Fu et 

al. analysed the same configurations in the case of bilateral sacral fractures (54,55). Both 

studies concluded that two TISSs at the S1 and the S2 levels are biomechanically the most 

stable configuration. Previous biomechanical studies employing FE analysis assumed 

identical bone quality at the S1 and S2 levels and employed averaged, homogeneous bone 

material properties (43,54–57,59,61). However, the study by Radley et al. revealed that 

bone quality significantly varies between the S1 and S2 vertebral bodies (62). Their 

analysis of 50 pelvic CT scans revealed significant variations in bone quality between the 

S1 and S2 vertebral bodies, with a 28.4 % lower regional BMD in S2. Their result 

indicates the need for locally defined bone material properties when assessing sacral 

fracture’s biomechanical characteristics. In a lumbar spine FE study, Turbucz and 

Pokorni et al. have revealed that medical imaging-based bone material properties are more 

accurate for predicting internal mechanical parameters, although its use is coupled with 

increased computational cost (63). However, regarding sacral fracture fixations, no 

previous biomechanical in silico study included patient-specific bone material properties.  

1.3.3. Lumbopelvic reconstruction techniques after total sacrectomy 

The lumbosacral complex serves as a biomechanical keystone, transmitting the forces 

from the axial skeleton to the lower limbs (64,65). It plays a crucial role in maintaining 

an upright posture and enabling the ability to walk (66). If this region is affected by 

malignant tumours, surgical interventions invariably emerge as the preferred treatment 

strategy (67–69). However, the surgical treatment of sacral tumours is technically 

demanding and necessitates careful consideration of anatomical and biomechanical 

factors (65,70,71). En bloc resection of a sacral tumour with a sufficiently wide 

oncological margin significantly influences the biomechanics of the lumbopelvic region 

(65), as it disrupts the continuity between the pelvis and spine (64). Therefore, 

lumbopelvic reconstruction is essential to provide sufficient biomechanical stability, 

enabling load-bearing and patient mobilization (65,70,72,73). 

For lumbopelvic stabilization, the Harrington rod technology was initially employed, 

although it rarely provided sufficient stability to enable bony fusion (68,74,75). Since the 

1990s, the predominant approach shifted to the Galveston-rod technique and its 
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modifications. These techniques included pedicle and iliac screws connected with rods 

(76–81). Technical progress in lumbopelvic reconstruction techniques (LPRTs) has been 

continuous since the early 2000s. In 2003, Kawahara et al. introduced the sacral rod 

reconstruction (SRR) technique, including a horizontal sacral rod attached to L5, 

combined with conventional posterior stabilization components (82). They also presented 

that SRR has a reduced risk of hardware failure and screw loosening (82). In 2006, Shen 

et al. presented the four-rod reconstruction (FRR) technique, employing four longitudinal 

spinal rods (78). The FRR technique has been analysed in numerous in vitro and in silico 

studies (74,83–87), revealing significantly reduced lumbopelvic motion compared to 

conventional LPRTs (84,85). In 2009, Varga et al. introduced the closed-loop 

reconstruction (CLR) technique, consisting of a single U-shaped rod, for lumbopelvic 

stabilization (67,88). The CLR technique is a non-rigid fixation approach, as concluded 

by a comprehensive six-year retrospective clinical investigation (88). Nevertheless, this 

non-rigidity did not cause hardware failure or limit the bony fusion between the ileum 

and the lumbar spine (88). Following its introduction, the CLR technique gained 

acceptance (89) and underwent further development (90). Furthermore, in 2011, Cheng 

et al. developed the improved compound reconstruction (ICR) technique, which 

anteriorly included the horizontal sacral rod and a bilateral fibular graft construct, while 

the posterior aspect was identical to the FRR technique (83). The ICR technique has been 

investigated in vitro (83,87) and in silico (74), demonstrating high structural stability.  

Previous investigations have unveiled that common mechanical failure modes of the 

LPRTs include screw-loosening and hardware failure (74,82). These have been associated 

with the concentrated stress at the screw-bone interface and within the rods (76). Bony 

fusion between the lumbar spine and the iliac bones is crucial for long-term clinical 

stability and better quality of life following a total sacrectomy (65,70). Reducing the 

distance between the bonny host surfaces - the caudal vertebral body and the iliac wings 

– increases the probability of successful bony fusion according to the biological process 

of bone formation. Furthermore, reducing this distance can also result in less soft tissue 

tension, leading to better wound healing. Lumbopelvic distance reduction (LPDR) is 

often achieved by pulling down the L5 vertebra and rotating the iliac wings towards the 

lumbar spine (70). Despite these mentioned clinical benefits of LPDR, the biomechanical 

impact of this procedure has not been previously investigated in the existing literature.  
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2. OBJECTIVES 

The main objective of this PhD thesis was to perform in silico investigations to provide 

scientific evidence for the clinicians performing surgical procedures at the National 

Center for Spinal Disorders. These in silico studies aimed to understand the biomechanics 

related to various surgical procedures and provide supporting evidence for clinicians. 

1. The aim of part I was to introduce the validation processes of different healthy 

anatomical regions, such as the lumbar spine, the thoracolumbar spine and the pelvis. 

In addition, the patient-specific bone material assignment technique is presented. The 

outcomes of the finite element model underwent comparison with data from in vivo 

and in vitro and established in silico results taken from the literature, aiming to 

validate the healthy anatomical finite element models.  

2. The aim of part II was to investigate proximal junctional kyphosis, a frequently 

encountered mechanical complication following long posterior spinal fusion 

surgeries. While existing literature has identified various risk factors, biomechanical 

investigations suggest that a significant contributor to proximal junctional kyphosis 

is the sudden change in mobility between the instrumented and healthy spinal 

segments. This section of the thesis aims to evaluate the biomechanical impact of 

three spinal fixation techniques, one rigid and two semirigid, on the development of 

proximal junctional kyphosis. 

3. The aim of part III was to assess and compare the biomechanical effectiveness of three 

iliosacral screw and three transverse iliosacral screw fixation techniques employed in 

the treatment of unilateral AO Type B2 (Denis Type II) sacral fractures. This 

evaluation was conducted utilising both literature-based and patient-specific bone 

material properties using the finite element method. 

4. The aim of part IV was to assess and compare the biomechanical characteristics of 

four lumbopelvic reconstruction techniques. This evaluation considered the impact of 

lumbopelvic distance reduction. Although many lumbopelvic reconstruction 

techniques have been previously analysed, the biomechanical effect of lumbopelvic 

distance reduction has not been investigated yet. 
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Contributions of this thesis work:  

1. Part I of this PhD thesis work is based on the scientific article entitled Development 

and Validation of Two Intact Lumbar Spine Finite Element Models for In Silico 

Investigations: Comparison of the Bone Modelling Approaches by Turbucz and 

Pokorni et al. Ágoston Jakab Pokorni contributed to developing the literature-based 

FE model of the healthy lumbar spine. He shares co-first authorship in the 

aforementioned publication detailing the development and validation process of the 

lumbar spine FE models (63). In this PhD thesis work, only the development and 

validation of the patient-specific FE model are presented.  

2. Part II of this PhD thesis work is based on the scientific article entitled Can semirigid 

fixation of the rostral instrumented segments prevent proximal junctional kyphosis in 

the case of long thoracolumbar fusions? A finite element study by Turbucz and Fayad 

et al. Jennifer Fayad contributed to developing the thoracolumbar spine FE model. 

She shares co-first authorship in the aforementioned publication, presenting the FE-

based investigation on the onset of PJK (91). 
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3. METHODS 

3.1. Part I. Development and validation of the healthy finite element models 

In all in silico investigations presented in this PhD thesis, FE models were developed 

using the quantitative computed tomography (QCT) scans (Hitachi Presto, Hitachi 

Medical Corporation, Tokyo, Japan) of a 24-year-old male without any musculoskeletal 

pathology. The studies involving the human participant underwent review and approval 

by the National Ethics Committee of Hungary and the National Institute of Pharmacy and 

Nutrition (reference number: OGYÉI/163-4/2019). The individual provided written 

informed consent for the publication of potentially identifiable images or data in this 

article. All methods were conducted following relevant guidelines and regulations. 

The QCT scans with a voxel size of 0.6 × 0.6 × 0.6 mm3 were employed to capture the 

geometry of the FE models. This process followed a previously reported imaging protocol 

(92). For each specific FE analysis, the QCT dataset (in DICOM extension) was sourced 

from the National Center for Spinal Disorders’s PACS and subsequently anonymised 

using Clinical Trial Processor software (Radiological Society of North America) (93). 

This approach ensured consistency across all investigations. 

All the FE simulations presented in this thesis work were solved using Abaqus Standard 

(Dassault Systemes, Vélizy-Villacoublay, France). 

3.1.1. Development of the healthy lumbar spine finite element model 

The 2D images from the QCT scans were imported into Materialise Mimics software 

(Materialise, Leuven, Belgium) to generate a patient-specific surface geometry model 

through a Hounsfield Unit-based segmentation process. Subsequently, the surface mesh 

was exported to 3-Matic software (Materialise, Leuven, Belgium) in STL format. To 

enhance mesh quality and eliminate spikes and cavities on the vertebral surfaces, the 

surface mesh underwent smoothing and remeshing with a target edge length of 1 mm (94) 

(Figure 1a). 
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Figure 1. a) The geometry of the FE model was defined by segmentation from the QCT 

scans. The bone material properties were assigned according to the HU values. b) The FE 

model of the IVD includes the CEP, the NP, the AF GS, and the AF fibres. c) Ligaments 

are illustrated on the L4–L5 FE model in sagittal and posterior views. 

In the lumbar spine FE model, vertebrae were meshed with a uniform element size of 1 

mm with linear tetrahedral elements. Locally defined material properties were applied to 

model bone heterogeneity, as the mechanical properties of the bone tissues were assigned 

to each element based on the QCT scans (Figure 1a). Hydroxyapatite calibration 

phantoms (Hitachi Presto, Hitachi Medical Corporation, Tokyo, Japan) were used to 

determine the relationship between the Hounsfield Units (HU) and elastic moduli. The 

determined equations are provided in Table 1. 
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Table 1. The applied formulas between the HU values and elasticity moduli (63). 

Formula No. of equation 

𝜚𝑄𝐶𝑇 = 5.2 × 10 − 3 + 8 × 10 − 4 × 𝐻𝑈 [g/cm3] 1 

𝜚𝑄𝐶𝑇 = 𝜚𝑎𝑠ℎ  2 

𝜚𝑎𝑠ℎ  =  𝜚𝑎𝑝𝑝  ×  0.6  3 

𝜚𝑎𝑝𝑝  =  8.667 × 10−3 + 1.333 × 10−3 × 𝐻𝑈 [g/cm3] 4 

𝐸 =  4,730 × 𝜚𝑎𝑝𝑝
1.56  [g/cm3] 5 

The HU values were converted to equivalent BMD (ρQCT) by using calibration phantoms 

(equation no. 1) with known densities of 50, 100, 150, and 200 mg/cm3 (95). Equivalent 

BMD was equal to ash density (ρash) (equation no. 2) (14,96,97), while the apparent 

density (ρapp) was calculated as 60% of ash density (equation no. 3) (14,98). The 

relationship between apparent density and HU (equation no. 4) was calculated employing 

the equations no. 1, 2 and 3. The isotropic elastic modulus (E) was calculated from 

apparent density based on a relationship from the literature (99).  

For the assignment of the calculated elastic moduli to the elements, the volume meshes 

were imported into Materialise Mimics software. Elements were categorised into ten 

equal-sized groups based on their average HU value (100). Elements with negative HU 

values were placed in an eleventh group, representing fat- and marrow-like materials with 

lower density (101). The median HU value of each group served as the representative 

value and was assigned to all elements within the group. The Poisson’s ratio of all bony 

tissues was uniformly set at 0.3 (96–98). 

Soft tissues, such as the facet joints were modelled as a 0.25 mm thick cartilage layer with 

an initial gap of 0.5 mm between adjacent surfaces (102) and then meshed with 6-node 

wedge elements (103).  The intervertebral discs (IVD) consisted of the nucleus pulposus 

(NP) and the annulus fibrosus (AF), including both the ground substance (GS), the fibres, 

and the 0.5 mm thick cartilaginous endplates (CEP). The AF GS was constructed as six 

concentric layers (104) around the NP, which accounted for 45% of the IVD (105) and 

was shifted posteriorly in accordance with the literature and general anatomy (106). The 

AF GS and the NP were represented with 8-node hybrid hexahedral elements (104), while 

CEP was meshed with linear tetrahedral and pyramid elements. The fibres were modelled 

with tension-only truss elements in a criss-cross pattern with an alternating angle of ±30° 
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to the axial plane of the IVD (107). The cross-sectional area values of the fibres in each 

layer were calculated from the volume ratio of the fibres to the GS: 23% (outermost), 

20%, 17%, 13%, 9%, and 5% (innermost), respectively (108) (Figure 1b).  

All seven major spinal ligaments were modelled: anterior longitudinal ligament, posterior 

longitudinal ligament, ligamentum flavum, interspinous ligament, supraspinous ligament, 

intertransverse ligament, and capsular ligament (Figure 1c). 

Table 2. Material properties and element types of the lumbar spine FE model.  

Material Element type Material properties Reference 

Bone C3D4 
Relationship between HU and E 

from equations (1)–(5); ν = 0.3 
(96–98) 

CEP C3D4, C3D5 E = 23.8, ν = 0.42 (109) 

Facet 

Cartilage* 
C3D6 C10 = 5.36; D1 = 0.04 (109) 

NP ϯ C3D8H C10 = 0.12; C01 = 0.03 (110) 

AF GS ϯ C3D8H C10 = 0.18; C01 = 0.045 (111) 

AF fibres T3D2 

Nonlinear stress-strain curve; cross-

section area values calculated at 

each layer from AF volume.  

(111–113) 

Ligaments SPRINGA Nonlinear stress-strain curve (114) 

C10, C01, D1: Material constants; E: Young’s modulus (in MPa), ν: Poisson’s ratio 

* = Neo-Hooke hyperelastic model, ϯ = Mooney-Rivlin hyperelastic model 

CEPs were assigned with linear elastic material properties obtained from the literature 

(109). The NP and AF GS  were modelled with a 2-parameter hyperelastic Mooney-Rivlin 

formulation to represent their incompressible behaviour. The mechanical behaviour of 

the annulus’ collagenous fibres followed a nonlinear stress-strain curve from Shirazi-Adl 

(113). Given the stiffer nature of the outer layers compared to the inner layers of the IVD, 

collagen fibres were weighted by scalar factors defined for each layer (111). Facet 

cartilage was modelled with a hyperelastic Neo-Hooke formulation (109). Tension-only, 

nonlinear uniaxial spring elements (115) were employed to simulate ligament behaviour. 

The material properties used for the lumbar spine FE model are presented in Table 2. 



20 

 

3.1.2. Loading and boundary conditions for the finite element analysis of the healthy 

lumbar spine 

Three loading cases were employed to validate the lumbar spine FE model accurately. 

First, a pure bending moment of 7.5 Nm was applied in the three anatomical planes at the 

superior endplate of L1 to simulate flexion, extension, lateral bending, and axial rotation 

(Supplementary Figure 1) (116). Second, a compressive follower load of 1000 N was 

employed to measure the IDP without bending moments (117). Third, a combination of 

a follower load and a bending moment was used with magnitudes adopted from 

Dreischarf et al. for flexion, extension, lateral bending, and axial rotation.: 1175 N with 

7.5 Nm, 500 N with 7.5 Nm, 700 N with 7.8 Nm, and 720 N with 5.5 Nm, respectively 

(7). During the simulations, the most caudal endplate of L5 was fixed in all degrees of 

freedom (Supplementary Figure 1). The contact behaviour between the facet joint 

surfaces was assumed to be frictionless (118). 

The outcomes were compared with in vivo (119–122) and in vitro experimental 

measurements taken from the literature (123–126). In the case of pure bending, the ROM, 

the intervertebral rotations (IVR), and the facet joint forces (FJF) were compared with in 

vitro (123,124,126) and in silico data (7,103). In addition, the load-deflection curves of 

L1–L5 were plotted with an in vitro measurement, and a range from numerical results. In 

the case of pure follower load, the intradiscal pressure (IDP) in the L4–L5 NP was 

averaged over all elements and then compared with in vitro (125) and in silico results (7). 

A combined compressive and bending load was applied to the FE models to measure the 

IVR, FJF, and IDP values at each spinal level and compared with in silico (7) and in vivo 

measurements (119–122), as the combined loads are assumed to be the most 

representative for in vivo experiments (127). 

To ensure that the mesh resolution did not affect the accuracy of model predictions, all 

elements of the bony parts of the L4 vertebra were investigated with five different element 

sizes (0.607, 1, 1.65, 2.73, and 4.505 mm) (14). The edge length of the most refined mesh 

was determined based on the resolution of the CT. The mesh was considered convergent 

when the difference in the von Mises stress values was less than 10% compared to the 

most refined mesh (14,118). As the results are most sensitive to axial rotation, a 7.5 Nm 

was applied on the upper vertebral endplate, while the lower endplate was fixed at all 

degrees of freedom (118,128). 
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3.1.3. Development of the healthy thoracolumbar spine finite element model 

The nonlinear FE model of the thoracolumbar (T7-L5) spine was developed based on the 

previously presented QCT scans of a healthy 24-year-old male (Figure 2a). A threshold-

based segmentation process was employed to obtain the 3D geometric representation of 

the lumbar (L1-L5) and the thoracolumbar (T7-L1) spine segments in the Mimics 

software. Subsequently, the triangulated surface meshes were imported into 3-Matic 

software in STL format. Both the lumbar and thoracolumbar regions included the first 

lumbar vertebra, which served as a basis for the n-point rigid surface registration, creating 

the T7-L5 spine model in a common reference system (Figure 2b). The quality of the 

registration and alignment was checked by calculating the Hausdorff Distance (HD) with 

MeshLab software (Metro Tool, Visual Computing Lab, Pisa, Italy) (Figure 2c) (129). 

 

Figure 2. Overview of the modelling process. a) The segmentation of the lumbar and 

thoracolumbar regions. b) Rigid surface registration of the generated 3D lumbar and 

thoracolumbar models and the aligned T7-L5 geometry model. c) Visualisation of the HD 

between the two L1 geometries. Figure from Turbucz M and Fayad J et al. 2023 (91). 
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The aligned T7-L5 spine model was then imported into HyperWorks software, where the 

finalised FE model was constructed. The vertebrae were divided into the 1 mm thin 

cortical shell, the cancellous core, the 0.5 mm thin vertebral endplates, and the posterior 

elements (130,131). The bony components of the vertebral bodies were meshed with 1 

mm linear tetrahedral elements. Linear elastic material properties were used for the 

cortical and cancellous bone, the vertebral endplate and the posterior elements 

(109,113,132). 

Table 3. Summary of the applied material properties and element types used in the 

thoracolumbar FE model.  

Material Element type Material properties Reference 

Cortical bone C3D4 E=10,000; ν=0.3 (132) 

Trabecular 

bone 
C3D4 E=100; ν=0.2 (113) 

Posterior 

elements 
C3D4 E=3,500; ν=0.25 (113) 

Vertebral 

endplate 
C3D4 E=1,200; ν=0.29 (133) 

CEP C3D6, C3D8 E=23.8; ν=0.42 (109) 

NP ϯ C3D8H C10 = 0.12; C01 = 0.03 (110) 

Facet 

Cartilage* 
C3D6 C10 = 5.36; D1 = 0.04 (109) 

AF GS ϯ C3D8H 

Lumbar: C10=0.18; C01=0.045 

Thoracic: calibrated stress-strain 

relationship. 

(110,111) 

AF fibres T3D2 

Lumbar: Nonlinear stress-strain 

curve;  cross-section area values 

calculated at each layer from AF 

volume.  

Thoracic: calibrated stress-strain 

relationship. 

(111–113) 

Ligaments SPRINGA Nonlinear stress-strain curve (114) 

C10, C01, D1: Material constants; E: Young’s modulus (in MPa), ν: Poisson’s ratio 

* = Neo-Hooke hyperelastic model, ϯ = Mooney-Rivlin hyperelastic model  
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The soft tissues of the thoracolumbar FE model, specifically the IVD, facet joints, CEP, 

NP, AF GS, AF fibres, and spinal ligaments, have been modelled identically, as explained 

in 3.1.1.  section. Therefore, the modelling of these spinal soft tissues is not repeated in 

this section. Nonetheless, the material properties of the thoracolumbar FE model are 

summarised in Table 3. 

The material properties of the soft tissues in the thoracic region were derived from those 

in the lumbar region. However, to approximate the in vitro measured IVR values in the 

T7-L1 region, specific adjustments were made to the material properties of the IVDs. 

Two scalar calibration parameters were introduced for this purpose. λGS was employed to 

calibrate the material of the annulus GS, with values ranging from 0.0025 to 238, 

representing the physiological limits of the GS material. Additionally, λFIBER served as a 

weighting factor for the stress-strain relationship of the fibres and could vary between 0.3 

and 2, as established by Schmidt et al. (111). 

3.1.4. Loading and boundary conditions for the finite element analysis of the healthy 

thoracolumbar spine 

To validate the T7-L5 intact spine model, pure bending moments were applied in the three 

anatomical planes to mimic flexion-extension, lateral bending, and axial rotation. 

Multiple FE models were created and loaded at the most cranial endplate, while the most 

caudal endplates were fixed in all degrees of freedom in each validation FE model (116). 

The calculated IVR values of the FE models were compared with the available in vitro 

data from the literature (123,134,135).  

3.1.5. Development of the healthy pelvis finite element models 

The geometric model of the intact pelvis was created using the anonymized QCT images 

from a 24-year-old male. The geometry was defined based on the QCT scans with 

segmentation (Figure 3a-b). Depending on the bone modelling strategy, two different FE 

models were developed in the HyperWorks FE pre-processor software. In the PSM, the 

sacrum and iliac bones were uniformly meshed using 1 mm linear tetrahedral elements to 

ensure that the elements were not larger than the slice thickness of the QCT scan. 

Subsequently, the equations listed in Table 1 were utilized to establish the relationship 

between HU values and elasticity moduli, following the method described in 3.1.1.  

section. Using Materialise Mimics, the bony elements were categorized into ten material 
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bins based on their average HU values (100). Elements with negative HU values were 

placed in an additional group, representing fat- and marrow-like materials (Figure 3c) 

(101). 

 

Figure 3. Construction of the two pelvis FE models. (a) QCT scans with the calibration 

phantoms. (b) 3D geometry was reconstructed with QCT scan-based segmentation. (c) 

Osseoligamentous FE model of the PSM with bone material properties assigned based on 

the QCT scans. (d) Osseoligamentous FE model of the LBM with bone material 

properties taken from the literature. Figure from Turbucz M et al. 2023 (136). 

In the literature-based model (LBM), the sacrum included a trabecular core, an S1 bony 

endplate and a cortical layer, both 0.45 mm thick (137). The iliac bones were modelled 

with a 1 mm thick cortical shell and a trabecular core (137). All bony components were 

adaptively meshed with linear tetrahedral elements, ranging from a minimum of 1 mm to 

a maximum of 4 mm edge length, and assigned isotropic homogeneous linearly elastic 
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bone material properties obtained from the literature (Figure 3d) (56,133). The detailed 

material properties of the bony components can be found in Table 4. 

Table 4. Applied material properties, including bone- and soft tissues and the implant. 

Model Material Material properties Reference 

LBM 

Cortical bone E = 18,000, ν = 0.3 (56) 

Trabecular bone E = 150 , ν = 0.2 (56) 

Bony endplate E = 1,200, ν = 0.29 (133) 

PSM Bone 

Relationship between the 

HU and the Young’s 

moduli based on the QCT 

scans 

(14,96–99) 

LBM 

& 

PSM 

Sacroiliac cartilage E = 1,000, ν = 0.3 (56) 

Interpubic disc E = 5 , ν = 0.3 (56) 

E: Young’s modulus (in MPa), ν: Poisson’s ratio 

The SIJ was developed as a true diarthrosis with an initial gap of 0.3 mm between the 

adjacent articular surfaces. Regions of the cartilages were defined based on the QCT scans 

and were modelled with a uniform sacral and iliac cartilage thickness of 2 mm and 1 mm, 

respectively (138). The SIJ was meshed with linear tetrahedral elements, while its 

material properties were assigned according to a previous in silico study (56). The 

interpubic disc was modelled as an interspace structure and meshed with tetrahedral 

elements (139).  

Eight pelvic ligaments were included in the FE models: the superior pubic ligament, the 

arcuate pubic ligament, the anterior sacroiliac ligament, the interosseous sacroiliac 

ligament, the long posterior sacroiliac ligament, the short posterior sacroiliac ligament, 

the sacrospinous ligament and the sacrotuberous ligament. The attachment regions were 

selected based on available anatomic data in the literature (140). Ligaments were 

modelled as tension-only uniaxial spring elements with material properties obtained from 

the literature (56,141) and summarized in Supplementary Table 1.   
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3.1.6. Loading and boundary conditions for the finite element analysis of the healthy 

pelvis 

To validate the LBM and PSM pelvis FE models, the displacement values of the sacrum 

under different loading conditions were measured and compared to the findings of a 

cadaveric study by Miller et al. and several in silico studies (137,142–144). Since the 

motion of the sacrum is primarily influenced by the soft tissues rather than the bone, the 

bony structures were modelled as rigid bodies for validation purposes (145). The virtual 

simulation closely replicated the original cadaveric experiment. Five translational loads 

(superior, inferior, anterior, posterior and mediolateral) and four rotational loads (flexion, 

extension, lateral bending and axial rotation) were applied to the sacrum, while both ilia 

were fixed. The displacement of a reference point representing the centre of the sacrum 

was recorded. A tight connection was set between the bony and soft tissues, and 

frictionless finite sliding was defined between the adjacent SIJ surfaces (56).  

3.1.7. Development of the healthy lumbopelvic finite element models 

The healthy lumbopelvic FE model was created by combining the FE models of the intact 

lumbar spine and pelvis, which were previously developed, verified, validated, and 

published (63,91,136). In addition, these FE models of the lumbar spine and the pelvis 

were presented in the previous sections of this PhD thesis. Therefore, the intact 

lumbopelvic FE model development is only concisely presented in the following sections. 

The lumbar part of the thoracolumbar FE model (presented in the 3.1.3. Development of 

the healthy thoracolumbar spine finite element model section) and the LBM pelvis FE 

model (presented in the 3.1.5. Development of the healthy pelvis finite element models 

section) were combined to develop the lumbopelvic FE model. Since these models were 

previously validated, the intact lumbopelvic FE model was considered suitable for further 

biomechanical analysis. However, the surgical lumbopelvic FE models were validated to 

increase the reliability of the FE predictions. 
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3.2. Part II. In silico investigation of different spinal fixation techniques in the 

thoracolumbar spinal region 

3.2.1. Development of the surgical finite element models of spinal fixation techniques in 

the thoracolumbar spine  

To investigate the biomechanical effect of different spinal fixation techniques on the onset 

of PJK, in addition to the healthy thoracolumbar spine (Figure 4a), the FE models of one 

rigid and two types of SFTs were developed: 

1) TRF – model: posterior fusion of the spine from T8 to L5 using bilateral pedicle screws 

and Ø5.5 mm titanium rods (Figure 4c); 2) PRF – model: Ø5.5 mm PEEK rods between 

T8 and T9 combined with posterior stabilisation of the spine from T9 to L5 using bilateral 

pedicle screws and Ø5.5 mm titanium rods. A rod connector device was placed to connect 

the titanium and PEEK rods (Figure 4b); 3) MRF – model: five Ø1.9 mm titanium rods 

between T8 and T9 combined with a posterior fusion of the spine from T9 to L5 using 

bilateral pedicle screws and Ø5.5 mm titanium rods. A rod connector device was placed 

to connect the titanium and the multiple titanium rods (Figure 4d). The material properties 

and the element types of the titanium and PEEK material are summarized in Table 5. 

Table 5. The material properties and the element types of the titanium and PEEK material  

Material Element type Material properties Reference 

Titanium C3D4 E=110,000; ν=0.3 (133) 

PEEK C3D4 E=3,600; ν=0.3 (133) 

E: Young’s modulus (in MPa), ν: Poisson’s ratio 
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Figure 4. The analysed spinal fixation techniques in lateral and posterior views. a) The 

intact T7-L5 model, b) the PRF model, c) the TRF model, and d) the MRF model. Figure 

from Turbucz M and Fayad J et al. 2023 (91). 

3.2.2. Loading and boundary conditions for the finite element analysis of different spinal 

fixation techniques 

For all FE models, the loading was applied at the superior endplate of T7, while the 

inferior endplate of L5 was fixed in all degrees of freedom. For a proper biomechanical 

evaluation of adjacent segment effects, a modified multidirectional hybrid test protocol 

has been applied in this PhD thesis, consisting of two subsequential loading steps (146). 

1. Load-controlled step: The intact T7-L5 and the instrumented FE models were loaded 

with 5 Nm pure bending moment in the anatomical planes to simulate flexion-

extension, lateral bending, and axial rotation (35). IVR values of the intact spine and 

the spinal fixation techniques were measured. Then, the IVR of the intact spine were 
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used to normalise the results of the three instrumented FE models. For symmetrical 

load cases, such as lateral bending and axial rotation, the right and left sides’ values 

were averaged. 

2. Displacement-controlled step: For a physiologically realistic comparison, the 

displacement of the TRF technique obtained from the first loading step was used as 

an input for the second loading step. The maximum von Mises stress values in the 

pedicle screws and the stress distribution at the UIV level were analysed. The 

maximum stress values for lateral bending and axial rotation were averaged similarly 

to the first step. 

3.3. Part III. In silico investigation of different sacral fracture fixation techniques 

using two sets of bone material properties 

3.3.1. Development of the surgical finite element models of different iliosacral screw 

fixations in the case of sacral fractures 

An AO Type B2 unilateral transforaminal sacral fracture was developed by cutting the 

healthy sacrum into two parts, with ligamentous tissues left intact in both the LBM and 

PSM (55,56). The fixations were developed by placing ISS and TISS in the fractured 

models (55,56). Screws with a diameter of 7.3 mm were inserted as described in the 

literature for fixing unilateral transforaminal sacral fractures (147). Thus, screws were 

perpendicular to the fracture plane with screw tips ending either near the counter lateral 

SIJ in the sacrum (ISS) or bridging both SIJ (TISS) (147).  

Six types of fixations were constructed as follows: (1) ISS at S1 (ISS1, Figure 5a), (2) 

ISS at S2 (ISS2, Figure 5b), (3) ISS at S1 and S2 (ISS12, Figure 5c), (4) TISS at S1 

(TISS1, Figure 5d), (5) TISS at S2 (TISS2, Figure 5e), and (6) TISS at S1 and S2 (TISS12, 

Figure 5f). Material properties of the ISS and TISS are detailed in Table 6.  

Table 6. Applied material properties of the ISS and TISS. 

Model Material Material properties Reference 

LBM & PSM Screw E = 114,000, ν = 0.3 (56) 

E: Young’s modulus (in MPa), ν: Poisson’s ratio 
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An ideal connection was set between the bone and the screw bodies, while a penalty 

contact interaction with a friction coefficient of 0.3 was defined between the 

interfragmentary surfaces (56). Balanced standing on both feet was simulated with a 

vertical load of 600 N applied on the cranial endplate of the sacrum while both acetabula 

were fixed (147).  

 

Figure 5. Fixation configurations investigated in this PhD thesis: a) ISS at S1 (ISS1), b) 

ISS at S2 (ISS2), c) ISS at S1 and S2 (ISS12), d) TISS at S1 (TISS1), e) TISS at S2 

(TISS2), and f) TISS at S1 and S2 (TISS12). Figure from Turbucz M et al. 2023 (136). 

3.3.2. Loading and boundary conditions for the finite element analysis of different 

iliosacral screw fixations in the case of sacral fractures 

The vertical stiffness (VS) was determined by dividing the load by the vertical 

displacement of the sacrum (48,57). Then, these VS values were normalised to the 

corresponding intact sacrum for all fixation techniques in both the LBM and PSM. To 

evaluate the probability of implant failure, the maximum von Mises stress values in the 

screws were investigated (55,57,59,61). The relative interfragmentary displacement 

(RID) on the fracture interface was analysed to evaluate the fracture healing progress 

(43,48,57). RID distribution and the maximum RID values for both models were reported. 

In addition, the stress state of the fracture interface was investigated. Conventionally, 

fracture healing is characterised by examining the maximum stress values on the sacral 

fracture interface (55,57,59,61). However, due to the heterogeneity of locally defined 
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bone material properties in the PSM, relying solely on the maximum values can be 

misleading. Therefore, instead of focusing on the maximum stress values, nodes from 

both models falling within the top 1% of stress values were analysed to ensure more 

accurate results. A boxplot figure was created to illustrate the median, minimum, and 

maximum stress values (63). 

Data management was performed using Microsoft Excel (Microsoft Corporation, 

Redmond, WA, USA), data processing was performed in the Python (Python Software 

Foundation, Wilmington, DE, USA) environment, and statistical analysis was conducted 

using IBM SPSS Statistics 25.0 (IBM Corp., Armonk, NY, USA). 

The VS, the maximum von Mises stress, and the maximum RID values were compared 

among the six groups using a Wilcoxon signed-rank pair test (p ≤ 0.05). Additionally, the 

distribution of the stress values falling within the top 1% of nodal stress was analysed 

using the two-sample Kolmogorov-Smirnov test (p ≤ 0.05), both on the fracture and the 

bone-implant surface. 

3.4. Part IV. In silico investigation of different lumbopelvic reconstruction 

techniques after total sacrectomy 

3.4.1. Development of the lumbopelvic finite element models after total sacrectomy 

To model total sacrectomy without LPDR, the sacrum was simply removed from the 

intact segmentation-based geometry model (Figure 6 a-b) without any further anatomical 

modification (Figure 6c). Subsequently, the sacrectomy FE model without LPDR was 

created (Figure 6d). To model total sacrectomy with LPDR, the anatomy after total 

sacrectomy was further modified by pulling down the lumbar spine by 1.1 cm. 

Furthermore, the iliac bones were moved inwards by 1.3 cm on the right side and by 1.5 

cm on the left side towards the lumbar spine to achieve a distance reduction of ca. 1.7 cm 

on both iliac sides (Figure 6e). Finally, the sacrectomy FE model with LPDR was created, 

similar to that without LPDR (Figure 6f). 
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Figure 6. a) CT scans of the lumbopelvic region. b) Segmentation-based surface model 

of the intact lumbopelvic region. c) Surface model after the total sacrectomy without 

LPDR. d) Total sacrectomy FE model without LPDR. e) Surface model after the total 

sacrectomy with LPDR. f) Total sacrectomy FE model without LPDR. Figure from 

Turbucz M et al. 2024 (148). 

3.4.2. Development of the surgical finite element models of lumbopelvic reconstruction 

techniques after total sacrectomy 

Using the FE models with and without LPDR, four different LPRTs were analysed: the 

CLR, the SRR, the FRR, and the ICR techniques (Figure 7).  

The CLR technique featured posterior stabilisation through pedicle screws between the 

L3 and L5 pedicles. Into the bilateral posterior inferior iliac bones, two iliac screws were 

inserted, the short and the long iliac screw. The pedicle and iliac screws were 

interconnected via a single U-shaped rod, with no additional anterior stabilisation (Figure 

7a). In the FE model with LPDR, the U-shaped rod is shorter as the distance between the 
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screw heads decreases. Accordingly, the curvature of the rod is increased between the 

lumbar spine and the ileum (Figure 7e). 

The posterior segment of the SRR technique included the same pedicle screws as the CLR 

technique, between the L3 and L5 pedicles, connected to the long iliac screws through 

two longitudinal rods. In the anterior part of the SRR, a horizontal sacral rod bridged the 

iliac bones and was attached to the inferior endplate of L5 using two screws (Figure 7b). 

In the case of LPDR, the sacral rod was slightly moved to align with the repositioned 

ileum (Figure 7f). 

 

Figure 7. a) FE models of the CLR, b) the SRR, c) the FRR, d) and the ICR techniques 

without LPDR. e) FE models of the CLR, f) the SRR, g) the FRR, h) and the ICR 

techniques with LPDR. Figure from Turbucz M et al. 2024 (148). 

The FRR technique included only posterior stabilisation. Pedicle screws were inserted 

between the L2 and L5 pedicles using the Roy-Camille screw placement at the medial 

side and the Magerl screw placement at the lateral side (74). Four longitudinal rods were 

utilised in this technique, with the lateral screws connected to the short iliac screws and 

the medial screws to the long iliac screw (Figure 7c). Following LPDR, the curvature of 
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the rods increased as the iliac screws were positioned closer to the midline of the spine 

(Figure 7g). 

The ICR technique consisted of the posterior part of the FRR and the anterior stabilisation 

of the SRR technique. Additionally, two fibular flaps were positioned along the 

iliopectineal lines between the lumbar spine and the pelvis (Figure 7d). In the ICR after 

LPDR, the fibular grafts were repositioned to align with the modified iliopectineal line 

(Figure 7h). The LPRTs analysed in this current FE analysis are detailed in previous 

studies (67,78,82,83). 

In all LPRTs, the diameters were as follows: 6 mm for the pedicle screws, 8 mm for the 

short iliac screws, 10 mm for the long iliac screws, 6 mm for the horizontal sacral rod, 

and 5.5 mm for the spinal rods (74,91). An ideal connection was modelled through shared 

nodes at the bone-screw and the screw-rod connections (91). Screws and rods were 

meshed with linear tetrahedron elements and were assigned with titanium material 

properties, as detailed in Table 5. The material properties of the lumbar spine (lumbar 

part of the thoracolumbar FE model) and the pelvis are detailed in Table 3 and Table 4, 

respectively.  

3.4.3. Loading and boundary conditions for the finite element analysis of the lumbopelvic 

reconstruction techniques 

The FE models of the intact lumbar spine and the pelvis were verified, validated, and 

published in previous publications (63,136). In addition, the pedicle screws and spinal 

rods were involved in a previous FE analysis with identical dimensions and mesh 

resolution (91). Therefore, no repeated mesh verification and intact model validation were 

carried out. However, validation of the surgical models is essential to ensure the reliability 

of the FE results and to draw adequate conclusions (149). The SRR, FRR, and ICR 

techniques were previously examined in a cadaveric in vitro study by Cheng et al. (83). 

Thus, validation was conducted for these three LPRTs using identical loading and 

boundary conditions.  

The L1 and connected soft tissues were removed for validation. A vertical force of 500 N 

was applied at the superior endplate of L2, shifted anteriorly to the hip joint’s centre of 

rotation, resulting in a moment of ca. 14 Nm (74). To simulate the hip function, the ileum 

could rotate in the sagittal plane with the two centre points of the hip joint being 

constrained (86). In addition, the pubis ramus was fixed in all degrees of freedom to 
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represent the metal hook used in the in vitro setup (86). Parameters for the validation were 

calculated as those in the cadaveric study. The shift-down displacement was defined as 

the vertical displacement of L5, and the relative sagittal rotation was calculated as the 

rotation of L5 in the sagittal plane relative to the ileum. To further increase the reliability 

of the FE models’ predictions, results of a previous in silico study were also included in 

the validation (74). Since the in silico study by Zhu et al. did not include any anatomical 

modifications following total sacrectomy (74), the validation was performed using the 

sacrectomy FE models without LPDR.  

Four loading cases were simulated to evaluate the LPRTs, employing combined follower 

load and bending moment (74). The follower load was applied along an optimised path 

through the lumbar vertebral bodies’ centre of rotation (63,150), while the bending 

moment was applied at the superior endplate of L1 (7,63). For flexion, extension, lateral 

bending, and axial rotation, the follower load and bending moment pairs were 1175 N 

with 7.5 Nm, 500 N with 7.5 Nm, 700 N with 7.8 Nm, and 720 N with 5.5 Nm, 

respectively (7,74). For the evaluation of LPRTs, the lower part of the ileum was fixed in 

all degrees of freedom (74). 

Lumbopelvic stability was assessed based on the shift-down displacement of L5 and the 

relative sagittal rotation of L5, both calculated using the same methodology as in the 

validation process (74,83). Additionally, the stress state at the bone-implant interface and 

within the rods was analysed to rank the reconstruction techniques regarding screw-

loosening and implant safety.  

Although the mesh resolution of the pedicle screws and rods had been verified previously 

(91), efforts were made to enhance the reliability of the predictions. Consequently, the 

mean von Mises stress, derived from the five nodes with the highest stress values, was 

employed instead of the maximum stress values measured in a single node (86). In the 

cases of symmetrical loading conditions, such as lateral bending and axial rotation, the 

averaged values, calculated from both right and left directions, were employed. 
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4. RESULTS 

4.1. Part I. Results of the healthy finite element models validation 

4.1.1. Results of the patient-specific lumbar spine finite element model validation 

The mesh convergence test assessed von Mises stress percentage differences in the L4 

vertebra between the finest and coarser mesh resolutions. Stress differences induced by 

the coarser mesh resolutions, in decreasing order of edge length, were 46.98%, 30.57%, 

16.99%, and 2.73%. The 1 mm mesh demonstrated convergence, with a difference below 

10%. 

 

Figure 8. Results of the lumbar spine FE model (with red colour). a) L1-L5 ROM values 

in flexion-extension, lateral bending, and axial rotation against pure bending (7,123). b) 

Load-deflection curves (7,123) c) Mean FJF at all levels (7,124) d) IDP in the L4–L5 NP 

against compressive follower load (7,125). 

Against pure bending moment load, the total L1–L5 ROM in flexion-extension, lateral 

bending, and axial rotation, the results were: 31.58°, 28.55° and 14.12°, respectively 

(Figure 8a). The nonlinear load-deflection curves illustrate the stiffening behaviour of the 

FE model against greater loads (Figure 8b). The mean FJF values were calculated as 51.94 

N, 8.50 N, and 83.74 N in extension, lateral bending, and axial rotation, respectively 

(Figure 8c). IVR values occurred within the range of experimental measurements (126), 
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except at the L2–L3 and L4–L5 spinal levels in flexion, where the model slightly 

underestimated the in vitro measurement, although the results correlate well with the in 

silico data (Supplementary Figure 2a–d) (103).  

Against pure compression load, the IDP value under the compressive follower load was 

1.02 MPa The results were in good agreement with both the experimental results (125) 

and the in silico range (7) (Figure 8d). 

Against combined load, the IVR results were consistent with the available literature data, 

although the results were outside the in vivo range in flexion at the L2–L3, L3–L4 and 

L4–D5 spinal levels (119–121). The in silico range (7) was not reached in flexion at L1–

L2, in extension at L2–L3 and L4–L5, and in axial rotation at L1–L2, L2–L3 and L3–L4 

(Supplementary Figure 2e-h). The IDP values showed good agreement with the published 

mean FE mid-values, while the simulation results approximated the available in vivo 

measurements (122) adequately (Supplementary Figure 3). The predicted FJF values 

were outside of the in silico range at L1–L2 and L2–L3 in axial rotation (7) 

(Supplementary Figure 4). 

4.1.2. Results of the thoracolumbar spine finite element models calibration and validation 

Weighting factor values for the annulus GS and fibres were between 0.28 and 0.5 and 

between 0.4 and 0.5, respectively. In more detail, the weighting factors obtained from the 

calibration process are given in the Appendix section in Supplementary Table 2. The IVR 

results of the thoracolumbar FE model were within the range of available in vitro 

measurements for all load cases, except at the T9-T10 spinal level for lateral bending 

(Supplementary Figure 6, Supplementary Figure 7, Supplementary Figure 8). In flexion-

extension and axial rotation, the predicted values showed good agreement with the in 

vitro mid-values, while in lateral bending, the predictions of the FE model slightly 

underestimated the in vitro measurements.  

4.1.3. Results of the sacrum finite element model validation 

The comparison of the FE prediction to the results of Miller et al. showed excellent 

agreement (142). For each loading case, the results fell within the standard deviation and 

were close to the published median values of the experimental results (Figure 9). 

However, the FE model slightly underestimated the results of the cadaveric experiment 

in flexion and extension. In addition, good agreement was found with the result of 
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multiple in silico studies published in the literature (137,143,144). The detailed results of 

the model validation are represented in Figure 9. 

 

Figure 9. Results of the model validation with rigid body modelling of the bony regions. 

Sacral displacements and rotations were compared to the experimental results of Miller 

et al. and the in silico results of Eichenseer et al., Kim et al., and Xu et al. (137,142–144). 

Standard deviations are represented by error bars. Figure from Turbucz M et al. 2023 

(136). 

4.2. Part II. Results of the in silico investigation of different spinal fixation 

techniques in the thoracolumbar spinal region 

4.2.1. Results of the of the alignment and registration 

HD values were calculated to assess the quality of the alignment and registration. HD 

values were calculated between the segmented thoracolumbar-based L1 and the lumbar-

based L1 vertebrae (Figure 2c). Minimum and maximum HD values were equal to 0 mm 

and 1.37 mm (mean= 0.15 mm, rms=0.2), respectively.   

4.2.2. Results of the finite element analysis of different spinal fixation techniques 

Load-controlled step: IVR values were measured against a pure bending moment of 5 Nm 

during this load step. The SFTs provided higher IVR values at the UIV level than the TRF 

(rigid) technique for all loading directions. At the UIV level, the IVR results normalised 

by the intact spine of the TRF, MRF and PRF models were 6.48%, 9.63%, and 12.90% 

for flexion (Figure 10a), and 7.0%, 10.02%, and 13.14% for extension (Figure 10b). For 

lateral bending, MRF and PRF gave 1.9 and 2.4 times higher IVR results than the TRF; 
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below the UIV level, all three fixation techniques gave values lower than 2.7% of the 

intact’s IVR (Figure 10c). Among all the load cases, axial rotation gave the largest 

normalised IVR values with 8.76%, 44.77% and 60.51% for TRF, MRF and PRF, 

respectively (Figure 10d). 

 

Figure 10. Calculated IVR angle values, normalised for the intact spine’s results, against 

a pure bending moment of 5 Nm for a) flexion, b) extension, c) lateral bending, and d) 

axial rotation. Figure from Turbucz M and Fayad J et al. 2023 (91). 

Displacement-controlled step: Maximum von Mises stress values of the screw bodies 

were analysed under identical displacements for all fixation techniques. In general, for all 

load directions, the TRF (rigid) model provided the largest, while PRF had the lowest 

peak stress values (Figure 11a-d). At the UIV level, TRF induced 37.26 MPa, 42.13 MPa, 

44.4 MPa, and 44.59 MPa stress values in flexion, extension, lateral bending, and axial 

rotation, respectively. In comparison to the TRF, the application of the MRF and PRF 

technique reduced the maximum stress values by 17.28% and 27.72% for flexion, by 

26.56% and 36.67% for extension, by 6.82% and 34.26% for lateral bending, and by 

49.07% and 59.81% for axial rotation. In contrast to the other load cases, the maximum 

stress values below the UIV level were not reduced compared to the UIV level for axial 

rotation, as the results were 44.59 MPa, 45.99 MPa, 46.56 MPa, 53.26 MPa and 48.34 

MPa, at T8, T9, T10, T11, and T12 respectively (Figure 11d).  
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Figure 11. Maximum von Mises stress values in the pedicle screws against displacement-

controlled load for a) flexion, b) extension, c) lateral bending, and d) axial rotation. Figure 

from Turbucz M and Fayad J et al. 2023 (91). 

The distribution of the von Mises equivalent stress values at the UIV level (T8) was 

visualised and evaluated with an axial section of the pedicle screws. In general, the largest 

area with stress higher than 10 MPa was found in the TRF (rigid) model, while PRF 

(semirigid) included the least. The stress distributions in flexion and extension show a 

similar trend, i.e., the TRF technique results in much higher pedicle screw stress in both 

loading cases. In contrast, MRF gives less, while the PRF technique induces the least 

stress in both loading directions (Figure 12a-b). For right lateral bending, the stress 

distribution pattern of the MRF model shows similarity with the TRF model in the aspect 

of magnitude and expansion (Figure 12c). In contrast, for axial rotation, the peak stress 

values appeared at the outer edge of the screw bodies in the instrumented models, with 

the TRF model containing notably more area stress above 10 MPa than the MRF and PRF 

(Figure 12d). 
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Figure 12. Von Mises stress distributions of the three fixation techniques at the UIV level 

for a) flexion, b) extension, c) right bending, and d) left rotation with the maximum scale 

value set to 10 MPa uniformly. Due to the symmetric stress distribution patterns, only 

one direction is considered for lateral bending and axial rotation. Figure from Turbucz M 

and Fayad J et al. 2023 (91). 
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4.3. Part III. Results of the in silico investigation of different sacral fracture fixation 

techniques using two sets of bone material properties 

4.3.1. Results of the finite element analysis of different sacral fracture fixation techniques 

Implementing different meshing algorithms in the two bone modelling approaches led to 

a greater number of elements in the PSM than in the LBM, with 3,997,316 and 1,998,737 

elements, respectively. The simulation times for the PSM and LBM were 4,270 and 1,554 

seconds, respectively, indicating that the PSM required approximately 2.7 times more 

time on average. 

 

Figure 13. Normalised VS values of the different fixation techniques in LBM and PSM. 

Figure from Turbucz M et al. 2023 (136). 

The VS results of each technique were normalised and presented in percentage, where 

100% equalled the VS of the corresponding intact sacrum. The smallest VS was measured 

with the ISS1 technique, where LBM and PSM gave 137% and 149%, respectively, while 

the highest VS was achieved using the TISS12 configuration, where LBM and PSM gave 

375% and 472%, respectively (Figure 13). No statistically significant difference was 

found between the LBM and PSM in terms of their VS predictions, as determined by the 

Wilcoxon signed-rank pair test (p = 0.688). The normalised VS results are detailed and 

shown in Figure 13. 

The LBM’s maximum von Mises stress value predictions in the implants were 73.3 MPa, 

59.9 MPa, 40.4 MPa, 65.3 MPa, 44.2 MPa, and 35.2 MPa for ISS1, ISS2, ISS12, TISS1, 

TISS2 and TISS12, respectively. PSM, however, increased the maximum stress values 
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by 19.3%, 16.3%, 27.8%, 2.3%, 24.4% and 7.8%, respectively (Figure 14). A statistically 

significant difference was found between the LBM and PSM in terms of their maximum 

implant stress, as determined by the Wilcoxon signed-rank pair test (p = 0.031). The 

maximum stress values are shown in Figure 14. 

 

Figure 14. Maximum von Mises stress values in the implants for LBM and PSM. Figure 

from Turbucz M et al. 2023 (136). 

The distribution of the RID values was analysed with the contact opening output from the 

Abaqus software. These values were plotted on the sacrum and shown in a sagittal view 

perpendicular to the fracture plane (Figure 15).  
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Figure 15. The distribution of the RID values in the LBM for (a) ISS1, (b) ISS2, (c) ISS12, 

(d) TISS1, (e) TISS2), and (f) TISS12 techniques with a uniform scale from -0.1 to 0.3 in 

mm. Figure from Turbucz M et al. 2023 (136). 

In addition to the distribution, the maximum RID values were also recorded. They were 

between 0.10 mm and 0.47 mm for all fixation techniques in both models. In LBM, the 

maximum RID values were 0.47 mm, 0.27 mm, 0.25 mm, 0.37 mm, 0.15 mm and 0.14 

mm for ISS1, ISS2, ISS12, TISS1, TISS2 and TISS12, respectively. No statistically 

significant difference was found between the LBM and PSM in terms of the maximum 

RID values, as determined by the Wilcoxon signed-rank pair test (p = 0.438). The 

maximum RID values are detailed in the  Supplementary Figure 9. 

Von Mises stress values on the fracture surface show distinctions between the two bone 

modelling strategies. The stress distribution between the LBM and PSM revealed strong 
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statistically significant differences across all fixation techniques (p < 0.001 for all pairs), 

as determined by the two-sample Kolmogorov-Smirnov test (Figure 16). 

 

Figure 16. Boxplot figure with nodes from LBM and PSM that fell within the largest 1% 

of the von Mises stress values of the fracture surface. Median values are represented with 

black dashed lines, the minimum and maximum with error bars. (Two-sample 

Kolmogorov-Smirnov test, *** denotes p-values ≤ 0.001) Figure from Turbucz M et al. 

2023 (136). 

In the PSM, the median stress values were 6.5 MPa, 7.2 MPa, 4.4 MPa, 6.1 MPa, 6.0 MPa 

and 3.8 MPa for ISS1, ISS2, ISS12, TISS1, TISS2 and TISS12, respectively (Figure 16). 

However, LBM increased the median stress values by 280.1%, 138.8%, 212.9%, 261%, 

132.4% and 234.7% compared to PSM. In the case of the maximum stress values, for 

ISS1, ISS2, ISS12, TISS1, TISS2 and TISS12, the LBM gave higher values by 255.1%, 

20.3%, 156.4%, 286.9%, 41.1% and 171.1% compared to PSM (Figure 16). The boxplot 

figure of the stress values on the fracture surface, including the median, the minimum, 

the maximum values, and the statistical annotations, are shown in Figure 16. 
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4.4. Part IV. Results of the In silico investigation of different lumbopelvic 

reconstruction techniques after total sacrectomy 

4.4.1. Results of the lumbopelvic reconstruction techniques validation 

The shift-down displacement and relative sagittal rotation of L5 were calculated and 

compared to the findings of the cadaveric in vitro study by Cheng et al. and the in silico 

study by Zhu et al. (74,83). The results of this PhD thesis were within the standard 

deviation range of the in vitro experiment for all three reconstruction techniques (Figure 

17). In the case of SRR and ICR, good agreement with the mean results of the in vitro 

experiment was observed, while for the FRR, the displacement and rotation of L5 were 

underestimated (83). However, excellent agreement was found with the in silico results 

for all LPRTs and both parameters (74). The validation results for the SRR, FRR, and 

ICR techniques are presented in Figure 17. 

 

Figure 17. Results of the validation process. a) Shift-down displacement of L5 in mm 

calculated for the sacral-rod reconstruction (SRR), the FRR, and the ICR techniques. b) 

Relative sagittal rotation of L5 in degrees calculated for the SRR, the FRR, and the ICR 

techniques. The results of the PhD thesis were compared to previous in-vitro (83) and in-

silico studies (74). Error bars represent the means and standard deviations. Figure from 

Turbucz M et al. 2024 (148). 

4.4.2. Results of the finite element analysis of different lumbopelvic reconstruction 

techniques after total sacrectomy 

The LPRTs ranked from smallest to highest displacement values as 

ICR<SRR<FRR<CLR for all loading cases, regardless of LPDR (Figure 18). For the ICR 

technique, the displacement values were 1.0 mm, 0.1 mm, 0.4 mm, and 0.4 mm for 

flexion, extension, lateral bending, and axial rotation, while for the CLR technique,  
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13.2 mm, 2.7 mm, 6.7 mm, and 6.9 mm, respectively. LPDR consistently reduced the 

displacement values. On average, the displacement was reduced by 25% in CLR, 61% in 

SRR, 15% in FRR, and 46% in ICR, based on all loading cases. The shift-down 

displacement values of L5 are detailed in Figure 18. 

 

Figure 18. Shift-down displacement of L5, both with and without LPDR, in a) flexion 

(1175 N with 7.5 Nm), b) extension (500 N with 7.5 Nm), c) lateral bending (700 N with 

7.8 Nm) and d) axial rotation (720 N with 5.5 Nm). Figure from Turbucz M et al. 2024 

(148). 

The LPRTs ranked from smallest to highest relative sagittal rotation values as 

ICR<SRR<FRR<CLR for all loading cases, regardless of LPDR (Figure 19). Without 

LPDR, the relative rotation values for the ICR technique were 1.0°, 0.2°, 0.5°, and 0.5° 

for flexion, extension, lateral bending, and axial rotation, while for the CLR technique, 

10.8°, 2.3°, 5.5°, and 5.6°, respectively. LPDR consistently reduced the relative sagittal 

rotation of L5. On average, the rotation was reduced by 21% in CLR, 73% in SRR, 11% 

in FRR, and 53% in ICR, based on all loading cases. The relative sagittal rotation values 

of L5 are shown in Figure 19. 
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Figure 19. Relative sagittal rotation of L5, both with and without LPDR, in a) flexion 

(1175 N with 7.5 Nm), b) extension (500 N with 7.5 Nm), c) lateral bending (700 N with 

7.8 Nm) and d) axial rotation (720 N with 5.5 Nm). Figure from Turbucz M et al. 2024 

(148). 

Without LPDR, the highest mean stress values were measured in the SRR technique with 

217.5 MPa, 40.1 MPa, 105.9 MPa, and 108.8 MPa for flexion, extension, lateral bending, 

and axial rotation, respectively (Figure 20). With LPDR, the FRR technique gave the 

highest mean stress values for flexion, lateral bending, and axial rotation with 174.0 MPa, 

82.1 MPa, and 89.1 MPa. However, in extension, the SRR technique induced the highest 

mean stress result with 36.1 MPa. With or without LPDR, the smallest mean stress 

predictions were given by the ICR technique for flexion, lateral bending, and axial 

rotation. Nonetheless, in extension, both with and without LPDR, the CLR technique 

yielded the smallest mean stress predictions with 32.3 MPa and 26.9 MPa, respectively. 

In general, LPDR decreased the mean stress values. On average, the mean stress values 

decreased by 13% in CLR, 26% in SRR, 19% in FRR, and 27% in ICR, based on all 

loading cases. The stress state of the bone-implant interface is detailed in Figure 20. 
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Figure 20. Mean von Mises stress calculated from the five nodes with the highest stress 

values at the bone-implant interface, both with and without LPDR, in a) flexion (1175 N 

with 7.5 Nm), b) extension (500 N with 7.5 Nm), c) lateral bending (700 N with 7.8 Nm) 

and d) axial rotation (720 N with 5.5 Nm). Figure from Turbucz M et al. 2024 (148). 

The LPRTs ranked from smallest to highest mean stress values as ICR<SRR<FRR<CLR 

for all loading cases, regardless of LPDR. Without LPDR, in flexion, extension, lateral 

bending, and axial rotation, the ICR technique gave the smallest mean stress results with 

346.5 MPa, 108.0 MPa, 186.2 MPa, and 199.7 MPa, while the CLR technique yielded the 

highest mean stress values with 955.9 MPa, 271.7 MPa, 585.6 MPa, and 585.0 MPa, 

respectively (Figure 21). Based on all loading cases, LPDR lowered the mean stress 

values within the rods by 25% and 12% in the SRR and ICR techniques, respectively. 

However, based on the average of all loading cases, in the FRR and CLR techniques, 

LPDR slightly increased the mean stress values by 5% and 2%, respectively. The stress 

state within the rods is detailed in Figure 21. 
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Figure 21. Mean von Mises stress calculated from the five nodes with the highest stress 

values within the rods, both with and without LPDR, in a) flexion (1175 N with 7.5 Nm), 

b) extension (500 N with 7.5 Nm), c) lateral bending (700 N with 7.8 Nm) and d) axial 

rotation (720 N with 5.5 Nm). Figure from Turbucz M et al. 2024 (148). 
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5. DISCUSSION 

5.1. Part I. Validity of the healthy finite element models 

Part I of this PhD thesis aimed to outline the validation procedures, which are an essential 

initial step  for all in silico investigations using the FE method. First, the development 

and validation of the healthy human lumbar spine were presented, employing a patient-

specific bone assignment approach. Subsequently, the thoracolumbar region of the spine 

was developed, calibrated, and validated using a literature-based bone modelling 

technique. Finally, the development and validation of the healthy human pelvis were 

presented with bony tissues modelled as rigid bodies. 

Dreischarf et al. described that the validation via diverse results increases the accuracy 

and reliability of the developed models’ predictions (7). Therefore, validation was 

performed utilising several published experimental and in silico results.  

The results of the lumbar spine FE model were in good agreement with the published in 

silico and in vitro studies for L1–L5 ROM in flexion-extension, lateral bending, and axial 

rotation (Figure 8a). However, the nonlinear load-displacement curve demonstrates that 

in flexion and extension, the FE model is slightly outside the in vitro range (Figure 8b). 

A similar trend is reported by Dreischarf et al, that the majority of their assessed FE 

models overestimate the motion in extension and underestimate it in flexion (7). 

In pure bending, the results of the lumbar spine FE model show good agreement with the 

available in vitro (124) and in silico (7) data, although a slight overestimation of the 

 in vitro result appeared in extension (Figure 8c). The results indicate that the FJF in 

lateral bending is notably lower than in extension and axial rotation, which may originate 

from the patient-specific anatomy, agreeing with the findings of Woldtvedt et al. (151). 

In flexion, no FJF was transmitted due to the lack of contact (127). The IDP prediction of 

the FE model in pure compressive follower load showed excellent agreement with the 

median in vitro results at 300 N and 1000 N (Figure 8d).  

The IVR values were obtained and evaluated for both pure and combined load cases 

(Supplementary Figure 2a–h). Wilke et al. previously reported that a pure bending 

moment of 7.5 Nm is the most appropriate for simulating the loads on the lumbar section 

to account for the effects of muscle forces (116). The IVR results of a cadaveric test by 

Panjabi et al. (126) and an FEA by Remus et al. (103) were used as a basis for comparison 

in the case of pure bending load.  
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The employed combined loads were determined by Rohlmann et al. and Dreischarf et al., 

using follower load and bending moment combination that most closely approximates the 

average of in vivo measurements reported in the literature (127,152,153). In the case of 

combined load, the average of three in vivo measurements (119–121) was used as a basis 

for comparison when evaluating the IVR results. In both load cases, the IVR predictions 

of the current FE study agree with the experimental results in extension, lateral bending, 

and axial rotation, while the simulations underestimated the experimental results in 

flexion (Supplementary Figure 2). The predictions of the current FE investigation are 

comparable to the in silico findings reported by Remus et al. and Dreischarf et al. (7,103).  

The predicted IDP values for combined load were compared to the mean of eight well-

accepted in silico results (7) and to an in vivo analysis by Wilke et al. (122). Excellent 

agreement with the in vivo and in silico results indicates that the model can predict the 

IDP values accurately (Supplementary Figure 3).  

In the case of combined load, the FJF values were compared to those mean in silico results 

reported by Dreischarf et al. (7) (Supplementary Figure 4). In general, the validated in 

silico studies show a significant variance regarding the FJF’s magnitude, indicating that 

this force is sensitive to the FE modelling techniques and the patient-specific anatomy. 

This finding is also supported by Schmidt et al., who found that the FJF is highly 

dependent on the individual geometry of facet joint surfaces (154). In flexion, no force 

occurred due to the lack of contact. In extension, the magnitude of the FJF increases 

caudally, agreeing with the results reported by Remus et al. (103). In lateral bending, FJF 

occurred only at the L4–L5 spinal level, as it was reported in several models investigated 

by Dreischarf et al. (7). 

Although the validation results of the LBM are not included in the current PhD work, the 

LBM and PSM were compared in terms of computational times. These comparisons are 

drawn from the publication entitled "Development and Validation of Two Intact Lumbar 

Spine Finite Element Models for In Silico Investigations: Comparison of the Bone 

Modelling Approaches," co-authored by myself and Agoston Jakab Pokorni, who 

developed the literature-based lumbar spine FE model. Generally, employing the 

literature-based modelling approach reduced the required CPU time, as the PSM notably 

required more time to complete for both pure and combined loads. Notably, in the case 
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of patient-specific bone material assignment, the computational cost dramatically 

increased due to the different meshing algorithms applied (Supplementary Figure 5). 

In this section of the PhD work, the objective was to develop, calibrate, and validate the 

literature-based FE model of the healthy thoracolumbar spine. As a starting point, the 3D 

geometry models of the thoracic and lumbar regions were registered and aligned based 

on the L1 vertebra. The HD is a well-accepted and widely used criterion for evaluating 

the quality and accuracy of the segmentation and registration process (155). The HD 

associated with the segmentation process represents the registration quality, as a lower 

HD value means higher accuracy (155). The average HD value between the L1 vertebrae 

of the lumbar and thoracolumbar regions (minimum = 0 mm, maximum = 1.37 mm, mean 

= 0.15 mm, root mean square = 0.2 mm) suggests that the registration quality is 

satisfactory and does not undermine the outcomes of subsequent biomechanical analysis. 

Previous studies described the material properties of the lumbar spine region; those 

parameters were adopted in the current FE investigation for the whole thoracolumbar 

(T7–L5) region (109,111,113,114,132,133). However, the biomechanical characteristics 

of the thoracic region differ from those of the lumbar spine (135). This difference is due 

to the smaller IVD height, the rib cage, the stabilisation effect of the thicker thoracic 

ligaments, and the presence of costovertebral joints (135). To offset this effect, a careful 

calibration was performed to adjust the IVR predictions of the thoracic region to multiple 

experimentally obtained in vitro results (123,134,135). The calibration process was 

accomplished by varying the weighting factor of the AF, considering the physiological 

limits reported in the literature (111). The calibration resulted in a T7-L5 FE model 

validated against IVR and ROM of the spinal segment, therefore suitable for further 

biomechanical analysis (Supplementary Figure 6, Supplementary Figure 7, 

Supplementary Figure 8). 

Previously, a mesh convergency study was performed, which reported the adequate 

element sizes for both the LBM and the PSM to ensure accurate FE results (63). 

Dreischarf et al. emphasised the importance of validating anatomical FE models with 

diverse studies, enhancing their reliability and predictive capability (7). Therefore, 

displacement and rotation values of the SIJ were compared with an in vitro experiment 

by Miller et al. and various in silico studies. Overall, the validation results agreed well 
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with the published measurements (Figure 9) (137,142–144). Consequently, the developed 

healthy pelvis FE model is suitable for further in silico investigations.  

5.2. Part II. In silico investigation of different spinal fixation techniques 

Following a long-instrumented posterior spinal fusion, PJK remains a relatively common 

complication. This well-known mechanical complication is also present in the National 

Center for Spinal Disorders, making it crucial to analyse the biomechanics behind its 

phenomenon. The risk factors associated with PJK vary on an individual basis, such as 

older age, high body mass index, low BMD, comorbidities, the surgical approach, 

instrumentation type, amount of deformity corrections, position of the UIV, and number 

of fused vertebrae (156–158). Previously, the sudden change in mobility was also 

identified as one of the risk factors reported by Kim et al. (159). In line with this 

recognition, multiple surgical procedures and instrument types have been developed to 

dampen this phenomenon and help the transition to normal motion at the junctional level 

(29,30,34). The proposed surgical solutions include conserving the posterior ligament 

complex and augmentation with polymethyl methacrylate. Furthermore, the application 

of semirigid fixation systems, such as TPHs, transition rods, or various types of elastic 

tethers or tapes, was also investigated.  

The results of this section of the PhD highlight that SFTs increase mobility and provide 

a more gradual transition in motion between the instrumented and non-instrumented 

spinal segments. The utilised FE method allows for comparing different techniques under 

identical anatomy and loading conditions, indicating that biomechanical differences are 

solely due to the fixation technique used. 

A modified multidirectional hybrid test protocol was employed, originally introduced by 

Panjabi (146). This loading method is particularly suitable for investigating adjacent 

segment effects, as it consists of two successive and related loading steps. First, in the 

load-controlled step, a pure bending moment of 5 Nm was applied to the intact and 

instrumented models, and then the IVR results of the intact model were used to normalise 

the predictions of the fixation techniques for the sake of better comparison with other 

investigated SFTs (33–36). Subsequently, a displacement-controlled load was applied to 

the rigid and two SFTs until the desired ROM from the first step was achieved. Although 

Panjabi suggested using the displacement of the intact spinal segment, corresponding 
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values of the TRF technique were employed to obtain physiologically suitable results and 

ensure direct comparison based on the pedicle screw load.  

The current FE investigation’s findings agree with previously published in silico and in 

vitro studies (33,35) in that the SFTs allow a more gradual transition to normal motion. 

According to the current models’ predictions, MRF and PRF behave less rigidly at the 

junctional level in all loading directions, especially in lateral bending and axial rotation. 

In axial rotation, the advantages of the SFTs are clearly visible as they provided 

substantially higher IVR values compared to the rigid technique. Similar findings were 

described by Doodkorte et al. (33), namely that in axial rotation, the semirigid spinal 

instrumentations behave less rigidly and increase the mobility of the spinal segments at 

the UIV level. In lateral bending, all fixation techniques significantly limit the motions 

below the UIV level; thus, the role of the “dampening zone” increases to help the 

transition between the instrumented and intact segments of the spine. In addition, similar 

results were found in a recent cadaveric in vitro experiment by Pereira et al., who 

investigated the biomechanical effect of PEEK rods connected to long posterior titanium 

fixation (160). They concluded that extension using PEEK rods allows redistribution of 

the load on the adjacent levels and decreases adjacent-level hypermobility that might be 

a risk factor to PJK. 

The investigated SFTs countered the rigid technique in that a connector device was used 

to join the different systems. This connector itself can increase the mobility of the 

construct. Accordingly, to avoid biased conclusions, the effect of the connector device on 

mobility was investigated in Supplementary Study 1 by creating and analysing a 

theoretical titanium-titanium fixation technique. The results help separate the 

biomechanical effects of the connector device and the fixation techniques, thus allowing 

appropriate conclusions. Based on the results described in Supplementary Study 1, the 

connector device alone does not significantly influence mobility, and the SFTs are 

responsible for most mobility increases and load reduction. 

Pedicle screw load is an essential factor when it comes to the comparison of different 

fixation techniques (35). The load of the pedicle screws indicates that the application of 

SFTs generally reduced the maximum stresses in all fixation techniques and for all 

loading directions at the UIV level. It is noteworthy that below the junctional level, the 

maximum stress values are relatively high for axial rotation compared to other loading 
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modes. The ability of SFTs to reduce the pedicle stresses also has clinical implications, 

as it means a lower probability of vertebral compression fractures and pedicle screw 

pullout (35). In addition, the decreased screw load helps prevent endplate fractures at the 

UIV+1 level (35). Based on these results, using SFTs reduced the load and increased the 

mobility at the UIV level; hence, these SFTs contribute to the unloading of the adjacent 

segment and thus reduce the risk of developing PJK. 

Results of this part of the PhD thesis can serve as valuable input for future product 

development in the field of spinal fixation techniques. The connector device presented in 

Part II has received a utility model protection in 2022 from the Hungarian Intellectual 

Property Office (U 22 00053). These developments underscore the potential for 

innovation in spinal fixation. Based on these results, MRF and PRF techniques could 

reduce the risk of developing PJK after long thoracolumbar fusions. However, additional 

biomechanical studies and comprehensive clinical trials are recommended to analyse the 

clinical outcomes of these biomechanically supported load distributing SFTs. 

5.3. Part III. In silico investigation of different sacral fracture fixation techniques 

The surgical treatment of unstable posterior pelvic ring injuries caused by traumas is 

challenging due to the complex local anatomy and unique biomechanics (161). Extensive 

research has been conducted to investigate the fixation techniques, both experimentally 

and computationally  (43,48,55–59). Despite the BMD difference between the S1 and S2 

bodies reported in the literature (62), no previous biomechanical in silico study included 

patient-specific bone material properties. Therefore, this section of the PhD work aimed 

to investigate the biomechanical characteristics of ISS and TISS techniques using two 

bone modelling strategies. However, it is important to note that inserting any screws at 

the S2 level or TISSs at the S1 level may not be feasible due to individual morphological 

variations (51). 

VS values are commonly used to assess biomechanical stability (57). Generally, the use 

of TISS allows higher stability regardless of the screw position compared to the 

configurations with ISS (Figure 13). The outcomes indicate that using even one TISS 

provides higher stability than inserting two ISSs. The statistical test revealed that the 

LBM and PSM predict similar trends regarding biomechanical stability. However, some 

differences can be observed. The VS predictions of the LBM suggest that placing one 

screw at the S2 level increases stability compared to the S1 placement. At the same time, 
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PSM demonstrates no change in VS (ISS1 vs ISS2 and TISS1 vs TISS2, Figure 13). These 

results indicate that the LBM underestimated the bone quality at the S1 level as PSM gave 

higher VS than the LBM in the case of ISS1 and TISS1.  

Analysing the maximum von Mises stress in the screws is important for implant safety 

(57). In this PhD thesis, the maximum stress values remained below the yield stress of 

the titanium for all fixation techniques (57), indicating that the non-fatigue failure of the 

implants is not predicted. Applying two screws is beneficial, as the ISS12 and TISS12 

gave the two lowest maximum stress values. The maximum stress values in the ISS2 and 

TISS2 were lower than in the ISS1 and TISS1, respectively, indicating that inserting the 

screw at the S2 level is more beneficial for implant safety. These results show excellent 

agreement with the findings of Fu et al., who showed that placing screws both at the S1 

and S2 levels results in the lowest maximum stress values and found that TISS12 were 

the most effective for stress reduction. In addition, they concluded that placing screws at 

the S2 level is more advantageous compared to the S1 level placement concerning implant 

safety (55).  

Despite the agreement in biomechanical stability, the stress distributions revealed 

significant differences between the LBM and PSM. On average, PSM gave 16% higher 

maximum stress values than the LBM, indicating that the heterogeneity of locally defined 

bone material properties increases the predicted von Mises stress values in the implant. 

The difference in the stress values confirms the findings by Synek et al., who reported 

that modelling the heterogenous and orthotropic properties of the bone influences the 

stress significantly in the inserted implant (162). 

RID values are commonly used in the literature to evaluate the ability of fracture healing. 

The biomechanical studies by Acklin et al., Hu et al., Peng et al. and Zheng et al. all 

included this parameter to assess sacral fracture fixation techniques (43,48,57,59). Peng 

et al. reported that RID values below 1 mm meet the clinical requirement for 

biomechanical stability (43). The RID results from this section of the PhD work indicate 

that all configurations can provide biomechanically stable solutions for sacral fracture 

management, as the maximum RID values for all configurations remained below 1 mm, 

with the TISS12 and TISS2 techniques demonstrating the highest stability among the 

configurations (Supplementary Figure 9). The distribution of the RID values highlights 

the symmetry of the biomechanical stability of the fixation techniques, for which 
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analysing only the maximum values is not possible (Figure 16). Peng et al. compared the 

biomechanical properties of TISSs with lumbopelvic and bilateral triangular fixation, 

using multiple points to measure RID (43). They found that the TISS12 fixation can 

provide superior results, allowing more symmetrical displacement distribution. In this 

PhD thesis, TISS12 yielded the lowest RID values at the caudal part of the sacrum, 

indicating symmetrical behaviour besides its highest stability. The RID predictions of the 

LBM and PSM did not differ significantly, as shown by the statistical test, meaning that 

the locally defined material properties did not affect the maximum RID predictions 

(Supplementary Figure 9). For that reason, in Figure 15, only the results of the LBM are 

presented.   

Claes et al. have performed a combined animal and in silico investigation to determine 

the role of stress and strain on fracture healing. They found that a relatively low-stress 

range promotes, while an excessive stress state retards osteoblast proliferation and 

activation (163). Therefore, the stress values allowed to rank the configurations based on 

their ability to promote fracture healing. Generally, the statistical test shows that stress 

values in the PSM were significantly lower than in the LBM (Figure 16). The locally 

defined bone materials in the PSM reveal that screw insertion at the S2 level notably 

increases the stress on the fracture surface. However, based on the LBM’s prediction, a 

screw at the S2 level is more advantageous than a screw at the S1 level. Therefore, 

similarly to the VS predictions, the literature-based bone materials underestimated the 

bone quality at the S1 level, as both ISS1 and TISS1 revealed a low-stress state when 

modelled with patient-specific bone, indicating superior fracture healing promotion 

ability. 

The stress distribution patterns on the fracture surface were also analysed, which revealed 

that in the LBM, the load is primarily borne by the cortical shell (Supplementary Figure 

10). In contrast, in the PSM, the stress distribution patterns are more realistic than the 

stress distributions in the LBM (Supplementary Figure 11). These results suggest that the 

patient-specific bone modelling approach enables more accurate prediction of stress 

distributions, making it advantageous for ranking techniques in terms of fracture healing 

ability. The stress values on the bone-implant surface were also investigated 

(Supplementary Figure 12), demonstrating lower stress values with the PSM compared 

to the LBM for all configurations. Placing a single screw at the S2 level instead of the S1 
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level increased stress in the surrounding bone, increasing the probability of screw 

loosening (ISS2 vs ISS1 and TISS2 vs TISS1). These findings agree with the 

recommendation of Radley et al. to prioritise the S1 body over S2 in sacral fracture 

fixations (62). 

The two bone modelling strategies consistently ranked the techniques based on vertical 

stability and maximum RID values. However, von Mises stress values revealed 

significant differences between the two approaches. On the fracture interface, PSM gave 

notably lower maximum stress values than LBM for all fixation types. On the other hand, 

PSM gave higher maximum implant stress values than LBM. Consequently, using locally 

defined bone material properties provides advantages in predicting the stress-shielding 

phenomenon, as opposed to relying on literature-based bone material properties. 

However, both bone modelling strategies can adequately rank fixation techniques based 

on global stability, reducing computational requirements. Therefore, both strategies are 

suitable for performing biomechanical studies. 

5.4. Part IV. In silico investigation of different lumbopelvic reconstruction 

techniques 

Over the past few decades, numerous LPRTs have been introduced and extensively 

analysed both in vitro (83–85,164–166) and in silico (74,76,82,86,167,168). However, 

the previous FE investigations did not consider the effect of LPDR. Therefore, the current 

section of the PhD thesis work assessed the biomechanical impact of LPDR on four 

LPRTs by evaluating both implant safety and lumbopelvic stability. 

The FE models of the intact lumbar spine and pelvis were previously developed, verified, 

validated, and described in this PhD work. In addition, the FE mesh of the pedicle screws 

and spinal rods has been employed in previous research (91). However, to further increase 

the reliability of the current FE investigation (7), the shift-down displacement and relative 

sagittal rotation of L5 were compared with in vitro and in silico results for the SRR, FRR, 

and ICR techniques (74,83). Good agreement was found with the previously published 

results, although the FRR predictions slightly underestimated the in vitro mean results 

(Figure 17). Since the CLR technique is structurally similar to the other validated LPRTs, 

all techniques are suitable for comparative biomechanical analysis. 

Shift-down displacement and relative sagittal rotation of L5 are commonly used to 

characterise the lumbopelvic stability of various LPRTs following total sacrectomy  
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(74,83,86). Both of these parameters consistently ranked the LPRTs, with the ICR 

technique demonstrating the highest lumbopelvic stability (Figure 18 and Figure 19). In 

their cadaveric in vitro study, Cheng et al. also concluded that the ICR technique, due to 

its combined anterior and posterior stabilisation, provides the highest biomechanical 

stability compared to other LPRTs, including the SRR and FRR techniques (83). 

Employing FE analyses, Zhu et al. arrived at the same conclusion and found that the ICR 

technique outperforms other investigated LPRTs from a mechanical perspective (74). In 

general, LPDR consistently improved lumbopelvic stability across all the analysed 

LPRTs and all loading conditions. 

Among the investigated LPRTs, the CLR technique exhibited the lowest lumbopelvic 

stability with the highest shift-down displacement and relative sagittal rotation of L5. 

Eltes and Turbucz et al. reported a 6-year-long follow-up study of a patient stabilised with 

the CLR technique after total en bloc sacrectomy (88). They found that CLR technique 

provides a non-rigid fixation, as considerable rod deformation was measured during the 

study period (88). Despite this, adequate bony fusion was reported without any hardware 

failure (88). Considering that the CLR technique had the lowest lumbopelvic stability and 

given its reported favourable clinical results, it suggests that, from a biomechanical point 

of view, all the analysed LPRTs are suitable for lumbopelvic reconstruction. 

Bone is an orthotropic material, meaning its mechanical properties, such as yield strength, 

vary in tension, compression, and torsion (169). Since, in this PhD thesis, bone tissues 

were assumed to have homogenous and isotropic linear elastic material properties, 

comparison to a single yield strength value oversimplifies the situation and may introduce 

potential errors (76,170). Therefore, the stress values were solely used to rank LPRTs 

based on the risk of promoting screw-loosening.  

Without LPDR, the SRR technique induced the highest bone stress around the implant 

for all loading cases (Figure 20). These high stress values were located near the sacral 

rod, which aligns well with findings from the experimental study by Murakami et al. (76). 

Although the ICR technique also includes the sacral rod, it produced the lowest stress 

results in flexion, lateral bending, and axial rotation, and the second lowest to the CLR 

technique in extension. This suggests that the bilateral fibular graft construct and the four 

longitudinal rods effectively reduce stress concentrations in the bone. These results are 

consistent with the findings of Yu et al., who examined strain at the bone-implant 
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interface in both the SRR and ICR techniques (87). Their cadaveric in vitro study showed 

that the ICR technique is the most effective in load sharing among the LPRTs they studied 

(88). With LPDR, the FRR technique gave the highest stress in flexion, lateral bending, 

and axial rotation and the second highest in extension (Figure 20). The lowest stress 

values were recorded in the same techniques as without LPDR: ICR for flexion, lateral 

bending, and axial rotation, and CLR for extension. In general, LPDR decreased stress 

values in all techniques and loading directions, suggesting that reducing the lumbopelvic 

distance is advantageous in preventing possible screw-loosening (Figure 20). 

The applied initial conditions significantly influence the stress values measured within 

the rods. An ideal, rigid connection was modelled between the screw heads and the rods. 

However, in reality, such connections often have some flexibility. To avoid potential 

errors and ensure adequate conclusions, the stress values were solely used to rank LPRTs 

based on implant safety, and they were not compared with any failure criteria. 

Interestingly, the influence of LPDR was less unidirectional compared to bone-implant 

stress (Figure 21). LPDR notably reduced stress values in the SRR and ICR techniques 

due to the reduced load on the horizontal sacral rods. Nonetheless, in the FRR and CLR 

techniques, stress even slightly increased. This might be because the rods are more bent 

to fit within the decreased lumbopelvic area, which bending then increases the peak stress 

values within the rods. However, on average, this stress increase was less than 5%.  

In recent years, patient-specific 3D printed implants were introduced and analysed in the 

literature, offering an innovative solution for sacral replacement and lumbopelvic 

reconstruction (86,171). Although these implants have shown promising biomechanical 

results (86,171), the biomechanical impact of LPDR was not considered. Based on the 

findings of this section of the PhD work, it is recommended that future custom-made 

lumbopelvic reconstruction devices incorporate LPDR. Nonetheless, their clinical 

efficacy still needs to be verified in long-term clinical investigations. 

In all the investigated LPRTs, LPDR consistently improved both lumbopelvic stability 

and implant safety. This anatomical modification notably reduced the shift-down 

displacement of L5, the relative sagittal rotation of L5, and the stress values at the bone-

implant interface. Therefore, performing LPDR creates a biomechanically more 

advantageous environment regardless of the reconstruction techniques. The ICR 

technique demonstrated the highest lumbopelvic stiffness, contrasting with the CLR 
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technique, which resulted in the lowest stiffness. Nonetheless, based on the findings of 

this section of the PhD work, from a biomechanical point of view, all LPRTs are suitable 

for lumbopelvic reconstruction. 

Sacrectomies were historically performed through combined anterior-posterior 

approaches. However, this procedure resulted in long operative times and significant 

trauma to the patient (172). To address these issues, a posterior-only approach was 

developed for tumours that did not invade the pelvic organs or extend beyond the 

lumbosacral junction (172). Nonetheless, it is important to note that performing a 

sacrectomy with an anterior-posterior approach does not necessarily indicate the need for 

combined anterior-posterior stabilization in subsequent lumbopelvic reconstruction 

techniques. However, while biomechanical factors hold significance, they alone are not 

decisive in selecting the suitable reconstruction technique. The selection of an appropriate 

technique should be a collaborative decision by the surgical team, considering their 

expertise and all available patient-specific information. 

5.5 Limitations 

Similar to all other in silico analyses, this PhD thesis contains limitations worth 

highlighting. All presented results are based on nonlinear static FE analysis, which cannot 

account for long-term physiological functions as it is based solely on mechanical theories 

(63,91). The healthy FE models developed in this PhD thesis were based on the anatomy 

of a healthy 24-year-old male, omitting anatomical variations associated with 

degeneration, age or sex. 

In Part I, the viscoelastic and poroelastic characteristics of the IVDs were not considered 

since a static FEA was performed, and different time-dependent behaviours, such as 

creep, were outside the interest of the study. However, the presented patient-specific 

lumbar spine FE model can be further developed by increasing the number of material 

groups in the patient-specific bone material assignment or modelling the NP as an 

incompressible fluid cavity and including an initial hydrostatic pressure field. Although 

the model could be improved by addressing these simplifications, the presented patient-

specific FE model is suitable for drawing conclusions and further biomechanical 

investigations. 

In the FE model of the thoracolumbar spine, the stabilising effects of the rib cage, thoracic 

wall muscles, and costotransverse and costovertebral ligaments were not included, nor 
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was the effect of the upper body weight. Therefore, in Part II, only normalised IVR values 

were given to avoid including unrealistic motion values originating from the listed 

simplifications. Nevertheless, the current FE analysis allowed a direct biomechanical 

comparison between the presented rigid and semirigid spinal fixation techniques using 

identical anatomy and loading conditions. The computational model could be further 

developed by considering the mentioned limitations. However, the relative difference 

between the techniques would remain the same; thus, the presented results provide a 

satisfactory basis for comparison. However, the model could be extended cranially in 

future work to allow a more detailed biomechanical analysis at the UIV+2 and UIV+3 

levels. 

In Part III, the ISS geometries were simplified; therefore, the magnitude of the stress in 

the bone around the screw could not be predicted accurately (173). Due to the static load 

applied, accurately predicting time-dependent failure modes such as fatigue and creep 

was not possible. In addition, only standing on both feet was considered, and other 

physiological movements, such as flexion, extension, lateral bending and axial rotation, 

were not included. The employed relationship between the HU and elastic moduli was 

determined for the lumbar spine and not specifically for the pelvis. However, the relative 

difference between the techniques would remain the same after eliminating the mentioned 

limitations. Since the nature of FE analyses cannot accurately predict clinical outcomes, 

long-term clinical studies (multicentric, retrospective and prospective) are recommended. 

In Part IV, the muscle forces were not considered. Due to the applied initial conditions 

between the screw heads and the rods, accurate prediction of the stress within the rods 

was not feasible. Additionally, the screw geometries were simplified, limiting the precise 

prediction of stress values at the bone-implant interface (173). Consequently, in Part IV, 

the stress-state analysis was employed primarily for ranking LPRTs based on their 

likelihood of screw-loosening and implant safety. Despite these acknowledged 

limitations, the FE analysis presented in Part IV enabled a direct biomechanical 

comparison between LPRTs with and without LPDR. Nevertheless, it is essential to 

emphasise the need for comprehensive clinical trials (multicentric, retrospective, and 

prospective) to interpret the findings of this biomechanical comparison adequately. 
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6. CONCLUSIONS 

The main aim of this PhD thesis was to highlight the significance of using in silico 

methods to understand the biomechanics associated with different surgical interventions. 

In the development of the lumbar spine, the aim was to present the development and 

validation process of the healthy human lumbar spine FE model using a patient-specific 

bone material assigning technique. The mesh resolution was investigated to ensure 

accurate model predictions. The results of the FE model were compared with in vivo, in 

vitro, and well-accepted in silico data from the literature. Validation was performed 

considering ROM, IVR, IDP, and FJF variables against pure and combined loads. Based 

on the parameters and loads investigated, the developed FE model can be used to model 

the biomechanical properties, such as ROM, IVR, FJF, and IDP of the lumbar spine, as it 

is in good agreement with the previously published results in most investigated variables. 

However, substantial differences in computational time between the literature-based and 

patient-specific bone material assignment techniques were observed. 

In part II, the previously developed and validated literature-based thoracolumbar spine 

FE model was used to investigate PJK, a frequent and clinically significant mechanical 

complication following long instrumented spine surgeries. In this part, FEA has been used 

to evaluate the effect of two SFTs compared to one conventional rigid fixation technique. 

In agreement with the literature, based on the findings in this FEA, less rigid fixations at 

the cranial part of the stabilisation construct allow a more gradual transition in motion 

between the instrumented and intact spine segments. Decreasing the load on the pedicle 

screws at the upper instrumented level could help prevent the development of PJK. 

Part III of this PhD thesis used the previously developed healthy pelvis FE model to 

investigate different sacral fracture fixations. Since an increasing number of sacral 

fractures are undergoing surgical management, clinicians must know the biomechanical 

properties of the available fixation techniques. Part III analysed six fixation techniques 

for treating unilateral sacral fractures using FEA, employing both patient-specific and 

literature-based bone material properties. Only ISSs or TISSs were used for sacral fracture 

fixation, thus preserving lumbar mobility. Based on the results, all analysed 

configurations provide clinically sufficient stability. From a biomechanical perspective, 

TISS12 outperformed all other fixations, delivering the greatest vertical stability and the 

least interfragmentary displacement and implant stress. These findings suggest that sacral 
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fracture fixations should prioritise the S1 level over the S2 as both ISS2 and TISS2 

increased the stress on the fracture interface and the bone-implant surface compared to 

ISS1 and TISS1, respectively. Both the PSM and LBM pelvis models consistently ranked 

the fixation techniques based on their ability to provide vertical stability and based on 

RID values. However, the observed differences in stress distribution emphasise the need 

for meticulous care when selecting the suitable bone modelling strategy depending on the 

aim of the study. It is important to note that the PSM while offering more realistic stress 

distribution results, requires additional computational resources compared to the LBM. 

In Part IV, the lumbar part of the literature-based thoracolumbar spine FE model and the 

pelvis FE model were combined to evaluate and compare the biomechanical 

characteristics of four different LPRTs while considering the effect of LPDR. Regardless 

of the reconstruction techniques employed, LPDR improves lumbopelvic stability 

following total sacrectomy by reducing the shift-down displacement and relative sagittal 

rotation of L5. Furthermore, LPDR decreases the stress at the bone-implant interface, 

lowering the risk of screw loosening. This technique also reduces the stress within the 

rods, particularly in techniques combining both anterior and posterior stabilisation. The 

ICR technique demonstrated the highest lumbopelvic stiffness, while the CLR technique 

showed the lowest. However, based on the findings, all techniques are suitable for 

lumbopelvic reconstruction. The ultimate selection of the appropriate technique should 

be a decision made by the surgical team based on their expertise and various patient-

specific aspects. 

In conclusion, through the development and validation of FE models, insights were 

gained regarding the biomechanical properties of the lumbar spine, thoracolumbar spine, 

and pelvis, as well as various fixation techniques and reconstruction methods. These 

findings provide practical contributions to evidence-based clinical decision-making and 

potentially enhance patient outcomes in spinal care. Nonetheless, further biomechanical 

investigations and long-term clinical trials are recommended to validate the presented 

findings and ensure their applicability in real-world clinical practice. 
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7. SUMMARY 

In Part I, three healthy FE models were developed and validated. Regarding bone 

modelling approaches, this section introduced two types of bone modelling strategies: a 

patient-specific approach for the lumbar spine and a literature-based technique for the 

thoracolumbar spine. The FE model of the healthy pelvis was developed using both 

strategies and was validated with bony tissues as rigid bodies. Based on the results of the 

validation processes, all three FE models are suitable for further biomechanical analysis, 

as they agree with available in vitro, in vivo and in silico data from the literature. 

In Part II, the validated thoracolumbar spine FE model was utilized to investigate the 

biomechanical effect of one rigid and two types of SFTs on developing PJK. For the 

analysis, a modified multidirectional hybrid test protocol was used. First, a pure bending 

moment of 5 Nm was applied to measure the IVR angles. Second, the rigid technique’s 

displacement from the first loading step was applied to the instrumented FE models to 

compare the pedicle screw stress values in the UIV. The FE analysis has shown that the 

SFTs increase the mobility at the upper instrumented segment and, therefore, provide a 

more gradual transition in motion between the instrumented and cranial non-instrumented 

spine segments. In addition, SFTs decrease the screw loads at the UIV level and hence 

could help reduce the risk for PJK. 

In Part III, the validated pelvis FE model was used to evaluate and compare the 

biomechanical efficacy of six ISS fixation techniques for treating unilateral Denis Type 

II sacral fractures using literature-based (LBM) and QCT-based bone material properties 

(PSM) in FE models. The results demonstrated that all investigated techniques 

demonstrated clinically sufficient stability, with TISS12 being superior from a 

biomechanical standpoint. Both LBM and PSM models indicated a consistent trend in 

ranking the fixation techniques based on stability. 

In Part IV, the lumbar part of the literature-based thoracolumbar spine and the pelvis FE 

model were combined to evaluate and compare the biomechanical characteristics of four 

LPRTs while considering the effect of LPDR. Based on the findings, LPDR significantly 

improved both lumbopelvic stability and implant safety in all reconstruction techniques 

after total sacrectomy. However, all four investigated LPRTs demonstrated suitability for 

lumbopelvic reconstruction, with the ICR technique exhibiting the highest lumbopelvic 

stiffness. 
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APPENDIX 

 

Supplementary Figure 1. FE model of the patient-specific lumbar spine with the applied 

loads and constraints. 

Supplementary Table 1. Applied material properties of the pelvic ligaments. 

Ligament 
K 

(N/mm) 

Number of 

elements 
Reference 

Arcuate Pubic Ligament 500 10 Li et al. 2015 

Superior Pubic Ligament 500 10 Li et al. 2015 

Long Posterior Sacroiliac 

Ligament 
1400 10 Zhao et al. 2012 

Short Posterior Sacroiliac 

Ligament 
1400 34 Zhao et al. 2012 

Interosseous Sacroiliac Ligament 2800 44 Zhao et al. 2012 

Anterior Sacroiliac Ligament 700 24 Zhao et al. 2012 

Sacrotuberous Ligament 1500 20 Zhao et al. 2012 

Sacrospinous Ligament 1400 26 Zhao et al. 2012 



 

 

 

Supplementary Figure 2. IVR results of the lumbar spine FE model at different spinal 

levels (with red colour). (a) Pure bending of 7.5 Nm in flexion, (b) extension, (c) lateral 

bending and (d) axial rotation. The white bars and their range correspond to the median, 

minimum and maximum values of an in vitro measurement (Panjabi et al. 1994). The 

grey bars and their range correspond to the median and range of results of a calibrated FE 

simulation (Remus et al. 2021). (e) IVR results of lumbar spine FE model at different 

spinal levels against combined loads in flexion, (f) extension, (g) lateral bending, and (h) 

axial rotation. The white bars and their range correspond to the median, minimum, and 

maximum values of multiple in vivo measurements (Pearcy 1985, Pearcy et al. 1984, 

Pearcy et al. 1985). The grey bars and their range correspond to the median and range of 

multiple validated FE model results (Dreischarf et al. 2014). 



 

 

Supplementary Figure 3. Predicted IDP values of the lumbar spine FE model at different 

spinal levels for combined loads (with red colour) in (a) flexion, (b) extension, (c) lateral 

bending, and (d) axial rotation. The white bars correspond to the median values of an in 

vivo measurement (Wilke et al. 2001). The grey bars and their range illustrate the median 

and range of multiple validated and published FE model results (Dreischarf et al. 2014).



 

 

Supplementary Figure 4. Predicted FJF values at different spinal levels of the lumbar 

spine FE model (with red colour) for (a) extension, (b) lateral bending, and (c) axial 

rotation for the FE models. The grey bars and their range illustrate the median, minimum, 

and maximum results of multiple FE models (Dreischarf et al. 2014). 

  



 

 

Supplementary Figure 5. Required computational times for the LBM and PSM against (a) 

pure and (b) combined. Figure from Turbucz M and Pokorni AJ et al. 2022. (Turbucz and 

Pokorni et al. 2022) 

 

Supplementary Table 2. Weighting factors obtained from the calibration process. 

Spinal level λGS λfiber 

T7 - T8 0.32 0.47 

T8 - T9 0.28 0.4 

T9 - T10 0.3 0.42 

T10 - T11 0.5 0.45 

T11 - T12 0.5 0.45 

T12 – L1 0.5 0.5 

λGS = Calibration factor for the annulus ground substance, λfiber = Calibration factor for 

the annulus fibers 



 

 

Supplementary Figure 6. Obtained intervertebral rotation angle values in flexion-

extension compared to the available in vitro measurements (Rohlmann et al. 2001, 

Couvertier et al. 2017, Wilke et al. 2017). 

 

Supplementary Figure 7. Obtained intervertebral rotation angle values in lateral bending 

compared to the available in vitro measurements (Rohlmann et al. 2001, Couvertier et al. 

2017, Wilke et al. 2017). 



 

 

Supplementary Figure 8. Obtained intervertebral rotation angle values in axial rotation 

compared to the available in vitro measurements (Rohlmann et al. 2001, Couvertier et al. 

2017, Wilke et al. 2017). 

 

Supplementary Figure 9. Maximum relative interfragmentary displacements on the 

fracture surface for LBM and PSM. 



 

 

Supplementary Figure 10. Von Mises stress distribution on the fracture surface in the 

LBM for a) ISS1, b) ISS2, c) ISS12, d) TISS1, e) TISS2), and f) TISS12 with a uniform 

scale from 0 to 1 in MPa. 

 

Supplementary Figure 11. Von Mises stress distribution on the fracture surface in the 

PSM for a) ISS1, b) ISS2, c) ISS12, d) TISS1, e) TISS2), and f) TISS12 with a uniform 

scale from 0 to 1 in MPa. 



 

 

Supplementary Figure 12. Boxplot figure with nodes from LBM and PSM that fell within 

the largest 1% of the von Mises stress values on the bone-implant surface. Median values 

are represented with black dashed lines, while minimum and maximum with error bars. 

(Two-sample Kolmogorov-Smirnov test, *** denotes p-values ≤ 0.001) 

  



 

Supplementary Study 1 – The biomechanical effect of the connector device 

The spinal fixation techniques (SFT) analysed in this PhD thesis use a connector device 

to join the conventional titanium rod to a less rigid peek rod or multiple thin titanium 

rods. A theoretical titanium rod fixation (TTRF) technique connecting titanium rod with 

titanium rod was modelled and compared with the TRF model to evaluate the 

biomechanical effect of the connector device. Identical boundary and loading conditions 

were applied: the inferior surface of L5 was fixed, while the load was applied at the 

superior endplate of the T7 vertebra. Two sets of loading were used to test the fixation 

techniques. First, a pure bending moment of 5 Nm was applied to measure the 

intervertebral rotation (IVR) values. Second, the displacement of the TRF model was 

applied to the TTRF to allow the comparison of the stress values under identical motion. 

 

Supplementary Figure 13. Obtained IVR values of the TRF, MRF, PRF and TTRF models 

in a) flexion, b) extension, c) lateral bending, and d) axial rotation. 

In the load-controlled step, the IVR values normalized by the intact spine results were 

measured for TTRF in addition to the SFTs. At the T8-T9 level, the TTRF model gave 

0.99%, 0.99%, and 3.68% larger IVR values than TRF in flexion, extension, and axial 



 

rotation, respectively (Supplementary Figure 13a, b, d). Meanwhile, in lateral bending, 

the TTRF's IVR was reduced by 0.2% (Supplementary Figure 13c). 

 

Supplementary Figure 14. Obtained maximum pedicle screw values of the TRF and 

TTRF models in a) flexion, b) extension, c) lateral bending, and d) axial rotation. 

In addition to the IVR predictions, the maximum stress values in the pedicle screws were 

measured and compared in the displacement-controlled load step (Supplementary Figure 

14a-d). At the uppermost instrumented vertebra (UIV), the TTRF model reduced the 

maximum stress by 1.67 MPa, 3.37 MPa, and 4.18 MPa in flexion, extension, and axial 

rotation, respectively (Supplementary Figure 14a, b, d). In lateral bending, the maximum 

stress value was larger in the case of TTRF by 4.05 MPa compared to the TRF model 

(Supplementary Figure 14c). 

The results of this current supplementary study allowed to separate the biomechanical 

effects of the presence of the connector device from the mechanical properties of SFTs. 

The results indicate that connecting two titanium rods via a connector device increases 

mobility and reduces screw stress for flexion, extension, and axial rotation. However, the 

opposite is observed for lateral bending, i.e., mobility decreases and pedicle stress 

increases. This phenomenon is not observed in the case of connector devices combined 

with SFTs, such as the MRF and PRF, as they gave higher mobility and lower stresses in 

all load directions than the TRF technique. Furthermore, compared to the TTRF, the SFTs 



 

increase mobility substantially more, which is well visualized in Supplementary Figure 

13a-d. 

In conclusion, although the connector device somewhat increases the upper instrumented 

segment's mobility, it is much less compared to the mobility of the different SFTs. This 

highlights that the connector device alone does not significantly influence the mobility 

and the SFTs are responsible for most mobility increase and load reduction. 


