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 Total disc replacement is a frequently performed surgical intervention 

for managing severe degenerative disc disease, aiming to maintain 

lumbar spine mobility. Nevertheless, long-term outcomes have 

highlighted concerns such as spinal instability and degeneration of 

adjacent segments. This study explores the biomechanical implications 

of body weight on adjacent vertebral segments in a lumbar spine 

implanted with a total disc replacement prosthesis through finite element 

analysis. Detailed three-dimensional lumbar spine finite element models 

were developed, including both an intact spine and a spine with the 

Maverick prosthesis implanted at the L4-L5 segment, with verification 

against existing literature. The models underwent follower compression 

loads of 500 N, 800 N, and 1200 N, representing normal, overweight, 

and obese conditions, combined with pure moments of 7.5 Nm applied 

in flexion and extension. The analysis presented that increased body 

weight and the rigid characteristics of the Maverick prosthesis at the L4-

L5 significantly influenced segmental motion, nucleus pulposus 

pressure, and annulus fibrosus stress compared to intact lumbar spine. 

The increasing body weight affected lumbar spine segmental motion, 

with the implanted lumbar spine model showing altered intersegmental 

rotation by 57% during extension motion. Additionally, notable 

increases in nucleus pulposus pressure and annulus fibrosus stress were 

observed, reaching 155% and 124% respectively, at the L3-L4 segment 

during extension under obese conditions. These biomechanical changes 

may contribute to early intervertebral disc damage and annular tear at 

the disc rim. 
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INTRODUCTION 

Low back pain (LBP), a pervasive musculoskeletal condition, often impacts quality of life by causing 

discomfort and disability. Increased body weight is a well-known contributor to joint stress, resulting in 

joint degeneration (Dario et al., 2015; Zhang et al., 2018). With the increasing prevalence of overweight 

and obesity, the occurrence of LBP is expected to escalate accordingly. Research has shown that excessive 

compressive loads on the spine lead to a reduction in the volume of the nucleus pulposus and a decrease in 

intervertebral disc (IVD) height (Nahorna & Baur, 2023; Segar et al., 2019). This degeneration 

subsequently damages the vertebral endplate and causes the outer annulus of the IVD to bulge, which is 

associated with pain initiation due to nervous system involvement (Bonnheim et al., 2022).  

Total disc replacement (TDR) has emerged as a promising surgical solution for treating severe 

degenerative disc disease. Despite its potential, the long-term effectiveness of TDR remains uncertain. 

Uncontrolled long-term studies have observed that while TDR enhances mobility in the lumbar spine, it 

simultaneously increases pressure and stress on the IVD, potentially accelerating degeneration in adjacent 

segments (Lu et al., 2018; Park et al., 2016).  

To date, most biomechanical data from in vitro and computational studies have explored the capability 

of prostheses to replicate the behaviour of intact discs and their long-term durability (Mazlan et al., 2017; 

Wen et al., 2024). Clinical studies on living subjects have reported that prosthetic devices such as Charité®, 

Prodisc®, and Maverick® restored disc height and range of motion (ROM) without disrupting sagittal 

balance (Liang et al., 2024). However, a five-year clinical study on patients with Charité® replacements 

noted modifications in lumbar curvature, increased translation, and ROM post-implantation at the L4-L5 

segment (Lu et al., 2018). Additionally, a ten-year study of the AcroFlex® prosthesis found it inadequate 

in preventing disc degeneration at adjacent segments (Furunes et al., 2018). Conversely, an in vitro study 

of the Maverick® prosthesis on a cadaveric lumbar spine indicated that its rigidity was comparable to the 

intact state (Zigler et al., 2018). 

Computational studies utilizing the finite element method have extensively investigated the 

biomechanical effects of lumbar prostheses. Prosthetic devices such as Charité®, Prodisc®, and Slide-

disc® have been found to alter the motion of the lumbar spine at the implanted segment (Ke et al., 2024; 

Suarin et al., 2021). These biomechanical outcomes depend more on individual spinal anatomy than specific 

prosthesis designs. Achieving optimal restoration of lumbar spine biomechanics involves selecting the 

appropriate prosthesis height and position, preserving critical structures such as the anterior longitudinal 

ligament (ALL) and the lateral annular fibres (Mabrouk et al., 2022). This is particularly important to 

address the instability and further degeneration observed at both the operated and adjacent segments 

following TDR surgery. Furthermore, modifications in lumbar spine segmental motion increase facet joint 

force at both the operation and adjacent lumbar segments, potentially leading to facet degeneration (Suarin 

et al., 2021). 

It is essential to understand the effects of TDR post-surgery on the lumbar spine particularly when 

subjected to excessive compressive loads. Moreover, the relationship between increased body weight and 

stress during various body movements needs further elucidation. Therefore, this study aims to examine the 

intersegmental rotation, nucleus pulposus pressure, and annulus fibrosus stress of Maverick® prosthesis 

implanted lumbar spine at adjacent vertebral segments using finite element analysis. The Maverick® 

prosthesis is extensively studied in clinical, and experimental research due to its role in spinal motion 

preservation and potential as an alternative to spinal fusion (Blumenthal & Ohnmeiss, 2024; Gornet et al., 

2019). This research seeks to deepen the understanding of how TDR and obesity interact to influence the 

lumbar spine biomechanics. 
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METHODOLOGY 

Model Development and Segmentation 

A three-dimensional lumbar spine finite element (FE) model was constructed using computed 

tomography (CT) scan data from a 21-year-old healthy male subject (173 cm in height and 70 kg in weight), 

with ethical approval secured (UTeM.47.01.01/500-25/16(13)). Vertebral segmentation was achieved 

through Mimics software, while the soft tissues of the IVD and facet joint cartilage were modelled using 

Mimics and SolidWorks 2022 software as shown in Fig 1. The facet joint cartilage, essential for regulating 

spinal movement, was modelled with a uniform thickness of 2 mm. An initial gap of 0.5 mm was 

incorporated between cartilage surfaces to reflect natural anatomical conditions. 

 

 

Fig. 1. Three-dimensional lumbar spine model. 

Construction of Intervertebral Disc and Ligaments  

The IVD and ligament construction was based on previous work (Zahari et al., 2017). The IVD was 

subdivided into annulus fibrosus and nucleus pulposus with a volumetric ratio of 3:7. The annulus fibrosus 

was further partitioned into four zones which were external ventral-lateral (EVL), internal ventral-lateral 

(IVL), external dorsal (ED), and internal dorsal (ID), as shown in Fig 2. This segmentation was necessary 

for constructing and defining the annulus fibres’ orientation to reinforce the tissue with collagenous fibres.  

 

 

Fig. 2. Construction of IVD (a) regional classification of IVD (b) orientation of annulus fibres. 

The annular fibres with radial alignment, ranging from ±24º on the ventral side to ±46º on the dorsal 

side, replicating natural fibre orientation observed in anatomical studies. The fibres were represented as 

three-dimensional two-node truss elements, connecting inner and outer annular regions as well as the 

nucleus and inner annulus, as shown in Fig 2(b). Meanwhile, three-dimensional truss elements were used 

L1-L5 vertebrae  

L1-L2 IVD 

L4-L5 facet cartilage 
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to model ligaments under tension conditions, with cross-sectional areas based on previous studies as shown 

in Table 1. 

Table 1. Cross-sectional area of ligaments (Zahari et al., 2017) 

Ligament Cross-sectional area (mm2) 

Posterior longitudinal ligament (PLL) 20.0 

Anterior longitudinal ligament (ALL) 63.7 

Ligamentum flavum (LF) 40.0 

Capsular ligament (CL) 30.0 

Intertransverse ligament (ITL) 1.8 

Interspinous ligament (ISL) 40.0 

Supraspinous ligament (SSL) 30.0 

Finite Element Model of Lumbar Spine 

The FE models, representing both an intact lumbar spine and one implanted with a Maverick® 

prosthesis, were developed using Marc/Mentat finite element software. The Maverick® prosthesis was 

modelled according to specified dimensions, using linear elastic material characterized by an elastic 

modulus of 300 GPa, Poisson’s ratio of 0.27, and friction coefficient of 0.05 (Gstoettner et al., 2008). For 

prosthesis implantation at the L4-L5 segment, the nucleus and ALL were completely removed. Partial 

preservation of the lateral annulus was maintained according to the size of the endplates. Anterior placement 

of the implant was achieved through an idealized surgical approach, assuming perfect osteointegration 

between the prosthesis and the bone. The nucleus at the central IVD space served as the reference point for 

prosthesis positioning. Fig 3 shows both the intact and implanted osseoligamentous lumbar spine FE 

models. 

 

 

Fig. 3. FE model of lumbar spine (a) intact (b) implanted. 

Material Properties and Contact Interactions 

Material properties for all model components are summarized in Table 2. Cortical and cancellous bones 

were modelled as linear isotropic materials, while the nucleus and annulus were represented by Mooney-

Rivlin hyperelastic model. The stress-strain behavior of the annulus fibres and ligaments was based on non-

linear relationships consistent with physiological responses under tension (Zahari et al., 2017).  

The IVD and vertebral interfaces were modelled as perfectly bonded to ensure stability and facilitate 

load transfer during simulation. Contact between the facet joint cartilage surfaces was treated as surface-

to-surface interaction with a normal contact stiffness of 200 N/mm and zero friction coefficient to simulate 

Maverick® 

prosthesis 
(a) (b) 
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the lubricating effects of synovial fluid for frictionless motion (Zahari et al., 2017). An initial gap of 0.5 

mm was maintained between opposing cartilage surfaces to replicate natural joint spacing. 

Table 2. Material properties of lumbar spine FE model (Zahari et al., 2017) 

Element set Element type Material properties 

Vertebrae bone   

Cortical bone 3-D Tetrahedron E = 12000 MPa, ν = 0.3 

Cancellous bone 3-D Tetrahedron E = 100 MPa, ν = 0.2 

Articular cartilage 3-D Herman formulation, lower order 

tetrahedron 

E = 35 MPa, ν = 0.4 

Intervertebral disc   

Nucleus pulposus 3-D Herman formulation, lower order 

tetrahedron 

Mooney Rivlin: 

C1 = 0.12, C2 = 0.03 

Annulus ground substance 3-D Herman formulation, lower order 

tetrahedron 

Mooney Rivlin: 

C1 = 0.18, C2 = 0.045 

Ligaments   

Posterior longitudinal 3-D Truss E = 10.0 MPa (ɛ<11%), 

E = 20 MPa (ɛ >11%) 

Anterior longitudinal 3-D Truss E = 7.8 MPa (ɛ <12%), 

E = 20 MPa (ɛ >12%) 

Ligamentum flavum 3-D Truss E = 15.0 MPa (ɛ <6.2%), 

E = 19.5 MPa (ɛ >6.2%) 

Capsular ligament 3-D Truss E = 7.5 MPa (ɛ <25%), 

E = 32.9 MPa (ɛ >25%) 

Intertransverse 3-D Truss E = 10.0 MPa (ɛ <18%), 

E = 58.7 MPa (ɛ >18%) 

Interspinous 3-D Truss E = 10.0 MPa (ɛ <14%), 

E = 11.6 MPa (ɛ >14%) 

Supraspinous 3-D Truss E = 8.0 MPa (ɛ <20%), 

E = 15.0 MPa (ɛ >20%) 

Loading and Boundary Conditions 

The FE models of both intact and prosthesis-implanted lumbar spines were subjected to combined 

loading conditions, including pure moments of 7.5 Nm and compressive follower loads, to simulate flexion 

and extension physiological activities. Moments were applied as force couples at the anterior and posterior 

regions of the L1 vertebral body as tabulated in Table 3. Concurrently, follower compressive loads 

representing upper body weight were distributed along the lumbar curvature using eight spring elements 

connected to the lateral regions of the L1-L5 vertebral bodies (Zahari et al., 2017). This approach stabilized 

the spine, emulated local muscular support, and prevented unnecessary moment generation, enabling higher 

load simulations. 

Table 3. Force couple applied on the lumbar spine FE model (Zahari et al., 2017) 

Loading direction 
Anterior point Posterior point 

Fy (N) Fz (N) Fy (N) Fz (N) 

Flexion -98 -230 98 230 

Extension 98 230 -98 -230 

 

The compressive loads of upper body weight, representing 60% - 70% of total body weight (including 

trunk, head, and arms), corresponded to body weights of 55 kg, 80 kg, and 150 kg to represent normal 

weight, overweight, and obese conditions, respectively (Kurutz & Oroszváry, 2010; Walpole et al., 2012). 

The follower loads were calculated as 300 N, 600 N, and 1000 N, with an additional 200 N included to 

account for muscular forces during flexion and extension. Meanwhile, the L5 vertebra’s inferior surface 

was constrained in all directions to simulate fixed boundary conditions. 
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RESULTS AND DISCUSSION 

Verification of FE Model 

The FE model representing the L1-L5 osseoligamentous lumbar spine was initially verified by 

comparing its range of motion (ROM) under a pure moment of 7.5 Nm during flexion and extension with 

published in vitro data (Panjabi et al., 1994). The intersegmental rotation of the FE model exhibited a pattern 

consistent with the experimental results, as depicted in Fig 4. The deviation in ROM during flexion was 

measured at 7.5% under the 7.5 Nm moment. While noticeable discrepancies were present between 2 Nm 

and 5 Nm during extension, the ROM deviation reduced to 8.1% at 7.5 Nm. The FE model demonstrates a 

high degree of accuracy in replicating physiological lumbar spine motion observed in in vitro studies, with 

less than a 15% acceptable threshold given the complexity of human tissue behavior and variability in 

biological responses (Xu et al., 2017). 

 

 

Fig. 4. Comparison of total ROM between the present FE model and previous in vitro study. 

Further verification was performed by assessing the axial displacement and intradiscal pressure of the 

L4-L5 IVD segment. Fig 5 illustrates that these results were well aligned with previous in vitro findings  

(Ranu, 1990). Under a compression load of 1200 N, the axial displacement and intradiscal pressure deviated 

by 7.1% and 6.9%, respectively, compared to the previous in vitro study. 

 

 

Fig. 5. Axial displacement and intradiscal pressure under compressive load. 
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Subsequently, the intersegmental rotations of the implanted FE model subjected to normal compressive 

load at L1-L2 and L3-L4 lumbar segments were found to be within the range measured in previous in vitro 

biomechanics study of TDR using Maverick prosthesis as shown in Fig 6 (Wido et al., 2009). Although the 

intersegmental rotation at the L2-L3 lumbar segment was slightly higher, with a 33% difference, rotations 

across other segments showed variations of less than 4%, confirming reasonable agreement with 

experimental findings. 

 

 

Fig. 6. Intersegmental rotation during flexion-extension between the present and previous in vitro study for the 
implanted lumbar spine model. 

With both intact and implanted FE models verified, the study proceeded to evaluate the biomechanical 

behaviour of varying human weights (normal, overweight, and obese conditions) on the segmental motion 

and the IVD stresses in the lumbar spine. Changes in IVD stresses were assessed by measuring the 

intradiscal pressure and annulus fibrosus stress. 

Intersegmental Rotation 

The implanted lumbar spine FE model was subjected to varied loading conditions to explore their 

influence on intersegmental rotation. Fig 7 illustrates that human weight significantly affected segmental 

motion, with rotations increasing during spinal flexion and decreasing during. The most notable differences 

were observed at the L3-L4 segment. During extension, rotations increased by 6% and 10% for overweight 

and obese conditions, respectively, whereas in flexion, these differences were 1.8% and 5.4%. For other 

lumbar segments, the differences in intersegmental rotations of overweight and obese compared to normal 

conditions in extension were 1.8% - 2.3% and 3.5% - 4.5%, respectively, and in flexion, these differences 

were 1.7% - 2.1% and 3.5% - 4.2%, respectively. 

Comparing the intact and implanted models showed an increase in intersegmental rotation at adjacent 

segments in both flexion and extension across all weight conditions as illustrated in Fig 8. However, the 

TDR was more significant in extension motion, particularly at the L3-L4 segment under obese conditions, 

which showed a 57% difference compared to the intact model. During flexion, the percentage differences 

in intersegmental rotation across all loading conditions ranged from 2% to 12%. 

Similar FE studies have reported that under normal compressive load, the rotation at adjacent segments 

increased to 24% compared to the intact model (Smajic et al., 2022). Experimental studies further 

corroborated these observations, with Maverick prosthesis showing increases in intersegmental rotation for 

both flexion and extension (Wido et al., 2009). Previous study was also reported a 50% increase in ROM 

during flexion and a 30% increase during extension with the Maverick prosthesis (Bonnheim et al., 2021). 

These findings suggest that increased body weight combined with the rigidity of the prosthesis amplifies 
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segmental motion at adjacent levels, potentially accelerating mechanical alterations in the lumbar spine 

post-implantation. 

 

 

Fig. 7. Intersegmental rotation during flexion and extension under varying weight conditions. 

 

 

Fig. 8. Intersegmental rotation at adjacent segments of intact and implanted models in (a) flexion (b) extension. 

Nucleus Intradiscal Pressure 

Intradiscal pressure in the nucleus pulposus during flexion was generally higher than during extension 

across all loading conditions. As shown in Fig 9, the L2-L3 segment recorded the highest intradiscal 

pressure at 1.23 MPa during flexion under normal loading, while the lowest pressure of 0.17 MPa was 

observed during extension under obese conditions. Notable variations in intradiscal pressure were found at 

the L3-L4 segment in both flexion and extension motions. In flexion, overweight and obese conditions 

increased pressure by 4% and 11% respectively, compared to normal weight. During extension, these 

differences were more significant, reaching 10% and 20%, respectively. For other segments, the differences 

in intradiscal pressures between the normal and overweight conditions were 2.4% - 2.6% in flexion and 

4.8% - 6% in extension. For obese conditions, these differences were 4.95% - 5.3% in flexion and 11% - 

12% in extension. 

Comparisons between intact and implanted lumbar spine models highlighted significant differences in 

nucleus pressure, particularly at the L3-L4 segment during extension as shown in Fig 10. After TDR, the 

nucleus pressure at this segment under obese load conditions increased tenfold compared to normal load 

(a) (b) 
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conditions. These findings align with a previous study, which reported elevated nucleus pressure at adjacent 

segments in both flexion and extension following TDR (Wang et al., 2013). The results suggest that 

segments treated with artificial discs transfer substantial nucleus pressure to adjacent segments. 

 

 

Fig. 9. Intradiscal pressure at adjacent segments for implanted lumbar spine under various loading conditions. 

 

 

Fig. 10. Intradiscal pressure between the intact and implanted lumbar spine under various loading conditions during 
(a) flexion (b) extension. 

Annulus Fibrosus Stress 

The annulus stresses in extension motion were consistently higher than in flexion motion across all 

loading conditions as illustrated in Fig 11. The highest annulus stress of 6.1 MPa was observed at the L3-

L4 segment under obese condition during extension. Conversely, the lowest annulus stress with 1.4 MPa 

was recorded at the L3-L4 segment during flexion. 

The comparison between intact and implanted lumbar spine models showed significant increases in 

annulus stress at adjacent segments in both flexion and extension, particularly at the L3-L4 lumbar segment. 

Fig 12 illustrates that extension under obese load conditions resulted in a 124% increase in annulus stress 

compared to the intact lumbar spine, while flexion led to a 23% increase. 

Stress contours shown in Fig 13 indicate that excessive stress at the operated level is transferred to 

adjacent lumbar segments, particularly the posterior IVD during spinal extension. This phenomenon could 

lead to a high potential for disc degeneration at adjacent lumbar segments after TDR surgery (Kitzen et al., 
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2021), which then potentially lead to structural failures such as annulus tears at the disc rim and herniation 

of the disc (Korhonen et al., 2022). 

 

 

Fig. 11. Annulus stress at adjacent segments of the implanted lumbar spine under various loading conditions. 

 

Fig. 12. Annulus stress between intact and implanted lumbar spine under various loading conditions during (a) flexion 
(b) extension. 
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Fig. 13. Stress contours in annulus ground of annulus fibrosus at adjacent segments for the implanted lumbar spine 
during (a) flexion (b) extension. 

 

CONCLUSION 

The present study utilized FE models to examine the biomechanical impact of body weight on segmental 

motion, nucleus pressure, and annulus stress in both intact and implanted lumbar spines. The findings 

indicate that increasing body weight significantly elevates IVD stresses, with notable increases in nucleus 

pulposus pressure and annulus fibrosus stress. Flexion and extension motions impact these structures 

differently, where flexion increases the nucleus pulposus pressure while extension increases the stress on 

the annulus fibrosus. Heavier individuals are thus expected to experience elevated lumbar spine stresses, 

irrespective of the spine’s position. Consequently, increased body weight can lead to higher nucleus 

pressure and annulus fibrosus stress, potentially contributing to early IVD damage, particularly at the disc 

rim. This issue is further compounded in the lumbar spine implanted with Maverick prosthesis. The rigidity 

of the prosthesis at the operated segment significantly alters lumbar spine movement and increases IVD 

stresses, accelerating degeneration at adjacent segments. 
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