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Abstract

Background: Multilevel posterior spinal fusion to T10 often encounters complications such
as screw loosening and proximal junctional kyphosis. Cement augmentation or prophylac-
tic vertebroplasty is used to prevent these, but their biomechanical effects remain unclear.
Methods: A validated finite element model (T8–pelvis) from CT data of a 57-year-old
male was tested in five configurations: fusion only, fusion with cement augmentation at
T10, T10–T11, T10–T11 plus T9 vertebroplasty, and T10–T11 plus T8–T9 vertebroplasty.
Range of motion (ROM), intradiscal pressure (IDP), posterior ligament/facet stress, and
cement–bone interface stresses were analyzed under a 400 N follower load and 10 N·m
moments. Results: Cement augmentation at the upper instrumented vertebra produced
<5% changes in ROM, IDP, and posterior ligament/facet stresses compared with fusion
only, indicating preserved stability. Prophylactic vertebroplasty redistributed stress proxi-
mally, with elevated cement–bone interface stresses localized at T9 when vertebroplasty
was performed at a single adjacent level (T9) and distributed to both T8 and T9 when per-
formed at two adjacent levels (T8–9)—with T9 stressed mainly during lateral bending and
extension, and T8 during flexion and lateral bending. Conclusion: Cement augmentation
alone did not compromise adjacent-level biomechanics, but prophylactic vertebroplasty
created abnormal stress concentrations at adjacent interfaces, potentially increasing fracture
risk. These findings highlight the need for careful patient selection and further studies in
osteoporotic populations.

Keywords: spinal fusion; vertebroplasty; bone cements; pedicle screws; range of motion

1. Introduction
Multilevel spinal fusion is a widely performed surgical procedure for the treatment of

spinal deformities and degenerative diseases [1,2]. However, when the proximal fusion
level extends to the thoracic spine, particularly at T10, mechanical complications such
as screw loosening, adjacent segment degeneration, proximal junctional kyphosis (PJK),
and, in severe cases, proximal junctional failure (PJF) are frequently observed [3]. These
complications negatively affect surgical outcomes and often necessitate revision surgery. A
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meta-analysis of 14 studies with 2215 patients reported that the incidence of PJK after spinal
fusion ranges from 17% to 62%, depending on fusion level, patient age, and follow-up
duration [4]. To mitigate them, two strategies are commonly employed: cement augmen-
tation of pedicle screws at the uppermost instrumented vertebra (UIV) and prophylactic
vertebroplasty of adjacent vertebrae [5,6]. Although these procedures are increasingly used,
their true biomechanical efficacy remains controversial. For example, a retrospective study
comparing kyphoplasty alone vs. kyphoplasty plus prophylactic vertebroplasty of adjacent
vertebrae found that adjacent--segment fractures (ASFs) were significantly more frequent in
the vertebroplasty group (50%) compared to the kyphoplasty--only group (16%), suggesting
that prophylactic vertebroplasty may not prevent ASFs and might carry additional risk [7].

Finite element modeling (FEM) has become an indispensable method for investigating
spinal biomechanics under controlled physiological loading conditions [8]. Previous stud-
ies have demonstrated that cement-augmented screws increase fixation strength and reduce
screw pullout risk in osteoporotic bone [9], while vertebroplasty enhances vertebral body
stiffness and load-bearing capacity [10]. Nevertheless, most prior studies focused on iso-
lated applications of cement augmentation or vertebroplasty, without fully addressing their
combined effects in long thoracolumbar fusion. Moreover, clinical series and biomechanical
reports suggest that although these techniques may reduce immediate instability, they may
also alter stress transfer and increase the risk of adjacent vertebral fractures [11–13].

Recent reviews and finite element investigations have emphasized the need to analyze
not only the global stability but also the detailed stress redistribution patterns at adjacent
levels, especially in high-risk populations with osteopenia or osteoporosis [14,15]. However,
despite the growing body of FEM research on spinal fusion and cement augmentation,
there remains a paucity of comprehensive analyses addressing the combined role of cement
augmentation and prophylactic vertebroplasty in long constructs terminating at the tho-
racic spine (e.g., T10), where junctional complications are most prevalent. These insights
underscore a gap in the literature: the lack of comprehensive FEM studies evaluating both
cement augmentation and prophylactic vertebroplasty together in the context of multilevel
spinal fusion extending to the thoracic spine.

Recent clinical studies have highlighted the complexity of mechanical complications af-
ter long thoracolumbar fusion. For instance, Murata et al. reported that low Hounsfield unit
values of the upper instrumented vertebra were significantly associated with postoperative
junctional fractures, underscoring the role of bone quality in junctional vulnerability [16].
Similarly, Sawada et al. demonstrated that osteoporotic vertebrae substantially increase the
short-term risk of distal or proximal junctional kyphosis following corrective surgery, sug-
gesting that both local bone strength and construct rigidity critically influence outcomes [15].
These findings indicate that cement augmentation or prophylactic vertebroplasty should
not be regarded as purely mechanical reinforcements but rather as interventions whose
long-term effectiveness is modulated by patient-specific bone characteristics.

Biomechanical investigations have also advanced our understanding of how cement
alters load transfer in fused spines. Polikeit et al. showed through finite element analysis
that cement augmentation in osteoporotic functional spinal units can substantially modify
stress distributions, potentially increasing adjacent-level loading [11]. Chen et al. further
demonstrated that higher cement volumes may exacerbate stress concentration at neighbor-
ing vertebrae, suggesting a dose-dependent effect [13]. More recently, Meng et al. reported
that intradiscal cement leakage after kyphoplasty significantly elevated adjacent vertebral
stress, thereby heightening fracture risk [17]. Collectively, these biomechanical findings
underscore the delicate balance between enhancing immediate fixation and inadvertently
predisposing patients to new adjacent fractures, emphasizing the clinical importance of
refining augmentation strategies.



Bioengineering 2025, 12, 1071 3 of 12

The present study addresses this gap by employing a validated finite element model
(T8–pelvis) to investigate the biomechanical effects of cement augmentation and prophylac-
tic vertebroplasty under various surgical configurations. Specifically, we analyzed changes
in range of motion, intradiscal pressure, posterior ligament and facet stresses, and cement–
bone interface stresses, thereby providing new evidence to guide surgical decision-making
and to minimize complications associated with long thoracolumbar fusion.

2. Materials and Methods
2.1. Ethical Considerations

This study was approved by the Institutional Review Board of Yonsei University
College of Medicine (IRB No. 4-2020-0060, approved in January 2020). All procedures
were conducted in compliance with the Declaration of Helsinki and the institutional guide-
lines of our university. Informed consent was obtained from the participants prior to
study commencement.

2.2. Finite Element Analysis of an Intact Model

Computed tomography data from a healthy 57-year-old male with normal bone (spine
bone mineral density T-score = 0.1, measured using dual-energy X-ray absorptiometry),
captured at 2-mm intervals, were used to reconstruct the T8–T12 vertebrae using Mimics
software (version 24.0; Materialise, Leuven, Belgium). An intact T8-pelvis FE model was
constructed by incorporating a previously validated thoracolumbosacral-pelvic model
(L9-pelvis) [18]. All models applied 0.3 mm tetrahedral elements (C3D4) through a mesh
convergence study to reduce the error of finite element analysis. The thoracic, lumbar,
sacral, and pelvic bones were subdivided into cortical and cancellous bone components.
Additionally, posterior elements, including the spinous processes and facet joints, were
modeled. The posterior complex ligaments of the spine and pelvic ligaments were imple-
mented using the Wire function in ABAQUS software (version 6.24, Dassault Systèmes,
Vélizy-Villacoublay, France). Material properties such as Young’s modulus, Poisson’s ra-
tio, and stiffness coefficients were assigned to each bone component based on previously
published studies (Supplementary Tables S1 and S2 and Supplementary Figure S1) [19].

2.3. Finite Element Model Verification

The FE model was validated to improve its predictive accuracy. Due to the absence of
whole-body spine validation data in previous studies, we validated the thoracic, lumbar,
sacral, and pelvic regions separately. A pure moment of 7.5 N·m [12,20,21] and 10 N·m
was applied to the thoracic and lumbar models, respectively. For the sacral-pelvic model,
a 42 N·m pure moment and 294 N translational force were applied based on physiolog-
ical loading conditions [19,22]. The overall realism of the full FE model was indirectly
validated by comparing its predicted responses with experimental data for each region
(Supplementary Figures S2–S4).

2.4. Finite Element Analysis of Surgical Models

To construct surgical models, oblique lateral interbody fusion and posterior lumbar
interbody fusion cages (GS Medical, Osong, Republic of Korea) were converted into fi-
nite element models using commercial software SolidWorks (SolidWorks 2024, Dassault
Systèmes) (Supplementary Figure S5).

The discs of each intact lumbar segment were removed, oblique lateral interbody
fusion cages were inserted at L1–L5, and a posterior lumbar interbody fusion cage was
inserted at L5–S1. For posterior fixation, the ANYPLUS Pedicle Screw System (GS Medical)
was used. Screws with a diameter of 6.5 mm and a length of 45 mm were applied to
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the vertebrae, while screws with a diameter of 8.5 mm and a length of 80 mm were
applied to the ilium. The pedicle screws were inserted at a 70◦ angle relative to the
transverse plane, targeting the midpoint of the pedicle [23]. Subsequently, 5.5 mm-diameter
rods were designed and fixed according to the position of the pedicle screw housings
(Supplementary Figure S6). All implants were fabricated from Ti6Al4V, with the material
properties (Young’s modulus: 110,000 MPa, Poisson’s ratio: 0.35) applied to the analysis [24].

To apply cement augmentation, previous studies were referenced, and a circular dis-
tribution pattern of cement was selected. A surgical model was constructed by designating
the anterior 2/3 as the target for cement injection, simulating clinical observations of cement
application (Supplementary Figure S7). The cement volumes for both cement augmenta-
tion and vertebroplasty averaged 4.037 cc, with values ranging from 4.023 cc to 4.122 cc,
depending on the segment (Supplementary Table S3). This value was determined based on
prior biomechanical studies indicating that approximately 3–4 mL of cement is generally
sufficient to restore vertebral body stiffness in thoracolumbar segments [25]. Additionally,
the volume was adjusted according to the anatomical characteristics of the thoracic verte-
brae, which have smaller vertebral body volumes compared to lumbar levels. Therefore,
the final injection volume reflected a balance between biomechanical reinforcement and
the anatomical capacity of each vertebral level [12]. The material properties of polymethyl-
methacrylate were applied to the bone cement (Supplementary Table S4) [25,26].

Five surgical models were developed to simulate varying scenarios of multilevel spinal
fusion (Figure 1):

1. Type 1: Fusion with pedicle screws only.
2. Type 2: Fusion with pedicle screws and cement augmentation at T10.
3. Type 3: Fusion with pedicle screws and cement augmentation at T10 and T11.
4. Type 4: Fusion with pedicle screws, cement augmentation at T10 and T11, and verte-

broplasty at T9.
5. Type 5: Fusion with pedicle screws, cement augmentation at T10 and T11, and verte-

broplasty at T8 and T9.

Figure 1. Construction of five different surgical model types (T8 to Pelvis model): Type 1, no cement;
Type 2, T10 cement augmentation; Type 3, T10–11 cement augmentation; Type 4, T10–11 cement aug-
mentation with T9 vertebroplasty; and Type 5, T10–11 cement augmentation with T8–9 vertebroplasty.
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2.5. Boundary and Loading Conditions

To simulate physiological conditions, a 400 N follower load was applied to the spinal
column to mimic muscle forces, and a pure moment of 10 N·m was applied to the upper
endplate of T8 to simulate four principal motions: flexion, extension, left axial rotation,
and left lateral bending. Both acetabular regions were fixed in all directions to replicate a
standing posture. Tie contact conditions were applied at implant-implant and bone-implant
interfaces to simulate complete fusion.

2.6. Outcome Measures

Key biomechanical parameters assessed included ROM, intradiscal pressure (IDP),
peak von Mises stress (PVMS), and stress distribution. ROM was measured at T8–T9 and
T9–T10 to evaluate structural stability. IDP was assessed at the same levels to predict
the potential for adjacent segment degeneration. PVMS was calculated for the posterior
ligament complex and facet joints to estimate stress concentrations. Stress distribution was
examined across the vertebral bodies to assess potential stress-shielding effects induced by
cement augmentation. Differences in these parameters between models were considered
negligible if they were within 5% of the corresponding value in the fusion-only model;
therefore, small variations fell within the expected numerical error margin of our finite
element analysis [8].

3. Results
3.1. ROM at T8–T9 and T9–T10

The ROM at T8–T9 and T9–T10 was analyzed across all models. At both levels,
the differences between the fusion-only model (Type 1), cement-augmented models
(Types 2 and 3), and cement augmented with vertebroplasty models (Types 4 and 5) were
less than 5% in flexion, extension, axial rotation, and lateral bending. These findings indi-
cate that neither cement augmentation nor prophylactic vertebroplasty had a meaningful
effect on segmental motion at T8–T9 or T9–T10. (Figure 2).

Figure 2. Range of motion (ROM) at the T8–T9 and T9–T10 segments across various surgical models.
The ROM values are presented in degrees for flexion, extension, axial rotation, and lateral bending,
demonstrating the impact of cement augmentation and vertebroplasty on spinal segment mobility.
Notably, no significant differences in ROM were observed across the different surgical types, with all
values remaining within the error margin of <5%.
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3.2. IDP at T8–T9 and T9–T10

The IDP at T8–T9 and T9–T10 was evaluated across all models. Overall, the differences
among models were within 5% under flexion, extension, and axial rotation, indicating
negligible impact of cement augmentation or vertebroplasty on disc loading. At T8–T9,
IDP values ranged narrowly across models, with no meaningful differences. At T9–T10,
IDP values were also similar across most loading modes. However, during lateral bending,
the fusion-only model (Type 1) exhibited an approximately 10.9% higher IDP compared
with the cement-augmented and vertebroplasty models (Types 2–5). Despite this relative
difference, the absolute magnitude of IDP change was small (~0.05 MPa) and within
physiological limits (Figure 3).

Figure 3. Intradiscal pressure (IDP) at the T8–T9 and T9–T10 segments, peak von Mises stress (PVMS)
in the posterior ligament complex, and facet joint stress at T8–T9 under all motion types (flexion,
extension, axial rotation, and lateral bending). Most values across surgical models remained within
a 5% variation threshold, except for a notable increase in T9–T10 IDP during lateral bending in the
Type 1 model.

3.3. PVMS in the PLC and Facet Joint Stress (MPa) at T8–T9

The PVMS in the PLC and facet joints at T8–T9 showed minimal variation across all
models and loading directions. In flexion, extension, axial rotation, and lateral bending,
differences between the fusion-only, cement-augmented, and vertebroplasty models were
within 5%. Facet joint stress patterns closely mirrored those of the PLC, with nearly identical
values across all motions. These findings indicate that neither cement augmentation
nor prophylactic vertebroplasty meaningfully altered posterior element loading at the
uppermost instrumented level (Figure 3).

3.4. Cement–Bone Interface Stress Distribution at Adjacent Levels (T8 and T9) During Flexion,
Extension, Axial Rotation, and Lateral Bending

Cement augmentation alone (Types 2 and 3) did not significantly alter stress distribu-
tion at adjacent levels (T8 and T9) compared to that with fusion alone (Type 1). Additionally,
no high-stress concentrations were observed at the cement–bone interface of the augmented
vertebrae in Type 2 (T10) or Type 3 (T10 and T11), indicating that uppermost instrumented
vertebra (UIV) cement augmentation did not introduce abnormal interface stress. However,
prophylactic vertebroplasty (Types 4 and 5) led to significant stress redistribution at the
cement–bone interface, particularly in lateral bending and extension. In Type 4, the highest
stress was observed at the T9 upper region in lateral bending (2.243 MPa), followed by
extension (2.043 MPa, 8.9% lower). In Type 5, the T9 upper region also showed the high-
est stress in lateral bending (2.242 MPa) and the second highest in extension (2.047 MPa,
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8.7% lower). Additionally, the T8 lower region in Type 5 exhibited the highest stress in
lateral bending (1.636 MPa) and the second highest in flexion (1.226 MPa, 25.0% lower)
(Figures 4 and 5, Supplementary Figure S8).

 

Figure 4. Cement–bone interface stress distribution (MPa) at T8 and T9 during flexion, extension,
axial rotation, and lateral bending in Type 4 (T10–11 cement augmentation with T9 vertebroplasty)
and Type 5 (T10–11 cement augmentation with T8–9 vertebroplasty) models. Areas with elevated
stress levels are highlighted and magnified to show the specific distribution and magnitude.

Figure 5. Peak von Mises Stress (PVMS) (MPa) at T8 and T9 in Type 5 (T10–11 cement augmentation
with T8–9 vertebroplasty) during flexion, extension, axial rotation, and lateral bending. Lateral
bending served as the reference point for error margin calculations, with other motions compared
against it.

These findings suggest that prophylactic vertebroplasty significantly increases local-
ized stress, particularly during a specific motion, heightening the risk of adjacent segment
fractures, especially at the cement–bone interface.

4. Discussion
This study investigated the biomechanical effects of cement augmentation and prophy-

lactic vertebroplasty in multilevel posterior spinal fusion extending to T10. Our findings
demonstrate that while both techniques influence stress distribution at the cement–bone
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interface, the addition of vertebroplasty produced motion-specific stress concentrations at
adjacent levels, particularly at T8 and T9. These results are consistent with prior reports
highlighting altered load transfer and the potential for stress redistribution following ce-
ment augmentation [10,11,27]. By identifying stress redistribution patterns at the thoracic
UIV region, our study underscores the trade-off between enhancing immediate fixation
strength and increasing long-term biomechanical vulnerability.

Cement augmentation and vertebroplasty did not substantially alter the global stability
of the posterior elements. However, the motion-specific stress redistribution observed at T8
and T9 with prophylactic vertebroplasty suggests a potential predisposition to adjacent frac-
tures and junctional complications, particularly in patients with osteoporosis or advanced
thoracolumbar kyphosis. These findings highlight the need to balance the short-term
benefits of reinforcement with the potential for long-term biomechanical risks [3,14,28–30].

To address these risks, recent efforts have focused on biological enhancements, not only
at the UIV but also at the adjacent levels (UIV + 1 and UIV + 2). For example, transpedic-
ular injection of recombinant human bone morphogenetic protein-2 with β-tricalcium
phosphate at the UIV has been shown to reduce PJK and PJF by improving local bone
quality and enhancing screw fixation strength. Although vertebroplasty at UIV + 1 and
UIV + 2 increased stress concentration at the cement–bone interface in our study, it is
conceivable that biologically mediated bone remodeling strategies might provide a more
physiological means of reinforcing these levels without inducing abnormal load trans-
fer. Thus, future work should consider whether biologic augmentation techniques can be
extended to adjacent vertebrae to mitigate the risks identified in this study [31].

The clinical relevance of these findings lies in optimizing the use of cement augmen-
tation and prophylactic vertebroplasty to balance structural reinforcement and mitigate
fracture risk. While prophylactic vertebroplasty at adjacent levels may enhance imme-
diate fixation, it can also create abnormal bone-interface stress distributions, potentially
increasing the likelihood of adjacent-level fractures [5]. This risk is particularly concerning
in patients with osteoporosis or advanced thoracolumbar kyphosis, where uneven stress
propagation could have significant consequences [16,32]. Our FE model was based on
a single middle-aged male with normal bone (T-score = 0.1), which may limit its gen-
eralizability to patients with more severe bone loss. Prior studies have shown that in
osteoporotic spines, cement augmentation can increase stress and intradiscal pressure at
adjacent levels, increasing fracture risk [19]. While our model reflects normal bone quality
rather than osteoporosis, it still allows the estimation of stress patterns under compromised
bone quality. Further studies using patient-specific models with advanced osteoporosis
are needed to validate and expand on these findings. Furthermore, exploring alternative
techniques such as dynamic stabilization or less rigid fixation systems [6] may offer valu-
able insights into reducing stress concentrations and improving long-term outcomes in
multilevel spinal fusion.

Despite the insights gained, this study has a few limitations related to modeling
simplifications. First, a 400 N follower load was used to simulate the overall muscle
support, which, while providing a physiological compressive preload, does not replicate
the complex, dynamic activation of spinal musculature. To improve physiological realism,
posterior element ligaments were also incorporated into the model to account for passive
structural support. However, while these additions improve the model’s fidelity, they may
still not fully capture the intricate neuromuscular interactions observed in vivo. Second, we
rigidly fixed both iliac regions in the model; this boundary condition may over-constrain the
spine compared to in vivo conditions, where the sacroiliac joints allow slight motion. These
simplifications could affect the absolute magnitudes of calculated stresses and motions.
However, because they were applied uniformly across all model variants, the comparative
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trends and resulting conclusions are considered valid [14]. This finite element study focused
on the mechanical aspects of cement augmentation and prophylactic vertebroplasty in
multilevel fusion. Biocompatibility and structural analyses of the alloys were beyond
the scope of this work, although they are indeed important factors influencing implant
longevity and clinical outcomes. Future studies integrating material-level evaluations with
patient-specific finite element models may provide more comprehensive insights.

The clinical implications of these findings are particularly relevant in the context of
long thoracolumbar fusion surgeries. The identification of motion-specific stress concen-
trations at UIV + 1 and UIV + 2 following prophylactic vertebroplasty suggests that such
interventions, although intended to reduce fracture risk, may paradoxically increase local-
ized biomechanical vulnerability. This highlights the need to carefully weigh the benefits
of immediate reinforcement against the long-term risk of adjacent segment complications.
Moreover, our study provides a novel quantitative framework to assess stress propagation
patterns across adjacent vertebrae under multilevel fixation constructs—an area that re-
mains underexplored in the current literature. By incorporating a full-length thoracolumbar
model and comparing five distinct surgical strategies, this analysis offers new insights into
the mechanical behavior of the upper instrumented region and its adjacent segments.

The finite element model was developed to reflect anatomical and biomechanical
realism. However, direct validation of the T8–T9 segment was not feasible due to the lack
of experimental data matching our simulation. To address this, we compared the simulated
range of motion (ROM) at T8–T9 with published values. ROM values were slightly higher
than in vitro measurements, likely due to the absence of rib cage stabilization in our
model [33–35]. Thus, our results are considered reasonable under rib cage-free conditions.
Clinically, this approach is relevant for patients undergoing cement augmentation, who
often exhibit reduced thoracic stiffness due to osteoporosis or osteopenia. The resulting
increase in segmental motion supports the applicability of our model for evaluating spinal
fusion strategies in degenerative populations [36]. Another limitation is that the present
model employed normal bone material properties, which restricts its applicability to
patients with compromised bone quality—a common demographic in multilevel spinal
fusion. To enhance clinical relevance and better predict fracture risk, future finite element
studies should incorporate osteopenic and osteoporotic bone properties derived from
experimental data. In fact, future research is planned to compare models with normal,
osteopenic, and osteoporotic bone quality to clarify their differential impact on stress
distribution and fracture risk.

5. Conclusions
• Cement augmentation at the UIV did not significantly affect ROM, IDP, PLC, or facet

joint PVMS, indicating preserved stability.
• UIV cement augmentation alone did not increase stress distribution at adjacent levels.
• Prophylactic vertebroplasty at adjacent levels produced uneven cement–cancellous

bone interface stresses, particularly at T8 and T9.
• These abnormal stress concentrations may predispose patients to adjacent-level frac-

tures and contribute to PJK or PJF.
• The results emphasize the trade-off between immediate fixation strength and long-

term fracture risk, especially in osteoporotic or kyphotic patients.
• This study provides biomechanical evidence to guide surgical strategies aimed at

minimizing complications and improving outcomes in multilevel spinal fusion.
• Future work should focus on osteoporotic, patient-specific finite element models and

validation with clinical or experimental data to further refine surgical strategies.
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tension (EX) motions in the intact T9–L1 and L1–5 segments; Figure S3: Comparison of the range
of motion (ROM) between the present study and published data11,12 under axial rotation (AR)
and lateral bending (LB) motions in the intact T9–L1 and L1–5 segments; Figure S4: Comparison
of the range of motion (ROM) between the present study and published data under sacroiliac joint
behavior; Figure S5: Implants used in the study. (A) Size of the pedicle screw (left) and iliac screw
(right), (B) Size of the oblique lateral lumbar interbody fusion cage, and (C) Size of the posterior
lumbar interbody fusion cage; Figure S6: Surgical configurations. (A) Method of pedicle screw
insertion, (B) Method of iliac screw insertion, and (C) Lateral and posterior views of the spine model,
highlighting the instrumented levels; Figure S7: Cement application in the finite element model.
(A) Distribution of cement within the T8 and T9 vertebral bodies following simulated vertebroplasty.
(B) Cement augmentation of pedicle screws at T10 and T11; Table S1: Material properties (ligaments);
Table S2: Material properties (bone and soft tissue); Table S3: Vertebral body and cement volume;
Table S4: Material properties of bone cement.

Author Contributions: Conceptualization, S.J.L. and B.H.L.; methodology, J.W.S., S.J.L. and B.H.L.;
software, K.M.K. and T.H.P.; validation, J.W.S., D.H.K. and K.M.K.; formal analysis, D.H.K., K.M.K.
and T.H.P.; investigation, J.W.S., D.H.K., K.M.K., and T.H.P.; resources, S.J.L. and B.H.L.; data curation,
D.H.K., K.M.K. and Y.R.O.; writing—original draft preparation, J.W.S. and D.H.K.; writing—review
and editing, J.W.S. and B.H.L.; visualization, T.H.P. and Y.R.O.; supervision, S.J.L. and B.H.L.; project
administration, B.H.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study received ethical approval from the institutional
review board of our university (College of Medicine, Yonsei University IRB 4-2020-0060, Approval
date: 30 January 2020). All procedures were conducted in compliance with the Declaration of Helsinki
and the institutional guidelines of our university. Informed consent was obtained from the participant
prior to study commencement.

Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding authors.

Acknowledgments: The authors would like to thank the anonymous reviewers for their valuable com-
ments and constructive suggestions, which greatly helped to improve the quality of this manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations
The following abbreviations are used in this manuscript:

FEM finite element modeling
IDP intradiscal pressure
PJF proximal junctional failure
PJK proximal junctional kyphosis
ROM range of motion
UIV uppermost instrumented vertebra

References
1. Rajaee, S.S.; Bae, H.W.; Kanim, L.E.; Delamarter, R.B. Spinal fusion in the United States: Analysis of trends from 1998 to 2008.

Spine 2012, 37, 67–76. [CrossRef]

https://www.mdpi.com/article/10.3390/bioengineering12101071/s1
https://www.mdpi.com/article/10.3390/bioengineering12101071/s1
https://doi.org/10.1097/BRS.0b013e31820cccfb


Bioengineering 2025, 12, 1071 11 of 12

2. Martin, B.I.; Mirza, S.K.; Spina, N.; Spiker, W.R.; Lawrence, B.; Brodke, D.S. Trends in lumbar fusion procedure rates and
associated hospital costs for degenerative spinal diseases in the United States, 2004 to 2015. Spine 2019, 44, 369–376. [CrossRef]

3. Glattes, R.C.; Bridwell, K.H.; Lenke, L.G.; Kim, Y.J.; Rinella, A.; Edwards, C. Proximal junctional kyphosis in adult spinal deformity
following long instrumented posterior spinal fusion: Incidence, outcomes, and risk factor analysis. Spine 2005, 30, 1643–1649.
[CrossRef]

4. Hyun, S.J.; Kim, Y.J.; Kim, Y.B.; Rhim, S.C. Proximal junctional kyphosis: Diagnosis, pathogenesis, and treatment. Neurospine 2015,
12, 86–94.

5. Kebaish, K.M.; Martin, C.T.; O’Brien, J.R.; LaMotta, I.E.; Voros, G.D.; Belkoff, S.M. Use of vertebroplasty to prevent proximal
junctional fractures in adult deformity surgery: A biomechanical cadaveric study. Spine J. 2013, 13, 1897–1903. [CrossRef]

6. Hart, R.A.; Prendergast, M.A.; Roberts, W.G.; Nesbit, G.M.; Barnwell, S.L. Proximal junctional acute collapse cranial to multi-level
lumbar fusion: A cost analysis of prophylactic vertebral augmentation. Spine J. 2008, 8, 875–881. [CrossRef] [PubMed]

7. Kayanja, M.M.; Togawa, D.; Lieberman, I.H. Prophylactic vertebroplasty of adjacent vertebrae in osteoporotic patients undergoing
kyphoplasty: A biomechanical and clinical study. Spine J. 2006, 6, 575–582. [CrossRef]

8. Dreischarf, M.; Zander, T.; Shirazi-Adl, A.; Puttlitz, C.M.; Adam, C.J.; Chen, C.S.; Goel, V.K.; Kiapour, A.; Kim, Y.H.;
Labus, K.M.; et al. Comparison of eight published static finite element models of the intact lumbar spine: Predictive power of
models improves when combined together. J. Biomech. 2014, 47, 1757–1766. [CrossRef] [PubMed]

9. Choma, T.J.; Pfeiffer, F.M.; Swope, R.W.; Hirner, J.P. Pedicle screw design and cement augmentation in osteoporotic vertebrae:
Effects of fenestrations and cement viscosity on fixation and extraction. Spine 2012, 37, E1628–E1632. [CrossRef]

10. Belkoff, S.M.; Mathis, J.M.; Jasper, L.E.; Deramond, H. The biomechanics of vertebroplasty. The effect of cement volume on
mechanical behavior. Spine 2001, 26, 1537–1541. [CrossRef]

11. Polikeit, A.; Nolte, L.P.; Ferguson, S.J. The effect of cement augmentation on the load transfer in an osteoporotic functional spinal
unit: Finite-element analysis. Spine 2003, 28, 991–996. [CrossRef] [PubMed]

12. Liao, J.C.; Chen, W.P.; Wang, H. Treatment of thoracolumbar burst fractures by short-segment pedicle screw fixation using a
combination of two additional pedicle screws and vertebroplasty at the level of the fracture: A finite element analysis. BMC
Musculoskelet. Disord. 2017, 18, 262. [CrossRef] [PubMed]

13. Chen, X.S.; Jiang, J.M.; Sun, P.D.; Zhang, Z.F.; Ren, H.L. How the clinical dosage of bone cement biomechanically affects adjacent
vertebrae. J. Orthop. Surg. Res. 2020, 15, 370. [CrossRef] [PubMed]

14. Doodkorte, R.J.; Vercoulen, T.F.; Roth, A.K.; de Bie, R.A.; Willems, P.C. Instrumentation techniques to prevent proximal junctional
kyphosis and proximal junctional failure in adult spinal deformity correction: A systematic review of biomechanical studies.
Spine J. 2021, 21, 842–854. [CrossRef]

15. Sawada, Y.; Takahashi, S.; Terai, H.; Kato, M.; Toyoda, H.; Suzuki, A.; Tamai, K.; Yabu, A.; Iwamae, M.; Nakamura, H. Short-term
risk factors for distal junctional kyphosis after spinal reconstruction surgery in patients with osteoporotic vertebrae. Asian Spine J.
2024, 18, 101–109. [CrossRef]

16. Murata, K.; Otsuki, B.; Shimizu, T.; Sono, T.; Fujibayashi, S.; Matsuda, S. Sagittal section Hounsfield units of the upper
instrumented vertebrae as a predictor of proximal junctional vertebral fractures following adult spinal deformity surgery. Asian
Spine J. 2024, 18, 209–217. [CrossRef]

17. Meng, H.; Li, Q.; Lin, J.; Yang, Y.; Fei, Q. Intradiscal cement leakage (ICL) increases the stress on adjacent vertebrae after
kyphoplasty for osteoporotic vertebra compression fracture (OVCF): A finite-element study. Sci. Rep. 2023, 13, 15984. [CrossRef]

18. Son, D.M.; Lee, S.B.; Lee, S.J.; Park, T.H.; Jang, J.E.; Jeong, S.J.; Kang, Y.M.; Lee, B.H. Biomechanical comparison of multilevel
lumbar instrumented fusions in adult spinal deformity according to the upper and lower fusion levels: A finite element analysis.
BioMed Res. Int. 2022, 2022, 2534350. [CrossRef]

19. Sohn, S.; Park, T.H.; Chung, C.K.; Kim, Y.J.; Jang, J.W.; Han, I.B.; Lee, S.J. Biomechanical characterization of three iliac screw
fixation techniques: A finite element study. J. Clin. Neurosci. 2018, 52, 109–114. [CrossRef]

20. Liang, Y.; Cao, Y.; Gong, Z.; Jiang, C.; Jin, L.; Li, Z.; Chen, Z.; Jiang, C.; Jiang, X. A finite element analysis on comparing the stability
of different posterior fixation methods for thoracic total en bloc spondylectomy. J. Orthop. Surg. Res. 2020, 15, 314. [CrossRef]

21. Yamamoto, I.; Panjabi, M.M.; Crisco, T.; Oxland, T. Three-dimensional movements of the whole lumbar spine and lumbosacral
joint. Spine 1989, 14, 1256–1260. [CrossRef] [PubMed]

22. Miller, J.A.; Schultz, A.B.; Andersson, G.B. Load-displacement behavior of sacroiliac joints. J. Orthop. Res. 1987, 5, 92–101. [CrossRef]
23. Burns, C.B.; Dua, K.; Trasolini, N.A.; Komatsu, D.E.; Barsi, J.M. Biomechanical comparison of spinopelvic fixation constructs: Iliac

screw versus S2-alar-iliac screw. Spine Deform. 2016, 4, 10–15. [CrossRef] [PubMed]
24. Li, J.; Shang, J.; Zhou, Y.; Li, C.; Liu, H. Finite element analysis of a new pedicle screw-plate system for minimally invasive

transforaminal lumbar interbody fusion. PLoS ONE 2015, 10, e0144637. [CrossRef] [PubMed]
25. Sung, S.; Kwon, J.W.; Park, T.H.; Lee, S.B.; Moon, S.H.; Lee, B.H. Biomechanical comparison and three-dimensional analysis of

cement distribution patterns for different pedicle screw designs. BioMed Res. Int. 2022, 2022, 8293524. [CrossRef]

https://doi.org/10.1097/BRS.0000000000002822
https://doi.org/10.1097/01.brs.0000169451.76359.49
https://doi.org/10.1016/j.spinee.2013.06.039
https://doi.org/10.1016/j.spinee.2008.01.015
https://www.ncbi.nlm.nih.gov/pubmed/18375188
https://doi.org/10.1016/j.spinee.2006.03.018
https://doi.org/10.1016/j.jbiomech.2014.04.002
https://www.ncbi.nlm.nih.gov/pubmed/24767702
https://doi.org/10.1097/BRS.0b013e3182740e56
https://doi.org/10.1097/00007632-200107150-00007
https://doi.org/10.1097/01.BRS.0000061987.71624.17
https://www.ncbi.nlm.nih.gov/pubmed/12768136
https://doi.org/10.1186/s12891-017-1623-0
https://www.ncbi.nlm.nih.gov/pubmed/28619021
https://doi.org/10.1186/s13018-020-01906-0
https://www.ncbi.nlm.nih.gov/pubmed/32867845
https://doi.org/10.1016/j.spinee.2021.01.011
https://doi.org/10.31616/asj.2023.0174
https://doi.org/10.31616/asj.2023.0339
https://doi.org/10.1038/s41598-023-43375-5
https://doi.org/10.1155/2022/2534350
https://doi.org/10.1016/j.jocn.2018.03.002
https://doi.org/10.1186/s13018-020-01833-0
https://doi.org/10.1097/00007632-198911000-00020
https://www.ncbi.nlm.nih.gov/pubmed/2603060
https://doi.org/10.1002/jor.1100050112
https://doi.org/10.1016/j.jspd.2015.07.008
https://www.ncbi.nlm.nih.gov/pubmed/27852493
https://doi.org/10.1371/journal.pone.0144637
https://www.ncbi.nlm.nih.gov/pubmed/26649749
https://doi.org/10.1155/2022/8293524


Bioengineering 2025, 12, 1071 12 of 12

26. Patwardhan, A.G.; Havey, R.M.; Meade, K.P.; Lee, B.; Dunlap, B. A follower load increases the load-carrying capacity of the
lumbar spine in compression. Spine 1999, 24, 1003–1009. [CrossRef]

27. Park, J.S.; Kim, H.J.; Park, S.J.; Kang, D.H.; Lee, C.S. A comprehensive review of risk factors and prevention strategies: How to
minimize mechanical complications in corrective surgery for adult spinal deformity. Asian Spine J. 2025, 19, 463–475. [CrossRef]

28. Kim, Y.J.; Bridwell, K.H.; Lenke, L.G.; Kim, J.; Cho, S.K. Proximal junctional kyphosis in adolescent idiopathic scoliosis following
segmental posterior spinal instrumentation and fusion: Minimum 5-year follow-up. Spine 2005, 30, 2045–2050. [CrossRef]

29. Lange, T.; Schmoelz, W.; Gosheger, G.; Eichinger, M.; Heinrichs, C.H.; Boevingloh, A.S.; Schulte, T.L. Is a gradual reduction of
stiffness on top of posterior instrumentation possible with a suitable proximal implant? A biomechanical study. Spine J. 2017,
17, 1148–1155. [CrossRef]

30. Nguyen, B.T.; Nguyen, T.T.; Kuo, Y.J.; Chen, Y.P. Impact of sarcopenia on outcomes following vertebral augmentation for
osteoporotic vertebral compression fracture: A systematic review and meta-analysis. Asian Spine J. 2025, 19, 476–489. [CrossRef]

31. Kwon, O.; Choi, J.Y.; Park, J.H.; Ham, D.W.; Park, S.M.; Yeom, J.S.; Kim, H.J. Transpedicular injection of rhBMP-2 with β-tricalcium
phosphate to reduce the proximal junctional kyphosis after adult spinal deformity correction: Preliminary study: Preliminary
study. Sci. Rep. 2024, 14, 6660. [CrossRef]

32. Kim, W.J.; Ma, S.B.; Shin, H.M.; Song, D.G.; Lee, J.W.; Chang, S.H.; Park, K.Y.; Choy, W.S.; Oh, T.H. Correlation of sagittal
imbalance and recollapse after percutaneous vertebroplasty for thoracolumbar osteoporotic vertebral compression fracture:
A multivariate study of risk factors. Asian Spine J. 2022, 16, 231–240. [CrossRef]

33. Borkowski, S.L.; Tamrazian, E.; Bowen, R.E.; Scaduto, A.A.; Ebramzadeh, E.; Sangiorgio, S.N. Challenging the Conventional
Standard for Thoracic Spine Range of Motion: A Systematic Review. JBJS Rev. 2016, 4, e5. [CrossRef]

34. Wilke, H.J.; Herkommer, A.; Werner, K.; Liebsch, C. In vitro analysis of the segmental flexibility of the thoracic spine. PLoS ONE
2017, 12, e0177823. [CrossRef]

35. Mannen, E.M.; Friis, E.A.; Sis, H.L.; Wong, B.M.; Cadel, E.S.; Anderson, D.E. The Rib Cage Stiffens the Thoracic Spine in a
Cadaveric Model with Body Weight Load Under Dynamic Moments. J. Mech. Behav. Biomed. Mater. 2018, 84, 258–264. [CrossRef]

36. Liebsch, C.; Wilke, H.J. The rib cage stabilizes the human thoracic spine: An in vitro study using stepwise reduction of rib cage
structures. PLoS ONE 2017, 12, e0184699. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1097/00007632-199905150-00014
https://doi.org/10.31616/asj.2024.0505
https://doi.org/10.1097/01.brs.0000179084.45839.ad
https://doi.org/10.1016/j.spinee.2017.03.021
https://doi.org/10.31616/asj.2024.0467
https://doi.org/10.1038/s41598-024-57371-w
https://doi.org/10.31616/asj.2021.0062
https://doi.org/10.2106/JBJS.RVW.O.00048
https://doi.org/10.1371/journal.pone.0177823
https://doi.org/10.1016/j.jmbbm.2018.05.019
https://doi.org/10.1371/journal.pone.0178733

	Introduction 
	Materials and Methods 
	Ethical Considerations 
	Finite Element Analysis of an Intact Model 
	Finite Element Model Verification 
	Finite Element Analysis of Surgical Models 
	Boundary and Loading Conditions 
	Outcome Measures 

	Results 
	ROM at T8–T9 and T9–T10 
	IDP at T8–T9 and T9–T10 
	PVMS in the PLC and Facet Joint Stress (MPa) at T8–T9 
	Cement–Bone Interface Stress Distribution at Adjacent Levels (T8 and T9) During Flexion, Extension, Axial Rotation, and Lateral Bending 

	Discussion 
	Conclusions 
	References

