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Abstract
Objective: To investigate the effect of the Anterior Controllable 
Antedisplacement and Fusion (ACAF) procedure on stress within 
the spinal cord, nerve roots, and dura mater for different subtypes 
of cervical ossification of the posterior longitudinal ligament 
(C-OPLL) during progressive anterior decompression.
Methods: C2-C7 cervical spine and spinal cord models were 
constructed based on CT images. Three C-OPLL subtypes 
(central-plateau, central-beak, and right-beak) were modeled and 
subjected to simulated ACAF treatment. By simulating the anterior 
displacement of the vertebral ossification complex, we analyzed the 
static stress changes in gray matter, white matter, nerve roots and 
dura mater for different C-OPLL subtypes.
Results: During decompression, among the three C-OPLL subtypes, 
ACAF achieved the most significant spinal cord decompression in 
the central-plateau type, especially when the encroachment ratio 
was reduced from 60% to 30%. ACAF produced the greatest 
reduction in nerve-root and dural stress in the right-beak type of 
C-OPLL, especially when the encroachment ratio decreased from 
60% to 40%. The decompression efficiency for the nerve roots in 
the right-beak type and for the dura mater in the central-plateau 
type plateaued when the encroachment ratio was reduced from 60% 
to 50% and from 40% to 30%, respectively. In the right-beak type 
of C-OPLL, asymmetric compression generated higher stresses on 
the ipsilateral side of the spinal cord complex. After continued 
gradual decompression, the stress values of the spinal complex 
gradually decreased in all three groups.
Conclusion: Our model demonstrates that all three OPLL subtypes 
achieve effective decompression, although the degree of stress 
relief varies across anatomical sites (e.g., spinal cord versus nerve 
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roots) in a subtype-specific manner. The model data suggest that as 
the residual encroachment ratio decreases to approximately 30%, 
the marginal benefit of further decompression in terms of stress 
reduction plateaus. It is important to emphasize that this value is 
solely a biomechanical observation derived from our model, and 
clinically acceptable thresholds must be determined by integrating 
the patient's neurological status and surgical risks.
Keywords: anterior controllable antedisplacement fusion (ACAF), 
ossification of the posterior longitudinal ligament (C-OPLL), 
cervical spine, spinal cord, strain, finite element analysis, 
biomechanics.
1. Introduction

Cervical ossification of the posterior longitudinal ligament 
(C-OPLL) is a pathological condition in which ectopic ossification of 
the posterior longitudinal ligament gradually compresses the 
cervical spinal cord, leading to sensory and motor deficits in the 
limbs [1]. The incidence of C-OPLL is high in East Asian populations, 
ranging from approximately 1.0% to 4.3% [2]. Due to its insidious 
onset, surgical intervention is typically required upon symptom 
presentation. Surgical strategies for C-OPLL can be categorized 
into anterior and posterior surgery based on surgical access.

Anterior surgery involves direct decompression via resection 
of the ossified mass, primarily through anterior cervical 
corpectomy and fusion (ACCF) or anterior cervical discectomy and 
fusion (ACDF). Although anterior decompression is more 
physiologic, the irregular growth pattern of the ossified mass and 
its high degree of canal encroachment significantly increase the 
risk of iatrogenic spinal cord injury during procedures such as 
ACCF. In particular, ACCF is technically demanding and carries 
risks including cerebrospinal fluid leakage and graft-related 
complications. Among them, ACDF is only suitable for the resection 
of ossifications with relatively short segments located in the 
intervertebral space. Posterior surgery does not involve resecting 
and decompressing the ossified material, but an indirect 
decompression technique, which mainly includes open-door 
laminoplasty (LAM) of the posterior cervical spine. It indirectly 
decompresses the spinal cord by allowing posterior drift, but may 
be ineffective in patients with a negative K-line and is associated 
with complications such as insufficient drift and C5 palsy [3].

Anterior Controllable Antedisplacement and Fusion (ACAF) is 
a recently described technique for multilevel cervical C-OPLL. After 
anterior vertebral-body partial resection, the ossified complex is 
advanced en bloc, converting intradural compression into visible 
anterior displacement while avoiding adhesion-related morbidity 
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[4]. This technique provides controlled and effective spinal cord 
decompression and is particularly effective in restoring the 
physiological alignment of the cord [5]. Although ACAF can be 
complicated by residual ossification or incomplete reduction, 
refinements in surgical technique continue to improve outcomes [6]. 
Several clinical studies have already reported good results of ACAF 
in spinal cord decompression [4,7,8]. However, the characteristic 
patterns of spinal cord stress change during ACAF decompression 
remain unquantified. Key questions include: How does spinal cord 
stress evolve during decompression? Do these patterns differ 
among C-OPLL subtypes? And what degree of residual ossification 
or incomplete decompression is clinically acceptable? These 
questions need to be explored in further studies.

In this study, the spinal cord stress of three C-OPLL subtypes 
during decompression was analyzed by using finite element 
analysis. A finite element model was developed from computed 
tomography (CT) images of a healthy volunteer to investigate the 
changes and differences in spinal cord stress during ACAF 
decompression surgery for different C-OPLL subtypes.
2.Methods

This study was reviewed and approved by the Ethics Committee 
of the General Hospital of Ningxia Medical University (approval 
code: KYLL-2023-0583). All procedures conformed to the ethical 
principles for medical research involving human subjects as set out 
in the 2013 revision of the Declaration of Helsinki. Written 
informed consent was obtained from the participant, including 
permission to publish any potentially identifiable data or images.
2.1. Modeling of the cervical spine

This study, approved by the Ethics Committee, utilized CT 
images from a healthy subject (26 years old, 172 cm in height, 70 
kg in weight) for modeling. First, the CT images were processed 
using Mimics 21.0 software to generate an initial 3D model. Then, 
smoothing and hole-filling operations were performed in Geomagic 
Wrap 2021 to generate a solid model. In this study, the cortical 
bone was modeled by offsetting the entire bony structure inward by 
0.4 mm, following established methodology [9]. Subsequently, 
structures including the cervical discs, articular cartilage, spinal 
cord, dura mater, and nerve roots were reconstructed using 
Siemens NX 12.0 software. Finally, model material assignment, 
mesh delineation, boundary and load application, ligament 
establishment, and biomechanical analysis were performed in 
Abaqus 6.14, as shown in Fig. 1A.
2.2. Construction of a spinal cord model

The three-dimensional model of the spinal cord was 
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constructed based on cross-sectional anatomical and imaging data 
[10]. We imported the spinal cord planes into Siemens NX 12.0 
software, and then constructed the entities of gray matter, white 
matter, cerebrospinal fluid, and dura mater using the "sweep" 
command (shown in Fig. 1B). Both white matter and gray matter 
were modeled as nonlinear hyperelastic materials [11]. Due to the 
limitations of ordinary MRI in distinguishing the pia mater and for 
computational efficiency, the pia mater was not included in this 
model. Nerve roots were modeled based on their location and angle 
of travel in the intervertebral foramen, and solid elements were 
placed at each intervertebral foramen.
2.3. Construction of the C-OPLL model

In this study, we chose to construct a model of continuous 
type of ossification at the posterior margin of C4-C5 vertebrae. 
According to imaging typing [12], the type of C-OPLL ossification in 
the axial position was classified as central-plateau type, 
central-beak type, and right-beak type (Fig. S1 and S2).The lateral 
type used for the study in this article was the right-beak type. The 
C-OPLL canal encroachment ratio was defined as the ratio of the 
C-OPLL thickness to the anteroposterior diameter of the cervical 
spinal canal [13]. Starting from a common preoperative 
encroachment ratio of 60%, we simulated the ACAF procedure to 
progressively reduce this ratio to 50%, 40%, 30%, 20%, 10%, and 
0%. This allowed us to analyze the corresponding stress changes in 
the spinal cord, nerve roots, and dura mater. The ossification was 
modeled as a simple rigid body model placed within the vertebral 
body. To simulate C-OPLL compression, the C2 and C7 vertebral 
bodies, as well as the spinal cord, were fixed in place. The posterior 
longitudinal ligament was ossified to apply displacement in a 
direction perpendicular to the spine. All material properties were 
obtained from previous studies [14-25]. Details are shown in Table 
1.

Table 1.  Material properties and element types used in the 
current model
Material Material type        Material parameters Referenc

es
Cortical Elastic    Ea=1.20×104 MPa v=0.29 

ρb=1.83×10⁻9 tonne/mm3
[14]

Cancellous Elastic    E= 100 MPa  v=0.29 ρ=1.00×10⁻9 
tonne/mm3

[15,16]

C-OPLL Rigid body        ρ=1.83×10⁻9 tonne/mm3 [17]
Titanium 
plate

Elastic      E= 1.10×104 MPa v=0.36 [18]

Screw Elastic      E= 1.10×104 MPa  v=0.30  [18]
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PEEK cage Elastic      E= 3.60×103 MPa  v=0.30  [19]
Cartilage Elastic E= 10 MPa v=.3 ρ=1.20×10⁻9 

tonne/mm3
[20]

White 
matter

Hyperelastic μc= 4.1 kPa αd = 14.7 ρ= 
1.05×10⁻9 tonne/mm3

[21]

Gray 
matter

Hyperelastic  μ= 4.0 kPa α= 12.5 ρ= 
1.05×10⁻9 tonne/mm3

[21]

Dura mater Elastic E= 80 MPa  v=0.49 ρ=1.17×10⁻9 

tonne/mm3
[22]

Nerve roots Elastic E= 1.3 MPa  v=0.3 ρ=1.00×10⁻9 
tonne/mm3

[23]

CSF Newtonian fluid        Viscosity = 1×10⁻3Pas [24]
DLs Elasticplastic   Stress-strain curve (0.03mm2) [25]
C-OPLL,Ossification of the Posterior Longitudinal Ligament; CSF, 
cerebrospinal fuid; DLs, denticulate ligaments. a, Elasticity modulus; b, Density; 
c,Shear modulus; d,Strain hardening index.

2.4. Construction of surgical models
The overall advancement process of ossification simulated in 

this model represents an idealized surgical scenario, aiming to 
establish a benchmark state for biomechanical analysis. The C3/4, 
C4/5 and C5/6 discs were removed and their upper and lower 
endplates of the intervertebral space were leveled, followed by 
resection of the anterior aspect of the C4 and C5 vertebral bodies. 
An interbody fusion device was installed in each space and a 
titanium plate measuring 64 × 16 × 2 mm was placed on the 
anterior edge of the vertebrae. A screw measuring 4.0×16mm was 
installed in each vertebra. Grooving was performed 2mm inside the 
base of the uncovertebral joint, allowing the ossified material 
complex to be completely free. To simulate the effect of tightening 
the screws at C4 and C5 to lift the vertebral body ossification 
complex, the software set the vertebral body ossification to move 
forward gradually until the vertebral body and the titanium plate 
were tightly affixed to each other, thereby achieving anterior 
translation of the entire ossified complex [26]. (Fig. 1D, E).
2.5. Validation of model validity

First, relative displacement of the C3–C7 spinal cord was 
calculated by simulating 20 ° of cervical flexion and extension, 
respectively, and compared with published in vivo [27]. The vertical 
compression experiment of the spinal cord was then performed by 
applying a concentrated force of size 0.08 N in the mid-section of 
the spinal cord, which was directed perpendicular to the direction 
of the long axis of the spinal cord. The resulting displacement was 
calculated using Abaqus 2022 and compared with published data 
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[28]. The model's predictions of spinal cord motion showed good 
agreement with established in vivo patterns (Supplementary Fig. 
S3), supporting its validity for subsequent stress analysis.

Fig. 1. The finite element model of the cervical spine and spinal cord. 
A: Lateral view of the cervical spine and spinal cord complex model; B: 
Top view of the cervical spine and spinal cord complex model; C: 
Schematic of the C-OPLL; D: The schematic of titanium plate, 
interbody fusion device, and screws; E: The schematic of complete 
ACAF model.

3. Results
The peak stress and strain distributions in gray matter, white 

matter, nerve roots, and dura mater for the three types of C-OPLL 
models as the encroachment ratio gradually decreased from 60% to 
50%, 40%, 30%, 20%, 10%, and 0% are shown in Fig. 2-5. At the 
preoperative 60% encroachment ratio, the central-plateau subtype 
exhibited the highest peak stress in both gray and white matter 
among the three types. In contrast, the right-beak type of C-OPLL 
had the greatest peak stress on nerve roots and dura mater, and 
the central-beak type of C-OPLL had peak stress on gray matter, 
white matter, nerve roots, and dura mater in between. However, as 
the encroachment ratio decreased, stress on the gray matter, white 
matter, nerve roots, and dura mater decreased correspondingly 
across all C-OPLL subtypes.
3.1. Variation of peak stress in gray matter

The peak-stress pattern in the gray matter was as follows: in 
the central-plateau type C-OPLL, the stress values were 2.32 × 
10⁻², 1.48 × 10⁻², 4.97 × 10⁻³, 6.90 × 10⁻⁴, 5.16 × 10⁻⁴, 8.81 × 
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10⁻⁵, and 7.69 × 10⁻¹⁰ MPa; in the central-beak type C-OPLL, the 
peak stresses were 1.27×10⁻², 1.05 × 10⁻², 2.04 × 10⁻³, 5.11 × 
10⁻⁴, 4.44 × 10⁻⁴, 5.35 × 10⁻⁵, and 8.42 × 10⁻¹⁰ MPa; in the 
right-beak type C-OPLL, the peak stresses were 5.40 × 10⁻³, 3.44 × 
10⁻³, 9.80 × 10⁻⁴, 5.59 × 10⁻⁴, 2.91 × 10⁻⁴, 1.68 × 10⁻⁴, and 1.25 × 
10⁻¹⁰ MPa. When the encroachment ratio was reduced from 60% to 
0%, the ACAF procedure effectively decompressed the gray matter 
in all three subtypes. However, the ACAF procedure provided more 
symmetrical and uniform decompression of the spinal cord (gray 
matter) in the central-plateau and central-beak types. The 
efficiency of gray matter decompression was most significant in the 
central-plateau type C-OPLL in which the encroachment ratio was 
reduced from 60% to 30%, followed by the central-beak type and 
the right-beak type. Subsequently, the reduction in gray matter 
stress converged across the three C-OPLL subtypes (Fig. 5A).
3.2. Variation of peak stress in white matter

The pattern of peak stress variation in the white matter is as 
follows: in the central-plateau type of C-OPLL, the peak stresses 
were 1.50 × 10⁻², 1.04 × 10⁻², 3.91 × 10⁻³, 2.56 × 10⁻³, 9.51 × 
10⁻⁴, 8.97 × 10⁻⁵, and 7.44 × 10⁻⁹ MPa; in the central-beak type of 
C-OPLL, the peak stresses were 9.98 × 10⁻³, 5.84 × 10⁻³, 2.11 × 
10⁻³, 1.00 × 10⁻³, 9.61 × 10⁻⁴, 7.72 × 10⁻⁵, and 7.86 × 10⁻⁹ MPa; 
in the right-beak type of C-OPLL, the peak stresses were 7.02 × 
10⁻³, 4.59 × 10⁻³, 1.96 × 10⁻³, 7.13 × 10⁻⁴, 5.44 × 10⁻⁴, 2.39 × 
10⁻⁵, and 2.19 × 10⁻⁹ MPa. The ACAF procedure showed better 
decompression of the white matter in these three types of C-OPLL 
when the encroachment ratio decreased from 60% to 0%. However, 
the ACAF procedure was more symmetrical and homogeneous for 
the decompression of the spinal cord (white matter) in the 
central-plateau type and the central-beak type of C-OPLL. Among 
them, the central-plateau type of C-OPLL had the most significant 
white matter decompression efficiency when the encroachment 
ratio was reduced from 60% to 20%, followed by the central-beak 
type and the right-beak type of C-OPLL. After that, the white 
matter stress reduction in these three types of C-OPLL converged 
(Fig. 5B).
3.3. Variation of peak stress in nerve roots

The variation pattern of stress in the nerve root is as follows: in 
the central-plateau type of C-OPLL, the peak stresses were 1.04 × 
10⁰, 3.95 × 10⁻¹, 3.31 × 10⁻¹, 1.86 × 10⁻¹, 1.34 × 10⁻¹, 8.88 × 10⁻², 
and 6.55 × 10⁻⁵ MPa; in the central-beak type of C-OPLL, the peak 
stresses were 4.56 × 10⁻¹, 3.18 × 10⁻¹, 2.55 × 10⁻¹, 1.89 × 10⁻¹, 
1.02 × 10⁻¹, 6.20 × 10⁻², and 7.76 × 10⁻⁵ MPa; in the right-beak 
type of C-OPLL, the stress peaks were 1.22 × 10⁰, 1.18 × 10⁰, 3.29 

ACCEPTED MANUSCRIPT

ARTIC
LE

 IN
 PR

ES
S

ARTICLE IN PRESS



× 10⁻¹, 3.06 × 10⁻¹, 1.09 × 10⁻¹, 5.54 × 10⁻², and 1.51 × 10⁻¹⁷ 
MPa. When the encroachment ratio decreased from 60% to 0%, the 
ACAF procedure had a good decompression effect on the nerve 
roots of all three types of C-OPLL, with better recovery of the nerve 
roots of the right-beak type of C-OPLL, and when the C-OPLL 
encroachment ratio decreased to 30%, the right-beak type of 
C-OPLL still had high stress values. However, due to the positional 
factors of the ossifications, the ACAF procedure was more 
symmetrical and homogeneous for decompression of the nerve 
roots in the central-plateau type and central-beak type of C-OPLL. 
The efficiency of nerve root decompression was most significant in 
central-plateau type C-OPLL when the encroachment ratio was 
reduced from 60% to 50%. The nerve root decompression efficiency 
was most significant in the right-beak type C-OPLL when the 
encroachment ratio was reduced from 50% to 40%. At 
encroachment ratios of 60%–50% and 40%–30%, the nerve root 
decompression efficiency of the right-beak type of C-OPLL 
plateaued and approximated a plateau period. After that, the stress 
reductions among the three C-OPLL subtypes converged (Fig. 5C).
3.4. Variation of peak stress in the dura mater

The pattern of stress change in the dura mater was as follows: 
in the central-plateau type of C-OPLL, the peak stresses were 5.55 
× 10⁰, 2.68 × 10⁰, 1.63 × 10⁰, 1.55 × 10⁰, 8.28 × 10⁻¹, 6.31 × 10⁻¹, 
and 9.40 × 10⁻² MPa; in the central-beak type of C-OPLL, the peak 
stresses were 3.64 × 10⁰, 3.60 × 10⁰, 2.19 × 10⁰, 1.92 × 10⁰, 1.22 
× 10⁰, 9.61 × 10⁻¹, and 1.29 × 10⁻¹ MPa; in the right-beak type of 
C-OPLL, the stress peaks were 7.36 × 10⁰, 4.86 × 10⁰, 2.04 × 10⁰, 
1.99 × 10⁰, 1.43 × 10⁰, 1.13 × 10⁰, and 2.37 × 10⁻¹⁴ MPa. When 
the encroachment ratio was reduced from 60% to 0%, the ACAF 
procedure achieved better decompression of the dura mater in all 
three types of C-OPLL. The dural decompression efficiency was 
most significant for the central-plateau type of C-OPLL when the 
encroachment ratio decreased from 60% to 50%. The dural 
decompression efficiency of the right-beak type C-OPLL was the 
most significant when the encroachment ratio was reduced from 50% 
to 40%. At encroachment ratios of 60 %–50 % and 40 %–30 %, the 
dural decompression efficiency of the central-beak type C-OPLL 
plateaued and approximated a plateau period. After that, the stress 
reduction of these three types of C-OPLL converged (Fig. 5D).
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Fig. 2. Stress distribution in the anterior part of the spinal cord in 
three sets of C-OPLL models. A-G: central-plateau type of C-OPLL; 
H-N: central-beak type of C-OPLL; O-U: right-beak type of C-OPLL.

Fig. 3. Stress distribution of C3-7 nerve roots in three sets of C-OPLL 
models. A-G: central-plateau type of C-OPLL; H-N: central-beak type 
of C-OPLL; O-U: right-beak type of C-OPLL.
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Fig. 4. Dural stress distribution in three sets of C-OPLL models. A-G: 
central-plateau type of C-OPLL; H-N: central-beak type of C-OPLL; 
O-U: right-beak type of C-OPLL.

Fig. 5. Stress peaks in three groups of C-OPLL models: A: gray matter; 
B: white matter; C: nerve roots; D: dura mater.

4.Discussion
ACAF is a relatively novel anterior decompression technique 

for C-OPLL. Its surgical principle involves achieving spinal cord 
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decompression by anteriorly displacing the vertebral 
body-ossification complex en bloc via an anterior approach. The 
literature reports that its clinical effect is satisfactory [6,29]. 
However, there is a lack of quantitative data on the changes in 
spinal cord stress during this procedure. The pattern of spinal cord 
and nerve root stress changes during specific decompression 
operations has not been reported in relevant studies. And it is not 
known whether there are differences in spinal cord and nerve root 
stress changes and decompression effects between different types 
of C-OPLLs operated with this technique. This study represents the 
first finite element analysis to dynamically simulate and quantify 
the biomechanical evolution of spinal cord stress during the unique 
"controllable anterior displacement" mechanism of the ACAF 
procedure. In contrast to previous finite element studies focused on 
laminoplasty or ACCF/ACDF, our work systematically elucidates 
the distinctive decompression dynamics of ACAF and its interaction 
with different OPLL morphologies (central-plateau, central-beak, 
and lateral-beak types). We found that at a 60% encroachment ratio, 
the central-plateau type produced the highest stress on the gray 
and white matter. In contrast, the right-beak type of C-OPLL had 
the greatest stress on the nerve roots and dura mater, and the 
central-beak type of C-OPLL had the greatest stress on the gray 
matter, white matter, nerve roots, and dura mater in between. By 
simulating ACAF treatment of these three types of C-OPLL, it was 
found to have a better decompression effect on all three types of 
C-OPLL. As the proportion of vertebral body ossification 
encroaching on the spinal canal decreased during decompression, 
the stresses in the gray and white matter decreased most 
significantly in the central-plateau type of C-OPLL, followed by 
those in the central-beak type of C-OPLL. the lateral-beak type of 
C-OPLL exhibited the most significant decrease in stress within the 
nerve roots and dura mater. As the percentage of encroachment 
decreased further, the stress changes in gray matter, white matter, 
nerve root and dura mater converged among the types.

As the vertebral canal occupation of C-OPLL increases, the 
available space for the spinal cord decreases [30]. It has been 
reported that C-OPLL occupying more than 60% of the vertebral 
canal may be a risk factor for the development of spinal cord 
disease [31]. In our study, the central subtypes (plateau and beak) 
induced higher compressive stress on the spinal cord than the 
lateral (right-beak) subtype. This finding is consistent with the 
experimental results of Khuyagbaatar et al. [32] and is likely 
inextricably linked to the pathoanatomic relationship [30]. This is 
likely because the central-plateau subtype has a larger 
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cross-sectional area, occupying more spinal canal volume and thus 
exerting greater pressure on the spinal cord than the other 
subtypes. Whereas the C-OPLL of the right-beak type is located on 
one side, it is more likely to compress the nerve roots and 
surrounding dura mater involving its lateral saphenous foramen, 
leading to an increase in compressive stress in these areas. Based 
on our model, a residual encroachment ratio of approximately 30% 
or less may be biomechanically acceptable when complete anterior 
displacement is not achieved. This aligns with the critical value of 
encroachment ratio at which patients are considered for 
conservative versus surgical treatment [33,34]. Combined with 
previous discussions in clinical literature regarding spinal canal 
encroachment ratio and surgical indications, this mechanical 
inflection point may hold certain clinical reference significance. 
However, translating it directly into an 'acceptable' clinical 
threshold requires caution. The final clinical decision must 
comprehensively consider factors including the patient's symptoms, 
overall imaging presentation, and surgical risks. Furthermore, the 
applicability of this reference value may be limited in cases such as 
lateral beak-type OPLL, where the relief of nerve root stress may 
be delayed.

Due to the relatively recent development of the ACAF 
technique, biomechanical studies on it are scarce. At present, 
posterior single-door surgery is still the most classic surgical 
procedure for the treatment of C-OPLL, and through biomechanical 
methods, the effects of surgical methods on spinal cord stress have 
also been investigated in the literature [35,36], which can provide a 
more intuitive response to the decompression principle of the 
surgical procedure. Stoner et al. [36] compared spinal cord stress 
strains between anterior cervical discectomy and fusion with 
laminectomy and double-door laminoplasty by means of finite 
element modeling, and found that all procedures reduced the spinal 
cord stress strains at the operative site. Although ACAF is a distinct 
anterior approach, our study similarly demonstrated a gradual 
reduction in compressive stresses on the spinal cord, nerve roots, 
and dura mater at the surgical site during decompression. After 
simulating spinal cord compression with C-OPLL, Sim et al. 
concluded that a large focal C-OPLL would require a technique 
capable of creating sufficient and direct decompression space 
anterior to the spinal cord [37]. The decompression characteristics 
of ACAF are exactly what is needed when treating large focal 
C-OPLL. Nishida et al found that posterior decompression reduced 
the pressure in neutral spinal cord position, but the pressure on the 
spinal cord may increase with disc activity[38].  Therefore, the 
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fusion-fixation feature of ACAF may also be beneficial for the 
treatment of C-OPLL with kyphosis.

Regarding the reduction of nerve root and dural compression, 
ACAF effectively decompressed both structures across all three 
C-OPLL subtypes. However, the decompression pattern was unique 
for the right-beak type of C-OPLL. The nerve root decompression 
efficiency of the right-beak type C-OPLL plateaued at 
encroachment ratios of 60% to 50% and 40% to 30%. We 
hypothesize that this may occur because the ossified mass in the 
right-beak type is influenced by the anatomical constraints of the 
vertebral pedicle and lateral recess [32]. Its effective spinal canal 
diameter is small, and when compression reaches a certain level, 
the tensile load on the nerve roots enters a plateau range. When 
the compressed spinal cord is re-exacerbated or decompressed, the 
spinal cord appears to undergo large deformations that can again 
pull or release the nerve roots, resulting in large fluctuations in 
nerve-root stress. In addition, the dural decompression efficiency of 
the central-beak C-OPLL plateaued at encroachment ratios of 60% 
to 50% and 40% to 30%. This may be related to the area of 
compression and the compensatory space of the dura mater [39], 
which is smaller in the central-beak type than in the central-plateau 
type when compression is applied to the flatter dura mater in front. 
Therefore, small changes in the degree of compression may cause 
the stress values to plateau. However, as the ACAF continued to 
progressively decompress, the stress values of the nerve roots and 
dura mater gradually decreased in all three types of C-OPLL. In 
terms of clinical significance, this helps relieve nerve-root and 
dural symptoms [29]. Many anatomical and MRI studies have 
confirmed the existence of connections between the 
musculoskeletal system and the dura mater. Dural compression can 
lead to the release of mast cells and substance P, which are 
implicated in headaches and cervical discomfort [40,41]. For lateral 
beak-type OPLL, even when the overall encroachment ratio is 
reduced to 30%, the model still shows higher stress in the 
ipsilateral nerve root region. This suggests that if adhesions are 
present, achieving sufficient lateral decompression may require a 
larger degree of anterior displacement, thereby potentially 
increasing the risk of intraoperative dural traction or tear.

There are some limitations in this study. First, there may be 
some deviations in the establishment of the finite element model, 
leading to uncertainty in the results of the stress distribution 
analysis; second, this in silico (finite element) study fails to 
adequately consider the effects of individual patient differences, 
surgical operation techniques, and other factors on the surgical 
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results. In addition, referring to the previous study [35], spinal-cord 
material properties were based on bovine experimental data, and 
the subsequent studies on this aspect of human spinal cord 
properties should be supplemented. This study employed static 
analysis and did not incorporate flexion-extension, rotation, or 
inertial loads. Although ACAF fusion eliminates abnormal 
micromotion at the operated segments, it may transfer range of 
motion to adjacent levels, leading to dynamic redistribution of 
spinal cord stress. Future work should develop a dynamic 
finite-element model that includes viscoelastic ligaments, 
muscle-driven loading, and full cervical-spine six-degree-of-freedom 
kinematics to assess immediate postoperative and long-term 
spinal-cord safety boundaries under physiological motion. 
Furthermore, it must be explicitly emphasized that the "30% 
residual encroachment ratio" derived from this model is solely a 
biomechanical observation within the context of this study. The 
clinically acceptable threshold must be comprehensively evaluated 
by integrating the patient's neurological status and surgical risks. 
Finally, the model simplified the complexity of surgical procedures 
such as the anterior displacement of ossified masses posterior to 
the C4 and C5 vertebrae. Future finite element studies should 
incorporate material properties and connections to simulate 
adhesive tissues, as well as account for more ossified segments and 
types, to more accurately evaluate the biomechanical safety of the 
ACAF procedure under complex pathological conditions.
5.Conclusion

In summary, our biomechanical analysis demonstrates that the 
ACAF procedure produces effective decompression across all three 
C-OPLL subtypes (central-plateau, central-beak, and right-beak). 
The early decompression effect on white and gray matter was most 
significant in the central-plateau type, while nerve root and dural 
decompression was most pronounced in the right-beak type. 
Furthermore, the model data suggest that reducing the residual 
encroachment ratio to approximately 30% may represent a 
biomechanical inflection point, beyond which the marginal benefit 
of further decompression for the spinal cord plateaus. This 
biomechanical threshold necessitates careful clinical interpretation, 
integrating patient-specific neurological status and surgical risks.
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