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Objective: Cervical hybrid surgery optimizes the use of cervical disc arthroplasty (CDA) 
and zero-profile (ZOP) devices in anterior cervical discectomy and fusion (ACDF) but lacks 
uniform combination and biomechanical standards, especially in revision surgery (RS). 
This study aimed to investigate the biomechanical characteristics of adjacent segments of 
the different hybrid RS constructs in ACDF RS.
Methods: An intact 3-dimensional finite element model generated a normal cervical spine 
(C2–T1). This model was modified to the primary C5–6 ACDF model. Three RS models 
were created to treat C4–5 adjacent segment degeneration through implanting cages plus 
plates (Cage-Cage), ZOP devices (ZOP-Cage), or Bryan discs (CDA-Cage). A 1.0-Nm mo-
ment was applied to the primary C5–6 ACDF model to generate total C2–T1 range of mo-
tions (ROMs). Subsequently, a displacement load was applied to all RS models to match the 
total C2–T1 ROMs of the primary ACDF model.
Results: The ZOP-Cage model showed lower biomechanical responses including ROM, in-
tradiscal pressure, maximum von Mises stress in discs, and facet joint force in adjacent seg-
ments compared to the Cage-Cage model. The CDA-Cage model exhibited the lowest bio-
mechanical responses and ROM ratio at adjacent segments among all RS models, closely 
approached or lower than those in the primary ACDF model in most motion directions. 
Additionally, the maximum von Mises stress on the C3–4 and C6–7 discs increased in the 
Cage-Cage and ZOP-Cage models but decreased in the CDA-Cage model when compared 
to the primary ACDF model.
Conclusion: The CDA-Cage construct had the lowest biomechanical responses with mini-
mal kinematic change of adjacent segments. ZOP-Cage is the next best choice, especially if 
CDA is not suitable. This study provides a biomechanical reference for clinical hybrid RS 
decision-making to reduce the risk of ASD recurrence.

Keywords: Biomechanical analysis, Cervical revision surgery, Hybrid surgery, Adjacent 
segment degeneration, Zero-profile device, Cervical disc arthroplasty

INTRODUCTION

Adjacent segment degeneration (ASD) is a commonly ob-
served long-term complication in middle-aged and elderly pa-

tients who have undergone cervical fusion.1 The main manifes-
tations on imaging are disc height reduction and herniation, 
facet joint proliferation, and segmental instability. When a pa-
tient exhibits neurological symptoms that correspond to imag-
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ing findings of ASD, it is referred to as adjacent segment disease.1 
Studies have reported varying incidence rates of ASD, ranging 
from 16% to 96%, with an average incidence of approximately 
47.33%.2 It has been observed that an increased number of fu-
sion segments can accelerate the development of ASD follow-
ing anterior cervical discectomy and fusion (ACDF).3 ACDF 
has gradually developed into the standard procedure for anteri-
or cervical fusion since the 1950s. Risk factors associated with 
the progression of ASD include biomechanical factors, fixation 
plate length, screw insertion angle, cervical dislocation sequence, 
age, and other factors.4,5 Among these, biomechanical factors 
are considered the most significant contributors to the develop-
ment of ASD.6 ASD disrupts the biomechanical stability of the 
cervical spine, and in cases of severe nerve compression, surgi-
cal revision becomes necessary to address the condition.

However, for patients with secondary ASD after primary 
ACDF surgery, traditional titanium alloy cages plus plates are 
still conventionally used in revision surgery (RS).7 Segmental 
fusion in these cases leads to a greater loss of motor segments, 
an increase in range of motion (ROM) compensation, and an 
elevated risk of ASD.4,8 The novel zero-profile (ZOP) device has 
been gradually applied in ACDF surgery. The ZOP device is 
superior to cage plus plate in reducing the incidence of ASD, 
minimizing intraoperative blood loss, and alleviating dyspha-
gia.9 Moreover, a finite element (FE) study also reported that 
the ZOP device effectively reduces biomechanical responses by 
reducing the ROM and intradiscal pressure (IDP) in the nucle-
us pulposus at adjacent segments.10

In recent years, anterior cervical hybrid surgery developed 
rapidly as an innovative approach to treat multi-segmental cer-
vical degeneration disease (CDD).11 This procedure combines 
ACDF with cervical disc arthroplasty (CDA), providing a new 
strategy for RS after ACDF.11 The implantation of an artificial 
disc in the cervical spine can improve the distribution ratio of 
intervertebral ROM to a certain extent by preserving motion in 
the surgical segments.12,13 Furthermore, many biomechanical 
studies have demonstrated that hybrid surgery surpasses ACDF 
surgery in restoring the normal biomechanical state of the cer-
vical spine.12,14

It is well recognized that the significant increase in IDP and 
facet joint force (FJF) caused by the compensatory increase in 
the ROM of the upper and lower adjacent segments after ACDF 
serves as a critical biomechanical mechanism underlying ASD.15 
The RS strategy for the ASD following ACDF necessitates a re-
construction of the cervical spine sequence and a reduction in 
the biomechanical responses of adjacent segments. The hybrid 

strategies used in the treatment of multilevel CDDs are diversi-
fied, mostly based on the surgical experience of surgeons, and 
lack of strong biomechanical and long-term follow-up evidence. 
Particularly in RS, there is a deficiency in biomechanical data as 
a reference for making surgical decisions and forecasting the 
long-term degenerative prognosis of adjacent segments. Both 
the ZOP device and the cervical artificial disc exhibit the capa-
bility to reduce the biomechanical responses on adjacent seg-
ments. However, their effectiveness in reducing the biomechan-
ical responses of adjacent segments and reducing the risk of 
ASD recurrence compared with traditional ACDF revision has 
not been reported, and further investigation is needed.

In this study, we established the C2–T1 intact, primary ACDF 
model, and 3 other RS FE models integrating previous ACDF 
procedures with new-implanted revision devices: the tradition-
al cage plus plate (Cage-Cage), the ZOP device (ZOP-Cage), 
and the Bryan disc (CDA-Cage) models. These FE models were 
designed to explore the biomechanical characteristics of adja-
cent segments in the RS models. From the biomechanical per-
spective, this FE study will provide a basis for selecting suitable 
RS methods to reduce the risk of ASD recurrence following 
ACDF RS.

MATERIALS AND METHODS

1. Establishment of the Intact Cervical FE Model
The geometric model of the C2–T1 vertebrae was generated 

using computed tomography (CT) scan data derived from the 
cervical spine of a healthy 30-year-old female, as illustrated in 
Fig. 1. Initial processing of the CT scan data involved its impor-
tation into Mimics (Materialise Inc., Leuven, Belgium), where 

Fig. 1. Three-dimensional structural illustrations of intact 
C2–T1 finite element model. A frontal and lateral view of the 
finite element model, C6 vertebrae, and disc structure were 
shown.

Frontal view Lateral view C6 vertebrae

Annulus 
fibrosus

Nucleus
pulposus
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it was converted into a geometric structure. The resulting geo-
metric model was then subjected to meshing procedures using 
Hypermesh (Altair Engineering Inc., Troy, MI, USA). Subse-
quently, the meshed model underwent preprocessing and anal-
ysis using Abaqus (Dassault Systemes Simulia Corp., Johnston, 
RI, USA). The FE study protocol has been reviewed and ap-
proved by the Ethics Committee of Beijing Chaoyang Hospital, 
Capital Medical University (No. 2019-ke-212).

2. Material Properties and FE Modeling
The material properties utilized in this study’s FE models fol-

lowed previously published literature, and the detailed informa-
tion was summarized in Table 1. The vertebrae were divided 
into 2 regions: cortical bone (1-mm thickness) and cancellous 
bone, both meshed using tetrahedral elements.16,17 The cortical 
endplates of the discs and facet joints were meshed with hexa-
hedral elements. Furthermore, the intervertebral disc was di-
vided into 3 components: the nucleus pulposus, annulus fibro-
sus (Fig. 1), and endplates (0.5-mm thick). The nucleus pulpo-
sus and annulus fibrosus were meshed utilizing hexahedral ele-
ments, and they occupied approximately 40% and 60% of the 
intervertebral disc volume, respectively.4

Mooney-Rivlin constitutive model was used to model the 
nonlinear behavior of the ground substance of both the nucleus 
pulposus and the annulus fibrosus. The annulus fibers, consist-
ing of 8 layers, were modeled as hypoelastic materials using 
truss elements and were embedded within the annulus ground 
substance with an inclination of approximately 30° to the trans-

verse plane.18 Moreover, the main ligaments were established 
using nonlinear tension-only spring elements placed in their 
anatomically accurate positions, encompassing the anterior lon-
gitudinal ligament, posterior longitudinal ligament, ligamentum 
flavum, interspinous ligament, and facet capsular ligament19,20 
(Table 1).

3. Validation of the Intact FE Model
In the validation process, moments were applied to the rigid 

reference point of C2 vertebra in all FE models. The inferior 
surface of the T1 vertebrae was fully fixed in all degrees of free-
dom. For the intact C2–T1 model, we applied a 73.6 N follower 
load to the spine, followed by a 1.0-Nm moment on C2 verte-
bra for validation. The 73.6 N follower load represents a physio-
logical axial compressive load to simulate the effect of head 
weight and muscle force.12 The segmental ROMs of flexion, ex-
tension, lateral bending, and axial rotation were compared with 
experimental data from published literature.21-23

4. Establishment of the Surgical FE Models
The details of the established C5–6 ACDF model and the 

three 2-level RS models are shown in Fig. 2, and the surgical 
process is illustrated as follows. In all surgical segments of the 
surgical models, the intervertebral disc, anterior longitudinal 
ligaments, and posterior longitudinal ligaments were complete-
ly resected. After decompression, a cage plus ATLANTIS VI-
SION Elite plate-screw system (Medtronic Sofamor Danek, 
Memphis, TN, USA), ZERO-P VA ZOP device (DePuy Syn-

Table 1. Material properties of the cervical finite element model

Component Element type Constitutive model Young’s modulus (MPa) Poisson ratio Reference

Cortical bone C3D4
C3D8

Isotropic elastic E = 10,000 ν= 0.3 18

Cancellous bone C3D4 Neo-Hookean E = 100 ν= 0.3 20

Annulus ground substance C3D8H Mooney-Rivlin C10 = 0.1333, C01 = 0.0333, D1 = 0.6 - 20

Annulus fibers T3D2 Hypeoelastic 350–550 ν= 0.3 17

Nucleus pulposus C3D8H Mooney-Rivlin C10 = 0.12, C01 = 0.09, D1 = 0 - 13

Spine ligaments (ALL, PLL, ISL, LF, CL) Spring Nonlinear elastic - - 19

PEEK cage C3D4 Linear elastic E = 3,760 ν= 0.38 17

Screws/plate (titanium alloy) C3D4 Linear elastic E = 110,000 ν= 0.3 7

PEEK ZOP device C3D4 Linear elastic E = 3,760 ν= 0.38 4, 17

ZOP device screws (titanium alloy) C3D4 Linear elastic E = 110,000 ν= 0.3 7

Bryan disc shell C3D8 Linear elastic E = 110,000 ν= 0.3 35

Bryan disc Nucleus C3D8 Linear elastic E = 30 ν= 0.45 35

ALL, anterior longitudinal ligament; PLL, posterior longitudinal ligament; ISL, interspinous ligament; LF, ligamentum flavum; CL, capsular 
ligament; PEEK, polyetheretherketone; ZOP, zero-profile.
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thes, Raynham, MA, USA), or Bryan cervical disc (Medtronic 
Sofamor Danek) was implanted at the C4–5 segment, respec-
tively. Both contact surfaces of the intervertebral devices were 
ensured to be in complete contact with the corresponding end-
plates, and the screw and plate were used to stabilize the surgi-
cal segments further.15 In the C5–6 primary ACDF segment, 
polyetheretherketone cages filled with center bone graft (can-
cellous bone properties)7,24 were inserted, followed by the place-
ment of anterior titanium alloy plates (length 21 mm) and screws 
(insertion angle approximately 0°) to achieve solid fusion. The 
nodes within the interface region of the devices and bone were 
shared to connect them to the models. The material properties 
of different implant devices, including cage, screw plus plate, 
ZOP devices, and Bryan disc, are also listed in Table 1.

5. Loading Conditions of the Surgical Models
A follower load of 73.6 N and a pure moment of 1.0 Nm was 

imposed on the primary ACDF model to produce ROMs in 3 
planes. All RS models, including Cage-Cage, ZOP-Cage, and 
CDA-Cage, were subjected to displacement loads; the displace-
ment load applied to all RS models matched the total C2–T1 
ROMs of the primary ACDF model. Soft and frictionless con-
tact properties were used to replicate the sliding contact be-
tween the cartilage endplates of the facet joints.25 Finally, the 
segmental ROM, IDP, and FJF in different surgical models dur-

ing 3 motion planes were calculated. During extension, the 
mean FJFs for both left and right facet joints at the same level 
were recorded and calculated. The FJF during flexion was not 
calculated because the C2–T1 facet joints had no contact forces. 
The FJFs on the loaded side were recorded and then averaged 
for the left and right loading conditions.

RESULTS

1. Model Validation
In the present study, the segmental ROMs for C2–T1 in the 

intact model were compared with those from both in vitro stud-
ies and FE studies. During flexion-extension, the ROMs observed 
in the present study are close to the data from the in vitro study 
conducted by Wheeldon et al.22 In the present study, segmental 
ROM is slightly higher at C4–5 and C6–7, exceeding 3° com-
pared to the study of Erbulut et al.,26 but similar in other seg-
ments (Fig. 3A).

During lateral bending, the ROMs of C2–3 and C7–T1 are 
close to the in vitro study by Yogananda et al.23 and the FE stud-
ies by Wu et al.27 and Wang et al.28 In the C3–4, C4–5, and C5–6 
segments, our study’s ROM values are notably lower than those 
reported by Yogananda et al.23 and Wang et al.28 However, the 
difference is relatively smaller, approximately 1° or less, when 
compared to the data presented by Wu et al.27 (Fig. 3B).

Fig. 2. Three-dimensional finite element (FE) models of C5–6 primary anterior cervical discectomy and fusion (ACDF) and re-
vision surgery constructs were established. (A) Three-dimensional FE model of primary ACDF, Cage-Cage, ZOP-Cage, and 
CDA-Cage. Three-dimensional FE model of the cage plus plate (B), ZOP device (C), and Bryan artificial disc (D). ZOP, zero-
profile; CDA, cervical disc arthroplasty.

Primary ACDF CDA-CageZOP-CageCage-Cage

A

B C D
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Finally, the segmental ROM for axial rotation in this study 
was also compared with the data of the study conducted by Yo-
gananda et al.,23 Wu et al.,27 and Wang et al.28 Except for the C7–
T1 segment, the segmental ROMs of the other segments exhibit 
close to at least 2 of the 3 studies referenced. Moreover, the ROM 
for the C7–T1 segment in the present study is higher than the 
1.48° reported by Wu et al.27 (Fig. 3C).

2. ROMs at the Adjacent Segments
Under a follower load of 73.6 N, the total C2–T1 ROMs in 

Fig. 3. Model validation of C2–T1 intact finite element (FE) 
model of the present study under a 1.0-Nm moment, com-
pared with the published studies. (A–C) Comparison of seg-
mental range of motions (ROMs) of C2–T1 during flexion-
extension, lateral bending, and axial rotation. 
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Fig. 4. Comparison of range of motions (ROMs) in different 
finite element models during flexion (A), extension (B), later-
al bending (C), and axial rotation (D). ACDF, anterior cervi-
cal discectomy and fusion; ZOP, zero-profile; CDA, cervical 
disc arthroplasty.
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the primary ACDF model following a 1-Nm moment during 
flexion, extension, lateral bending, and axial rotation were 
19.5°, 29.8°, 18.5°, and 17.6°, respectively. The total C2–T1 
ROMs of all 3 RS models matched those of the primary ACDF 
model. Fig. 4 illustrates the segmental ROMs for the primary 
ACDF and 3 RS models in different motion directions. In com-
parison to the primary ACDF model, the ROMs of C3–4 and 
C6–7 adjacent segments of the Cage-Cage model and ZOP-
Cage model were increased in all motion directions; and the 
ROMs of the ZOP-Cage model were lower than those of the 
Cage-Cage model in all motion directions. The CDA-Cage 
model has the lowest adjacent segment ROM among all RS 
models in all motion directions. Furthermore, the ROMs of the 
upper and lower adjacent segments in the CDA-Cage model 
were lower than those in the primary ACDF model during ex-
tension, lateral bending, and axial rotation, except for C6/7, 
while during flexion was close to those in the primary ACDF 
model.

3. Distribution Percentage of Segmental ROMs
The ROM percentages for each C2–T1 segment are shown in 

Fig. 5. In comparison to the primary ACDF model, both the 
Cage-Cage and ZOP-Cage models exhibited an increase in the 
ROM ratio of the C3–4 and C6–7 segments in all motion direc-
tions. The CDA-Cage model demonstrated the lowest ROM ra-
tio of C3–4 and C6–7 segments among all RS constructs, which 
is close to or lower than those of the primary ACDF model in 
all motion directions. Additionally, the intervertebral ROM at 
the C4–5 segment in the CDA-Cage model was preserved and 
exhibited overactivity compared to the primary ACDF model 
during extension, lateral bending and axial rotation.

4. Segmental IDP Analysis at Adjacent Segments
The IDP of the adjacent segments in the different FE models 

are shown in Fig. 6. Among the RS models, the Cage-Cage mod-
el had the highest IDP in the C3–4 and C6–7 segments, followed 
by the ZOP-Cage model, both surpassing the primary ACDF 

Fig. 5. Comparison of distribution percentage of the ROM in different finite element models during flexion (A), extension (B), 
lateral bending (C), and axial rotation (D). ACDF, anterior cervical discectomy and fusion; ZOP, zero-profile; CDA, cervical disc 
arthroplasty.
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model in all motion directions. The CDA-Cage model exhibit-
ed IDP values similar to the primary ACDF model. Specifically, 
during extension, the IDP in the C3–4 and C6–7 segments of 
the CDA-Cage model was lower than that of the primary ACDF 
model.

5. Stress Analysis of the Discs at Adjacent Segments
The disc stress distribution features of the C3–4 and C6–7 

discs in each model are shown in Figs. 7 and 8, respectively. The 
maximum von Mises stresses of annulus fibrosus at the C3–4 
and C6–7 discs were higher than those of the nucleus pulposus 
in all directions. In different motion directions, the maximum 
von Mises stress was concentrated at the loading side’s corre-
sponding edge. Comparing RS models to the primary ACDF 
model, the Cage-Cage and ZOP-Cage models exhibited increased 
maximum von Mises stress in C3–4 and C6–7 intervertebral 
discs. Conversely, the CDA-Cage model showed reduced maxi-
mum von Mises stress levels, except for the C6–7 segment dur-
ing flexion.

6. FJF Analysis at Adjacent Segments
The FJF values of the different FE models in the upper and 

lower adjacent segments are presented in Fig. 9. In comparison 
to the primary ACDF model, the FJF values at the C3–4 and 
C6–7 levels in the Cage-Cage and ZOP-Cage models were in-
creased, with the Cage-Cage model demonstrating the highest 
values, except at C3–4 during lateral bending. Moreover, the 
CDA-Cage model exhibited a reduced FJF values at the C3–4 
and C6–7 segments in comparison to the primary ACDF mod-
el during extension, lateral bending and axial rotation.

DISCUSSION

1. �Main Findings May Benefit the Decision-Making of 
 ACDF RS
Cervical hybrid surgery is an effective method to preserve 

the ROM in cases of CDD, and it can effectively delay the pro-
cess of cervical degeneration.12 In the selection of internal fix-
ators for ACDF surgery, ZOP devices exhibit clear advantages 
over traditional cage plus plate structures in terms of both clini-
cal efficacy and biomechanical response reduction. This study 
innovatively compared the RS methods focusing on the hybrid 
CDA-Cage construct, as well as ACDF involving ZOP devices 
and traditional cage plus plate structures following primary 
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ACDF from the perspective of biomechanics. The authors es-
tablished a C2–T1 intact model, in which the primary opera-
tion was conducted in the C5–6 segment that was most prone 
to degeneration in the clinic, while the RS addressed the C4–5 
higher adjacent segment due to ASD. Using the 3 revision meth-
ods mentioned above, we systematically compared the changes 
in biomechanical responses of the upper and lower adjacent 
segments following different RS models. Our results indicated 
that both ZOP-Cage and CDA-Cage constructs reduced bio-
mechanical responses, providing valuable data for guiding clin-
ical decision-making when selecting surgical methods to mini-

mize the risk of re-ASD after RS.

2. �ROMs at Adjacent Segments and Distribution of 
 Segmental ROMs
After ACDF, the loss of ROM in the fusion segment was com-

pensated by other nonfusion segments.15,29 These adjacent seg-
ments are most susceptible to biomechanical changes, exhibit-
ing a significant increase in ROM and a higher risk of ASD. When 
different types of internal fixators were implanted in the surgi-
cal segment, the ROM compensation of the adjacent segments 
was different. In this study, compared to the Cage-Cage model, 
the ZOP-Cage model has a larger ROM, which results in a slight-
ly smaller adjacent segmental ROM than the Cage-Cage model. 
When the ROMs of the surgical segments with CDA were all 
retained or even overactive, making CDA-Cage model has the 
lowest adjacent segment ROM among all RS models. These 
findings are in line with those of Faizan et al.,30 which suggest 
that the adjacent segmental ROM, facet joint loads, and end-
plate stresses of CDA combined with ACDF were closer to the 
normal model than the 2-level ACDF model, and had less ef-
fect on the biomechanical responses of adjacent segments. Wong 
et al.12 demonstrated that in the FE models of the three-level 
continuous hybrid surgery model, the reduction in ROM in 
the lower adjacent segment was at the cost of increased ROM 
in the upper adjacent segments. Additionally, Wu et al.14 found 
that the location of ACDF and CDA is an important factor in 
the kinematics of adjacent segments, and the ROM of adjacent 
ACDF segments increases much more than that of adjacent CDA 
segments. However, our study is inconsistent with the findings 
of the 2 studies of Wong et al.12 and Wu et al.,14 and as we did 
not observe significantly higher or lower ROM in the C3–4 seg-
ment compared to the C6–7 segment in the CDA model. This 
discrepancy may be attributed to the number of total segments 
or surgical segments used in the study, as well as the location 
limitations of the surgical segment of the CDA imposed by re-
vision. In this study, when compared to the other 2 RS models, 
the CDA-Cage model demonstrates the most significant reduc-
tion in ROM in the 2 adjacent segments. However, there were 
no significant differences observed in the reduction of ROM 
between the upper and lower adjacent segments in the CDA-
Cage model. The effects of the number of total segment and 
hybrid segments in different models and the location of CDA 
and ACDF on adjacent ROMs still need to be further clarified.

3. IDP and Disc Stress Analysis at Adjacent Segments
The changes in IDP after ACDF may be attributed to many 
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Fig. 9. Comparison of facet joint force (FJF) at the upper and 
lower adjacent segments in different operation finite element 
models during extension (A), lateral bending (B), and axial 
rotation (C). ACDF, anterior cervical discectomy and fusion; 
ZOP, zero-profile; CDA, cervical disc arthroplasty.
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factors, including patient-specific factors (such as head and neck 
gravity, neck muscle condition, and natural degenerative state 
of discs), the length of fused segments, and the type of internal 
fixation.31 The rise in IDP obstructs the diffusion of nutrient 
substances from the endplate to the intervertebral disc, leading 
to a deterioration in the nutritional status of the disc. This is 
also considered a crucial factor contributing to disc degenera-
tion in patients following fusion surgery for ASD.32 An increased 
number of fusion segments is a high-risk factor for ASD after 
multilevel cervical fusion.6 Patients who underwent multilevel 
fusion experienced a more substantial decrease in overall ROM 
and exhibited increased compensatory ROM in the upper adja-
cent segments. This increased ROM was associated with a high-
er IDP, which in turn elevated their risk of developing degener-
ation.3

Previous study has demonstrated that IDP in adjacent seg-
ments following 2-level continuous hybrid surgery is signifi-
cantly lower than that following 2-level continuous ACDF sur-
gery.10 Our study found a consistent phenomenon in the hybrid 
CDA-Cage model exhibiting the lowest adjacent segmental IDP 
among the 3 RS models. Additionally, the present study also 
used a stress cloud map to display the distribution of von Mises 
stress on the disc. The stress cloud maps showed that the maxi-
mum stress on the disc concentrated at the corresponding edge 
of the loading side. Among all RS models, both Cage-Cage and 
ZOP-Cage models showed an increased maximum stress at the 
C3–4 and C6–7 intervertebral discs when compared to the pri-
mary ACDF model, whereas the CDA-Cage model consistently 
exhibited the lowest maximum stress. In the hybrid CDA-Cage 
model, the changes of IDP and maximum disc stress in adja-
cent segments are close to the trends observed in ROM and FJF 
during different postures, suggesting that CDA has a significant 
protective effect on the disc of both adjacent segments.

4. FJF Analysis at Adjacent Segments
Hypermobile facet joints in adjacent segments following cer-

vical fusion can lead to increased stress load, potentially result-
ing in cervicogenic neck pain and even headaches.33 ACDF in-
duces a decrease in FJF within the fusion segment due to rigid 
fixation. Studies have demonstrated that the implantation of an 
artificial intervertebral disc keeps the operative segment from 
overloading the facet joints and keeps them in a relatively healthy 
state.34 The Bryan disc used in this study has been found to re-
duce FJFs at the surgical segments, potentially delaying facet 
joint degeneration and lowering the associated degenerative 
risk. Conversely, other clinically used discs such as Mobi-C and 

Prestige-LP discs have shown an increased FJF.35 In addition to 
the FJF of the operative segment, the bearing load by facet joints 
of adjacent segments plays a pivotal role in predicting degener-
ation. Our study showed that the FJF at adjacent segments of 
both Cage-Cage and ZOP-Cage constructs increased compared 
with the primary ACDF model. In contrast, FJF in adjacent seg-
ments of CDA-Cage hybrid constructs exhibited a significant 
decrease compared to the primary ACDF model. The changes 
in FJF in adjacent segments were consistent with the changes in 
ROM, with CDA-Cage constructs demonstrating a positive 
biomechanical effect in preventing facet joint degeneration. 
Faizan et al.30 found that CDA can protect adjacent facet joints 
by compensating for ROM, resulting in a tendency for increased 
facet joint load at the CDA level while not significantly increas-
ing FJF at adjacent segments. This phenomenon was also cor-
roborated in our model, as FJF in the adjacent segments above 
the CDA level was lower than that in the CDA-operated seg-
ment. Previous studies have shown that the increase in contact 
force and load of adjacent facet joints after fusion surgery may 
lead to pathological injuries of the articular surface and ulti-
mately accelerate joint surface degeneration.36,37 In this study, 
CDA effectively alleviates adjacent segment FJF, thereby miti-
gating ASD and providing an effective means to alleviate neck 
pain resulting from facet joint hypermobility.

5. �Summary Analysis of Biomechanical Parameters 
 Combined With Clinical Application
From a biomechanical perspective, our study reveals that in 

the RS methods, the hybrid CDA-Cage construct provides su-
perior protection for adjacent segments compared to both ZOP-
Cage and Cage-Cage constructs. Among the 3 RS constructs, 
CDA-Cage performed the most significant reduction in ROM, 
IDP, maximum disc stress, and FJF at the adjacent segments. 
Because of the large number of patients undergoing revision 
due to ASD after 1-level ACDF, the results of this study can be 
used as a reference for surgeons when determining the optimal 
approach (CDA-Cage or ZOP-Cage) for single-stage ACDF re-
vision. Due to the relatively strict surgical indications of CDA, 
the hybrid CDA-Cage construct is recommended as the pre-
ferred surgical approach in patients not involving severe osteo-
porosis, severe cervical instability, trauma, or pathological bone 
injury.38,39 For the clinical effect, hybrid surgery exhibited the 
advantages of less intraoperative blood loss, shorter return du-
ration to work, and a lower incidence of nerve injury.17 For pa-
tients who do not meet CDA criteria, ZOP-Cage emerges as a 
superior surgical choice over Cage-Cage, and both of these op-
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erations can meet the need for strong fixation of the cervical 
spine.4

6. Limitations
The present study has several limitations. Firstly, the cervical 

spine FE model was generated based on the cervical spine of a 
single healthy individual, and related data could not be analyzed 
statistically between groups. Simple biases that occur during 
model construction may have a small impact on biomechanical 
response parameter trends. Secondly, while the plate-screw sys-
tem, ZOP device and artificial disc used in this study have been 
proven to have good representativeness and clinical effects, they 
may still differ from other products of the same category. For 
example, the biomechanically distinctive ZEVO plate-screw 
system (Medtronic Sofamor Danek) with short plates and high-
angled screws has demonstrated superior mechanical stability 
and load-sharing capabilities.8 Furthermore, it has shown effi-
cacy in effectively preventing cage subsidence and reducing ad-
jacent-level ossification development.5 Given its proven advan-
tages, future comparative research should incorporate this short 
plate-high-angled screw system, along with the different corti-
co-cancellous composition of allograft spacers. The generaliz-
ability of the study’s conclusions to other similar products re-
quires further validation. Thirdly, some common cervical de-
generative manifestations (osteophytic hyperplasia, disc, facet 
joints, endplate degenerative injuries) were not simulated in 
this study because this study focuses more on the comparison 
of different revision procedures. Future studies are needed to 
investigate the different material properties of degeneration and 
plate fixation as RS for biomechanically assuming the risk of 
ASD.

CONCLUSION

In this FE study, the biomechanical responses on the adjacent 
segments of the CDA-Cage constructs were significantly lower 
than those of Cage-Cage and ZOP-Cage constructs with de-
creased ROM, IDP, maximum disc stress, and FJF. Moreover, 
CDA-Cage exhibited the best performance in reducing IDP and 
FJF at segments C3–4 and C7–T1. The CDA in hybrid CDA-
Cage constructs reduces the biomechanical responses of the 
adjacent segments, making it the preferred revision procedure 
for preventing ASD. When patients do not meet the indications 
for CDA, the ZOP-Cage construct, with its superior biomechan-
ical performance, can provide a more favorable alternative to 
traditional Cage-Cage constructs for preventing ASD. Further 

biomechanical and clinical studies are anticipated to investigate 
the effects of multilevel hybrid revision after ACDF surgery 
and to assess the impact of the relative positioning of CDA and 
ACDF on the biomechanics of adjacent segments. This study 
offers a reference for surgical decision-making based on biome-
chanical evidence regarding the use of hybrid surgery for the 
treatment of ASD following primary ACDF. It is necessary for 
future research to validate these conclusions.
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