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Abstract
Objective  The purpose of this study was to investigate the long-term consequences on the cervical spine after 
Anterior transcorporeal percutaneous endoscopy cervical discectomy (ATc-PECD) from the biomechanical standpoint.

Methods  A three-dimensional model of the normal cervical spine C2-T1 was established using finite element 
method. Subsequently, a disc degeneration model and degeneration with surgery model were constructed on the 
basis of the normal model. The same loading conditions were applied to simulate flexion, extension, lateral bending 
and axial rotation of the cervical spine. We calculated the cervical range of motion (ROM), intradiscal pressure, and 
intravertebral body pressure under different motions for observing changes in cervical spine biomechanics after 
surgery. At the same time, we combined the results of a long-term follow-up of the ATc-PECD, and used imaging 
methods to measure vertebral and disc height and cervical mobility, the Japanese Orthopaedic Association (JOA) 
score and visual analog scale (VAS) score were used to assess pain relief and neurological functional recovery.

Results  The long-term follow-up results revealed that preoperative JOA score, neck VAS score, hand VAS score, IDH, 
VBH, and ROM for patients were 9.49 ± 2.16, 6.34 ± 1.68, 5.14 ± 1.48, 5.95 ± 0.22 mm, 15.41 ± 1.68 mm, and 52.46 ± 9.36° 
respectively. It changed to 15.71 ± 1.13 (P < 0.05), 1.02 ± 0.82 (P < 0.05), 0.77 ± 0.76 (P < 0.05), 4.73 ± 0.26 mm (P < 0.05), 
13.67 ± 1.48 mm (P < 0.05), and 59.26 ± 6.72° (P < 0.05), respectively, at 6 years postoperatively. Finite element analysis 
showed that after establishing the cervical spondylosis model, the overall motion range for flexion, extension, lateral 
bending, and rotation decreased by 3.298°, 0.753°, 3.852°, and 1.131° respectively. Conversely, after establishing the 
bone tunnel model, the motion range for these actions increased by 0.843°, 0.65°, 0.278°, and 0.488° respectively, 
consistent with the follow-up results. Moreover, analysis of segmental motion changes revealed that the increased 
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Introduction
With the increasing popularity of minimally invasive 
techniques, percutaneous endoscopic cervical discec-
tomy (PECD) has been a widely used treatment for cervi-
cal disc herniation (CDH) [1]. PECD can be performed 
through two different approaches: anterior or posterior. 
Anterior transdiscal percutaneous endoscopic cervi-
cal decompression (ATd-PECD) is the first introduced 
cervical PECD technique, which utilizes a percutaneous 
endoscopic approach through the intervertebral disc. 
ATd-PECD avoids the loss of motion segments caused by 
traditional open surgery’s fusion of vertebral bodies while 
also reducing the risk of various complications associated 
with traditional open surgery [2]. However, the iatrogenic 
injury to the intervertebral disc caused by ATd-PECD 
can lead to a significant decrease in intervertebral disc 
height (IDH) [3]. In addition, this approach is not suit-
able for patients with low IDH or anterior vertebral space 
osteophyte [3, 4]. In order to avoid damage to the nor-
mal intervertebral disc structures anteriorly, Ruetten et 
al. proposed in 2007 to utilize a full-endoscopic approach 
from the posterior cervical region through the interlami-
nar space to decompress [5]. However, posterior percu-
taneous endoscopic cervical decompression (P-PECD) is 
more suitable for decompressing the lateral spinal cord 
or nerve roots compressions. It is not applicable for com-
pressions located anteriorly to the spinal cord. George et 
al. first proposed the anterior transcorporeal technique in 
1993 [6]. Subsequently, various surgeons have made dif-
ferent improvements based on this technique. However, 
all these surgical modifications were performed under 
either microscopic or open surgical conditions, all of 
which were to some extent limited by issues such as sur-
gical field obscuration or complications associated with 
open surgery [7–9]. In order to overcome the limitations 
associated with the aforementioned surgical approaches, 
Deng et al. and Liao et al. pioneered the combination of 
full-endoscopic technology with transcorporeal tech-
niques, introducing the anterior transcorporeal percuta-
neous endoscopic cervical decompression (ATc-PECD) 
procedure [10, 11]. ATc-PECD creates a bony channel 
in the vertebral body that reduces interference to the 

intervertebral space by bypassing the normal interver-
tebral disc in front of the lesion area. Moreover, it also 
allows for a wider range of depressurization by adjust-
ing the exit direction and larger channel diameters. In 
our preliminary study, we have confirmed the excellent 
clinical efficacy of ATc-PECD in the treatment of CDH 
[11–14].

Mechanical loading is pivotal in the progression of cer-
vical disc degeneration [15]. Moreover, it can disturb the 
metabolic remodeling of bone tissue by promoting osteo-
clast differentiation and impeding osteoblast differen-
tiation [16]. In ATc-PECD procedure, the bony channel 
in the vertebral body can alter the inherent pathways of 
stress transmission in the cervical spine, ultimately lead-
ing to atypical concentration of stress in the cervical [17]. 
Hence, the establishment of bone channel may poten-
tially promote the degenerative changes of vertebral body 
and intervertebral disc [11, 18].

The finite element model (FEM) is a valuable tool in 
biomechanical research, which enables the observation 
the postoperative tissue biomechanical changes through 
computer modeling and simulation [19]. In the previ-
ous studies that utilized FEM to investigate the biome-
chanics of cervical spine following the establishment of 
bone channel have primarily focused on immediate out-
come, such as the risk of vertebral body fractures and 
the changes of cervical spine mobility after surgery [17, 
20]. Additionally, the initial construction of the FEM in 
these studies did not take into account the biomechani-
cal changes in the cervical spine caused by disc degenera-
tion. So, further research is needed to comprehensively 
understand the long-term implications of transcorporeal 
bone channel on the biomechanics of the cervical spine.

The existing clinical studies on ATc-PECD has pri-
marily consisted of short-term follow-up observations 
[11, 13, 21], the long-term clinical outcomes are still un-
reported. To advance the understanding in this field, our 
research team conducted a long-term follow-up study on 
patients who underwent ATc-PECD for single-segment 
CDH. In addition, we integrated a finite element analy-
sis (FEA) study into our study to elucidate the effects of 

cervical spine mobility was primarily contributed by the surgical model segments. Additionally, the finite 
element model demonstrated that bone tunneling could lead to increased stress within the vertebral bodies and 
intervertebral discs of the surgical segments.

Conclusions  Long-term follow-up studies have shown that ATc-PECD has good clinical efficacy and that ATc-PECD 
can be used as a complementary method for CDH treatment. The FEM demonstrated that ATc-PECD can lead to 
increased internal stresses in the vertebral body and intervertebral discs of the operated segments, which is directly 
related to cervical spine degeneration after ATc-PECD.

Keywords  Anterior transcorporeal percutaneous endoscopic cervical discectomy, ATc-PECD, Finite element analysis, 
Biomechanics, Long term follow up
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ATc-PECD on the cervical spine from a biomechanical 
perspective.

Materials and methods
Establishment of complete FEM
In this study, we adopted the modeling approach 
described by Wang et al. [22]. to construct a 3D FEM 
of the C2-T1 cervical region. The transverse cryosec-
tions from the Chinese Visible Human 2 dataset were 
utilized to delineate the boundaries of soft tissues and 
bones. These cryosections were obtained from a 22-year-
old female cadaveric donor with a weight of 52 kg and a 
height of 162  cm. Transverse cryosection images were 
selected from layers 1584 through 1792 of the data-
set, with a layer spacing of 0.25  mm. The original color 
images of the cervical spine structures were manually 
segmented by a spine surgeon and an anatomist using 
Adobe Photoshop (version CC 2018, Adobe Systems, San 
Jose, Calif ). The image segmentation quality and model 
surface smoothing were verified using Amira software 
(version 5.3.3, Visage Imaging, Carlsbad, CA). Refine-
ment and mesh generation of the model were performed 
based on the obtained surface files using Hyper Mesh 
software (version 12.0, Altair, Michigan).

The intact FEM (Fig.  1) includes the vertebral body, 
intervertebral disc, ligaments, and articular cartilage. In 
constructing the vertebral body model, we differentiated 
between cortical bone and cancellous bone due to their 
distinct physical properties. The thickness of cortical 
bone was determined according to the study by Panjabi 
et al [23, 24].

Vertebral cartilage consists of zygapophysial joint car-
tilage and endplate cartilage. The thickness of the zyg-
apophysial joint cartilage was determined based on the 
study conducted by Womack et al [25]. In the model, the 
surface contact algorithm was employed to simulate the 
zygapophysial joint, with a friction coefficient assumed 
to be 0.1 [26]. The endplate cartilage serves as a connect-
ing structure between the vertebral body and the fibrous 
annulus of the intervertebral disc. We set the central 
height of the endplate cartilage at 0.6 mm and gradually 
increased it to 1.2 mm outward, following previous stud-
ies [27].

The intervertebral disc is composed of the nucleus 
pulposus and the outer annulus fibrosus, with a volume 
ratio of 4:6 between them [28, 29]. The nucleus pulposus 
was modeled as a hyperelastic, incompressible material, 
and its mobility was simulated using a two-parameter 
Mooney-Rivlin formula. The annulus fibrosus consists 
of concentric fiber laminae and a ground substance. 
The ground substance was represented by a two-node, 
tension-only, nonlinear spring element. The fibers were 
arranged in eight concentric rings, which accounted for 
20% of the total volume of the fiber rings. (Figs. 1)

Following the creation of a mesh model for the verte-
bral body and intervertebral disc, the ligaments were 
constructed based on the model, ensuring connection 
to the vertebral body in accordance with anatomical fea-
tures. Two-node, tension-only, nonlinear spring elements 
were employed to model all the ligaments. The modeling 
parameters for all the aforementioned structures are pre-
sented in (Table 1).

Fig. 1  Finite element model of intact C2–T1 and components
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Establishment of the degenerative and bony channel FEM
CDH is commonly correlated with different levels of disc 
degeneration. Under the combined influence of various 
physiological and physical factors, intervertebral disc 
degeneration involves a process where nucleus pulpo-
sus cells gradually undergo apoptosis, matrix synthesis 
decreases, degradation increases, and the water content 
of the nucleus pulposus diminishes. Eventually, this leads 
to a reduction in intervertebral disc height [37, 38]. To 
enhance the accuracy of our FEA, we replicated interver-
tebral disc degeneration by reducing the disc height of 
the C4/5 segment by 25% in the complete finite element 
model. The reduction in disc height was proportionally 
applied. (Figure  2a and b) Surgical injury to the target 
segment’s intervertebral disc was not simulated. Subse-
quently, we developed a transcorporeal bone approach 
model based on this modified FEM model. Considering 

the prevalence of CDH, the fifth cervical vertebra was 
chosen as the surgical model. Based on our prelimi-
nary study, the diameter of the bone channel was set at 
6.9  mm [13, 39, 40]. The entrance of the bone channel 
is located near the anterior inferior edge of the C5 ver-
tebral body, starting from the central anterior surface 
of the distal end of the C5 vertebral body and inclining 
upward along the interior of the vertebral body to reach 
the upper posterior edge of the vertebral body. (Figs. 2c) 
At the exit point, partial endplates are excised. The ante-
rior longitudinal ligament and posterior longitudinal liga-
ment are partially damaged but not completely disrupted.

Boundary and loading conditions
The loading conditions remained consistent throughout 
the intact model, the disc degeneration model, and the 
degeneration plus surgery model. The inferior surface of 
the T1 vertebra was immobilized, while an experimental 
load was exerted on the upper portion of the C2 verte-
bra. A vertical force of approximately 50 N was employed 
to simulate the weight of the human head [17]. Further-
more, a torque of 2 Nm was applied in the directions of 
flexion, extension, rotation, and lateral bending to repli-
cate cervical motion [22].

Patients selection
This study received approval from the local ethics com-
mittee, and all patients provided informed consent. 
The inclusion criteria were as follows: (1) patients with 
single segment central or paracentral CDH; (2) patients 
who did not experience improvement or had worsening 
symptoms after 4 weeks of standard conservative treat-
ment; (3) presence of neurological symptoms consistent 
with preoperative imaging; (4) mild cervical spondylo-
sis of the spinal cord (Nurick grade III or below); (5) no 
cervical instability; (6) adherence to a follow-up period 
of more than 6 years. The exclusion criteria were as fol-
lows: (1) patients with multi-segment CDH; (2) patients 
with lateral posterior CDH; (3) patients with cervical 

Table 1  Material properties of model components
Name Element 

Type
Material Model Material 

property
Refer-
ence

Cancellous 
bone

C3D4 Isoelastic E = 100 MPa
μ = 0.3

[30]

Cortical bone C3D4 Isoelastic E = 8000 MPa 
μ = 0.3

[30]

Cartilaginous 
end-plate

C3D8 Isoelastic E = 23.8 MPa 
μ = 0.3

[31]

Cartilage of 
zygapophy-
sial joint

C3D8 Isoelastic E = 23.8 MPa 
μ = 0.3

[31]

Nucleus C3D8H Hyperelastic C10 = 0.12, 
C01 = 0.09

[31]

Annulus 
ground 
substance

C3D8H Hyperelastic C10 = 0.133, 
C01 = 0.0333, 
D = 0.6

[27, 
32]

Annulus fiber Spring A Nonlinear spring Stress–strain 
curve

[31, 33, 
34]

ligaments Spring A Nonlinear spring Force–defec-
tion curve

[35, 
36]

Material properties assumed for initial model and ATc-PECD model. E: Young 
modulus; μ: Poission’s ratio

Fig. 2  Degenerative disc and bone channel FEM. (a) original disc height, (b) simulated post-disc degeneration height, (c) bone channel model

 



Page 5 of 17Du et al. BMC Musculoskeletal Disorders          (2024) 25:639 

instability; (4) patients with coagulation dysfunction; (5) 
patients with a history of surgery on the same segment; 
(6) patients with severe spinal cord cervical spondylosis 
(Nurick grade IV or above). A total of 35 patients who 
underwent ATc-PECD between 2015 and 2016 were 
included in the study. All surgical procedures were per-
formed by the same surgeon.

Surgery and follow up
The procedural details can be found in our previous 
study [11, 12]. Initially, the C-arm is utilized to determine 
the projection of the surgical vertebral body. The surgeon 
then employs the two-finger technique to create a safe 
gap between the carotid sheath and the visceral sheath. 
Under C-arm guidance, a Kirschner needle is fixed in the 
anterior lower part of the surgical vertebral body along 
this gap. A 7  mm incision is made in the surrounding 
skin at the Kirschner needle puncture point. A spreader 
is used to open the soft tissue channel along the path of 
the Kirschner needle, and then the working cannula is 
inserted along the spreader. After removing the spreader, 
a trephine (NOUVAG AG, Goldach, Switzerland) with 
an outer diameter of 7.5  mm is positioned to create a 
transcorporeal bone channel, closely monitored by the 
C-arm. When the trephine reaches the posterior superior 
edge of the targeted vertebral body, the central bone strip 
is gently removed by shaking the trephine. Upon estab-
lishment of the channel, a blunt hook was used to probe 
the posterior wall of the channel for penetration, fol-
lowed by the use of pulpal forceps to remove the herni-
ated disc. Finally, the posterior longitudinal ligament was 
broken open, and the return of dural sac expansion was 
observed as indicating the completion of decompression. 
All patients who underwent the surgery were followed up 
for at least 6 years.

Clinical evaluation
Changes in neck and arm pain were evaluated using the 
VAS. Neurological function was assessed using the JOA 
score. The improvement rate (IR) of the JOA score was 
used as a measure of surgical efficacy at the last follow-up 
visit, calculated as IR = (postoperative JOA score - pre-
operative JOA score) / (17 - preoperative JOA score) × 
100%. Surgical outcomes were categorized as excellent 
(IR ≥ 75%), good (75% > IR ≥ 50%), fair (50% > IR ≥ 25%), 
and poor (IR < 25%) [11].

Radiologic evaluation
Imaging follow-up examinations consisted of MRI, com-
puted tomography (CT), static and dynamic x-rays. MRI 
was used to assess recurrence of disc herniation and the 
effectiveness of surgical decompression, and CT was 
used to assess the healing of the vertebral bony channel. 
Cervical static lateral plain radiographs were utilized to 

evaluate intervertebral disc height (IDH) and vertebral 
body height (VBH). IDH refers to the linear distance 
from the center of the upper endplate to the center of 
the lower endplate of the intervertebral space, while 
VBH represents the linear distance from the center of 
the upper endplate to the center of the lower endplate of 
the vertebral body [41]. Cervical dynamic lateral radio-
graphs were employed to assess cervical mobility and sta-
bility. Cervical ROM was the sum of the Cobb angle in 
extension and the Cobb angle in flexion. The Cobb angle 
is determined by two lines: the first line runs parallel to 
the bottom of the C2 vertebral body endplate, the second 
line runs parallel to the bottom of the C7 vertebral body 
endplate, and the angle of intersection between these two 
lines represents the Cobb angle [42].

Statistical analysis
The statistical analysis was conducted using the Statisti-
cal Package for Social Sciences (SPSS version 22.0, SPSS 
Inc., Chicago, IL). Paired samples t-tests were used to 
compare patients’ VAS scores, JOA scores, IDH, VBH, 
and ROM during each follow-up period. Statistical sig-
nificance was defined as a p-value ≤ 0.05. The results are 
presented as mean ± standard deviation (SD).

Results
Clinical results
A total of 35 patients who underwent ATc-PECD were 
included in the study. The demographics and clinical 
characteristics of the patients are presented in Table  2. 
Unlike previous short-term studies, this is the first study 
with a follow-up period of up to six years [13, 43, 44]. No 
postoperative complications reported. Following surgery, 
patients were required to wear a neck brace for a mini-
mum of 3 weeks. Regular clinical evaluations were con-
ducted during the 6-year follow-up period. At the final 
follow-up, most patients reported significant improve-
ment in neurological symptoms compared to preopera-
tive measurements. VAS and JOA scores are presented 
in Table 3, and the line graph is shown in Fig. 3. The last 
follow-up results showed a mean IR of 83.3% ± 14.6% 
(range: 60-100%). The clinical outcomes were classified as 
excellent in 28 cases (80%), good in 6 cases (17.1%), and 
fair in 1 case (2.9%).

FEM validation
The establishment of FEM involves two main steps: the 
construction of bone tissues and the construction of 
soft tissues. The reconstruction of bone tissues in FEM 
is similar to the process of CT three-dimensional recon-
struction and requires original data such as CT scans or 
slices. The reconstruction of soft tissues is performed 
after the completion of bone tissue reconstruction, which 
these soft tissues are manually attached to the bone tissue 
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model. Due to variations in the original data and the 
attachment methods of soft tissues such as ligaments, the 
ROM of models differs across different studies. There is 
no standard finite element model available for analysis. 
Validation of FEM involves comparing the established 
complete finite element model with the ROM of cervical 
spine from previous studies. As long as the differences in 
the ROM between model and those from previous mod-
els are not significant, the model construction approach 
is considered acceptable. To validate the FEM feasibil-
ity of our study, the completed model was imported into 
the commercial software Abaqus (version 6.10, Simulia, 
Providence, RI). The inferior surface of the T1 verte-
bra was constrained to prevent any displacement of the 
nodes. A non-destructive, purely rotational moment of 
2 Nm was applied to the upper surface of the C2 verte-
bra in forward flexion, backward extension, lateral bend-
ing, and rotation. The predicted cervical range of motion 
(ROM) in each direction was recorded and compared 
to data from previously published studies [45–47]. The 
included studies consisted of one finite element study 
and two cadaveric experimental studies. The FEM of the 
included finite element studies were built with the same 
data sources and building methods that we used, while 
the cadaveric experiments were included with the pur-
pose of observing the differences between the built FEMs 

and the real human body. The ROM predicted by the 
intact FEM does not deviate significantly from published 
findings (Fig. 4).

Imaging results
All patients underwent CT and MRI evaluations at 1 
week and 6 years postoperatively to assess surgical out-
comes and recurrence. The postoperative MRI at 1 week 
revealed complete decompression for all patients. At the 
6-year postoperative MRI, only 1 patient demonstrated 
recurrence of CDH in the surgical segment, but the clini-
cal symptoms were mild, and the patient’s symptoms 
improved after conservative treatment. During the fol-
low-up period, CT images showed no vertebral fractures 
or collapses in the operated segments, and all transcor-
poreal bone channels healed. Lateral dynamic radiograph 
of the cervical spine did not show cervical instability.

Case presentation
A 33-year-old man presented with right limb pain and 
numbness for 12 + weeks. Strict conservative treatment 
was ineffective. On neurological examination, markedly 
numbness and decreased muscle strength (grade 3) was 
recorded on the right upper extremity. The Hoffman 
sign was positive in both upper extremities, with a visual 
analog scale (VAS) of 6 and a Japanese orthopedic asso-
ciation (JOA) score of 10. Magnetic resonance images 
(MRI) showed that para-central CDH at the C5/6 level. 
Postoperatively, the patient’s symptoms improved signifi-
cantly, MRI shows that the herniation did not recur, and 
CT shows that the patient’s transcorporeal bone channel 
healed without vertebral body collapse or fracture. (Fig-
ures 5 and 6)

ROM changes of the cervical spine in the FEM and final 
radiologic examination
Dynamic radiographs were performed preoperatively, 
and at 1 year, 3 years, and 6 years postoperatively. 
And the results show that the patients’ cervical ROM 
improved after surgery (Table  4),  and the line graph is 
shown in Fig  7. On further analysis, we found that the 
increase in cervical spine ROM was mainly concentrated 
in the first year postoperatively (P<0.05), and there was 
no statistical difference in mobility between the groups 
at 1 year postoperatively, 3 years postoperatively, and 6 
years postoperatively (P>0.05).

Comparing with the intact FEM, the cervical ROM in 
the degenerated disc FEM and the degenerated disc with 
surgical FEM was altered in each directions in the FEA 
(Table  5). The model demonstrated that cervical disc 
degeneration reduced the cervical ROM. However, after 
the establishment of bone channel, the ROM of the cer-
vical spine increased in all directions. Specifically, in the 
C2-T1 FEM, the ROM increased from 45.592° to 46.635° 

Table 2  Summary of patient demographics and clinical 
characteristics
Baseline characteristic Value
Sex, male/female 19/16
Age (years) 50.14 ± 8.86 (35–69)
Duration of symptoms (weeks) 29.54 ± 15.11 (2–61)
Indication for surgery
Myelopathy 18 (51.4%)
Radiculopathy 9 (25.7%)
Radiculopathy with myelopathy 8 (22.9%)
BMI 25.2 ± 2.8 (18.5–28.9)
Preoperative clinical features and signs
Numbness in hands and decreased mobility 17 (48.6%)
Weakness of lower limbs 22 (62.9%)
Hoffman positive 9 (25.7%)
Knee hyperreflexia 11 (31.4%)
Bone Channel Establishment Segment
C4 vertebrae 4 (13.3%)
C5 vertebrae 17 (56.7%)
C6 vertebrae 14 (46.6%)
Herniated disc size
Sagittal height (mm) 9.30 ± 1.46 (7.43–13.95)
Sagittal width (mm) 5.65 ± 1.05 (3.77–7.33)
Coronal width (mm) 9.37 ± 1.95 (4.65–12.92)
Follow-up period (years) 7.10 ± 0.38 (6.30–7.80)
operative time (min) 73.75 ± 11.28 (51–100)
Post-operative length of stay (days) 1.71 ± 0.85 (1–4)
Values are number of patients (percentage) or mean ± SD (range)
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in flexion, from 27.018° to 27.668° in extension, from 
33.373° to 33.651° in lateral bending, and from 40.271° 
to 40.759° in axial rotation. The augmentation of cervi-
cal flexion mobility at the C4-C5 segment constituted a 
remarkable 106% of the total increase in cervical flexion 
mobility. Likewise, the increments observed in exten-
sion, lateral bending, and rotational motion contributed 
to 105%, 87.4%, and 94.4% of the total increase, respec-
tively. Conversely, the other segments displayed marginal 
or negligible changes in ROM across different directions.

Image changes after ATc-PECD and stress changes in FEM
The static radiographs showed that IDH and VBH pro-
gressively decreased after surgery in the operated seg-
ments. There was a statistically significant difference 
in IDH and VBH between preoperative, 1 year postop-
erative, 3 years postoperative and 6 years postoperative. 
(P<0.05) (Table 4), and the line graph is shown in Fig 7.

This study is the first to simultaneously analyses the 
stresses on the intervertebral disc and vertebral body 
after the establishment of a transcorporeal bony channel, 
and previous studies have often focused on only one of 
them, without comprehensively considering the changes 
in the stresses on both after the establishment of the 
bony channel [17, 20]. Disc degeneration and transcorpo-
real bone channel have a small effect on vertebral stress 

during cervical rotation, and lateral bending motions 
in the FEA. However, the establishment of transcorpo-
real bony channel increases intravertebral stresses dur-
ing cervical extension (Fig. 8). We define the new stress 
concentrations due to structural changes in the cervical 
spine as abnormal stress concentrations. And the abnor-
mal stress concentrations in the vertebral body primarily 
manifested at the entrance side wall of the channel dur-
ing flexion and extension. There were no abnormal stress 
concentrations at the exit of the bone channel (Fig. 9).

Both cervical disc degeneration and transcorporeal 
bony channel can change intradiscal stress, and the trans-
corporeal bone channel was able to further increase the 
intradiscal stress in the degenerated disc model (Fig. 8). 
There were no abnormal stress concentrations found in 
the intervertebral disc during motion in all directions 
(Fig. 10).

As the changes in the applied stress can be involved in 
the remodeling of bone cells and disc degeneration. And 
there are FEA results showing that the vertebral body and 
intravertebral disc stresses will be further increased by 
surgery and degeneration modelling, so the reduction of 
IDH and VBH in patients may be related to the postop-
erative changes in internal cervical spine stresses [48, 49].

Table 3  Records of VAS and JOA score during the follow-up period
Pre 1 month 1year 3year 6year

JOA 9.49 ± 2.16#∆ 11.81 ± 1.80*∆ 14.37 ± 1.65*# 15.39 ± 1.54*#∆ 15.71 ± 1.13*#∆

VAS
Neck 6.34 ± 1.68#∆ 3.51 ± 1.42*∆ 2.05 ± 0.96*# 1.34 ± 0.80*#∆ 1.02 ± 0.82*#∆

Arm 5.14 ± 1.48#∆ 2.57 ± 1.31*∆ 1.37 ± 0.91*# 0.83 ± 0.62*#∆ 0.77 ± 0.76*#∆

Values are mean ± SD

* Compared with preoperative value, P < 0.05; # compared with postoperative value at 1 month, P < 0.05; Δ compared with postoperative value at 1year, P < 0.05

Pre: preoperative; VAS: visual analog scale; JOA: Japanese Orthopedic Association

Fig. 3  The line graphs of changes in VAS and JOA score during follow-up
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Discussion
The open surgery represented by ACDF is the main 
modality of CDH treatment at present, but open surgery 
may cause various complications such as vascular injury, 
nerve injury, adjacent segment degeneration, and cervi-
cal motion segment loss [50, 51]. As a result of a meta-
analysis, the endoscopic-mediated minimally invasive 
surgery had a higher rate of excellent outcomes and lower 
operative and hospital stay compared to ACDF [52]. ATc-
PECD represents a groundbreaking minimally invasive 
decompression technique for CDH [10]. Unlike the trans-
discal approach, ATc-PECD is accomplished through 
bony channel in the vertebral body, which avoided dam-
age to the anterior disc tissue. In a 2-year comparative 
study, although it was shown that both ATd-PECD and 
ATc-PECD can achieved patient-satisfying clinical out-
comes, but the degree of IDH reduction and recurrence 
rate were significantly lower with the transcorporeal 

approach than with the transdiscal approach [18]. The 
bone channel caused a vertebral bone defect that changed 
the biomechanical conduction mechanism of the ver-
tebral body, which inevitably leads to concerns among 
clinical orthopaedic surgeons that bone channeling will 
lead to vertebral collapse or fracture. Despite there have 
been a series of clinical reports of this technique, there 
are fewer studies of combined long-term clinical follow-
up with cervical biomechanics after ATc-PECD. In this 
study, we analyzed the long-term biomechanical effects 
of transcorporeal bone channeling on the cervical spine 
by combining the results of long-term clinical follow-up 
and the results of FEA.

In our study, we employed transverse cryosections for 
FEM reconstruction. Previous research typically utilized 
CT or MRI for model reconstruction [53, 54]. However, 
these methods cannot adequately visualize both soft tis-
sue and bone tissue simultaneously, and they sometimes 

Fig. 4  This figure shows the predicted moment-rotation relationships of the FEM in the forward flexion (positive), back extension (negative), lateral bend-
ing, and axial rotation directions compared to the data in the literature
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fail to display certain anatomical details. Parts that can-
not be visualized often require manual reconstruction, 
leading to artificial differences between the established 
models and real anatomical structures. Transverse 
cryosections provide genuine human anatomical cross-
sectional images, presenting both bone and soft tissue 
clearly. Researchers can select the appropriate tissue for 
FEM reconstruction based on the focus of their study. 
In our research, when segmenting the original colour 
image we segment both the disc and the bone tissue. By 

importing the segmented original images into the com-
puter, bone tissue and vertebral discs can be automati-
cally reconstructed, thereby avoiding manual interference 
in the establishment of major structures.

The influencing factors of ROM after cervical spine 
surgery are diverse. The FEM results can only respond to 
the effects of structural changes to ROM, while the clini-
cal follow-up can simultaneously respond to the effects 
of a variety of factors, including structural changes, pain 
relief, and the effect of postoperative recovery, which 

Fig. 5  Preoperative MRI showing disc herniation at C5/6 segments (a, b,c), the MRI images of the patient 1 week after surgery showed that the hernia 
mass was completely cleared (d, e, f), and the MRI images of the patient 6 years after surgery showed that the CDH no recurrent (g, h, i). T1 -weighted 
sagittal views (a, d, g). T2-weighted sagittal views (b, e, h). T1-weighted axial view (c, f, i)
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collectively affect ROM. By analyzing the results of the 
follow-up, the patients exhibited a significant increase 
in cervical spine mobility only within the first year after 
surgery, with no statistically significant changes during 
the follow-up period beyond one year postoperatively. In 
addition, the two types of study also differed in the level 
of change in total cervical ROM after the establishment 
of transcorporeal bony channels, which in follow-up 
patients showed a more substantial change in ROM than 
FEA, suggests that the disruption of cervical structures 
can’t fully explain increased cervical ROM. During the 
operation, we did not completely sever the anterior and 
posterior longitudinal ligaments. In the follow-up, we 

observed that the increased ROM of the cervical spine 
remained within the normal physiologic range, and no 
cervical instability occurred in the operated segments, 
which also proved that the surgical damage to the stable 
structures of the cervical spine was within the compensa-
tory range. And the CT confirmed that all channel were 
able to obtain bone repair. Most importantly, the period 
of improvement in the patient’s neck pain after surgery 
coincided with the period of increased cervical mobil-
ity after surgery. Based on the above analysis, the author 
posits that the pain relief and excellent recovery was 
another factor contributing to increased neck mobility, 

Table 4  Records of the changes of IDH, VBH, and ROM during the follow-up period
Pre 1year 3year 6year

IDH (mm) 5.95 ± 0.22#∆ 5.59 ± 0.40*∆ 5.19 ± 0.31*# 4.73 ± 0.26*#∆

VBH (mm) 15.41 ± 1.68#∆ 15.05 ± 1.65*∆ 14.35 ± 1.64*# 13.67 ± 1.48*#∆

ROM (°) 52.46 ± 9.36#∆ 58.91 ± 6.68* 58.71 ± 6.84* 59.26 ± 6.72*

Values are mean ± SD

*Compared with preoperative value, P < 0.05; #compared with postoperative value at 1year, P < 0.05; Δcompared with postoperative value at 3year, P < 0.05

Pre: preoperative; IDH: intervertebral disc height; VBH: vertebral body height; ROM: range of motion

Fig. 6  CT images of the patient of follow-up visit. a, b, c are images at 1 week after surgery, and d, e, f are images at 6 years after surgery. (a) CT 3D recon-
struction shows the location of the vertebral bone channel entrance. (b) Sagittal view shows the C6 vertebral bone channel and the internal autologous 
bone graft. (c) axial view shows the C6 vertebral bone channel and the internal autologous bone graft. (d) CT 3D reconstruction shows bony channel 
entrance healed at the patient’s operated vertebral. (e) Sagittal view shows the C6 vertebral bone channel healed. (f) axial view shows the C6 vertebral 
bone channel healed
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while the disruption caused by the surgical procedure is 
one of the causes.

In this study, we have provided further insights into the 
changes in vertebral body biomechanics following ATc-
PECD, specifically highlighting the reduction of VBH 
in the operated segment. While Yu et al. [21]. were the 
first to observe decrease in VBH after ATc-PECD, but 
their follow-up period was limited to 2 years, which did 
not allow for further exploration of long-term changes in 
VBH. In the FEA study by WU et al [17], they focused 
mainly on analysing the effect of the diameter of the bone 
channel on the risk of fracture of the vertebral body in the 
postoperative, and did not combine it with postoperative 
clinical follow-up to study the long-term recovery of the 
patients. In our study, we extended the follow-up period 
and employed FEM to elucidate modifications in verte-
bral biomechanics subsequent to the establishment of the 
bone channel. We observed a sustained loss of VBH over 
a period of up to 6 years, and this result provides further 
strong evidence for changes in vertebral morphology 
after the establishment of transcorporeal bone channel. 
Additionally, our FEA of the vertebrae post ATc-PECD 
revealed stress concentration point coincides with the 
entrance to the bone channel, which may have implica-
tions for the remodeling and repair of the bone channel 

[48]. And lead to the reduction of VBH in the long-term 
postoperative period.

Disc degeneration is an irreversible process that can 
be accelerated by various factors, with disc injury being 
one of the primary causes, and numerous animal mod-
els have demonstrated that injury can induce interver-
tebral disc degeneration [55–57]. The surgical removal 
of a herniated disc unavoidably results in damage to the 
nucleus pulposus and posterior annulus fibrosus, con-
sequently leading to disc degeneration. Additionally, 
changes in disc biomechanics contribute to the risk of 
disc degeneration. And the degenerated disc, in turn, 
further exacerbates biomechanical alterations, creating a 
vicious cycle [49]. IDH is a common consequence of disc 
degeneration, which is typically characterized by a reduc-
tion in intervertebral height [58]. In the FEM study by HE 
et al. [20]. they modelled the transcorporeal bone chan-
nel and observed the stress changes in the intervertebral 
disc. However, they did not model disc degeneration, so 
the simulation results did not take into account the effect 
of disc degeneration. The FEM employed in this study 
confirmed that cervical disc degeneration can increase 
internal stresses within the disc, and the establishment 
of bone channel can exacerbate this process. Conse-
quently, the combination of these factors accelerates the 
disc degeneration. Early restoration of the biomechanical 

Table 5  Changes values in segmental and overall ROM of FEM pre- and post-disc degeneration, and pre- and post-establishment of 
bony channel
segment flexion (°) extension (°) lateral bending (°) axial rotation (°)

disc 
degeneration

bone channel disc 
degeneration

bone 
channel

disc 
degeneration

bone 
channel

disc 
degeneration

bone 
channel

C2-T1 -3.298 0.843 -0.753 0.65 -3.852 0.278 -1.131 0.488
C2/3 -0.643 (19%) -0.01 (-1%) -0.4946 (66%) 0 (0%) 0.549 (-14%) -0.019 (-7%) 1.681 (-149%) 0.011 (2%)
C3/4 -0.681 (21%) -0.004 (1%) 0.9146 (-121%) 0.003 (1%) -0.752 (20%) -0.009 (-3%) -0.166 (15%) 0.003 (1%)
C4/5 -0.441 (13%) 0.892 (106%) 0.161 (-21%) 0.677 (104%) -1.148 (30%) 0.243 (87%) -0.667 (59%) 0.371 

(76%)
C5/6 -0.395 (12%) -0.035 (-4%) -0.457 (61%) -0.03 (-5%) -1.026 (27%) 0.063 (23%) -0.457 (40%) 0.013 (3%)
C6/7 -0.469 (14%) 0 (0%) -0.76 (101%) 0 (0%) -0.612 (16%) 0 (0%) -0.759 (67%) 0 (0%)
C7/T1 -0.669 (20%) 0 (0%) -0.116 (15%) 0 (0%) -0.863 (22%) 0 (0%) -0.763 (67%) 0 (0%)

Fig. 7  The line graphs of changes in IDH, VBH, and ROM during follow-up
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Fig. 8  Maximum stresses on the vertebral body and disc of the operated segment in each direction of motion for the intact FEM, the disc degeneration 
FEM, and the disc degeneration plus surgical FEM
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structure of the cervical spine may be the key to prevent-
ing a decrease in VBH and IDH. The surgeon may take 
the following measures. Firstly, promotion of bone chan-
nel restoration by bone grafting. Secondly, the size of the 
herniated disc should be adequately assessed preopera-
tively to create a bone channel of appropriate diameter 

and prevent the removal of excessive bone tissue. Finally, 
reduce the damage to stable structures such as ligaments.

There are also have some limitations to this study. The 
FEM original data for this study came from a Chinese 
woman, and the follow-up patients were all Chinese, so 
the applicability of the findings to other races needs to be 
further investigated. While our methodological approach 

Fig. 9  Stress clouds of the vertebral body of the operated segment during flexion, extension, lateral bending, and axial rotation movements in the disc 
degeneration FEM and the disc degeneration plus surgery FEM
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of simulating disc degeneration through a reduction 
in disc height. Degeneration typically involves altera-
tions in material properties of various spinal compo-
nents, changes in bone quality, as well as modifications 
in the ligaments and soft tissues. We recognize that this 
simplification may not fully encapsulate the complex 
biomechanical and structural changes seen in a truly 
degenerative spine. Therefore, it’s important to note that 

our model, while useful for initial investigations, may not 
completely represent the multifaceted nature of spinal 
degeneration. Measuring changes in the material proper-
ties of degenerated cervical spine tissues in future studies 
will hence better contribute to the accurate establish-
ment of the FEM. In FEA, we used load control rather 
than displacement control, and while load control pro-
vides valuable insights, the model may not fully capture 

Fig. 10  Stress clouds of the operated segment discs during flexion, extension, lateral bending, and axial rotation movements in the disc degeneration 
FEM and the disc degeneration plus surgery FEM
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the complex response of biological systems under natu-
ral movement conditions. Displacement control method 
is a new idea in cervical spine FEA research. Due to the 
variation in patient surgical segments and sample size 
limitations, we chose to assess the overall ROM of C2-C7 
at the follow-up rather than analyzing individual surgical 
segment mobility. Therefore, we were unable to statisti-
cally analyse the changes in mobility of the cervical spine 
at the surgical segment, and the next step to expand the 
sample size and include patients with the same surgical 
segment is the key of our study.

Conclusion
Long-term follow-up studies have shown that ATc-PECD 
has good clinical efficacy and that ATc-PECD can be used 
as a complementary method for CDH treatment. The 
FEM demonstrated that ATc-PECD can lead to increased 
internal stresses in the vertebral body and intervertebral 
discs of the operated segments, which is directly related 
to cervical spine degeneration after ATc-PECD.
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