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Abstract 

This study aimed to construct a multi-segment lumbar finite element model (FEM) of PTED surgery to analyze the 
changes in stress and ROM after visible trephine-based foraminoplasty. The CT scans of a 35-year-old healthy male 
were used to develop a multi-segment lumbar FEM with Mimic, Geomagic Studio, Hypermesh and MSC.Patran. 
Different foraminoplasty was performed on the model, and these were grouped into normal group (A), the ventral 
resection group (B), the apex resection group (C), the ventral + apex + isthmus resection group (D), and the SAP + isth-
mus + lateral recess resection group (E). A vertical load of 500N and a torque of 10N·M were applied to the upper 
surface of the L3 vertebral body to simulate the biomechanical characteristics under the motion of flexion, exten-
sion, lateral bending, and rotation. The von Mises stress maps of the intervertebral f, vertebral body, facet joints, and 
the ROM of the L3-S1 intervertebral disk were calculated and analyzed. The changes of peak stress on the vertebral 
body for each group were not significant in the same motion state. Significant stress differences were observed in the 
L4/5 intervertebral disks, while no obvious stress changes were observed for the L3/4 and L5/S1 intervertebral disks. 
The stress of the L3/4 and L5/S1 facet joints decreased after L4/5 foraminoplasty, while the stress of L4/5 facet joints 
displayed an overall increasing trend. Significant asymmetrical stress changes of bilateral facet joints were observed 
in all three segments, particularly during bilateral rotation movements. The ROM of L3-S1 gradually increased from 
Group A to Group E, especially during flexion, left lateral bending, and right rotation, with the highest elevation 
observed for the L45 ROM. Our FEM indicated that enlarged resection and exposure of the articular surface could lead 
to significant asymmetrical stress changes in the bilateral facet joints and ROM instability of the surgical and adjacent 
segments. These findings suggested that unnecessary and excessive resection should be avoided in PTED to reduce 
the incidence of low back pain and the risk of postsurgical degeneration.
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Introduction
Percutaneous transforaminal endoscopic discectomy 
(PTED) is a mainstream endoscopic procedure for treat-
ing lumbar disk herniation (LDH). The main procedure 
involves performing a discectomy within the spinal canal 
through the Kambin triangle, which is a physiologically 
important channel surrounded by the anterior nerve 
root, inferior pedicle, and posterior articular facet joint 
[1]. Advancements in endoscopic surgical devices have 
expanded the scope of treatment to spinal stenosis [2]. 
Despite these advancements, multiple risk factors of fail-
ure after PTED have been reported [3], which raises the 
question that if this procedure still requires further eval-
uation, such as postoperative instability and the degen-
eration of adjacent segments.

Foraminoplasty is a critical step in PTED. For young 
adults with a large Kambin triangle, the cannula can 
be inserted directly into the space of the herniated disk 
without far dissociation. However, this becomes difficult 
if there is facet degeneration or a height reduction in the 
disk, and foraminoplasty is necessary in these situations 
[4]. The first tool used for laminoplasty was a trephine 
reamer monitored under fluoroscopy. Later, a trephine 
drill was developed to reduce nerve root irritation [5]. In 
recent years, full-endoscopic tools like a visible reamer 
under endoscopy have improved the laminoplasty proce-
dure [6]. For example, doctors can operate several rounds 
of resection on the superior articular process (SAP) with 
significantly less fluoroscopy. With this enhanced capa-
bility for bone resection, this procedure can also treat 
the symptoms of central canal or lateral recess stenosis 
[7], with the name of transforaminal endoscopic lumbar 
foraminotomy (TELF) and transforaminal endoscopic 
lateral recess decompression (TE-LRD) reported in pre-
vious studies [8]. However, the partial resection on the 
inferior articular process (IAP) and isthmus might dam-
age the articular cartilage and capsule and decrease the 
stability of the target segment, leading to a higher inci-
dence of adjacent segment degeneration (ASD) and 
severe low back pain (LBP) [9]. Hence, the relationship 
between the volume of bone removal and the subsequent 
postoperative degeneration should be considered to fur-
ther develop of this technique.

Digital simulation technology and finite element analy-
sis (FEA) have become widely used in spinal surgery, such 
that the segmental spinal units or L1-S1 multi-segmental 
spinal complexes can be simulated with or without inter-
nal fixations [10, 11]. This method assesses the segmen-
tal range of motion (ROM), disk and facet stress, and the 
resultant changes after various spinal surgeries. Mat-
sukawa et  al. conducted FEA for screw pullout force in 
spondylolisthesis [12], while others have also used FEA to 
analyze local stress following PTED. Most reported finite 

element models (FEM) were limited to a single-level lum-
bar unit with simulated conditions that are difficult to 
quantitatively standardize [13]. However, there is a lack 
of understanding of the simulating postsurgical changes 
after the application of the visible trephine. Therefore, 
this study aimed to construct a multi-level lumbar model 
of PTED surgery using FEA, mimicking the extents of 
foraminoplasty with a visible trephine. By assessing the 
stress on the vertebral body, disk, and facet joints, as well 
as ROM at different levels during bending and rotational 
movements, our results could guide the future develop-
ment of foraminoplasty procedures and postoperative 
rehabilitation treatments for PTED.

Methods
A 35-year-old healthy male volunteer, with no history of 
lumbar spine diseases, trauma, or surgery, was recruited 
for this study after obtaining approval from the eth-
ics committee and signing the informed consent form. 
X-ray films of the lumbar spine were taken in the ante-
rior–posterior and lateral positions, as well as the double 
oblique and dynamic positions to exclude lumbar spine 
deformity, fracture, and instability. Lumbar CT scans 
were then performed using a 64-slice GE Lightspeed spi-
ral CT machine with a slice thickness of 0.625 mm, which 
allowed for the acquisition and export of L3-S1 lumbar 
CT data in DICOM format from normal adults.

The data were imported into the Mimic 21.0 software 
(Materialize, Leuven, Belgium) for three-dimensional 
reconstruction, where different views in coronal, hori-
zontal, and sagittal planes were viewed and the shadow 
of soft tissue was removed. The editing tool was used to 
define the image outline and isolate the cross-sectional 
image via a region-growing process in the target region. 
Relevant commands, such as repair and erase, were used 
to obtain the final outline of the model. The Calculate 
3D function was then used to generate the triangular 
geometric model, which was automatically triangulated 
using the Remesh module. The triangular surface mesh 
was then smoothed using the STL Smoothener, and the 
number of error triangles was counted using the Reduced 
with Quality operation command. Triangle surfaces that 
did not meet the quality requirements were deleted, and 
a more accurate STL geometric model of triangular sur-
faces with an approximate geometric shape, smooth sur-
faces, and high-quality triangular surface meshes was 
obtained.

The L3-S1 lumbar vertebra model obtained by three-
dimensional reconstruction was a triangular patch model 
with a rough surface, deformity, distortion, and other 
issues. The STL file was imported into the Geomagic Stu-
dio 2014 software (Geomagic Inc., North Carolina, USA) 
for surface fitting and smoothening. Triangular patch 
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subdivision, noise reduction, and smoothing processing 
were performed with the data exported by Mimics21.0. 
The accurate surface function was used for surface modi-
fication to develop a three-dimensional solid geometric 
model of the L3-S1 segment normal lumbar vertebra.

Further model processing was performed to mimic 
different degrees of foraminoplasty. When applying 
the visible trephine of 3.6/6.3 mm endoscope system in 
PTED, the first resection would remove the ventral part 
of the L5 SAP apex. If further facetectomy is needed, 
the second resection would remove the remaining part 
of the L5 SAP apex. If the procedure aimed to solve 
stenosis of the central canal, the third resection would 
remove part of L4 IAP and isthmus. If the procedure 
aimed to solve stenosis of lateral recess, the fourth 
resection remove part of L5 pedicle notch to enlarge 
the left lateral recess. To mimic this surgical process, 
the study groups were defined as follows:

Group A: The normal group. The model was the 
intact model of L3-S1 segments.

Group B: The ventral resection group. The ventral 
side of the left L5 SAP was resected with the articular 
surface unexposed and intact.

Group C: The apex resection group. The apex of the 
left L5 SAP was excised with a small area of the articu-
lar surface exposed. The capsular ligament in the cor-
responding area was also removed.

Group D: The ventral + apex + isthmus resection 
group. The ventral part and apex part of the left L5 
SAP were both excised with about 1/3 of the articular 

surface exposed. A small amount of bone of the left L4 
IAP and isthmus was also removed together with the 
capsular ligament in the corresponding area.

Group E: The SAP + isthmus + lateral recess resection 
group. From the model of Group D, part of the left L5 
pedicle notch was removed to enlarge the left lateral 
recess and the capsular ligament in the corresponding 
area. The differences of model in Group A–E are dis-
played in Fig. 1.

After performing a reverse process, ligament models 
were added to the L3-S1 lumbar spine model, including 
the anterior longitudinal ligament, posterior longitu-
dinal ligament, capsular ligament, ligamentum flavum, 
interspinous ligament, supraspinous ligament, inter-
transverse ligament, and structures such as the cartilage 
of facet joints, intervertebral disk, and the upper and 
lower endplates. These models were imported into the 
MSC.Patran2019 software for structural assembly. The 
corresponding geometric models of different groups in 
STP file format were imported into the Hypermesh 14.0 
software (Altair Engineering, Troy, Michigan, USA) to 
generate the mesh. The cortical bone, cancellous bone, 
intervertebral joint, intervertebral disk nucleus pulposus, 
annulus fibrosus, and endplate were all meshed with solid 
elements. To improve the calculation accuracy, conver-
gence, and efficiency, the intervertebral disks (nucleus 
pulposus and annulus fibrosus) were divided into hexa-
hedral mesh elements (IsoMesh Hex8 element). Other 
structures were divided into tetrahedral mesh elements 

Fig. 1 Solid geometric model obtained in Geomagic Studio 2014 for five groups. Group A: The normal group with intact model of L3-S1 
segments; Group B: The ventral resection group. The ventral side of the left L5 SAP was resected with the articular surface unexposed and intact; 
Group C: The apex resection group. The apex of the left L5 SAP was excised with a small area of the articular surface exposed; Group D: The 
ventral + apex + isthmus resection group. The ventral part and apex part of the left L5 SAP were both excised with about 1/3 of the articular surface 
exposed. A small amount of bone of the left L4 IAP and isthmus was also removed; Group E: The SAP + isthmus + lateral recess resection group. 
From the model of Group D, part of the left L5 pedicle notch was removed to enlarge the left lateral recess
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(TetMesh Tet4 element), and ligaments were customized 
as nonlinear spring elements for tension only.

Next, the BDF files were imported into the finite ele-
ment pre-processing and processing software, MSC.
Patran2019 (Hexagon AB, Stockholm, Sweden). The 
development process of FEA models is displayed in 
Fig.  2. The bone structure, upper and lower endplates, 

facet joints, and intervertebral disk annulus fibrosus were 
assumed to be isotropic, uniform, and continuous linear 
elastic materials [10–13]. The nucleus pulposus of the 
intervertebral disk was set as a hyperelastic material, and 
the ligaments were customized as nonlinear spring units 

Fig. 2 The establishment process of FEA models in different groups. A The L3-S1 lumbar vertebra model obtained by 3-dimensional reconstruction 
in Mimic 21.0; B three-dimensional solid geometric model of Group A obtained in Geomagic Studio 2014; C, D, E models were assembled with 
ligament and intervertebral disk parts in MSC.Patran 2019; F models were imported into Hypermesh 14.0 to generate mesh; G, H, I, J, K, L the BDF 
files were imported into MSC.Patran 2019 for mesh property settings and material parameter definition; and J boundary constraints and loads to 
the model with a vertical load of 500N and a torque of 10N·M were applied to the upper surface of the L3 vertebral body
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under tension only. Specific structural material param-
eters are listed in Tables 1 and 2.

Boundary constraints and loads were then applied to 
the lumbar structural models of each group. The bot-
tom surface nodes of the S1 vertebral body were fixed, 
restricting six degrees of freedom, while a vertical load of 
500N and a torque of 10N·M were applied to the upper 
surface of the L3 vertebral body to simulate the biome-
chanical characteristics of the lumbar structure under 
the motion of flexion, extension, lateral bending, and 
rotation. The von Mises stress maps of the intervertebral 

disk, vertebral body, facet joints, and the range of motion 
(ROM) of the L3-S1 intervertebral disk were then plotted 
and analyzed.

Results
Model validation
To confirm the validity and accuracy of the modeling 
method, model setting, boundary assumption, and struc-
ture simplification used in the finite element simulation 
analysis process, the same load and constraint conditions 
were applied to the upper surface of the L3 vertebral 
body. Biomechanical characteristics of the lumbar struc-
ture corresponding to six motion states—flexion, exten-
sion, left and right lateral bending, and left and right 
rotation—were analyzed. Figure 3 displays the ROM for 
each intervertebral body under different states of motion, 
and the results were compared with previous in  vitro 
experimental and FEA data [14, 15]. The calculated ROM 
for each segment motion within this study was consistent 
with the results of previous studies in terms of both trend 
and value, thus demonstrating the validity of the normal 
model in this study.

Table 1 Material properties for various structural components in 
the FEA model

Component Young’s modulus (MPa) Passion ratio

Cortical bone 12,000 0.30

Cancellous bone 100 0.20

Cartilage endplate 1000 0.40

Posterior structures 3500 0.25

Annulus fiber 450 0.30

Annulus ground 8 0.45

Nucleus pulposus Hyperelastic C1 = 0.12, C2 = 0.03

Articular facet joints 10 0.40

Table 2 Material properties for various ligamental components in the FEA model

ALL anterior longitudinal ligament, PLL posterior longitudinal ligament, CL capsular ligament, ITL intertransverse ligament, LF ligamentum flavum, SSL Supraspinal 
ligament, ISL interspinal ligament

Ligament Strain
(%)

Rigidity
(k N/mm)

Strain
(%)

Rigidity
(k N/mm)

Strain
(%)

Rigidity
(k N/mm)

ALL (0,12.2) 347 (12.2,20.3) 787 (20.3, + ∞) 1864

PLL (0,11.1) 29.5 (11.1,23) 61.7 (23, + ∞) 236

CL (0,25) 36.0 (25,30) 159 (30, + ∞) 384

ITL (0,18.2) 0.3 (18.2,23.3) 1.8 (23.3, + ∞) 10.7

LF (0,5.9) 7.7 (5.9,49) 9.6 (49, + ∞) 58.2

SSL (0,20) 2.5 (20,25) 5.3 (25, + ∞) 34.0

ISL (0,20) 1.4 (13.9,20) 1.5 (20, + ∞) 14.7
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Fig. 3 Model validation results compared with previous studies. The results of current study were compared with Yamamoto’s in vitro experimental 
data [14] and Xiao’s [15] FEA data. The calculated ROM for each segment motion was consistent with the previous studies in terms of both trend 
and value, thus demonstrating the validity of the normal model utilized in this study. A The ROM validation of L34 segment; B The ROM validation of 
L45 segment; C The ROM validation of L5S1 segments
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Von Mises stresses on L3‑S1 vertebral bodies
The impact of various facet resections on the peak stress 
of the L3-S1 vertebral body was not significantly differ-
ent (Table  3). In Group A, the peak stress of the L3-S1 
vertebral body ranged from about 6.65–10.29 MPa, while 
Group B reported peak stress of about 6.59–9.88  MPa. 
Likewise, Group C reported peak stress of about 6.56–
9.94  MPa. Corresponding to Group D, the peak stress 
of the L3-S1 vertebral body was about 6.48–9.99  MPa, 
and Group E reported about 6.69–9.95  MPa of stress. 
Although the stress of the vertebral body was elevated 
in the flexion motion, the changes of peak stress on the 
vertebral body in each group were not significant in the 

same motion state, and the range of difference was within 
9%.

Von Mises stresses on L3‑S1 vertebral disks
There were no significant differences observed in stress 
changes between the L3/4 and L5/S1 intervertebral disks 
(Fig.  4). Peak stresses for the L3/4 intervertebral disk 
ranged between 0.82 and 2.96  MPa, while peak stresses 
for the L5/S1 intervertebral disk ranged between 1.30 and 
3.65 MPa for different motion states. In contrast, signifi-
cant stress differences were noted in the L4/5 interver-
tebral disk in each group. As compared to the normal 
group, Group B experienced an increase in L4/5 stress 
of less than 9%, whereas Group C reported an increase 
ranging from 6 to 26% for different motions. In Groups 
D and E, the bone removal procedure had a greater 
impact on L4/5 disk stress in various motion states, with 
an increase of 13–41% and 16–44%, respectively. Among 
the different motion states, forward flexion resulted in 
the highest increase in stress, while right rotation had the 
least impact on stress changes.

Von Mises stress on L3‑S1 bilateral facet joints
The peak stress of the L3/4 facet joints ranged from 
approximately 0.70–2.44  MPa, while the peak stress of 
the L4/5 facet joints ranged from approximately 0.64–
2.45  MPa. Likewise the peak stress of the L5/S1 facet 
joints ranged from approximately 0.80–2.50 MPa. Differ-
ences among the groups were observed under different 

Table 3 The peak stress of L3-S1 vertebral body of five groups

Group A: The normal group; Group B: The ventral resection group; Group C: The 
apex resection group; Group D: The ventral + apex + isthmus resection group; 
and Group E: The SAP + isthmus + lateral recess resection group. The changes of 
peak stress on the vertebral body for each group was not significant in the same 
motion state with a range of difference within 9%

Group
A

Group
B

Group
C

Group
D

Group
E

Flexion 10.29 9.88 9.94 9.99 9.95

Extension 7.09 6.47 6.67 7.29 7.39

Left bending 6.90 6.59 6.56 6.67 6.69

Right bending 7.05 6.92 7.02 6.99 7.12

Left rotation 7.47 7.46 6.96 7.13 7.92

Right rotation 6.65 6.67 6.56 6.48 7.14
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Fig. 4 Von Mises stresses on L3-S1 intervertebral disks. A and C No significant differences were observed in stress changes between groups for 
the L3/4 and L5/S1 intervertebral disks, with variations within 4%. B and D Significant stress differences were noted for the L4/5 intervertebral disk 
across groups, with an increase up to 41% and 44% for Groups D and E in flexion and right rotation motions
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motion states. As compared to the stress of the nor-
mal group, the stress of the L3/4 and L5/S1 facet joints 
decreased in most motion states with varying magni-
tudes, whereas the stress of the L4/5 facet joint increased 
in most motion states.

Subsequently, the bilateral facet joint data for each spi-
nal segment were extracted and are analyzed separately 
in Table 4. For the stress of the L3/4 facet joints, a signifi-
cant decrease was observed during extension and bilat-
eral bending motions. When comparing both sides, the 
stress on the right facet joint of each group was signifi-
cantly lower than on the left facet joint, especially during 
left and right rotation motions.

For the stress of the L4/5 facet joints, the stress of the 
left facet (resection side) increased in each group dur-
ing anterior flexion motion, with the highest increase 
observed in Group B. The stress decreased during other 
motions for each group, with the most prominent reduc-
tion occurring during right bending and right rotation 
motions, especially in Group E. For the L4/5 right facet 
joint, the stress during anterior flexion in each resection 
group was lower than in the normal group, especially in 

Groups D and E. The stress in other motions reported a 
marked increase after foraminoplasty as compared to 
the normal group, particularly during bilateral rotational 
motions in Groups C and D. The stress change pattern 
of the L4/5 right facet joints demonstrated asymmetric 
trends as compared to the left facet joints (Fig. 4).

The variation in the L5/S1 facet joint was signifi-
cantly lesser than in the L3/4 and L4/5 joints. The 
stress during left rotation motion increased in each 
resection group and remained almost the same dur-
ing posterior extension motion. The stress slightly 
decreased during other motion states for each resec-
tion group, particularly during right bending motion 
in Groups C and E. The stress was slightly elevated on 
the right facet joint in each resection group, particu-
larly during left bending motion in Groups D and E, 
with a higher value observed in Group E than in Group 
D. Nonetheless, the trends stress in the right facet 
joints was inconsistent with other motions of the right 
side (Additional File 2: Figures).

Table 4 Von Mises stress on L3-S1 bilateral facet joints

The peak stress of the L3/4 facet joints ranged from approximately 0.70–2.44 MPa, the peak stress of the L4/5 facet joints ranged from approximately 0.64–2.45 MPa, 
and the peak stress of the L5/S1 facet joints ranged from approximately 0.80–2.50 MPa. The results indicated inconsistency stress changes of bilateral facet joints 
among groups, particularly during bilateral rotation movements

L34
left FJ

Group
A

Group
B

Group
C

Group
D

Group
E

L34
right FJ

Group
A

Group
B

Group
C

Group
D

Group
E

Flexion 0.84 0.82 0.81 0.66 0.66 Flexion 0.93 0.98 0.74 0.76 0.70

Extension 2.17 2.02 1.63 1.43 1.30 Extension 2.44 2.43 1.75 1.60 1.45

Left bending 1.74 1.76 1.38 1.60 1.18 Left bending 1.73 1.57 1.37 1.30 1.03

Right bending 2.15 2.43 1.86 2.04 1.56 Right bending 1.78 1.52 1.42 1.50 1.11

Left rotation 1.31 1.38 1.11 1.30 1.33 Left rotation 1.36 1.18 1.07 1.10 1.09

Right rotation 0.97 1.00 0.82 1.01 0.93 Right rotation 1.07 0.99 0.94 0.89 0.78

L45
left FJ

Group
A

Group
B

Group
C

Group
D

Group
E

L45
right FJ

Group
A

Group
B

Group
C

Group
D

Group
E

Flexion 0.64 0.72 0.67 0.67 0.64 Flexion 0.74 0.65 0.65 0.59 0.59

Extension 2.08 1.84 1.81 1.70 1.71 Extension 2.31 2.39 2.36 2.45 2.42

Left bending 1.57 1.25 1.25 1.27 1.23 Left bending 1.59 1.70 1.68 1.59 1.42

Right bending 1.92 1.51 1.56 1.36 1.29 Right bending 1.49 1.82 1.66 1.57 1.63

Left rotation 1.58 1.55 1.52 1.47 1.48 Left rotation 1.21 1.57 1.51 1.72 1.56

Right rotation 1.48 1.23 1.29 1.08 0.88 Right rotation 1.35 1.68 1.61 2.03 2.06

L5S1
left FJ

Group
A

Group
B

Group
C

Group
D

Group
E

L5S1 right FJ Group
A

Group
B

Group
C

Group
D

Group
E

Flexion 1.85 1.79 1.71 1.71 1.76 Flexion 2.42 2.43 2.34 2.50 2.41

Extension 0.73 0.73 0.73 0.73 0.72 Extension 0.81 0.81 0.80 0.82 0.80

Left bending 1.56 1.42 1.48 1.36 1.45 Left bending 1.06 1.13 1.10 1.18 1.20

Right bending 1.47 1.34 1.22 1.30 1.17 Right bending 1.57 1.62 1.48 1.63 1.55

Left rotation 1.21 1.34 1.18 1.30 1.26 Left rotation 2.10 2.10 2.07 2.11 2.11

Right rotation 1.72 1.67 1.73 1.64 1.73 Right rotation 0.97 1.03 1.02 1.04 0.98
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Range of motion (ROM) of L3‑S1 intervertebral disks
The ROM of L3-S1 gradually increased from Group A to 
Group E, especially during flexion, left lateral bending, 

and right rotation (Table  5). In the normal group, the 
ROM of L3-S1 ranged from 6.72° to 22.65°. In Group B, 
the ROM ranged from 6.77° to 22.67°. In Group C, the 
ROM ranged from 7.36° to 26.42°. The relative motion of 
L3-S1 ranged from 7.98° to 31.06° in Group D, and 8.05° 
to 31.67° in Group E. The effect of ventral resection on 
the relative motion of L3-S1 was found to be insignifi-
cant. ROM in Group C reported an increase of 1.1–16.6% 
in different motions, especially during anterior flex-
ion and right rotation. The changes in ROM were more 
prominent in Group D (increment of 12.3–37.1%) and 
Group E (increment of 15.2–39.8%), particularly during 
anterior flexion, left bending, and right rotation.

The ROM for each disk was analyzed separately (Fig. 5). 
There was no significant increase in the ROM of the L3/4 
disk in Group B. The L3/4 ROM increment in Group 

Table 5 Total ROM of L3-S1 lumbar models in various groups

The ROM of L3-S1 gradually increased from Group A to Group E, especially 
during flexion, left lateral bending, and right rotation

Group
A

Group
B

Group
C

Group
D

Group
E

Flexion 22.65° 22.67° 26.42° 31.06° 31.67°

Extension 17.93° 17.98° 19.93° 21.90° 22.01°

Left bending 18.46° 18.69° 20.11° 22.12° 23.65°

Right bending 18.77° 18.84° 18.97° 21.08° 21.63°

Left rotation 6.72° 6.77° 7.36° 7.98° 8.05°

Right rotation 6.82° 6.83° 7.64° 8.47° 8.76°
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C was between − 0.4° and 0.9° (− 0.6 to 14%). A maxi-
mum increment in ROM was observed during the flex-
ion movement of Groups D and E, with a maximum of 
2.1° (32%). The ROM of Group E (1°, 14.4%) was further 
increased as compared to Group D (0.5°, 7.82%) during 
right lateral bending. The increment in ROM for the two 
groups was less than 1° during other motions.

The ROM of the L4/5 disk reported no notice-
able increase in Group B. The increase in Group C was 
between 0.26° and 1.93°, considerably higher than that 
in L3/4. The increase in L4/5 for Groups D and E was 
significantly greater than for Group C, with the highest 
value in Group E being 19° in the forward flexion motion 
(55.2%). The elevations in the same motion were similar 
between the two groups, except for left bending, where 
the increase in Group E was 1.33° higher than that in 
Group D (20% of normal volume).

The ROM of the L5/S1 disk did not report a signifi-
cant change between Group B compared and the nor-
mal group. The increment in ROM in Group C ranged 
from − 0.4° to 0.88° (− 0.63 to 10.54%), which was not sig-
nificantly different from that observed in the L3/4 disk, 
but this was significantly lower than that observed in 
the L4/5 disk. The increase in ROM of the L5/S1 disk in 
Group E was slightly higher than that in Group D in all 
motions, with the increase being less than 0.15° (2.16%).

Discussion
Previous studies have primarily investigated the impact 
of foraminoplasty on stress changes after PTED [16, 17]. 
No further evidence was reported since the develop-
ment of visual trephine and endoscopic dynamic tools. 
Hence, this study analyzed the overall stress changes and 
ROMs of the lumbar spine after various degrees of facet 
resection and further examined the postoperative con-
ditions of the upper and lower adjacent segments. This 
manuscript provides valuable guidance for intraoperative 
bone removal and postoperative rehabilitation following 
PTED.

During the PTED procedure, sheath placement is pri-
marily carried out through Kambin’s triangle. In the early 
stages of the procedure, Yeung proposed the concept of 
“inside-out” surgery, which suggested that the cannula 
should be inserted directly into the intervertebral space 
at an appropriate angle without removing the bone [18]. 
However, when a patient has degenerative hyperpla-
sia of the articular process, cannula placement becomes 
difficult and limits the surgical options. Subsequently, 
the introduction of trephine and bone drill enabled sur-
geons to remove the bone from the articular process and 
expand the Kambin triangle [19]. This resulted in sig-
nificantly improved surgical flexibility, indications, and 

safety, as well as better protection of the nerve and com-
plete nerve decompression.

With the development of endoscopic trephine and 
dynamic systems, surgeons can now remove the bone of 
the articular process more efficiently, further expanding 
the scope of PTED [20, 21]. In this study, we analyzed 
the overall and local stress of the lumbar spine under dif-
ferent bone resection conditions, including the ventral 
side of the SAP, the apex of the SAP, the isthmus of the 
L4 lamina, part of the IAP, and the lateral recess/superior 
notch of the pedicle. This study aimed to cover all possi-
ble options for foraminoplasty used in PTED.

Multiple studies have reported the role of the lumbar 
zygapophysial articular cartilage plays in maintaining the 
overall stability of the lumbar spine and protecting the 
annulus fibrosus [22, 23]. Spine surgeons traditionally 
believed that varying types of facet facetectomy have lit-
tle impact on postoperative stability [24]. However, Zhou 
et  al. [25] investigated the effect of graded facet resec-
tion on cadaveric specimens and found that stability was 
only compromised when resection exceeded 50%. In our 
study, we found that ventral facetectomy with minimal 
bone removal, without compromising the articular sur-
face, had little effect on stability. However, the exposed 
articular surface after bone removal of the SAP signifi-
cantly impacted the stability of the lumbar spine. Even a 
small amount of articular surface exposed by the resec-
tion of the SAP apex resulted in an overall increase of 
approximately 4° (15%) in the L3-S1 ROM and 2° in the 
L4/5 space. Total resection of the SAP apex, together 
with isthmic bone removal, resulted in an overall 10° 
(approximately 35%) increase in the L3-S1 ROM, particu-
larly in flexion, left lateral bending, and right rotation. 
A 4.19° increase was observed in the L4/5 ROM flexion. 
These findings were consistent with the findings of Li 
et  al. [26], which reported that ventral facetectomy had 
little impact on ROM. Exposed articular cartilage sig-
nificantly increased the ROM under rotational motion, 
and further resection of the lateral recess bone increased 
instability. Although this condition did not increase the 
exposure and destruction of the articular cartilage, it 
could be related to the decreased bearing capacity of the 
facet joints and the further loss of integrity of the sur-
rounding important soft tissues such as the joint capsule 
and the edge of the fibrous ring. These results suggested 
that the exposure of the articular surface is closely related 
to the stability after PTED. FEA results could differ 
from the cadaver results due to elderly and degenerated 
specimens. Prado et al. [13] further evaluated this factor 
through finite element analysis and confirmed that the 
degenerative factor of the intervertebral disk could lead 
to a decrease in the range of motion of the spine, thus off-
setting the effect of facet resection to some extent. Our 
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study also analyzed the ROM changes at each level after 
angioplasty. Most (> 50%) of the ROM changes came 
from the surgery segment itself, while the adjacent levels 
were also affected to a lesser extent. Facet resection could 
have a long-term impact on both the surgical segment 
and the lumbar spine as a whole in young patients.

Our study data indicated that several different ranges 
of foraminoplasty had no significant effect on the peak 
stress of the L3-S1 vertebral body and were less likely 
to produce fractures in elderly patients. The difference 
in the stress of the L3/4 and L5/S1 disks was not sig-
nificant (less than 4%). However, the stress of L4-5 disks 
increased significantly after molding, with an increase of 
less than 9% in Group B and 26% in Group C, while the 
disk stress of the DE group could increase up to a maxi-
mum of 44%. These findings were consistent with those 
observed by Xie et al. [23] and Li et al. [27], where simple 
ventral SAP resection had a minimal effect on disk stress, 
but extended ventral resection or SAP shoulder resection 
could affect the overall bearing of the facet, thus increas-
ing the disk stress of L45. This increase in disk stress may 
result in postoperative L45 disk stress concentration, 
leading to possible recurrence of disk herniation or accel-
erated space degeneration. However, their reports failed 
to analyze the disk stress and specific ROMs at adjacent 
levels. Our study also analyzed disk stress at L3/4 and 
L5/S1 and confirmed that single-level shaping had little 
effect on adjacent segments, indicating that single-level 
PTED had a lower potential for ASD in terms of disk 
stress.

By extracting and analyzing data related to bilateral 
facet joints at each level, our study revealed that the 
stress of L3/4 and L5/S1 facet joints decreased after L4/5 
left foraminoplasty. However, the stress of L4/5 facet 
joints displayed an overall increasing trend. The stress of 
the right facet of L3/4 decreased more significantly than 
the left facet, especially during left and right rotation 
movements. On the other hand, the stress of the left L4/5 
facet during flexion movement increased most notably 
in Group B, whereas the stress during other movements 
decreased, especially during right lateral bending and 
right rotation. Furthermore, the stress of the right flex-
ion movement decreased more significantly than normal, 
especially in Group D and Group E, whereas the stress 
during other movements increased noticeably, especially 
in Groups C and D. The stress variation of the L5/S1 
articular joints was within 5%, which was much less than 
that of the upper two spaces. The stress of the left facet 
increased in left rotation motion and slightly decreased 
in the other motions of all groups. The stress of the right 
facet increased significantly in left bending and right 
rotation in most groups. According to Zeng et  al. [16], 
complete unilateral facet resection led to significant 

increases in the stress of the contralateral facet, reaching 
a maximum of 110% during hyperextension. Additionally, 
axial rotation significantly affected intradiscal pressure. 
Li et al. [26] observed that the stress of bilateral articular 
processes increased to varying degrees after L5 facetec-
tomy, with the most notable increase seen during bilat-
eral rotation movements. Our findings were consistent 
with their results in some aspects, but we provided more 
detailed information in terms of the specific stress and 
ROM changes on each disk and facet joints evaluated.

Our study findings suggest that unilateral facet fac-
etectomy can cause significantly inconsistent stress 
changes in bilateral facet joints, particularly during 
bilateral rotation movements. This is inconsistent with 
the current clinical postoperative prevention of hyper-
extension and hyperflexion movement. Therefore, addi-
tional rotation movement protection for patients in the 
early rehabilitation stages is recommended. Further-
more, the above two studies did not analyze the stress 
changes of adjacent L3/4 and L5/S1. Our study found 
inconsistencies in the bilateral facet joint stress of adja-
cent segments, which may cause long-term effects such 
as degenerative scoliosis. Hence, it is necessary to fur-
ther analyze of this difference in stress.

Considering our FEA results, we recommend preserv-
ing the superior facet bone as much as possible during 
PTED surgery and avoiding extensive resection. This 
not only reduces the incidence of postoperative LBP but 
also lowers the risk of LDH recurrence. Although a full 
visualization system allows for quicker facet facetec-
tomy, familiarity with bone removal and proficiency in 
manipulation are still necessary [28]. Otherwise, unex-
pected enlargement of the facet resection may occur. 
Future development of the endoscopic dynamic sys-
tem may enable more precise and controlled forami-
noplasty, with the advantages of visualization, accurate 
bone removal, and safety (reduced endoscopic bleeding 
caused by bone removal). The only group that fully pre-
serves the facet joints was Group B, with ventral side of 
the left L5 SAP resected but articular surface unexposed. 
Results from Table 3 showed that the total ROM of L3-S1 
had slight elevation (0.01°–0.23°) compared to normal 
group. Results from Fig.  6 suggested that the ROM of 
L34 (0°–0.2°), L45 (0.1°–0.09°) and L5S1 (0°–0.02°) also 
had slight change compared to normal group. The stress 
change of vertebral body and disk showed similar results, 
with value of Group B slightly affected compared to the 
other treatment groups. The change of flexion, right rota-
tion, and right bending stress in Group B was remark-
able compared in other groups. There are several possible 
reasons for these results. First, the resection in Group B 
preserved article surface but still damaged some capsu-
lar ligament and ligamentum flavum, which affects the 
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stability of soft tissue. Second, the SAP apex remained 
continuity with SAP body but still lost integrity. During 
movement, this part of bone had less ability to sustain 
stress, shifting more stress to the SAP body. Third, the 
intact of articular surface was only assured in the neutral 
position. During flexion, right rotation, and right bending 
movement, the articular surface might still be exposed in 
this resected area. In the absence of additional internal 
fixations such as pedicle screws, bone removal of the SAP 
should still mainly target the ventral region. The removal 
of the apex of SAP should avoid exposing the dorsal 
articular surface as much as possible. Lateral recess bone 
removal should not be a routine procedure for PTED 
unless lateral recess stenosis is confirmed.

This study had several limitations. Firstly, the stress 
condition adopted in the present finite element analy-
sis involved a vertical load and torque, which differed 
significantly from the complex stress conditions in the 
human body. Though a vertical load can, to some extent, 
reflect some of the real trends, more relevant conditions 

for analysis can be applied in future studies. Secondly, 
this study intended to demonstrate the specific effect of 
foraminoplasty on postoperative stress changes and sta-
bility. Hence, it did not consider the annulus fibrosus 
damage caused by discectomy, the decrease in nucleus 
pulposus volume, endplate injury, and other annulus 
fibrosus factors, and some surgical steps were omitted. 
The surgical changes of the intervertebral disk were simi-
lar between PTED and percutaneous interlaminar endo-
scopic discectomy (PIED), and previous research findings 
can be consulted in this regard. The third limitation that 
we were unable to apply “nerve decompression” effect 
to the FEA model may contribute to changes in ROM of 
the spine in clinical practice when the nerve pressure is 
relieved. Future work on FEA should pay attention to find 
a solution to this issue.
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Conclusions
In this study, we constructed a multi-segment forami-
noplasty model of PTED surgery under visual trephine 
using the FEA method. Our results indicate that enlarged 
resection and exposure of the articular surface could lead 
to significant asymmetrical stress changes in the bilateral 
facet joints and disk ROM instability of the surgical and 
adjacent segments. These findings suggested that during 
PTED surgery, it is crucial to preserve the superior facet 
as much as possible. Unnecessary and excessive resection 
should be avoided to reduce the incidence of LBP and the 
risk of postsurgical degeneration at the surgical and adja-
cent segments.
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