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	 Background:	 This study aimed to evaluate the biomechanical stress of the internal fixation screws and vertebral bodies af-
ter the full-segment, interval, key vertebral, and strategy pedicle screw fixations under 7 work conditions in a 
patient with adult degenerative scoliosis (ADS) using finite elements (FE) analysis.

	 Material/Methods:	 A patient with ADS underwent internal fixation by pedicle screws after posterior incision in combination with 
subtotal laminectomy decompression and bone graft fusion, and received thin-layer computed tomography 
(CT) spine scanning at T12–L5. The CT data were used to constitute three-dimensional FE full-segment, interval, 
key vertebral, and strategic pedicle screw models. The stress of each screw-rod system under different work-
ing conditions was evaluated.

	 Results:	 Forward flexion, backward extension, lateral flexion, and rotation greatly increased the force of the pedicle 
screw systems. The maximum stress of the screw-rods was the lowest in the full-segment model under almost 
all the working conditions except for the upright situation. The maximum stress of the vertebral bodies was 
the minimum in the strategic model under all the 7 working conditions, followed by that in the key vertebra 
and full-segment models.

	 Conclusions:	 Collectively, the strategic and key vertebra pedicle screw schemes can decrease the biomechanical stress of 
screw-rod systems and vertebral bodies, which is close to the full-segment scheme. Our results may help ex-
plore the optimal surgical means for pedicle screw fixation for ADS patients, which can maximally reduce the 
risk of screws-related postoperative complications and simultaneously maintain a reasonable 3D orthopedic 
effect.
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Background

Adult scoliosis is a spinal deformity occurring in adults, with a 
coronal deviation of Cobb angle over 10°. Adult degenerative 
scoliosis (ADS) is an important type of adult scoliosis, which 
is due to the degeneration of spinal motion segments [1]. ADS 
leads to global spinal imbalance, back pain, and neurological 
deficits, which severely influences patient quality of life. ADS 
is closely related to aging and typically appears in patients 
older than 40 years [1]. ADS has a high prevalence of about 
35–68% in the elderly [2,3]. As China has the largest popula-
tion in the world and is becoming an aging society, the num-
ber of ADS patients (especially elderly patients) is gradually 
increasing. ADS has become not only a health problem for pa-
tients, but also imposes a heavy burden on society in China.

Posterior spinal canal decompression and internal fixation is 
currently the most widely used surgical procedure. It consists 
of short- and long-segment fixation strategies, according to the 
numbers of fixed segments, and the choice of short- or long-
segment fixation has become an important topic [4–6]. Long-
segment fixation may be better to achieve satisfactory ortho-
pedic outcome and decreases the progression of postoperative 
degeneration [4], but it has disadvantages such as long oper-
ation time, large blood loss, and more postoperative compli-
cations [5–7]. Moreover, some reports showed that short and 
long fusions achieved similar reduction in coronal Cobb an-
gle and increase in lumbar lordosis [5,7]. To obtain satisfac-
tory results and decrease the risks of postoperative complica-
tions (e.g., pedicle screws-based soft tissue and neural injury 
and infection), optimized pedicle screw strategies using fewer 
screws (i.e., selective screwing) have been developed and used.

Selective pedicle screw strategies have been widely used in 
the treatment of adolescent idiopathic scoliosis, with good 
results, and the bleeding, surgical time, postoperative com-
plications can also be effectively controlled [8–11], but they 
have rarely been used in ADS. ADS is different from adoles-
cent idiopathic scoliosis; for example, many patients with ADS 
are elderly and have special problems such as formation of an 
intervertebral bone bridge, decreased body flexibility, and os-
teoporosis. Whether selective pedicle screw schemes can be 
successfully used for ADS needs further study.

Optimized pedicle screw schemes for ADS surgery requires ac-
curate biomechanical analysis of various surgical procedures. 
To do this, animal experiments and cadaver specimen analy-
sis are usually needed. However, animal (especially small an-
imal) spines are substantially different from human spines 
in actual anatomical structures. The imaging characteristics 
of cadaver specimens after treatment are also unlike those 
of living patients. Digital orthopedic three-dimensional (3D) 
finite element (FE) analysis is a promising new method for 

studying spine biomechanics and it has been used to analyze 
the biomechanical parameters internal to spines and connec-
tive soft tissues, which are difficult to capture by experimental 
approaches. Moreover, even in the presence of cross-linking, 
which can influence the biomechanical analysis, the spine bio-
mechanics still can be evaluated through software-based FE 
analysis [12,13]. Few studies have performed biomechanical 
analysis of ADS using FE analysis. For example, Haddas et al. 
established an FE model to observe the effect of adjacent 
load transfer on the mechanical function of the lumber sco-
liotic spine [14]. Xu et al. used FE analysis to observe the in-
creased vibrational response of the scoliotic spines in patients 
with ADS [15]. Wang et al. used FE models to show that, in re-
sponse to the asymmetric loading, compressive deformation 
of facet joints appears on the concave side, which accelerates 
asymmetry in the lumbar spine and is related to degenerative 
lumbar scoliosis [16]. Zheng et al. imported spiral computed 
tomography (CT) scanning data on an ADS patient’s lumbar 
spine (T12 to S1) and built and validated an integral 3D FE 
model of ADS to accurately simulate the physical features of 
ADS [17]. However, there have been no studies using FE anal-
ysis to evaluate the biomechanical characteristics of pedicle 
screw schemes for ADS.

The present study used FE methods to analyze the biomechan-
ical stress of the internal fixation screws and vertebral bodies 
of full-segment, interval, key vertebra, and strategic pedicle 
screw systems under different loading conditions in a patient 
with ADS. Our results will help select optimal pedicle screw 
schemes for the treatment of ADS.

Material and Methods

Patient

A 60-year-old male patient was admitted in October 2017 
at the Second Affiliated Hospital of Inner Mongolia Medical 
University (Hohhot, China). He mainly complained low back 
pain with right lower-extremity pain lasting for 4 years. After 
receiving a front and lateral full spine X-ray examination, he 
was diagnosed with ADS (T12–L5), with Cobb angel of 40°, 
lumbar motion of 34° for forward flexion and 25° for back-
ward extension, left lateral bending of 27°, right lateral bend-
ing of 28°, left axial rotation of 35°, and right axial rotation 
of 37°. Nuclear magnetic imaging excluded the existence of 
conditions such as congenital dysplasia of the spinal cord and 
idiopathic scoliosis. The patient underwent internal fixation 
(full-segment) with pedicle screws after a posterior incision 
in combination with subtotal laminectomy decompression 
and bone graft fusion. The patient only manifested charac-
teristics of hypertrophy of the yellow ligament, without pro-
trusion of intervertebral disc, at L5/S1. Moreover, because of 
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the physiological curvature at L5/S1, screwing at these seg-
ments would greatly increase the stress of the screw-rods at 
L5/S1, which might decrease the stability of screw-rods and 
influence the treatment efficacy of ADS. Therefore, fusion was 
stopped at L5 in this patient.

The patient then received thin-layer CT scanning at T12–L5 
spine using a 64-slice CT scanner (GE Healthcare, Waukesha, 
WI, USA) with a layer thickness of 1 mm. Two hundred and 
sixty CT images were obtained and saved in Digital Imaging 
and Communications in Medicine (DICOM) format.

FE analysis

Generally, CT imaging data of the patient after the operation 
were collected and imported and established a full-segment 
pedicle screw model and secondary interval, key vertebra, and 
strategic pedicle screw models using Mimics software. After 
optimization using Geomagic software, the FE models were es-
tablished using Ansys software. Then, the 4 established pedi-
cle screw models were subject to biomechanical analysis un-
der 7 different working conditions.

Reconstruction of postoperative spinal model of ADS patient 
with Materialise Interactive Medical Image Control System 
(Mimics)17.0 software

The CT images in DICOM format were imported by Mimics17.0 
software (Materialise, Inc., Leuven, Belgium) and were then 
generated into coronal and sagittal view images. Using the 
Cropmask function of Mimics17.0 software, each part of the 
spine and screw-rod systems was distinguished according to 
difference of the gray values of the CT images. The Mask Edit 
function was used to manually erase the excess tissue and ar-
tifacts and fill the empty cavity. Using the Caculate 3D tool, 
the corresponding 3D vertebral body was obtained (Figure 1A).

To obtain better model quality to facilitate the subsequent 
FE analysis, the established model was properly smoothed 
by means of the Mimics’ Remesh function, with a smoothing 
factor of 0.1 and 100 iterations. The final 3D model was ob-
tained, which was saved in Standard Tessellation Language 
(STL) format (Figure 1B).

Establishment of the screw-rod systems. Since the gray values 
of the screw-rod systems and the spine were different, they 
were adjusted and screened to obtain a suitable gray value 
range of the screw-rod systems. Following the above steps, each 
of the screw-rods was extracted and the model was established 
and smoothed (Figure 1C), which was further smoothed and 
subject to surface mesh processing using the Remesh function. 
The screw-rod models were saved in STL format.

Establishment of a 3D model of lumbar intervertebral discs.

Since the gray values of the intervertebral discs and muscles 
around the vertebral bodies were similar, it was difficult to ex-
tract those of the intervertebral discs directly using CT data. 
Therefore, the Mimics splitting tool was used to roughly de-
termine the contour of the discs on the upper and lower sur-
faces of the vertebral bodies, and then the Boolean operations 
were used to generate a solid 3D shape (Figure 1D). Of note, 
to exclude the interference of the fusion device and the inter-
vertebral fusion on the overall force of the screw-rods and the 
force of the vertebral bodies, the fusion device was also simu-
lated as the intervertebral discs. Similarly, the model was fur-
ther smoothed and underwent surface mesh processing using 
the Remesh function, which was saved in STL format.

Establishment of a 3D ligament model

Similarly, it was difficult to extract the gray values of the lig-
ament directly using CT data due to the similarity of the gray 
values of muscles around ligaments. According to the posi-
tion and actual shape of the ligaments, the Mask Edit function 
was used for manual filling, and the final ligament model was 
prepared by using the above extraction and processing meth-
od for establishment of the vertebral body model. The model 
was further smoothed and underwent surface mesh process-
ing using the Remesh function, which was saved in STL for-
mat. This study used solid ligament in the model establish-
ment for consideration of maximal simulation of the physical 
structure of ligaments and accurate evaluation of the actual 
application in the force analysis.

Secondary establishment of the interval, key vertebra, and 
strategic pedicle screw models

Following the above method, the interval, key vertebra, and 
strategic pedicle screw models were established. For the full-
segment pedicle screw scheme, both sides of the pedicle of 
the vertebral arch of each vertebral body within the fixed seg-
ments were screwed. For the interval scheme, those of every 
other vertebral body within the fixed segments were screwed. 
For the key vertebra scheme, the upper and lower ends of 
the fixed vertebrae were determined and the orthopedic side 
(concave side) of the apical vertebra was screwed, which was 
used as a reference to place a screw in the opposite side of 
the ipsilateral interval key vertebra until the upper and low-
er ends of the fixed vertebrae were reached. For the strategic 
scheme, a pair of screws were placed in the upper and lower 
ends of the vertebra, a screw was placed in the convex side 
of the apical vertebra, and simultaneously a screw was placed 
in the concave side of the upper and lower vertebral bodies 
adjacent to the apical vertebra. The finally assembled models 
are shown in Figure 1E–1H.
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Geomagic reverse processing

The above STL files exported from Mimics software were im-
ported into Geomagic Studio 12.0 software (Geomagic, Rock 
Hill, SC, USA) for further processing. The “model volume” tool 
of the software was used to automatically detect whether the 
model had a void. If so, the “fill hole” command would be se-
lected to automatically search and fill it in the existing model. 
Afterward, the “sandpaper, slack” tool of the software was 
used to polish the sharp protrusions of the model to make 
it locally smooth. However, excessive slickness should not be 
pursued during polishing and relaxation process to avoid se-
rious local distortion-induced loosing of authenticity of mod-
els. Then, the Refine Polygon tool was used to further optimize 
the quality of the model’s triangle polygon. Finally, the Boolean 

operation function was used to remove the interference be-
tween tissues to maintain the integrity and actual similarity 
of the tissues. The optimized model is shown in Figure 2A–2D, 
where the typical structure of each segment of the vertebrae 
and intervertebral discs can be seen, with smooth surface and 
without convex sharp angle, which was more suitable for sub-
sequent FE analysis.

Processing using Ansys software

The above-established vertebral bodies, screw-rods, discs, lig-
aments, and other models were further assembled and sub-
ject to tetrahedral meshing using Ansys software (Ansys Inc., 
Canonsburg, PA, USA). The material properties were assigned to 
the models using Ansys. We used the currently internationally 

A
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G

D

H

Figure 1. �Reconstruction of postoperative spinal model of ADS patient with Mimics17.0. (A) Primary 3D vertebral body model by 
Mimics17.0 software. (B) Final 3D vertebral body model by the Mimics’ Remesh function. (C) Establishment of 3D screw-
rod system. (D) Establishment of a 3D model of lumbar intervertebral discs. (E–H). Primary full-segment (E), interval (F), key 
vertebra (G) and strategic (H) screw models.
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recognized values to confer the material properties of the lum-
bar spine [18], shown in Table 1. Finally, 4 sets of FE models 
were completely established (Figure 2E–2H).

Main observation

Biomechanical characteristics of the screw-rod systems and 
intervertebral discs of the full-segment, interval, key verte-
bra, and strategic pedicle screw systems for the treatment of 
ADS were analyzed under 7 working conditions: upright, for-
ward flexion, backward extension, left and right lateral bend-
ing, and left and right axial rotation. The degrees of freedom 
of the 5th lumbar vertebral body bottom surface at 6 directions 
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Figure 2. �Establishment of 3D FE models of the full-segment, interval, key vertebra and strategic screw. (A–D) The full-segment (A), 
interval (B), key vertebra (C), and strategic (D) screw models were further polished and optimized by Geomagic Studio 
software. (E–H) Complete 3D FE models of the full-segment (E), interval (F), key vertebra (G), and strategic (H) screw by the 
Ansys software.

Part
Modulus of 

elasticity (Mpa)
Poisson’s ratio

Screw-rod 1.10E+05 0.34

Intervertebral disc 
annulus

4.2 0.45

Vertebral body 1.20E+04 0.3

Ligament 10 0.3

Table 1. Related material properties conferred to the FE models.
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were completely constrained, and force and moment were ex-
erted on the center of the upper surface of the 12th thoracic 
vertebral body, including an axial load of 400 N applied to the 
models under various initial conditions (without the produc-
tion of displacement) to simulate upright, forward flexion, 
backward extension, and left and tight right lateral bending, 
and a moment of 10 N/M applied under condition of left and 
right axial rotation [19]. The above values were imported into 
the Ansys16.1 software, and the stress of the 4 different ped-
icle screw schemes under 7 different working conditions were 
calculated and analyzed.

Results

The patient received the internal fixation by pedicle screws af-
ter posterior incision in combination with subtotal laminecto-
my decompression and bone graft fusion. The X-ray images of 
the spine before and after the operation are shown in Figure 3.

Four sets of FE models were completely established, in which 
the full-segment fixation model had a total of 1 125 627 
units and 1 708 211 nodes, the interval pedicle screw model 
1 021 934 units and 1 548 315 nodes, the key vertebra model 
1 021 948 units and 1 548 464 nodes, and the strategic mod-
el 997 735 units and 1 151 042 nodes. Forward flexion, back-
ward extension, lateral flexion, and rotation greatly increased 
the force of the screw-rod systems (Tables 2, 3). Particularly, 
the force was more concentrated on the terminals of the head 
and tails of the screw-rod systems.

The maximum force values and positions of the screw-rod 
systems of 4 pedicle screw models under 7 different work 
conditions are shown in Figure 4 and summarized in Table 2. 
The maximum stress values for the full-segment pedicle screw 
system were lower than those for the interval, key vertebra, 
and strategic pedicle screw systems under almost all the work-
ing conditions except for the upright situation, as evidenced 
by darker colors of the model. Particularly, among all the sys-
tems except for the full-segment one, the key vertebra system 
caused minimum stress under upright, left, and right lateral 
flexion, and left and right axial rotation conditions.

The maximum force values of the vertebral bodies at L1, 2, 5, 
and T12 of the 4 pedicle screw models under 7 different work 
conditions are shown in Figure 5 and summarized in Table 3. 
Among these systems, the maximum force values of the verte-
bral body of the strategic pedicle screw system were the min-
imum under all the 7 working conditions, followed by those 
of the key vertebra and full-segment systems.

The maximum force values of vertebral bodies at T12–L5 of 
the 4 systems under 7 kinds of working conditions are shown 
in Tables 4–7. The maximum load of the full-segment, inter-
val, and key vertebra pedicle screw systems under all the work 
conditions was at L2 (Tables 4–6). In contrast, for each verte-
bral body of the strategic pedicle screw system, the maximum 
load under upright condition was at L1, left and right axial ro-
tation at T12, and forward flexion, backward extension, and 
left and right lateral flexion at L5 (Table 7).

A B

Figure 3. �The X-ray images of spine (T12–L5) before (A) and after (B) operation.
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Discussion

The main treatment method currently used for ADS is poste-
rior spinal canal decompression and internal fixation using 
pedicle screws. There are controversies regarding the selec-
tion of long- and short- segment fixation [4–6]. Selective ped-
icle screw schemes with reduced screw numbers have been 
used with satisfactory results and decrease the risks of post-
operative complications (such as pedicle screws-related soft 
tissue and neural injury and infection).

Selective pedicle screw schemes have been widely used in the 
treatment of adolescent idiopathic scoliosis. For example, key 
vertebral [20–22], strategic [23], and interval [21,24] pedicle 
screw schemes have been shown to be safe and effective for 
the treatment of adolescent idiopathic scoliosis. Until now, how-
ever, the optimized pedicle screw strategies involving fewer 

screws, such as key vertebral and strategic screw schemes, 
have rarely been employed in ADS. This study evaluated the 
biomechanical stress of the internal fixation screws and ver-
tebral bodies of the continuous (full) and non-continuous (se-
lective) pedicle screw (including interval, key vertebral and 
strategy pedicle screw) schemes under different work condi-
tions in ADS patient using FE analysis. Although a few stud-
ies used FE analysis to carry out the biomechanical analysis 
of ADS [14–17], there have been no FE analysis-based studies 
evaluating the biomechanical characteristics of pedicle screw 
schemes for ADS.

In this study, we used spinal CT imaging data of an ADS pa-
tient after whole-segment pedicle screw fixation to establish 
a full-segment screw model and secondary interval, key verte-
bra, and strategic screw models using FE analysis. Then, we car-
ried out biomechanical analysis of the screw-rod systems and 

Work 
condition

Maximum stress values (Mpa) of different screw models

Full-segment screw 
system (position)

Interval screw system 
(position)

Key vertebra screw 
system (position)

Strategic screw system 
(position)

Upright 	 74.514	 (L1, left) 	 75.782	 (L2, left) 	 70.91	 (L5, right) 	 71.728	 (T12, left)

Forward flexion 	 463.04	 (L5, right) 	 474.14	 (L4, left) 	 492.58	 (L5, right) 	 537.74	 (L5, right)

Backward extension 	 455.44	 (L5, right) 	 476.23	 (L5, right) 	 501.74	 (L5, right) 	 550.16	 (L5, right)

Left lateral flexion 	 385.92	 (L5, right) 	 486.37	 (T12, left) 	 424.83	 (T12, left) 	 495.85	 (T12, left)

Right lateral flexion 	 381.38	 (L5, right) 	 563.88	 (T12, left) 	 493.98	 (T12, left) 	 582.31	 (T12, left)

Left axial rotation 	 208.37	 (T12, left) 	 333.39	 (T12, left) 	 298.67	 (T12, left) 	 369.95	 (T12, left)

Right axial rotation 	 208.54	 (T12, left) 	 333.43	 (T12, left) 	 298.74	 (T12, left) 	 369.99	 (T12, left)

Table 2. The maximum force values and positions of the screw-rod systems under 7 different work conditions of 4 screw models.

L – lumbar vertebra; T – thoracic vertebra.

Work 
condition

Maximum stress values (Mpa) of different screw models 

Full-segment screw 
system (position)

Interval screw 
(position)

Key vertebra screw 
system (position)

Strategic screw system 
(position)

Upright 23.322 (L2) 26.484 (L2) 22.131 (L2) 13.46 (L1)

Forward flexion 259.77 (L2) 276.34 (L2) 245.27 (L2) 165.08 (L5)

Backward extension 257.14 (L2) 280.43 (L2) 248.42 (L2) 163.94 (L5)

Left lateral flexion 123.04 (L2) 154.79 (L2) 120.39 (L2) 110.59 (L5)

Right lateral flexion 134.38 (L2) 177.75 (L2) 139.26 (L2) 109.74 (L5)

Left axial rotation 71.064 (L2) 98.844 (L2) 82.07 (L2) 48.425 (T12)

Right axial rotation 71.054 (L2) 98.836 (L2) 80.053 (L2) 48.404 (T12)

Table 3. The maximum force values at L1, 2, 5 or T12 of the vertebral bodies under 7 different work conditions of 4 screw models.

L – lumbar vertebra; T – thoracic vertebra.
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intervertebral discs of the 4 different screw schemes under 7 
different working conditions (upright, forward flexion, backward 
extension, left and right lateral flexion, left and right axial rota-
tion). Forward flexion, backward extension, lateral flexion, and 
axial rotation greatly increased the force of the screw systems 
and, particularly, the force was more concentrated on the termi-
nals of the head and tails of the screw systems. Therefore, early 

wearing of protective gears after the operation is particularly 
important, and patients should pay special attention to avoid 
these actions (especially forward flexion, backward extension, 
and lateral flexion) after healing. In addition, it is important to 
assure successful screw fixation in the screw-rod systems. If 
necessary, thicker pedicle screws should be used, which helps 
prevent fracture of the screw-rod systems after the operation.

385.52 Max

343.04
300.16
275.28
214.4
171.52
128.64
85.763
42.884
0.0048089 Min

486.37 Max

432.33
378.29
324.25
270.21
216.17
162.13
108.09
54.047
0.0074265 Min

424.83 Max

377.62
330.42
283.22
236.02
188.82
141.61
94.411
47.208
0.0061251 Min

495.85 Max

440.75
385.66
330.57
275.47
220.38
165.29
110.19
55.101
0.0080993 Min

A

C

B

D

Figure 4. �Typical biomechanical characteristics of the screw-rod systems of the full-segment (A), interval (B), key vertebra (C), and 
strategic (D) screw systems under left lateral flexion condition.
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The maximum stress values for the full-segment screw-rod 
system were lower than those for the interval, key vertebra, 
and strategic systems under almost all the working conditions 
except for the upright situation. In addition, the key vertebra 
screw system exhibited the second minimum stress under up-
right, left and right lateral flexion, and left and right axial ro-
tation conditions. Among the 4 screw systems, the maximum 
force values of the vertebral bodies at L1, 2, 5, and T12 of the 

123.04 Max
109.37
95.699
82.028
68.357
54.685
41.014
27.848
13.671
1.9259e-6 Min

154.79 Max
137.59
120.39
103.19
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68.796
51.597
34.398
17.199
3.6423e-6 Min

120.39 Max

107.02
93.64
80.263
66.886
53.509
40.132
26.754
13.377
3.4786e-6 Min

110.59 Max

98.304
86.016
73.729
61.441
49.154
36.866
24.579
12.291
0.0038813 Min

A

C

B

D

Figure 5. �Typical biomechanical characteristics of the intervertebral discs of the full-segment (A, L2), interval (B, L2), key vertebra 
(C, L2), and strategic (D, L5) screw systems under left lateral flexion condition.

strategic screw system were the minimum under all 7 work-
ing conditions, followed by those of the key vertebra and full-
segment screw systems. This result suggests that the strategic 
and key vertebra screw systems can decrease the biomechani-
cal stress of the screw-rod systems and vertebral bodies, which 
is close to that of the full-segment screw system. We found 
that the strategic and key vertebra screw systems, with few-
er screws compared with the full-segment system, can reduce 

Work condition T12 L1 L2 L3 L4 L5

Upright 11.352 8.8407 23.322 4.6421 4.718 10.78

Forward flexion 52.968 85.101 259.77 35.797 82.365 155.5

Backward extension 52.523 83.705 257.1 97.161 84.25 156.75

Left lateral flexion 61.531 63.217 123.04 98.032 74.676 108.62

Right lateral flexion 65.698 67.799 134.38 40.229 78.727 108.08

Left axial rotation 29.276 29.284 71.064 22.952 28.952 24.208

Right axial rotation 29.258 29.281 71.054 22.952 28.953 24.206

Table 4. Maximum force values of each vertebral body of the full-segment screw system under 7 working conditions.

L – lumbar vertebra; T – thoracic vertebra.
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biomechanical stress, screw instability, and discomfort in ADS 
patients in a similar way to the full-segment screw system, and 
can simultaneously decrease the postoperative complications 
(such as pedicle screws-related soft tissue and neural injury 
and infection) and control the medical costs.

For the full-segment, interval, and key vertebra screw systems, 
the maximum load under all the work conditions was at L2. 

In contrast, for the strategic screw system, the maximum load 
of each vertebral body under upright condition was at L1, left 
and right axial rotation at T12, and forward flexion, backward 
extension, and left and right lateral flexion at L5. This indicates 
that when performing some kinds of screwing, we should pay 
more attention to specific spine segments with maximum load 
to avoid too much load-induced screw instability, and biome-
chanical stress, pain, and discomfort in patients.

Work condition T12 L1 L2 L3 L4 L5

Upright 12.502 15.54 26.484 0.39739 2.0029 10.27

Forward flexion 57.259 92.638 276.34 1.7109 87.845 160.03

Backward extension 57.899 91.527 280.43 1.7149 84.902 158.13

Left lateral flexion 82.728 77.862 154.79 0.50366 90.264 109.13

Right lateral flexion 92.01 82.785 177.75 0.53707 96.997 108.4

Left axial rotation 44.103 26.624 98.844 0.31245 33.852 26.666

Right axial rotation 44.088 26.556 98.836 0.31244 33.856 26.663

Table 5. Maximum force values of each vertebral body of the interval screw system under 7 working conditions.

L – lumbar vertebra; T – thoracic vertebra.

Work condition T12 L1 L2 L3 L4 L5

Upright 11.697 10.045 22.131 4.3395 2.5735 10.438

Forward flexion 60.064 95.599 245.27 69.288 66.354 174.95

Backward extension 58.713 95.033 248.42 67.809 67.791 172.48

Left lateral flexion 79.086 54.608 120.39 60.528 32.616 112.1

Right lateral flexion 87.67 51.58 139.26 63.863 36.716 114.46

Left axial rotation 41.343 26.736 82.07 24.066 18.585 30.951

Right axial rotation 41.317 26.558 82.053 24.072 18.59 30.951

Table 6. Maximum force values of each vertebral body of the key vertebra screw system under 7 working conditions.

L – lumbar vertebra; T – thoracic vertebra.

Work condition T12 L1 L2 L3 L4 L5

Upright 12.328 13.46 7.5879 6.7443 3.6307 10.813

Forward flexion 59.75 105.12 96.114 35.845 106.04 165.08

Backward extension 60.463 104.11 93.714 37.514 103.9 163.94

Left lateral flexion 88.287 99.606 90.765 32.563 94.484 110.59

Right lateral flexion 98.279 101.63 100.13 36.207 99.595 109.74

Left axial rotation 48.425 25.272 43.915 18.8 25.136 32.186

Right axial rotation 48.404 25.17 43.902 18.81 25.148 32.181

Table 7. Maximum force values of each vertebral body of the strategic screw system under 7 working conditions.

L – lumbar vertebra; T – thoracic vertebra.
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There are several limitations to this study. First, the current FE 
method can only provide relatively accurate analysis of the in-
ternal fixed objects and vertebral bodies, and it is difficult to 
accurately simulate the soft tissue structures such as interver-
tebral discs, ligaments, and muscles. As a result, we might have 
failed to adequately simulate the biomechanical characters of 
screw schemes for the treatment of ADS, which might be solved 
by the development of computer technologies. Second, for ADS 
patients with severe osteoporosis, cement-augmented pedicle 
screws are commonly used, which might make it risky to use 
the key vertebral strategy and skip some of the levels unilat-
erally. This needs to be carefully evaluated in future studies. 
Third, cross-linking can increase the complexity of the biome-
chanical analysis of the spine, which was not evaluated in the 
present study. We plan to perform a FE-based biomechanical 
analysis in the presence and absence of cross-linking. Fourth, 
this study just involved a single ADS patient. In future research, 
we plan to assess cases of patients receiving various kinds of 
pedicle screw schemes, and FE analysis will be carried out to 
compare the biomechanical characteristics between healthy 
controls and ADS patients receiving the 4 kinds of pedicle 
screw schemes to further validate these results.

Conclusions

The full-segment screw system is recommended for the sur-
gical treatment of ADS patients, with good physical and eco-
nomical conditions. The strategic and key vertebra screw sys-
tems can reduce the biomechanical stress and instability of 
screw-rod systems and vertebral bodies in a similar way to the 
full-segment screw system. In clinical practice, we can choose 
a reasonable screw scheme according to the actual situation 
of patients. Our present results may help in further research 
on optimal surgical procedures based on different conditions 
during pedicle screw fixation, which can maximally reduce the 
risk of postoperative complications after screwing and simul-
taneously maintain reasonable 3D orthopedic results.
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