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A B S T R A C T   

Objective: The present study aims to discuss the biomechanical effects of the sagittal vertical axis 
and different instrumented segments on distal adjacent segments after congenital scoliosis pos
terior hemivertebrectomy. 
Method: A case of congenital scoliosis caused by hemivertebra was selected for the reconstruction 
of the preoperative and postoperative 3D computed tomography data of the full spine. A finite 
element model of different fusion lengths and postoperative trunk shift (TS) values was estab
lished using the finite element method to compare the biomechanical effects of different models 
on the distal adjacent segment. 
Result: In the L1–L3 and T12–L1–L3–L4 fusion modes, the horizontal shift of the 1st vertebra 
below the lowest instrumented vertebra (LIV) increased with the trunk shift (TS) expansion after 
operation, and the imbalance between the left and right vertical stress of the 1st intervertebral 
disc below the LIV increased. With the decrease in fused segments in cases of TS = 10 mm and TS 
= 5 mm, the 1st vertebra below the LIV was subjected to a greater unbalanced force in the 
horizontal direction, and the 1st intervertebral disc below the LIV was subjected to a smaller 
imbalance between the left and right vertical stress after operation. 
Conclusion: When treating congenital scoliosis with hemivertebrectomy and pedicle screw fixa
tion, fused segments can be properly extended and the postoperative TS shortened with a view of 
reducing the imbalance between the left and right stress of the 1st intervertebral disc below the 
LIV as well as the horizontal shift of the 1st vertebra below the LIV.   

1. Background 

Congenital scoliosis is a spinal deformity caused by unbalanced spinal growth; it accounts for approximately 10 % of all scoliosis 
deformities [1]. The prevalence of congenital vertebral deformity is approximately 0.5 ‰–1 ‰ among live-born infants, and this figure 
may be much lower than the real prevalence, as many child patients are asymptomatic [2]. The disease cause may be poor seg
mentation or formation defects of vertebra. 

Hemivertebra is a congenital spinal deformity caused by defects in the formation of vertebra [3]; it is the chief culprit of congenital 
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scoliosis. Currently, a range of surgical options are available for the treatment of congenital scoliosis caused by hemivertebra, 
including posterior decompression with instrumented in situ fusion, anterior and posterior combined decompression with instru
mented in situ fusion, convex half epiphysiodesis [4], hemivertebrectomy [5], growing rod technique [6], vertical expandable 
prosthetic titanium rib [7,8], SHILLA [9], and growth-guided therapy. 

Posterior hemivertebrectomy with short-segment fusion can deliver a desirable correction effect by providing stable fixation for a 
deformed spine. It is an effective surgical option in the treatment of congenital scoliosis caused by thoracolumbar hemivertebra. Even 
so, the operation may result in a series of postoperative complications, among which the distal adding-on phenomenon is a key 
manifestation of deformity progress in the wake of coronal surgery. 

Severe cases with the phenomenon may require re-operation, with spines subjected to long-term negative impacts [10]. The 
diagnostic criteria for the distal adding-on phenomenon is the gradual increase in the number of vertebrae contained in the distal 
curvature; the shift of the central sacral vertical line of the 1st vertebra below the lowest instrumented vertebra (LIV) increases by > 5 
mm, or the angle of the 1st intervertebral disc below the LIV increases by > 5◦ [11]. Therefore, the horizontal shift of the 1st vertebra 
below the LIV and the left–right stress difference of the 1st intervertebral disc below the LIV are the root causes of this complication. 

In addition to the evaluation of geometric deformity, analysis of material and mechanical properties of the spine is also crucial for 
the study of scoliosis mechanism and treatment [12–14]. 

To date, the selection of scoliosis treatment relies largely on the experience of the surgeon. For this reason, patient-specific 
modeling tools are needed to help surgeons plan surgeries, intervene in and optimize treatment effects for patients, and predict 
postoperative complications. The combination of finite element modeling and experimental techniques has been employed in spine 
research for nearly half a century. 

Spinal structures (such as vertebrae) can be divided into a collection of sub-parts in finite element modeling. Each sub-part can be 
represented by a limited number of elements interconnected with a shared node, and thus can accurately represent complex geometric 
structures. Besides, this method can also include different material properties and perform different types of analysis (e.g., static and 
dynamic analysis) [15–17]. Information that could not be measured through mechanical experiments, such as stress and strain, can be 
obtained based on these analyses. 

The etiology of scoliosis, the biomechanics of curvature progression in the disease, and the effects of various implants on scoliosis 
surgery have been studied with different finite element models. 

Until now, however, no biomechanical and finite element research has been carried out on the distal adjacent segments after 
posterior hemivertebrectomy with pedicle screw fixation. Therefore, through finite element modeling, the authors of the present study 
have attempted to analyze the effects of the sagittal vertical axis and different instrumented segments on the biomechanics of distal 
adjacent segments after congenital scoliosis posterior hemivertebrectomy based on the finite element models of one patient. This aims 
to provide surgeons with guidance in surgical planning and protect patients from the postoperative distal adding-on phenomenon and 
deformity progress. 

Fig. 1. Preoperative posterior-anterior (PA) & lateral (LAT) X-ray of the full spine (A, B): preoperative segmental scoliosis = 31.4◦, TS = 25.4 mm. 
Postoperative PA & LAT X-ray of the full spine (C, D): postoperative segmental scoliosis = 12.8◦, TS = 0 mm. 
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2. Method 

A 12-year-old male patient with congenital scoliosis caused by hemivertebra was selected as the finite element model subject. The 
patient’s hemivertebra was located in the L2 segment on the right side, with preoperative segmental scoliosis of 31.4◦ and TS of 25.4 
mm. After operation, the segmental scoliosis was 12.8◦ and the TS was 0 mm (Fig. 1A–D). 

Surgery: The patient was treated with posterior hemivertebrectomy and pedicle screw fixation. The patient was in the prone po
sition in the wake of general anesthesia. A standard posterior median incision was made, and pedicle screws were respectively inserted 
into the proximal and distal vertebrae of the hemivertebra (L1, L3, and L4). 

The titanium rod was subjected to pre-bending, connected to the pedicle screw at the convex side, and fixed temporarily. 
Next, the convex side and transverse process of the L2 hemivertebra were resected, with the lateral and anterior hemivertebrae 

subjected to retroperitoneal blunt dissection. Rear structures of the hemivertebra and adjacent vertebrae, including the vertebral plate, 
zygapophyseal joints, and transverse processes, were removed via piezo surgery to expose and protect the pedicle and nerve roots. 

The anterior vertebra was removed via wedge osteotomy using a rongeur, osteotome, curet, and drill. The upper and lower 
intervertebral discs, including cartilage endplates, were completely removed until the bleeding cancellous bone tissues were exposed. 
Anterior column reconstruction was completed by inserting titanium mesh into the L2 vertebra. At last, the convex side was pres
surized and fixed, and the titanium rod was tightly locked. 

Finite element modeling: The subject received a full spine computed tomography (CT) scan to obtain an image in the Dicom format 
with a spacing of 1 mm. The image was imported into Mimics to create a cone in the stereolithography (STL) format. The STL surface 
file was imported into Geomagic to obtain the NUEBS surface model, which was then converted into a computer-aided design model in 
the IGS format. 

An intervertebral disc model was drawn using SolidWorks. A screw-rod model was established, and an assembly of the spine and 
screw-rod system was created based on the original coordinate of CT data. Finally, the model was subjected to finite element mesh 
division. Material properties were assigned to all components in HyperMesh to export an inp file as the final overall model. 

Assignment of properties and element types: The material properties of cortical bone, cancellous bone, posterior element, and 
endplate were created in sequence. The main material properties were Young’s modulus and Poisson’s ratio. The material properties 
are shown in Table 1. 

3. Result 

A finite element model of different fusion lengths and postoperative TS values was established herein with the finite element 
method to compare the biomechanical effects of different models on a distal adjacent segment. In the present study, five finite element 
models were created: a C7–S1 preoperative hemivertebra finite element model, a 4-screw 2-rod L1–L3 fusion model (TS = 10 mm), a 4- 
screw 2-rod L1–L3 fusion model (TS = 5 mm), an 8-screw 2-rod T12–L1–L3–L4 fusion model (TS = 10 mm), and an 8-screw 2-rod 
T12–L1–L3–L4 fusion model (TS = 5 mm) (Fig. 2A–E). 

4. .Effects of postoperative TS on the distal adjacent segment 

Different postoperative TS values (TS = 10 mm and TS = 5 mm) with the same quantity of fused segments (4-screw 2-rod system 
and 8-screw 2-rod system) were simulated through the finite element model to observe the left–right stress difference of the 1st 
intervertebral disc below the LIV and the changes in the horizontal shift of the 1st vertebra below the LIV. 

4.1. L1–L3 fusion (4-screw 2-rod) 

When TS = 5 mm in the L1–L3 fusion finite element model, the horizontal shift of L4 was 0.6661 mm, and the left–right stress 
difference of the L34 intervertebral disc was 0.007 MPa. When TS = 10 mm, the horizontal shift of L4 was 0.7756 mm, and the 
left–right stress difference of the L3–4 intervertebral disc was 0.255 MPa. This indicates that in the L1–L3 fusion mode, the horizontal 
shift of the 1st vertebra below the LIV increases as the TS expands after operation, and the imbalance between the left and right vertical 
stress of the 1st intervertebral disc below the LIV increases (Fig. 3A–F). 

Table 1 
Material and section properties of each part of the finite element model.  

Vertebra structure Element type Modulus of elasticity/MPa Poisson’s ratio 

Cortical bone Triangular shell element 12000 0.3 
Cancellous bone Tetrahedron element 150 0.3 
Rear Tetrahedron element 3500 0.3 
Endplate Triangular element 100 0.4 
Vertebral pulp Tetrahedron element 1 0.499 
Fiber ring Tetrahedron element 4 0.45 
Pedicle screws Tetrahedron element 110000 0.28 
Connecting rod Tetrahedron element 110000 0.28  
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4.2. T12–L1–L3–L4 fusion (8-screw 2-rod system) 

In the T12–L1–L3–L4 fusion finite element model, when TS = 5 mm, the horizontal shift of L5 was 0.3805 mm, and the left–right 
stress difference of the L4–5 intervertebral disc was 2.198 MPa. When TS = 10 mm, the horizontal shift of L5 was 0.4483 mm, and the 
left–right stress difference of the L4–5 intervertebral disc was 3.041 MPa. This indicates that in the T12–L1–L3–L4 fusion mode, the 
horizontal shift of the 1st vertebra below the LIV increases as the TS expands after operation, and the imbalance between the left and 
right vertical stress of the 1st intervertebral disc below the LIV increases (Fig. 4A–F). 

5. Effects of fusion methods on the distal adjacent segment 

Different quantities of fused segments (4-screw 2-rod system and 8-screw 2-rod system) with the same postoperative TS value (TS =
10 mm and TS = 5 mm) were simulated through the finite element model to observe the left–right stress difference of the 1st inter
vertebral disc below the LIV and the changes in the horizontal shift of the 1st vertebra below the LIV. 

5.1. TS = 10 mm 

In the case of T12–L1–L3–L4 fusion in the finite element model with TS = 10 mm, the horizontal shift of L5 was 0.3805 mm, and the 
left–right stress difference of the L4–5 intervertebral disc was 3.041 MPa. In the case of L1–L3 fusion, the horizontal shift of L4 was 
0.7756 mm, and the left–right stress difference of the L3–4 intervertebral disc was 0.255 MPa. This indicates that with a decrease in 
fused segments with TS = 10 mm, the 1st vertebra below the LIV records a greater horizontal shift, and the 1st intervertebral disc below 
the LIV shows a smaller imbalance between the left and right vertical stress after operation (Fig. 5A–F). 

5.2. TS = 5 mm 

In the case of T12–L1–L3–L4 fusion in the finite element model with TS = 5 mm, the horizontal shift of L5 was 0.4483 mm, and the 
left–right stress difference of the L4–5 intervertebral disc was 2.198 MPa. In the case of L1–L3 fusion, the horizontal shift of L4 was 
0.6661 mm, and the left–right stress difference of the L3–4 intervertebral disc was 0.007 MPa. This indicates that with a decrease in 
fused segments when TS = 5 mm, the 1st vertebra below the LIV is subjected to a greater unbalanced force in the horizontal direction, 
and the 1st intervertebral disc below the LIV shows a smaller imbalance between the left and right vertical stress after operation 
(Fig. 6A–F). 

6. Discussion 

Congenital scoliosis is a spinal deformity caused by abnormal spinal growth, which is divided into poor segmentation and for
mation defects. Hemivertebra is the most common cause of congenital scoliosis, which can be treated with posterior hemi
vertebrectomy and pedicle screw fixation. However, postoperative complications, including the distal adding-on phenomenon and 
deformity progress, may occur. The distal adding-on phenomenon is characterized by the loss of a correction effect after scoliosis 
surgery, accompanied by progressive lumbar displacement and rotation as well as disc wedging at the distal end of the LIV. 

Finite element modeling and simulation is a common research method in the field of spine biomechanics. Based on a CT scan of the 

Fig. 2. Schematic diagram of preoperative and postoperative finite element model. A: Preoperative hemivertebra model; B: 4-screw 2-rod L1–L3 
fusion model, TS = 10 mm; C: 8-screw 2-rod T12-L1-L3-L4 fusion model, TS = 10 mm; D: 4-screw 2-rod L1–L3 fusion model, TS = 5 mm; E: 8-screw 
2-rod T12–L1–L3–L4 fusion model, TS = 5 mm. 
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patient’s preoperative and postoperative spine shape, a numerical simulation model that is highly similar to the anatomical physiology 
of the real human body can be created using modeling and simulation software. By applying the same external loads as the real practice 
on the finite element model, the stress, shift, strain, and other information of each spinal segment, the intervertebral disc and pedicle 
screw can be obtained. In this way, the causes of external performance can be analyzed from the perspective of internal forces. 

The surgical treatment of scoliosis mainly aims to enhance the coronal–sagittal balance, thus preventing further development of 
curvature. Based on a study by Yang et al. [18], postoperative coronal balance is a risk factor for postoperative adding-on phenomena 
in patients with Lenke Type 1 or 2 adolescent idiopathic scoliosis. According to the finite element research, when treating congenital 
scoliosis with posterior hemivertebrectomy and pedicle screw fixation, the horizontal shift of the 1st vertebra below the LIV increases 
as the TS expands after operation, and the imbalance between the left and right vertical stress of the 1st intervertebral disc below the 
LIV increases in the two fusion modes (L1–L3 fusion and T12–L1–L3–L4 fusion). 

This indicates that the 1st vertebra below the LIV is more likely to exhibit horizontal movement as the TS expands after operation, 
while the 1st intervertebral disc below the LIV can cause different heights due to unbalanced forces and is thus more susceptible to disc 
wedging. For this reason, patients with a large TS after posterior hemivertebrectomy with pedicle screw fixation are more prone to 

Fig. 3. The L1–L3 fusion finite element model. Stress distribution cloud diagram of the L3–4 intervertebral disc at the left (A) side and right (B) side 
when TS = 10 mm. Stress distribution cloud diagram of the L3–4 intervertebral disc at the left (C) side and right (D) side when TS = 5 mm. 
Horizontal shift of the L4 vertebra when TS = 10 mm (E) and TS = 5 mm (F). 
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losing the correction effect; this is accompanied by progressive lumbar displacement and rotation, as well as disc wedging at the distal 
end of the LIV. 

Previous studies revealed that the occurrence of the distal adding-on phenomenon and deformity progress is closely relevant to the 
selection of instrumented segments in surgery. Based on the study by Ilharreborde and other scholars [19], although short-segment 
fusion achieves a good postoperative function score, the incidence of distal deformity progression is higher than that of 
long-segment fusion because the fused segment is short. 

According to the finite element research, in the case of a decrease in fused segments with two postoperative TS values (TS = 10 mm 
and TS = 5 mm), the 1st vertebra below the LIV is subjected to a greater unbalanced force in the horizontal direction, and the 1st 
intervertebral disc below the LIV is subjected to a smaller imbalance between the left and right vertical stress after operation. This 
indicates that the effect of fewer fused segments on the 1st vertebra below the LIV is similar to that of a greater postoperative TS, which 
makes the horizontal movement more likely to happen. 

With the decrease in fused segments, the imbalance between the left and right vertical stress of the 1st intervertebral disc below the 

Fig. 4. The T12–L1–L3–L4 fusion finite element model. Stress distribution cloud diagram of the L4–5 intervertebral disc at the left (A) side and right 
(B) side when TS = 10 mm. Stress distribution cloud diagram of the L4–5 intervertebral disc at the left (C) side and right (D) side when TS = 5 mm. 
Horizontal shift of the L5 vertebra when TS = 10 mm (E) and TS = 5 mm (F). 
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LIV becomes smaller, making the intervertebral disc more resilient to disc wedging. In this finite element research, however, the load 
was applied vertically downward on the upper surface of C7, remarkably affecting the vertical force of the intervertebral disc between 
segments. 

Besides, as in the L1–L3 fusion model (4-screw 2-rod system), the 1st intervertebral disc below the LIV is L3–4, whereas in the 
T12–L1–L3–L4 fusion model (8-screw 2-rod system), the 1st intervertebral disc below the LIV is L4–5; the different intervertebral disc 
segments may cause inconsistent variables. 

Even in a normal spine model, the left and right vertical stresses of L3–4 and L4–5 intervertebral discs also vary greatly. Based on 
this, the data results have a poor comparability, as it cannot be concluded that the smaller imbalance between the left and right vertical 
stress in L3–4 than in L4–5 in the present study is due to different intervertebral disc segments or different fused segments. In the L1–L3 
fusion model (4-screw 2-rod system), the 1st vertebra below the LIV is L4; meanwhile, in the T12–L1–L3–L4 fusion model (8-screw 2- 

Fig. 5. Finite element model with TS = 10 mm. Stress distribution cloud diagram of the L3–4 intervertebral disc at the left (A) side and right (B) side 
in L1–L3 fusion. Horizontal shift (C) of the L4 vertebra in L1–L3 fusion. Stress distribution cloud diagram of the L4–5 intervertebral disc at the left 
(D) side and right (E) side in T12–L1–L3–L4 fusion. Horizontal shift (F) of the L5 vertebra in T12–L1–L3–βL4 fusion. 
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rod system), the 1st vertebra below the LIV is L5. 
As mentioned above, the variables are inconsistent. However, in contrast, the vertical loading has a smaller effect on the horizontal 

force. In a normal spine model, the difference in horizontal stress between the L4 and L5 vertebrae is very small, indicating that the 
different intervertebral disc segments will not affect the horizontal stress of the L4 and L5 vertebrae. Therefore, the smaller horizontal 
force in L4 than in L5 specified herein is due to the decrease in fused segments. 

Finite element analysis certainly has its limitations. First, the finite element model is simplified and thus does not include all 
ligaments. In case of any slight change in the position of the simulated pedicle screw, the accuracy of the analysis will be affected. 
Second, the finite element model only represents the short-term preoperative and postoperative changes in this patient, and a dynamic 
follow-up observation was not carried out for him. Third, the real material properties of each component of the spine were not 
available in this finite element research; thus, the values thereof can only be assigned based on references. 

Fig. 6. Finite element model with TS = 5 mm. Stress distribution cloud diagram of the L3–4 intervertebral disc at the left (A) side and right (B) side 
in L1–L3 fusion. Horizontal shift (C) of the L4 vertebra in L1–L3 fusion. Stress distribution cloud diagram of the L45 intervertebral disc at the left (D) 
side and right (E) side in T12–L1–L3–L4 fusion. Horizontal shift (F) of the L5 vertebra in T12–L1–L3–L4 fusion. 
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7. Conclusion 

According to the finite element analysis of our research, when posterior hemivertebra resection and pedicle screw fixation were 
used to treat congenital scoliosis, under two fusion methods (L1-L3 fusion and t12-l1-l3-l4 fusion), with the increase of postoperative 
trunk displacement distance, the horizontal displacement of the first vertebral body under the distal fixed vertebra increased, and the 
vertical stress imbalance between the left and right of the first intervertebral disc under the distal fixed vertebra increased. In two cases 
of postoperative trunk displacement distance (ts = 5 mm and ts = 10 mm), with the reduction of fusion segment, the horizontal 
imbalance of the first vertebral body under the distal fixed vertebra increases, and the vertical stress imbalance of the first inter
vertebral disc under the distal fixed vertebra decreases. 

In conclusion, when treating congenital scoliosis with hemivertebrectomy and pedicle screw fixation, fused segments can be 
properly extended and the postoperative TS shortened with the view of reducing the imbalance between the left and right stress of the 
1st intervertebral disc below the LIV as well as the horizontal shift of the 1st vertebra below the LIV. This is essential for protecting 
patients from the postoperative distal adding-on phenomenon and deformity progress. 
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