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Abstract

:

Lumbar disc herniation (LDH) is a common condition which can lead to back pain. Although surgical treatments for LDH are well established, complications such as spinal instability and narrowing of adjacent facet joints are still frequently reported. The purpose of this study was to use finite element models to evaluate the stability of the L3–L4 segment after conservative or aggressive percutaneous transforaminal endoscopic discectomy (PTED) with and without an artificial material filler to correct LDH. Compared to the intact model, aggressive PTED reduced the stability of the segment (increased ROM) and narrowed the space between facet joints in the medial/lateral (ML) direction during flexion (maximum 6.7 degrees change in ROM and 90.5% spacing between facet joints), extension (maximum 2.1 degrees and 38.6%), and axial rotation (maximum 4.2 degrees and 90.1%). Aggressive PTED had a similar effect in the anterior/posterior (AP) direction during lateral bending (maximum 2.0 degrees and 44.2%). Augmenting the nucleus pulposus with a polyurethane filler after aggressive PTED improved spinal stability in both the ML and AP directions in all simulated motions, with results similar to the intact model. However, using a hydrogel filler did little to stabilize the spine, likely because the material is too soft to support the heavy, sustained loading. In conclusion, this study found that if an aggressive discectomy is required, augmenting the nucleus pulposus with a PU filler provides sufficient support to stabilize the spine, while hydrogel fillers offer little support.
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1. Introduction


Herniated intervertebral discs are a common cause of pain and restricted mobility in the legs and back, particularly in the lumbar spine. Lumbar disc herniation is most prevalent between the ages of 30 and 60 years old [1]. A herniation occurs when the nucleus pulposus tissue inside the disc pushes on the outer annular fibrosus layer, creating a bulge or tear in the annular layer. The protrusion can press on nerves around the spine and cause considerable pain for the sufferer or a loss of sensation in the lower limbs. Physical therapy, oral steroids, or non-steroidal anti-inflammatory drugs and infiltrations are common methods for the conservative management of symptomatic patients [2,3,4]. However, when such conservative methods are ineffective, surgery is usually required to alleviate pain and other symptoms [5].



Typically, surgery for a herniated disc requires a laminectomy with a discectomy or, in more severe cases, interbody fusion or an artificial disc replacement may be required. Re-herniation of a previously treated disc is not rare after lumbar discectomy [6], especially in patients who were treated with conservative methods, but higher Oswestry disability scores and more severe lower back pain have been reported in patients treated through aggressive resection of the disc [6]. Some clinical studies found that removing more nuclear material from the disc leads to a greater loss in disc height [7,8,9]. In a finite element study, Prado et al. [10] reported increased ROM during rotation movements and a narrowing of adjacent facet joints after discectomy, which could be expected to increase the risk of facet degeneration. Similarly, in a radiological evaluation study, Skomorac et al. [11] found a significant increase in translation at the operated level after discectomy. Such instability of the motion segment may be a consequence of structural changes in the spine from the discectomy procedure, according to clinical and in vitro studies [12,13]. Hence, devices have been introduced that allow a ruptured annulus to be repaired to prevent further degeneration; for cases where the nucleus pulposus has already been ejected from the disc, biomaterials have been developed that can be injected into the disc to fill the vacant space [14,15,16,17]. However, in practice, most of these repair devices do not offer significant benefits to the patient, and many have been withdrawn from the market after reported complications [18].



Filling the cavity in the nucleus pulposus with an artificial material has the potential to restore stability to the affected segments and limit the progressive loss in disc height. There is a variety of biocompatible artificial material fillers commercially available, ranging from soft hydrogels to more rigid PU fillers, with no general consensus on which material type offers the best restorative effect. Hydrogels are quite inert materials that rarely cause immune reactions and have a controllable degradation rate while emitting nontoxic degradation products or final metabolites [19]. On the other hand, PU has a longer history as an effective biomaterial and has been used in nucleus replacement devices with a demonstrated ability to restore multidirectional segmental flexibility similar to the intact condition [20,21]. The nucleus pulposus is composed of a jelly-like material that consists of water and collagen fibers. It is non-homogeneous, so replacing the nucleus pulposus with artificial fillers can have unintended consequences. The structural integrity of the annulus also plays an important role in maintaining the stability of the segment and disc height. The purpose of this study is to evaluate segmental stability in the lumbar spine after limited and aggressive discectomy using finite element analysis. We aimed to test different biomaterials injected into a ruptured intervertebral disc to identify a suitable filler material for restoring segmental stability.




2. Materials and Methods


A finite element model of the L3–L4 lumbar spine segment was created using the software ANSYS 14 (ANSYS Inc., Canonsburg, PA, USA). The model (Figure 1a) was developed using geometry from a physiologically accurate spinal model that included intervertebral discs and vertebrae (Zygote Media Group, Inc., American Fork, UT, USA). The material properties of the L3–L4 model shown in Table 1 were sourced from the literature [22,23,24,25]. The model included six ligaments which were represented as 2-node tension-only spring elements (Figure 1b) and were approximated as nonlinear with insertion points approximated to typical anatomy [22]. The model was validated by comparing the range of motion against experimental data from a published in vitro study and finite element analysis results from the literature [25]. An unconstrained pure moment of 7.5 Nm was applied in four directions (flexion, lateral bending, extension, and axial rotation) to the superior endplate of T7, and the inferior endplate of L5 was fixed. The range of motion of the model was recorded and demonstrated to be within the published ranges in the literature [25].



Five finite element models of the L3–L4 segment were developed in this study: (a) healthy condition (Figure 2a); (b) after conservative percutaneous transforaminal endoscopic discectomy (PTED) to correct lumbar disc herniation (LDH) (Figure 2b), with a volume of 581 mm3 removed from the intervertebral disc; (c) after aggressive PTED to correct LDH (Figure 2c), with 2172 mm3 removed from the disc; (d) after aggressive PTED to correct LDH with annulus fibrosus repair (Figure 2d), with 2172 mm3 removed from the disc; and (e) after aggressive PTED with nucleus pulposus augmentation (2172 mm3 removed) to correct LDH (Figure 2e), where the vacated space was filled with a polyurethane elastomer or hydrogel [28].



The material properties of the implants are shown in Table 1. The cortical bone, cancellous bone, and disc were modeled using 8-node solid elements. For the disc, 12 double cross-linked fibrous layers were embedded in the ground substance, and the fiber stiffness increased proportionally from the outermost layer to the innermost layer. The nucleus pulposus was modeled as an incompressible fluid using 8-node fluid elements. Mesh convergence was achieved when an unconstrained pure moment of 7.5 Nm applied to the superior endplate of L3 resulted in a change in displacement of the disc of less than 2%. The resulting model consisted of approximately 290,400 elements and 616,500 nodes.



The interfaces between facet articular surfaces were treated as standard contact pairs at all levels. An unconstrained pure moment was applied to the superior endplate of L3 to simulate the physiological motions of a lumbar spine, which were reported as the maximum voluntary motions in an in vivo study by Schmidt et al. [25] (Table 2). The distal vertebra was restricted from all motion by rigidly anchoring the inferior endplate of L4.



This study assessed spinal stability (range of motion, Figure 3) and changes in disc height and distance between facet joints (FJs) [10] during physiological motions of the lumbar spine. Simulations were conducted on a healthy spine model, after conservative and aggressive PTED to correct LDH, and after aggressive PTED with nucleus pulposus augmentation.




3. Results


The range of motion (ROM) of the L3–L4 lumbar model was obtained for all models when moved in flexion, extension, axial rotation, and lateral bending (Table 3). The distance between facet joints (FJ gap) was calculated as a percentage change from the intact model. The results from models c and d show that aggressive PTED reduced the stability of the spine and narrowed the FJ gap in the medial/lateral (ML) direction during flexion (maximum 6.7 degrees and 90.5%), extension (maximum 2.1 degrees and 38.6%), and axial rotation (maximum 4.2 degrees and 90.1%). Aggressive PTED also affected the stability and reduced the FJ gap in the anterior/posterior (AP) direction during lateral bending (maximum 2.0 degrees and 44.2%). Conservative PTED (model b) had a lesser effect on the range of motion and spacing between facet joints.



Following PU augmentation after aggressive PTED (models d and e), the spine was more stable in the ML and AP directions than in models c and d, with the results being close to the intact model. However, augmenting the nucleus with hydrogel did not have the same effect, and there was little difference from the PTED-only models.



Figure 4 shows the change in height of the intervertebral disc as a percentage of the intact model (model a, INT) at the anterior (A), lateral medial (M), and posterior (P) regions of the disc. Both conservative and aggressive PTED reduced the disc height on the lateral medial side of the disc in all motions. In flexion, PU augmentation increased the disc height on the anterior and lateral medial side (increased 27.7% and 97.4% as compared to INT), but this result was not replicated with the hydrogel, which caused an almost fivefold reduction in disc height from the intact model. A similar result was achieved in extension, with hydrogel augmentation resulting in a 2.3-fold reduction in disc height.



In axial rotation and lateral bending, although PU augmentation showed an increase in disc height at the anterior (A), medial (M), and posterior (P) sites, the values were still less than those of the intact state without loadings. Hydrogel augmentation did not restore the disc height but caused less of a reduction than aggressive PTED alone. Figure 5 shows the displacement on the finite element model (model b) when subjected to different motion conditions. The lateral bending condition resulted in the greatest displacement on the model.




4. Discussion


Discectomy is a standard surgical procedure for treating herniated intervertebral discs. However, studies have shown that discectomy can compromise the integrity of the disc and increase the risk of degenerative changes [30,31]. Intervertebral discs are a key component of the spine that allow for movement between adjacent vertebrae while also acting as shock absorbers for transmitting loads. Hence, structural changes in a disc can disrupt its normal functionality and accelerate degeneration, leading to secondary back pain. Segmental instability after discectomy has been attributed to damage to the annulus that has not been adequately repaired [12,13]. Previous studies on the lumbar spine, including clinical assessments and finite element analysis [10,11,23], only recorded the segmental ROM in one direction (x-axis, y-axis, or z-axis). Furthermore, in cases of discectomy, no studies to date have evaluated differences in the stability of the operated segment after the nucleus was partially replaced with a PU or hydrogel filler. The purpose of this study was to assess changes in the stability of the lumbar spine after limited and aggressive discectomy that was repaired using different methods and filler materials.



The results showed increased lateral bending in all discectomy models for each of the simulated movements, which could cause nerve impingement or narrowing of the foramen. The vacated space in the nucleus pulposus after discectomy causes the superior vertebra to sink under axial loading, leading to a slight leaning towards the site of the injury. The aggressive discectomy models without material filler (groups c and d) showed greater lateral bending than the conservative discectomy model (group b). Filling the vacated space with either PU or hydrogel reduced the severity of the lateral bending, with the PU material showing the greatest reduction in asymmetrical bending of all aggressive surgical models.



In flexion/extension, the ROM and FJ gap after aggressive discectomy (group c) and aggressive discectomy with annular repair (group d) were approximately 10% greater than in the intact model. Groups c and d also showed a greater ROM than other groups, but with a narrower FJ gap. With aggressive discectomy, about 40% of the whole nucleus was removed. The remaining tissue could not provide enough resistance to maintain a normal disc height, which led to excessive flexion/extension and a narrowing of the FJ gap. In an in vitro experiment and FEM study by Stadelmann et al. [32], the ROM of the spinal segment was found to increase after the nucleus pulposus was removed. Similarly, Wilke et al. [33] reported a reduction in disc height and an 18% increase in ROM in flexion/extension after the nucleus pulposus was removed. After aggressive discectomy, replenishing the empty space with an artificial filler stabilized the spinal segment and reduced the flexion/extension angle. However, the PU material (group e) was better able to restore the FJ gap that the softer hydrogel filler (group f). For group d, repairing the injury to the annulus after aggressive discectomy only offered a slight improvement in extension motion control, which was not sufficient to compensate for the reduction in initial stiffness after aggressive discectomy. Interestingly, conservative discectomy (group b) and aggressive discectomy with PU material (group e) reduced the ROM in flexion to less than in the intact model, which is likely due to the change in disc height. The results for groups b and e showed less sinking of the anterior disc and less rising of the posterior disc than in the intact group during flexion, which resulted in a lower flexion angle. A potential cause is that the posterior part of the disc (empty space or filler material) could not create an effective rising force on the posterior region to counteract the push force from the anterior region of the disc, which limited the flexion angle.



There was little difference in the ROM between all groups when a rotation moment was applied, but the ROM did increase for the bending motion in groups b and c. When the disc was augmented with PU or hydrogel, the bending motion was still greater, but to a lesser degree. In an in vitro study, Goel et al. [34] reported little change in the rotational ROM after conservative discectomy or aggressive discectomy, but also did not record multi-axial translations under an axial rotation moment. Goel found that the rotational ROM only increased after total discectomy, which is supported by Huang et al. [35], who used finite element analysis to show that the range of axial rotation similarly increased after total discectomy. The results for rotational ROM in this current study were similar to Goel et al. [34] but had an additional increased bending motion after aggressive discectomy. In the lateral bending condition, groups b, c, d, and f showed a higher bending ROM and greater extension than the intact model. Filling the cavity in the nucleus with PU acted to reduce bending and extension movements and stabilize the spine. In contrast, using hydrogel only offered a slight improvement in bending and extension control. Previous studies have indicated that the softer nature of hydrogel fillings mean that the augmented disc cannot support as much load, limiting the stability of the spinal segment [36].



There are some limitations to this study. First, the material characteristics of the entire model were assumed to be isotropic and homogenous, and the effects of muscle contraction were not considered. This is not truly representative of the physiological state of the human spine. Second, only the L3–L4 spinal segment was simulated, so the effect of adjacent vertebrae was not captured. Also, the discectomy type and properties of the material filler were simplified in each group. This study is limited by the finite element models not being capable of evaluating the time-dependent behavior of the materials, but instead the models were built to accurately estimate reactions to multi-axial motions.




5. Conclusions


This study found that discectomy can increase the ROM of the operative segment in lateral bending, and this change was shown to be partially reversed when the nucleus pulposus was augmented with a PU filler. Inserting a PU filler into the vacated space in the disc can improve the stability of the spine after discectomy and reduce the risk of developing degenerative disc disease. Finite element simulations of such procedures and biomaterials allow for optimal approaches to be developed to improve clinical outcomes after implantation.
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Figure 1. L3–L4 spine segment model: (a) finite element mesh; (b) model containing supraspinous ligament (SSL), interspinous ligament (ISL), capsular ligaments (CL), transverse process ligaments (TPL), posterior longitudinal ligament (PLL), anterior longitudinal ligament (ALL), and ligamentum flavum (LF). 
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Figure 2. Five finite element models developed in this study: (a) healthy spinal segment, (b) IV disc after conservative PTED, (c) after aggressive PTED, (d) after aggressive PTED with annular repair, (e) after aggressive PTED with nucleus pulposus augmentation. 
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Figure 3. Method to determining the ROM (θ represents the ROM). 
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Figure 4. Change in intervertebral disc height at the anterior (A), posterior (P), and medial (M) sides of the disc as a percentage of the intact model (model a, INT) for (a) flexion, (b) extension, (c) axial rotation, and (d) lateral bending motions. 
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Figure 5. Displacement on the finite element model (model b) during different motions. 
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Table 1. Material properties of lumbar spine model.






Table 1. Material properties of lumbar spine model.





	
Property

	
Modulus (MPa)

	
ν

	
References






	
Cortical bone

	
12,000

	
0.2

	
Goel et al., 1995 [23]




	
Cancellous bone

	
300

	
0.2

	
Morgan et al., 2003 [24]




	
Annulus fibrosus

	
Mooney-Rivlin

c1 = 0.18, c2 = 0.045

	
NA

	
Schmidt et al., 2007 [25]




	
Nucleus pulposus

	
Mooney-Rivlin

c1 = 0.12, c2 = 0.03

	
NA




	
Ligaments

	
Hyperelastic

	
NA




	
Polyurethane elastomer

	
4.7 MPa

	
0.499

	
Kanyanta et al. [26]




	
Hydrogel

	
0.45 MPa

	
0.2

	
Silva et al. [27]








NA = not applicable.
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Table 2. Loading conditions for simulated motions of a lumbar spine [29].






Table 2. Loading conditions for simulated motions of a lumbar spine [29].





	Body Position
	Compressive Force (N)
	Moment (Nm)





	Flexion
	1175
	7.5



	Extension
	500
	7.5



	Lateral bending
	700
	7.8



	Axial rotation
	720
	5.5
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Table 3. ROM and FJ gap in each model when moved through different motions.






Table 3. ROM and FJ gap in each model when moved through different motions.





	
Body Position

	
Flexion




	

	
ROM about the

	




	

	
x-Axis (Degree), ML Direction [% #]

	
y-Axis (Degree), AP Direction [% #]

	
z-Axis (Degree) [% #]

	
FJ Gap *




	
model a (intact)

	
−0.7

[undefined]

	
3.6

[−21.7%]

	
0.0

[0%]

	
-




	
model b (conservative)

	
−6.7

[undefined]

	
5.1

[10.9%]

	
0.0

[0%]

	
−11.5%




	
model c (aggressive)

	
−6.7

[undefined]

	
5.1

[10.9%]

	
0.0

[0%]

	
−90.5%




	
model d (aggressive with annular repair)

	
1.1

[undefined]

	
3.4

[−26.1%]

	
0.2

[undefined]

	
−89.4%




	
model e (PU)

	
−4.5

[undefined]

	
4.6

[0%]

	
0.3

[undefined]

	
−40.5%




	
model e (Hydrogel)

	
−0.7

[undefined]

	
3.6

[−21.7%]

	
0.0

[0%]

	
−73.1%




	
Body Position

	
Extension




	

	
x-Axis (Degree), ML Direction [% #]

	
y-Axis (Degree), AP Direction [% #]

	
z-Axis (Degree)

[% #]

	
FJ Gap *




	
model a (intact)

	
0.0

	
−2.4

	
0.0

	
-




	
model b (conservative)

	
−0.5

[undefined]

	
−1.3

[45.8%]

	
0.0

[0%]

	
−13.1%




	
model c (aggressive)

	
−2.1

[undefined]

	
−2.1

[12.5%]

	
0.0

[0%]

	
−38.6%




	
model d (aggressive with annular repair)

	
−2.1

[undefined]

	
−2.0

[16.7%]

	
0.0

[0%]

	
−37.8%




	
model e (PU)

	
0.9

[undefined]

	
−1.4

[41.7%]

	
0.2

[undefined]

	
−48.0%




	
model e (Hydrogel)

	
−1.5

[undefined]

	
−1.8

[25%]

	
0.3

[undefined]

	
−50.5%




	
Body Position

	
Axial Rotation




	

	
x-Axis (Degree), ML Direction

[% #]

	
y-Axis (Degree), AP Direction

[% #]

	
z-Axis (Degree)

[% #]

	
FJ Gap *




	
model a (intact)

	
0.0

	
0.1

	
−1.5

	
-




	
model b (conservative)

	
−0.7

[undefined]

	
−1.3

[1400%]

	
−1.6

[−6.7%]

	
−12.3%




	
model c (aggressive)

	
−4.2

[undefined]

	
−0.8

[−900%]

	
−1.6

[−6.7%]

	
−90.1%




	
model d (aggressive with annular repair)

	
−4.2

[undefined]

	
−0.8

[−900%]

	
−1.6

[−6.7%]

	
−89.0%




	
model e (PU)

	
0.8

[undefined]

	
0.0

[−100%]

	
−1.4

[6.7%]

	
−84.5%




	
model e (Hydrogel)

	
−2.6

[undefined]

	
−1.0

[−1100%]

	
−1.2

[20%]

	
−88.9%




	
Body Position

	
Lateral Bending




	

	
x-Axis (Degree), ML Direction

[% #]

	
y-Axis (Degree), AP Direction

[% #]

	
z-Axis (Degree)

[% #]

	
FJ Gap *




	
model a (intact)

	
−3.3

	
−0.2

	
−1.2

	
-




	
model b (conservative)

	
−4.6

[−39.4%]

	
−1.7

[−750%]

	
−1.2

[0%]

	
−13.1%




	
model c (aggressive)

	
−6.4

[−93.9%]

	
−2.0

[−900%]

	
−1.2

[0%]

	
−44.2%




	
model d (aggressive with annular repair)

	
−6.4

[−93.9%]

	
−2.0

[−900%]

	
−1.2

[0%]

	
−43.3%




	
model e (PU)

	
−1.2

[63.6%]

	
0.2

[200%]

	
−1.0

[16.7%]

	
−27.7%




	
model e (Hydrogel)

	
−5.4

[−63.6%]

	
−1.7

[−750%]

	
−0.9

[25%]

	
−42.6%








* FJ gap: as compared to INT. # ROM: as compared to intact.
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