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Abstract

:

Interspinous spacers are a minimally invasive surgical device for treating degenerative lumbar diseases, limiting spinal extension, and decreasing pressures within the disc and facets, relieving symptoms caused by lumbar spinal stenosis. This work uses the finite element method to calculate the stresses and deformations of an interspinous spacer with steel wire clamping. The cables also provide an easier way to set up the device. The reconstruction of the model was undertaken by computerized tomography, considering a person with average Mexican height (1.64 m) and a mass index grade of 2 (108 kg). The maximum movements reported in the literature were used for the range of motion. The interspinous spacer increases in a ratio of 2.7 times the stresses. Still, these stresses are generated in the prosthesis, which causes the vertebrae to be relieved since the forces and pressures are reduced. Deformations decrease by 53% with the reduction of the range of motion. Therefore, the prosthesis provides excellent stability for the vertebrae.
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1. Introduction


Spinal degenerative disease (SDD) encompasses a set of pathologies whose primary symptom is chronic cervical, back, or lumbar pain. Back pain is a global problem and one of the leading causes of disability in the last 30 years [1]. SDD of the lumbar region is characterized by being a chronic and degenerative disease that significantly increases in patients under 45 years [2]. Back pain is a recurring problem, as 85% of the population experiences it at some point. Back pain is the second-leading cause of work absences. Back injuries are the most frequent and expensive workers’ compensation claims in the United States [3]. In Mexico, back pain is the most frequent condition among workers and the second-most frequent cause of hospital consultations in the specialty of traumatology and orthopedics. In 2017, the Instituto Mexicano del Seguro Social (IMSS) recorded over 300,000 visits for low back pain [4]. In addition, back pain has been increasing over the past decade [5]. This is probably a direct result of the increasing incidence of overweight, obesity, and lack of muscle strength associated with SSD in men and women of all ages [6]. Stress when loading objects plays a relevant role in developing low back pain, perhaps because of occupations involving work-related factors [7]. Usually, the most common cause of low back pain is the wearing of the intervertebral discs [8,9,10].



Nowadays, there are many traditional nonsurgical methods to treat these conditions. The medical field highlights the prevention, importance, and treatment of SDD through exercise therapy (i.e., strengthening stretching exercises and yoga) and health education (HE) (i.e., ergonomics, self-management techniques, pain neuroscience education, and stress reduction techniques) [11]. Surgery is the most radical solution because of the implications themselves. There are adverse effects beyond those expected because there may be postoperative complications since the commonly used procedures are very invasive [2]. Lumbar fusion has been the standard procedure for patients with lumbar disc wear that does not respond to conservative treatments, with excellent clinical results [12,13,14].



Interspinous spacers (ISPs) are used to achieve this lumbar fusion. A minimally invasive surgical device implanted in the interspinal space to treat SDD (herniated disc, lumbar spinal stenosis, lumbar instability). The size of the spinal neural foramen is reducing, limiting spinal extension and decreasing pressures within the disc and facets, relieving symptoms caused by lumbar spinal stenosis [15,16,17,18,19,20,21]. In addition, it is considered to allow intervertebral rotation of the implanted segment and reduce the effect on adjacent segments [22,23].



Much research has been carried out to study the behavior of ISPs and the biomechanics of the column using the finite element method (FEM) [24,25,26,27,28,29]. FEM has lower costs and higher efficiency than in vivo and in vitro experiments [24]. The modeling can also capture the internal biomechanical parameters of the spine’s connective bones and soft tissue, which are difficult to measure with experimental data [30].



Several ISP investigations were carried out using FEM. Gazzeri et al. [31] showed that the implantation of eight different spacers produced a force of discharge on the segment of stenotic motion. The foraminal height can potentially alleviate the symptoms of degenerative disc disease. Erbulut et al. [19] studied the biomechanical effect of an interspinous device implanted in lumbar segments. It is reported that range of motion (ROM), facet load, and intradiscal pressure decreased after the prosthesis was placed during the extension. Chen et al. [32] designed a novel ISP based on screws, analyzed by the FEM model involving the lumbar spine L1–L5, the ROMs between each vertebra, the stiffness of the implant, the maximum stresses of the intervertebral discs, and the contact forces.



This work aims to demonstrate a new ISP design and highlight its advantages. The FEM method is used to show the device’s benefits.




2. Materials and Methods


The experience of several surgeons and patented models and the satisfactory results of surgical operations establish the parameters shown in Figure 1 to carry out a methodology to apply the FEM to the ISP.



Many ISPs have been designed for clinical use [33]. Many studies have been reported as a treatment for SDD [34,35,36,37]. Different clinical studies are required to corroborate the correct functioning of the implants. Table 1 shows various clinical studies performed on the most commonly used ISPs. It should be mentioned that only DIAM and X-STOP spacers are recommended by the FDA of the United States of America [2].



The studies in Table 1 are related from a medical point of view because they relieve spinal stenosis. The differences between the ISPs are in the design and how they are fixed to the column. Our device is a new ISP design proposal. It tries to avoid the issues related to Table 1.



Table 2 summarizes the list of the most relevant patents registered, showing characteristics and how the prosthesis is placed.



2.1. Device Description


The device has its uses in the biomedical field. It falls in the area of prostheses, more specifically in the area of surgical instruments, since it consists of a stabilizing device and an ISP. It is designed for patients with SDD that causes back and leg pain. The device contemplates the patient’s morphology regarding the space between the apophysis, thus avoiding the extension and contraction of the vertebral canal. It is made of a biocompatible material [46]. The information presented in Table 1 and Table 2 helps summarize the different ISPs. Still, none of them have a “T” geometry with a hexagonal body that prevents rotation and misalignment by itself, as well as a distractor clamp for placement. This prosthesis stabilizes the spine (A) with a distracting clamp (500) placed between the vertebrae. The extension and contraction of the vertebral canal are avoided for patients with spinal stenosis, either rigid or dynamic. The ISP (A) is divided into a first (100) and a second “T”-shaped spacer (200) (Figure 2a) for placement between the lower and upper apophysis adjacent to the vertebra.



Figure 2a,b show the first “T”-shaped spacer (100), whose hexagonal body (101) on each side has flat tracks (101a, 101b, 101c) and ends in a sharp point. It has a holding head at the upper end (102) to place it between the apophysis. The clamping head (102) has two flat supports (103 and 104) with a paraboloid shape as well as a hole (105) in the center of the clamping head (102) that allows positioning the first “T”-shaped spacer (100) between the vertebrae. The purpose is to support the spiny apophysis of the vertebrae.



Figure 2a,c show the second “T”-shaped spacer (200), which is shorter than the first “T”-shaped spacer (100). This is because it has a “C”-shaped body (201) to move along the flat tracks (101; 101b, 101c) of the hexagonal body (101) of the first “T”-shaped spacer (100) up to the extension or contraction distance, according to the geometry of the apophysis of the patient’s spine. A hole (202) is in the center of the “C” body-shaped (201) for the insertion of a locking screw (300) that fixes it to the first “T”-shaped spacer (100).



In turn, on the upper sides of the body (201) protrude two flat supports (203 and 204) to hold the apophysis. In addition, each flat support (203 and 204) has a hole (205 and 206) to strengthen the attachment of the second “T”-shaped spacer (200) with surgical wire; see Figure 2b. The locking screw (300) is preferably made of titanium; however, it can be manufactured with any biocompatible material.



A cylindrical tube (400) made of biocompatible material is placed around the hexagonal body (101). The first “T”-shaped spacer (100) ensures the contraction or extension distance between the first and second “T”-shaped spacers (100 and 200) shown in Figure 2d.



A distractor clamp (500) should be used to position the device (see Figure 3). Two parallel, hollow bars (501 and 502) constitute the distractor clamp. It is formed by two holding tools (503 and 504), each connected by a fastening system (503a and 504b) to a base link (501a and 502b). The holding tool has handles that allow the surgeon to position and manipulate the spinal stabilizer and ISP (A). To place the ISP, the surgeon must introduce a screwdriver (506) into the first bar (501) and screw the locking screw (300) into the hole (202) of the second T-shaped spacer (200). The locking screw must be fixed at the extension or contraction distance. Meanwhile, inside the second parallel bar (502) is a second screwdriver (505). It is inserted into the hole (105) of the first T-shaped spacer (100), allowing the surgeon to position it between the vertebrae. The screwdrivers (505 and 506) are inside the two parallel bars (501 and 502) and have free movement on the vertical axis. The handles of the holding tool (503 and 504) are preferably made of ultra-high-density polyurethane, and the distractor clamp (500) is preferably made of 316 L stainless steel.




2.2. General Conditions


The ISP analysis considered that a 3D model of the functional unit in the L3–L4 segment is required. The functional unit comprises the lumbar vertebrae L3, L4, the annulus fibrosus, and the nucleus pulposus. For the construction of the model, medical images were used that were obtained by CT. The images were generated by a Philips tomograph, with a resolution of 1 mm for each cut. Subsequently, the file (medical images) was exported in DICOM format. The software processed and created image models to generate the vertebrae. The program was instructed to perform 100 iterations to obtain better smoothing of the model. Finally, a solid model is created, which can be seen in Figure 4.



ISP was modeled using Solidworks. The model of the functional unit (vertebrae L3–L4) was assembled with the ISP by 1.2 mm diameter stainless steel wires. The wires held the spacer with the spinous apophyses (Figure 5).



The mesh was generated based on solid 186, a high-order element with quadratic displacement behavior. The generated mesh has 367,174 nodes and 213,107 elements. The numerical analysis considered a significant risk factor regarding the use of ISP in patients with a body mass index (BMI) greater than 40 kg/m2, which corresponds to grade III obesity, so its use is not recommended in patients with a higher BMI. For the maximum load, a Mexican patient of average height (1.64 m) with a mass of 108 kg (obesity grade II) generates a load of 706.3 N. The bone internal reaction was distributed over an area of 974 mm2, causing a pressure of 0.725 MPa, which was applied to the upper part of the L3 vertebra and the lower part of the L4 vertebra fixed at all degrees of freedom (Figure 6).



Vertebrae, like the intervertebral disc, are orthotropic, non-homogenous, and non-linear materials. For the simplification of the study, it is considered isotropic, homogeneous, linear, and continuous [46]. ISP deals with the same assumptions. Table 3 shows the mechanical properties of the materials [47,48,49]. The contact assumption for the simulation was considered “bonded”. In this contact, defined geometries act like one body. Bodies cannot move (slide or separate) and rotate between each other.





3. Results


3.1. Model Validation


The model’s validation was performed considering the behavior of the FEM model in relaxed standing without the ISP versus the loads and ROMs used by other researchers. In the literature, the forces employed in experiments and simulations vary from 220 N to 1200 N [32,50,51,52,53]. The displacements coincide with other research [54].



Jia-Yu Yin et al. [52] developed a FEM study with an ISP, and they applied static forces from 1200 to 720 N (axial force) and moments from 5.5 to 7.5 N-m, respectively. In this study, the applied axial force is 706.63 N. Also, it used transversal forces in the apophysis to generate moments for model validation. The range of the forces was from 49.05 to 147.15 N. The results of the comparison of the studies are summarized in Table 4.



The results obtained in vertebrae L3 and L4 show acceptable behavior compared to the previous study. Therefore, the model is considered suitable to simulate the behavior of the bone.




3.2. Relaxed Standing


Figure 7 shows the results from the relaxed standing simulation comparing the stresses and deformations when the ISP is used and when it is not. The cases presented a variation of 61.633 MPa, equivalent to a ratio of 2.7, while the deformation decreased by 53% when the prosthesis was used (ISP).





4. Discussion


Pablo Hernandez-Lucas et al. [11] state, “Interventions combining exercise therapy and health education seem to have a greater preventive effect on SDD than medical care”. These results may help healthcare professionals increase the effectiveness of their clinical interventions, but there is a possibility that surgery is inevitable. ISP is an alternative for pain relief.



This research shows the behavior of an interspinous spacer placed on the L3 and L4 vertebrae to decrease intervertebral disc compression. The FEM is used to analyze the behavior of the implant, assuming a critical case study related to a grade 2 BMI. This research does not consider vertebrae’s computational model of nerves, ligaments, muscles, or fluids that could increase the simulation’s success rate and decrease the incidence of overestimation of compressive load in the lumbar spine [55]. Lateral bending, rotation, and flexo-extension were done to validate the vertebrae´s biomodel. Those results are in agreement [51], as reported in Table 4. This research approximates results written by other authors, as described below.



The model without the ISP was compared against experimental and FEM data obtained by other researchers, giving favorable results. Figure 7 compares the stresses and deformations of the model with and without the ISP, showing that when the implant is used, the stress increases approximately at a ratio of 2.7 times. This is because the ISP creates an armor effect that stabilizes the vertebrae, which in turn helps to resist any abnormal joint motions during flexion, bending, and rotation. When simulated without the prosthesis, the maximum stiffness is in the cortical bone. When simulated without the prosthesis, the cortical bone’s stiffness is its maximum rigidity. When simulated with the ISP, the titanium’s stiffness is more significant than the bone’s. This results in an increase of 61.633 MPa. Figure 8 shows that the maximum stress field values are in the prosthesis, while the stress on the vertebrae decreases. Figure 7b shows that the deformation of the system is reduced by 1.966 mm (53%). This indicates that the prosthesis fulfills its function since the stress and deformations in the vertebrae are decreasing. Figure 7c,d show the reduction of the vertebral deformation distribution. This provides better stability for the spine.



Comparing the results with those of other researchers that have used the FEM to visualize the behavior of various ISP [32,50,51,52,53,54], it is concluded that the results are satisfactory since, in these studies, the maximum forces are generated in the prosthesis and the deformations are reduced. Therefore, the prostheses end up providing excellent stability to the spine.



The role of stainless-steel cables (Figure 2a) as a fixation system is significant. These are the reasons for the displacement reduction (53%). Also, collocation will not generate any trouble for the patient because it is minimally invasive. Therefore, the vertebrae end up having more stability.



An isotropic model was considered, and each element has a different stiffness. This is supported by the mechanical properties of the materials reported in Table 3. The isotropic assumption was made to simplify the bone structure. The ISP is made of metal and polyethylene. Those materials are considered isotropic. M. Dreischarf et al. [24] compared eight different lumbar spine models. Three models felt the cortical and cancellous bones as isotropic materials. That study confirms that by combining several distinct models, the median of individual numerical results can be used as an improved prediction to estimate the response of the lumbar spine. This is because the variation between the eight models does not differ. The assumption made in this article is related to the isotropic characteristic of the model, in agreement with the literature on the data.



The ISP developed is less invasive than the solution proposed by Robert Hudgins [38], Larry Khoo [39], Kyle Hayes [41], and Kamran Aflatoon [44]. The devices cited need to penetrate the apophysis or another part of the vertebrae for collocation. The ISP developed does not do that due to the fixation system implemented (stainless steel cables). Also, this system helps with its fixed collocation. It makes it easier to set up the device.



There are some similarities in the fixed position of the device developed by Harold Hess [41], James J. Yue [43], and Josef Gabelberger [45], but our ISP does not have so many components like the cited prosthesis, so the manufacturing process is easier and cheaper than the other ones.




5. Conclusions


This work shows how the ISP significantly reduces the forces and ranges of motion in the L3–L4 vertebrae, which can relieve pain in the lower back area. Gazzeri reported, “The ISP analyses increase the risk of fracture of the spiny process”. The prosthesis avoids this problem due to its geometry and materials implemented.



The ISP comprises a first and second T-shaped spacer supporting the spiny apophysis. It is designed to adapt to the morphological geometry of the vertebral patient. The second T-shaped spacer is fixed to the first spacer with a locking screw until the extension or contraction distance has been established. A cylinder is placed around the first spacer to ensure correct spacing between both spacers. Therefore, the device’s colocation avoids pain in the back and legs.



The benefits of using the ISP developed are discussed in the discussion section. Also, it compares the behavior when the ISP operates the fixation system and when it does not. Results suggest widely using the fixation system because stresses and displacements are reduced in the bone composition.




6. Patents


MX/u/2018/000355 named “DISPOSITIVO ESTABILIZADOR Y ESPACIADOR INTERES-PINOSO DE COLUMNA”.
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Figure 1. Diagram of the interspinous spacer analysis method. 






Figure 1. Diagram of the interspinous spacer analysis method.



[image: Prosthesis 05 00065 g001]







[image: Prosthesis 05 00065 g002] 





Figure 2. Interspinous spacer design. “(a)” Perspective view of the stabilizer and interspinous spacer. “(b)” 3D view of the first “T”-shaped spacer. “(c)” Perspective view of the second “T”-shaped spacer and locking screw. “(d)” Top view of the spinal stabilizer and interspinous spacer. 
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Figure 3. Distractor clamp exploded view for the placement of the interspinous spacer. 
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Figure 4. Sectional view of lumbar vertebrae L3, L4. 
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Figure 5. Lumbar vertebrae L3, L4 reconstruction with an interspinous spacer. 
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Figure 6. Boundary conditions. “(a)” Applied pressure. “(b)” Restriction of movement. 
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Figure 7. Simulation results of relaxed standing with and without an interspinous spacer: “(a)” von Mises stress and “(b)” maximum deformations. “(c)” Deformation distribution simulation without an interspinous spacer. “(d)” Deformation distribution simulation with an interspinous spacer. 
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Figure 8. von Mises stress “(a)” without an interspinous spacer. Red circles show the bone´s stress distribution and “(b)” with an interspinous spacer. Red circles remarks that the stresses has been decrease. 
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Table 1. Interspinous spacer clinical studies.
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ISP

	
Patients

	
Complications Related to

Device

	
Reduction of

Symptoms






	
Wallis

	
130

	
Migration

	
1

	
NA




	
Incorrect placement of the device

	
NA




	
Spinous process fracture

	
0




	
Increased pain

	
1




	
U

	
209

	
Migration

	
1

	
157/209

(75%)




	
Implant failure

	
2




	
Spinous process fracture

	
0




	
Increased pain

	
NA




	
DIAM

	
1756

	
Infection

	
10

	
1505/1756

(85.7%)




	
Spinous process fracture

	
10




	
Increased pain

	
70




	
X-STOP

	
201

	
Migration

	
2

	
139/201

(69%)




	
Spinous process fracture

	
13




	
Increased pain

	
13




	
Incorrect placement of the device

	
NA




	
Superion

	
190

	
Migration

	
NA

	
123/190

(64.7%)




	
Spinous process fracture

	
23




	
Increased pain

	
8




	
Incorrect placement of the device

	
NA








NA—not available.













 





Table 2. Patents registered from 2009 to 2018.
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	Name
	Approach
	Characteristics





	In Situ Curable ISP [38]
	Posterolateral percutaneous approach
	The device is expandable, so its placement is compact. Once placed, it expands to the desired size by injecting fluid through a catheter.



	Percutaneous Interspinous Process Device and Method [39]
	Posterolateral percutaneous approach
	It has two lateral sections and a central unit. The lateral sections have a dentate contact area to obtain greater adherence to the spiny apophysis. The main section is joined to one of the lateral sections, with an anchor section at the end to join the other lateral area at the time of implantation.



	Interspinous Process Implan