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Editorial on the Research Topic
Novel techniques of minimally invasive spine surgery for various pathologies



In recent years, minimally invasive spine surgery (MISS) has been rapidly developed as its concepts and techniques keep evolving and spreading. This Research Topic focuses on novel techniques related to MISS and covers almost all aspects of MISS treatment of spine trauma, degeneration, tumor, and infection.


1. Spinal endoscopic surgery

Spinal endoscopic surgery is a rapidly developing technique over the past 30 years and has been widely used in the treatment of spinal disorders including degenerative diseases with neurological symptoms.


1.1. Percutaneous transforaminal endoscopic surgery (PTES)

Yeung endoscopic spine system (YESS) (1) and transforaminal endoscopic spine system (TESS) (2) are two of the most classic techniques. YESS is a type of “in-out” technique. This technique involves first entering the intervertebral disc and gradually incising the tissue from the inside out. TESS is a type of “out-in” technique. This technique involves entering the spinal canal through the foramina and removing the herniated nucleus pulposus from the outside in. The two techniques are still widely used nowadays and act as the basis of many modified transforaminal endoscopic surgeries such as PTES. PTES is a novel, minimally invasive technique that has been used in the treatment of lumbar degenerative diseases (LDDs). Its advantages include simple orientation, facile puncture, reduced number of steps, minimal x-ray exposure, and shortened operation time.

Zhou et al. used PTES under local anesthesia to treat the culprit segment of LDDs predicted by radiologic images (Group A) or clinical symptoms (Group B). Group B showed a significantly lower operative duration, lower blood loss, and a lower fluoroscopy frequency than group A (P < 0.001). The VAS score of leg pain and the ODI score significantly dropped after operation in both groups (P < 0.001), and the excellent and 28 good rate was 97.6% (41/42) in group A and 100% (45/45) in group B at the 2-year follow-up. The results showed that it is much more accurate to predict the culprit segment according to clinical symptoms than using radiologic images.

Zhou et al. compared PTES for surgical treatment of LDD in elderly patients with minimally invasive surgery-transforaminal lumbar interbody fusion (MIS-TLIF). The authors found that the PTES group showed a significantly lower operation time (55.6 ± 9.7 min vs. 97.2 ± 14.3 min, P < 0.001), lower blood loss [11 (2–32) ml vs. 70 (35–300) ml, P < 0.001], shorter incision length (8.4 ± 1.4 mm vs. 40.6 ± 2.7 mm, P < 0.001), lower fluoroscopy frequency times [5 (5–10) vs. 7 (6–11), P < 0.001], and shorter hospital stays [3 (2–4) days vs. 7 (5–18) days, P < 0.001] than the MIS-TLIF group. PTES was also performed under local anesthesia. The PTES technique should be preferred when patients have no spinal instability.

Lisheng et al. described one case of central calcified thoracic disc herniation (CCTDH) treated with modified PTES via a unilateral posterolateral approach under local anesthesia and conscious sedation, with the help of a flexible power diamond drill. The authors drew the conclusion that modified PTES may be an alternative, minimally invasive technique for the treatment of CCTDH and may provide similar or better outcomes than traditional open surgery.



1.2. Unilateral biportal endoscopy (UBE)

The UBE technique places two working cannulas unilaterally, one channel for observation and the other for operation. It has the advantages of broad vision and flexible operation.

Hu et al. investigated the clinical efficacy and imaging outcomes of UBE with unilateral laminotomy for bilateral decompression (ULBD) for the treatment of severe lumbar spinal stenosis (LSS). The mean hospital stay was 2.76 ± 1.02 days. At the final follow-up, the VAS score for back pain and leg pain decreased from 7.22 ± 0.95 to 1.26 ± 0.44 and from 7.88 ± 0.69 to 1.18 ± 0.39, respectively, and the ODI score decreased from 69.88 ± 6.32% to 14.96 ± 2.75%. According to the modified Macnab criteria, the results were excellent in 24 (48%), good in 22 (44%), and fair in 4 (8%). Excellent or good results (a satisfactory outcome) were obtained in 92% of the patients. UBE-ULBD has a good clinical effect in the treatment of severe LSS, and has achieved satisfactory results in spinal canal enlargement, undercutting of facet joints, and decompression effects.

Wang et al. used the UBE technique for the decompression and removal of an extradural mass in five patients. This technique has advantages such as minimizing trauma to normal structures, a magnified endoscopic view, and early recovery after surgery. Biportal endoscopy may be used as an alternative surgical treatment for symptomatic intraspinal extradural benign lesions.



1.3. Other spinal endoscopic surgeries

Wang et al. designed a power-aided reciprocating burr for transforaminal endoscopic lumbar discectomy (TELD) and reported the technical details. The results showed that the current clinical data demonstrated the safety and efficacy of modified TELD using a power-aided reciprocating burr for treating lumbar disc herniation (LDH), and this technique significantly reduces the learning curve for beginners when performing foraminoplasty.

Li et al. evaluated the clinical efficacy and safety of percutaneous endoscopic lumbar discectomy (PELD) for the treatment of LDH linked with posterior ring apophysis separation (PRAS). The mean operation time was 118.04 ± 19.31 min and the mean blood loss was 22.84 ± 15.89 ml. The VAS and ODI scores continued to improve from immediately after the surgery to the last follow-up, demonstrating that PELD has reliable efficacy and safety in the treatment of LDH linked with PRAS.

Wei et al. presented an uncommon intraspinal gas-containing synovial cyst treated by percutaneous transforaminal endoscopic cystectomy. A 52-year-old man presented with radicular pain and intermittent claudication that had persisted for 1 month. Computed tomography revealed an intraspinal cystic lesion anteromedial to the left L4/5 articular joint, and the center of the lesion manifested gas contents. A transforaminal endoscopic procedure was performed and was confirmed to be a safe and minimally invasive technique for gas-containing lumbar synovial cysts. It provides a valuable substitution to and supplementation for open surgery.




2. Percutaneous vertebroplasty (PVP) and percutaneous kyphoplasty (PKP)

PVP and PKP are surgical methods for the treatment of spinal compression fractures. Bone cement or graft bone are used to restore the interbody height and strengthen the vertebral body. In PKP, balloon dilatation is performed after the puncture needle enters the vertebral body.

Zhou et al. retrospectively analyzed 160 elderly patients of osteoporotic vertebral compression fractures (OVCF) who underwent PVP treatment. The VAS and ODI scores for types I, II, and III were lower 1 year postoperatively than those for types IV and V (P < 0.05). One year after surgery, the Cobb angle and the anterior vertebral height ratio of types IV and V were significantly different from those of types I, II, and III (P < 0.05), and there was a statistically significant difference between types IV and V (P < 0.05). In terms of the incidence of injured vertebral refractures and adjacent vertebral fractures, the evenly distributed types I, II, and III were significantly lower than the unevenly distributed types IV and V, and the incidence of type V was higher (P < 0.05). The results showed that the clinical efficacy of cement distribution following PVP of types I, II, and III is better than that of types IV and V, which can better relieve pain, with long-lasting efficacy, and can minimize the occurrence of refractures of injured vertebrae and adjacent vertebral body fractures.

Dai et al. investigated the clinical efficacy and long-term stability of bone cement in the bilateral pedicle anchoring technique with PVP for the treatment of Kümmell disease. The results showed that the bilateral pedicle anchoring technique with PVP integrates the bone cement in the vertebral body and in the pedicle, enhances the stability of the bone cement, and effectively prevents the displacement of the intravertebral bone cement. The postoperative bone cement stability was high, the clinical effect was obvious, and long-term follow-up results were satisfactory. It is a safe and effective surgical method for the treatment of Kümmell disease.

Pusceddu et al. retrospectively evaluated the feasibility and effectiveness of vertebroplasty using spinejack implantation for the treatment and stabilization of painful vertebral compression fractures in patients diagnosed with multiple myeloma (MM), allowing both effective pain reduction and global structural spine stabilization. In the 6-month follow-up, the mean VAS score decreased from 5.4 ± 1.0 to 0.2 ± 0.5, with a mean reduction of 96.3%. The Functional Mobility Scale decreased from 2.3 ± 0.5 to 1.2 ± 0.4, with a mean reduction of −47.8%. These results suggest that vertebroplasty using spinejack implantation for the treatment and stabilization of painful vertebral compression fractures, secondary to MM, is a safe and effective procedure, with long-term pain relief and restoration of vertebral height achieved.

Jiang et al. performed a prospective cohort study to compare the clinical outcomes and radiological parameters of patients undergoing PVP versus those undergoing percutaneous vertebral-disc plasty (PVDP) for back pain, segmental instability, and kyphosis due to very severe thoracolumbar OVCFs. At the last follow-up, the average VAS, ODI, and LKA scores for patients in the PVP group were observed to be higher than those in the PVDP group (P < 0.05), which showed that PVDP may be a feasible and effective technique for the treatment of very severe OVCFs, and that it can restore intervertebral height, provide segmental stabilization, and relieve back pain in the short term.

Hao et al. reported a case of shock after PVP for treating OVCF of the fifth thoracic vertebra. An 80-year-old female patient developed shock 90 min after PVP, which was induced by subcutaneous hemorrhage up to 1,500 ml at the puncture site. Before using vascular embolization, transfusion and blood transfusion were used to maintain blood pressure, and local ice bag compression was used to reduce swelling and stop bleeding, which achieved successful hemostasis. The patient recovered and was discharged after 15 days, with the hematoma having absorbed. There was no recurrence during the 17-month follow-up. Although PVP is considered to be a safe and effective method to treat OVCF, surgeons should be vigilant for possible hemorrhagic shock.

Jiang et al. described and evaluated a modified trajectory of PKP for the treatment of OVCF. Eighty-one patients who underwent PKP for lumbar OVCF were divided into an observation group (via the superior pedicle approach) and a control group (via the transpedicular approach). The conclusion was that, compared with the bilateral pedicular approach to PKP for lumbar OVCF, unilateral puncture via the superior pedicle notch can reach the center of the vertebral body to achieve bilateral cement dispersion, reducing the operative time and intraoperative radiation exposure and decreasing the rate of paravertebral cement leakage, while obtaining the same vertebral body height, recovery rate, and clinical efficacy as the bilateral pedicular approach to PKP.

Yu et al. identified risk factors for residual low back pain (LBP) after PKP and developed a nomogram to predict the occurrence of residual LBP. Univariate and multifactorial logistic regression analyses identified depression (P = 0.02), intravertebral vacuum cleft (P = 0.01), no anti-osteoporosis treatment (P < 0.001), cement volume <3 ml (P = 0.02), and cement distribution (P = 0.01) as independent risk factors for residual LBP. The nomogram containing the above five predictors can accurately predict the risk of residual LBP after surgery.



3. Lumbar interbody fusion

Lumbar fusion is currently mainly used for the treatment of LDDs with spinal instability. Anterior, posterior, and side approaches have been developed. The intervertebral disc is removed and the cage is inserted. Internal fixation may be performed according to the patient's condition.


3.1. MIS-TLIF

MIS-TLIF is performed using the Wiltse approach, which barely damages the paraspinal muscles, with less blood loss and fast recovery.

Han et al. used finite element analysis of biomechanical studies to investigate the optimal number and position of cages in MIS-TLIF. The authors drew the conclusion that single long-cage transversal implantation is a promising standard implantation method, and double short-cage implantation is recommended for patients with severe osteoporosis in MIS-TLIF.

Zhang et al. evaluated the efficacy, safety, feasibility, and biomechanical stability of contralateral bridge fixation of freehand minimally invasive pedicle screws (freehand MIPS) combined with unilateral MIS-TLIF (smile-face surgery) and open TLIF for the treatment of multi-segmental LDDs. The smile-face surgery group showed a shorter operation time, shorter incision, lower blood loss, and a shorter hospital stay than the open TLIF group (P < 0.05). The back VAS score in the smile-face surgery group was significantly lower than that in the open TLIF group immediately and 3 months after surgery, and no significant difference was observed 1, 2, and 5 years after surgery. At the 5-year follow-up, grade I or II fusion was achieved in 99.00% (100/101) of segments in the smile-face surgery group and in 97.67% (84/86) of segments in the open TLIF group, according to the Bridwell system. The complication rate of open TLIF was higher than that of smile-face surgery (24.32% vs. 0%, P < 0.01). The results indicated that it is a good choice of treatment for multi-segmental LDDs. Both methods can achieve good biomechanical stability.



3.2. Oblique lumbar interbody fusion (OLIF)

OLIF uses the natural retroperitoneal space to reach the intervertebral disc for surgery, avoiding the paravertebral muscles and large blood vessels, and has the advantages of less trauma, quick recovery of postoperative back pain, and a lower complication rate.

Wang et al. investigated the efficacy of stand-alone OLIF vs. combined with percutaneous pedicle screw fixation (PPSF) for the treatment of discogenic lower back pain (DBP). The mean surgery duration, blood loss, and muscle damage in the stand-alone OLIF group were significantly better than those in the OLIF + PPSF group (P < 0.05), showing that stand-alone OLIF and OLIF + PPSF are both safe and effective methods for the treatment of DBP; there is no significant difference in the long-term clinical and radiological outcomes. Stand-alone OLIF has the advantages of surgery duration, blood loss, muscle damage, and early clinical effect. This study provides a basis for the clinical application of standard DBP treatment with OLIF.

Li et al. compared differences in the correction effect for the lumbosacral lordosis effect and clinical outcomes between OLIF with/without posterior pedicle screw fixation (PSF) and MIS-TLIF through a retrospective cohort study. The average operation time and intraoperative bleeding were significantly lower in the OLIF group than in the MIS-TLIF group (163 ± 68 vs. 233 ± 79 min, 116 ± 148 vs. 434 ± 201 ml, P < 0.001). There was no statistically significant difference between the OLIF group and the MIS-TLIF group in terms of VAS and ODI score improvements, fusion rate, complication, and LL and FSL correction. The results showed that OLIF and MIS-TLIF are both safe and effective procedures, capable of restoring lumbosacral lordosis and disc height partly. Combined with PSF, OLIF can achieve a better correction of lumbosacral lordosis than MIS-TLIF.

Pan et al. used a novel modified OLIF technique (anteroinferior psoas approach, AIPA) or the mini-open, lateral transpsoas approach (LTPA) for anterior decompression reconstruction to treat 68 patients with L1–L4 burst fractures. One-stage monosegmental posterior/anterior surgery was performed. The authors concluded that anterior decompression reconstruction via mini-open AIPA was a safe and less invasive approach, with fewer approach-related complications than LTPA.

Han et al. summarized a technical note on OLIF as a salvage surgery and the preliminary outcomes of a series of cases. The authors retrospectively reviewed patients with leg or back pain induced by pseudarthrosis or adjacent segment disease after PLIF/TLIF. These patients underwent salvage OLIF surgeries. The study showed that OLIF provides a safe and effective salvage strategy for patients with failed posterior intervertebral fusion surgery. Patients effectively achieved recovered intervertebral and foraminal height, with no additional posterior direct decompression.



3.3. Percutaneous endoscopic lumbar interbody fusion (PE-LIF)

With the development of spinal endoscopy, some fusion surgeries began to be performed under endoscopy, such as percutaneous endoscopic posterior lumbar interbody fusion (PE-PLIF) or percutaneous endoscopic transforaminal lumbar interbody fusion (PE-TLIF), which has the advantages of more refined operation and less trauma.

Wang et al. investigated the effectiveness and feasibility of biportal endoscopic decompression, debridement, and interbody fusion, combined with percutaneous screw fixation for lumbar brucellosis spondylitis (LBS). Bony fusion was obtained in all patients at the last follow-up, including 12 cases with grade I and 1 case with grade II, with a fusion rate of 92.31%. The results showed that biportal endoscopic decompression, debridement, and interbody fusion, combined with percutaneous screw fixation is an effective, safe, and viable surgical procedure that should be considered for the treatment of LBS.

Feng et al. investigated the clinical efficacy and technical points of percutaneous coaxial large-channel endoscopic lumbar interbody fusion (PCLE-LIF). The authors performed PCLE-LIF to treat 62 cases of single-segment degenerative lumbar spinal stenosis. The interbody fusion rate was 93.5% 1 year after operation, showing that PCLE-LIF for the treatment of degenerative lumbar spinal stenosis has good short-term efficacy and high safety and is worthy of popularization.




4. Mini-open or channel assisted surgery

Cui et al. reported a case of surgical treatment for Brucella spondylitis (BS). A negative pressure wound therapy (NPWT) device was introduced into the intervertebral space after the removal of the lesion through the extreme lateral approach. Three weeks after the first operation, fusion was performed using lateral plate fixation to the iliac bone through the original incision to restore the stability of the spine.

Liu et al. explored the clinical effect and operating skills of channel-assisted cervical key hole technology combined with ultrasonic bone osteotome (CKH-UBO) for the treatment of single segment cervical spondylotic radiculopathy (CSR). The conclusion was that channel-assisted CKH-UBO for single segment CSR has the advantages of short operation time, reliable clinical effect, high safety, and low complication rate, which is worthy of clinical promotion.



5. Navigation-assisted spine surgery

Huang et al. performed a retrospective study to compare the results between navigation and non-navigation groups and to explore the benefits of unilateral biportal endoscopic lumbar interbody fusion (BE-LIF) assisted by intraoperative O-arm total navigation. The results showed that, compared with the non-navigation approach, the O-arm total navigation–assisted BE-LIF technology not only has similar clinical results, but also can provide accurate intraoperative guidance and help spinal surgeons achieve accurate decompression. Furthermore, it can reduce radiation exposure to surgeons and operation time, improving the efficiency and safety of surgery.

Shi et al. provided detailed information about the improvement of three-dimensional (3D)–printed navigation templates for modified cortical bone trajectory (CBT) screw placement in the lumbar spine and evaluated the safety and accuracy. The authors designed a safe insertion angle, screw diameter, and other indexes through 3D reconstruction and reverse engineering techniques and utilized a 3D printing technique to verify the anatomical vertebra and navigation template. The authors proved that this technique makes it easier and safer for spine surgeons without any experience to place screws using a navigation template. In clinical practice, their 3D printed navigation template and special tools can further improve the accuracy and safety of modified CBT screw placement.

Shi et al. addressed previous and current applications of augmented reality (AR) in MISS, the limitations of today's technology, and future areas of innovation in a literature review. AR systems have been implemented for treatments related to spinal surgeries in recent years, and AR may be an alternative to current approaches such as traditional navigation, robotically assisted navigation (RAN), fluoroscopic guidance, and freehand. Since AR is capable of projecting patient anatomy directly on the surgical field, it can eliminate concerns regarding surgeon attention shift from the surgical field to navigated remote screens, line -of- sight interruption, and cumulative radiation exposure, as demand for MISS increases. The authors drew the conclusion that AR is a novel technology that can improve spinal surgery and will likely have a great impact on future technology.



6. Hybrid minimally invasive surgical techniques

Zhou et al. used PTES combined with mini-incision OLIF and anterolateral screw rod fixation for surgical treatment of lumbar spondylolisthesis, and evaluated the feasibility, efficacy, and safety of this method compared with MIS-TLIF. The results showed that PTES combined with mini-incision OLIF and anterolateral screw rod fixation has some advantages over MIS-TLIF, including smaller aggression, lower blood loss, lower operative duration under general anesthesia, quicker postoperative back pain relief, better restoration of sagittal lumbar parameter, and better fusion. For both methods, the long-term clinical efficacy and complication rate are comparable. PTES combined with mini-incision OLIF and anterolateral screw rod fixation is a good choice of minimally invasive surgery for lumbar spondylolisthesis, which barely destroys the paraspinal muscles and bone structures.



7. Others

Wu et al. retrospectively analyzed 22 patients who underwent modified double door laminoplasty based on Shirashi's method. During the procedure, laminar grooves were made on both sides through the segmental muscle space. The spinous process was split while retaining the muscle attachment point. After opening the door, the central gap was fixed with a self-developed titanium mini plate. Patients who underwent this surgical approach had preserved posterior muscles and this prevented obvious axial symptoms and improved their quality of life.

These 30 accepted manuscripts in this Research Topic have generated an updated concept of MISS, described novel techniques, and optimized MISS procedures for various spinal diseases, which may further encourage the development of additional innovations in the field.
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Objective: The study aimed to investigate the effect of the type of bone cement distribution on clinical outcomes following percutaneous vertebroplasty (PVP) for osteoporotic vertebral compression fractures (OVCF) in the elderly.



Methods: Retrospective analysis of 160 patients diagnosed with OVCF who underwent PVP treatment from March 2018 to December 2020. Based on the kind of postoperative bone cement distribution, bone cement was classified as types I, II, III, IV, and V. Visual Analog Scale (VAS), Oswestry Disability Index (ODI), Cobb angle, anterior vertebral height ratio, refracture rate of injured vertebrae, and incidence of adjacent vertebral fractures were compared for the five types before and after three days, and one year of operation.



Results: VAS and ODI at three days and one year postoperative were significantly lower than those preoperative (P < 0.05) for all five distribution types. VAS and ODI for types I, II, and III were lower at one year postoperatively than for types IV and V (P < 0.05). There was no significant difference in Cobb angle and anterior vertebral body height ratio between preoperative and three days postoperative groups (P < 0.05); however, there were significant differences between three days and one-year postoperative and preoperative groups (P < 0.05). Following one year of surgery, the Cobb angle and the anterior vertebral height ratio of types IV and V were significantly different from those of types I, II, and III (P < 0.05), and there was a statistically significant difference between types IV and V (P < 0.05). In terms of the incidence of injured vertebral refractures and adjacent vertebral fractures, the evenly distributed types I, II, and III were significantly lower than the unevenly distributed types IV and V, and the incidence of type V was higher (P < 0.05).



Conclusions: The clinical efficacy of cement distribution following PVP of types I, II, and III is better than that of types IV and V, which can better relieve pain with long-lasting efficacy and minimize the occurrence of refractures of injured vertebrae and adjacent vertebral body fractures.
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percutaneous vertebroplasty, osteoporotic vertebral compression fracture, bone cement distribution, osteoporosis, clinical efficacy





Introduction

The incidence of osteoporotic vertebral compression fractures (OVCF) has increased yearly as the population ages (1). Percutaneous vertebroplasty (PVP) or percutaneous kyphoplasty (PKP) is an internationally recognized minimally invasive procedure for treating OVCF with low trauma and rapid recovery. It has been widely used in treating OVCF in the thoracolumbar spine with proven efficacy, becoming the gold standard for treating OVCF patients (2, 3). The mechanism of vertebroplasty is to fix microfractures and enhance the stability of the vertebral body by injecting bone cement into the vertebral body (4). Thus, the distribution of bone cement in the vertebral body is linked to clinical efficacy (5, 6). We investigated the correlation between the distribution type and clinical outcome by retrospectively analyzing the distribution type of postoperative bone cement in 160 patients with OVCF treated with PVP from March 2018 to December 2020, as reported below.



Materials and methods


Information


General information

Inclusion criteria: (1) osteoporotic patients, T-score of bone mineral density (BMD) ≤ −2.5; (2) single-segment osteoporotic vertebral compression fracture of the thoracolumbar spine; (3) age 60–85 years; (4) compression ratio of the injured spine ≤ 1/3; (5) MRI examination of the vertebral body T2W1 showed high signal, fat suppression sequence imaging with the presence of edema signal, and confirmed the diagnosis of OVCF; (6) imaging examination of the posterior wall and pedicle of the injured spine was intact, and there was no compression of the spinal canal. (7) The surgical method was PVP, and there was no postoperative cement leakage and spinal nerve injury; (8) patients with complete clinical, imaging, and follow-up data, or patients who could be followed up retrospectively; (9) the distribution of the bone cement in the lateral position was all located in the anterior 2/3 of the vertebral body and as close as possible to the upper endplates. Exclusion criteria were as follows: (1) patients unable to tolerate surgery prone; (2) patients with pathological fractures caused by tumor or infection; (3) patients with severe medical diseases.



Classification method

Based on the frontal X-ray of the vertebral body, three vertical lines were drawn in the middle of the central spinous process and the inner edge of the pedicles on both sides; as a result, the vertebral body was classified into 1 to 4 regions. The distribution pattern of bone cement was divided into five types based on the distribution location of bone cement in the vertebral body, the first of which was the type I, where most of the bone cement was continuously and evenly distributed in the vertebral body (regions 1–4); type II, where most of the bone cement was distributed in the central part of the vertebral body (regions 2 and 3); type III, with most of the bone cement, distributed on both sides of the vertebral body (regions 1 and 4); type IV, in which most of the bone cement was concentrated on one side and in the center of the vertebral body (regions 1 and 2, or regions 3 and 4); type V, most cement was concentrated on one side of the vertebral body (region 1 or 4). Note on classification: “Most of the cement” referred to the main body of the cement, not “all of the cement” (7) (Figure 1).


[image: Figure 1]
FIGURE 1
(1) Vertebral body division picture; (2) bone cement distribution pictures. (2A) Type I; (2B) Type II; (2C) Type III; (2D) Type IV; (2E) Type V.




Grouping data

A total of 160 patients with OVCF fractures were included. The study comprised 52 males and 108 females aged 60–83 years (mean: 68.91 ± 8.19 years), with a body mass index (BMI) of 14.07–32.09 kg/m2 (mean: 22.55 ± 3.23 kg/m2), BMD of −4.12–2.48 (mean: −3.22 ± 0.31), operating time of 32–58 min (mean: 44.89 ± 5.40 min), and follow-up time of 12–27 months (mean: 18.02 ± 4.02 months). Lesioned vertebral body sites: T6 in four cases, T7 in six cases, T8 in five cases, T9 in seven cases, T10 in 13 cases, T11 in 13 cases, T12 in 17 cases, L1 in 24 cases, L2 in 30 cases, L3 in 26 cases, L4 in 10 cases, and L5 in five cases. Bone cement distribution type was as follows: Type I: 37 cases, 12 males and 25 females; age 60–80 years, mean age 70.5 years. Type II: 31 cases, 10 males and 21 females; age 60–81 years, mean age 71.5 years. Type III: 35 cases, 13 males and 22 females; age 62–83 years, mean age 72.5 years. Type IV: 29 cases, nine males and 20 females; age 61–83 years, mean age 70.6 years. Type V: 28 cases, eight males and 20 females; age 61–82 years, mean age 69.3 years. There was no statistically significant difference between the data of gender, age, BMI, BMD, operation time, and follow-up time of patients of each type (P > 0.05), which were comparable, as shown in Table 1.


TABLE 1 General data.
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Methods


Surgical methods

The surgeries were performed by clinically experienced surgeons who strictly followed the same operation protocol. The patient was placed in a prone position with hands raised and shoulder and pelvic cushions. The surgical bed was reversed in a V-shape to allow posterior spine extension for repositioning. G-arm fluoroscopy was used to locate and observe the repositioning of the compressed vertebrae. After reaching the requirements, the procedure was performed under local anesthesia with routine disinfection and towel laying. The puncture and surgical instruments of matching diameters were selected according to the puncture site of the thoracolumbar spine. The 3.0 mm diameter puncture needle was used for the lumbar and lower thoracic vertebrae. The puncture was performed under G-arm fluoroscopic monitoring with a bilateral pedicle approach. After a successful puncture, the 4.2 mm working sleeve was replaced, inserted into the vertebral body, and drilled to the anterior middle and lower 2/3 of the vertebral body. A bone cement push rod was inserted, and bone cement from the mid to late stages of the draw was slowly and repeatedly pushed into the vertebral body under X-ray fluoroscopy, no more than 0.3 ml at a time, and observed for leakage of bone cement. Antibiotics were used for 1–3 days following surgery, and after 1–3 days of bed rest, the waist circumference could be assisted to get out of bed, and anti-osteoporosis treatment was standardized after discharge.




Main observation indicators

The basic data of each type of patient were recorded and compared, including pain VAS, ODI, Cobb angle, anterior vertebral height ratio, and the incidence of refracture of the injured vertebra and adjacent vertebral fracture; one day before surgery, three days and one year after surgery. ODI was based on the Oswestry dysfunction index scale excluding sexual life, and the total value of the actual score/45 was used. The Cobb angle was measured by drawing a horizontal line at the upper edge of one cone on the injured vertebra and a horizontal line at the lower edge of the lower cone on the damaged vertebra; the angle of intersection of the two lines was the Cobb angle. The anterior vertebral height ratio is measured at the most significant point of vertebral compression/the average of the measurements of the same part of the adjacent upper and lower vertebrae × 100%.



Statistical methods

Statistical analysis was performed on all data in this study using SPSS 26.0. The measurement data were tested for normality and conformed to normal distribution. Multiple group comparisons were conducted using one-way ANOVA, and pairwise comparisons were conducted using the SNK-q test, expressed as [image: Table 2] count data were tested by χ2 test or Fisher's exact probability method, expressed as a rate (%). A difference in statistical significance was indicated by P < 0.05.




Results


Comparison of basic data

There was no significant difference between all categories of patients (P > 0.05) when basic characteristics such as gender, age, BMI, BMD, operation time, and follow-up time were compared (Table 1).



Comparison of VAS and ODI between groups

There was no significant difference in VAS and ODI between groups before and three days after surgery (P > 0.05). Still, VAS and ODI were significantly reduced (P < 0.05) at three days and one year after surgery than before. However, VAS and ODI of types IV and V at one year postoperatively were significantly higher than those of types I, II, and III (P < 0.05), as shown in Table 2.


TABLE 2 Comparison of VAS and ODI between groups.

[image: Table 2]



Comparison of Cobb angle and anterior vertebral height ratio between groups

There was no significant difference in Cobb angle and anterior vertebral body height ratio between the preoperative and three days postoperative groups (P > 0.05); however, there were significant differences between three days and one-year postoperative as compared to preoperative (P < 0.05). After one year postoperatively, there were statistically significant variations in Cobb angle and anterior vertebral body height ratio between types IV, V, and types I, II, and III (P < 0.05), and there was a statistically significant difference (P < 0.05) between types V and IV (Table 3).


TABLE 3 Comparison of Cobb angle and anterior vertebral body height ratio between groups.

[image: Table 3]



Comparison of refractures of injured vertebrae and adjacent vertebral fractures between groups

The distribution of 160 reinforced vertebrae in T6-L5, the occurrence of injured vertebrae refracture, and adjacent vertebrae fracture are shown in Table 4. The results revealed that the incidence of refractures of injured vertebrae and adjacent vertebral body fractures in patients with types IV and V was significantly higher than that of types I, II, and III and were higher in type V than type IV. The differences were statistically significant (P < 0.05). Typical cases are displayed in Figures 2, 3.


[image: Figure 2]
FIGURE 2
The patient was a 72-year-old female diagnosed with an osteoporotic vertebral compression fracture of T12. (A) is a preoperative MRI film suggesting a fresh vertebral compression fracture of the T12 vertebra; (B,C) are frontal and lateral X-rays after percutaneous vertebroplasty, showing a type I cement distribution and good cement dispersion.



[image: Figure 3]
FIGURE 3
The patient was a 75-year-old male diagnosed with an osteoporotic vertebral compression fracture of T11. (A) is a preoperative MRI film suggesting a fresh vertebral compression fracture of the T11 vertebra; (B,C) are frontal and lateral X-rays after percutaneous vertebroplasty, showing a type IV cement distribution and poor cement dispersion.



TABLE 4 Comparison of refractures of injured vertebrae and adjacent vertebral fractures between groups.
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Discussion

Studies have shown that PVP/PKP are superior to non-surgical treatment to relieve acute, subacute, and chronic osteoporotic vertebral compression fracture pain (8, 9). Therefore, vertebroplasty has become the preferred treatment strategy for OVCF. For OVCF patients with persistent severe pain, vertebroplasty intervention within two months is more effective (10, 11). However, factors such as the expertise and technical proficiency of the operating surgeon during vertebroplasty, as well as the duration of vertebral injury, cement viscosity, cement volume, and degree of osteoporosis, can all impact the therapeutic effect of the procedure. According to literature (12), insufficient intravertebral filling with bone cement is the primary reason for poor pain relief after vertebroplasty. Hence, Cement distribution in the vertebra during vertebroplasty is closely linked to pain relief and durability of curative effect after surgery. This is because the distribution of bone cement affects the strength and biomechanical stability of the strengthened vertebral body (13). There is currently no simple and practical approach for evaluating the distribution of bone cement in clinical practice. In this study, the vertebral body was divided into four regions based on the central vertical line and the vertical line of the inner edge of the bilateral pedicles on the postoperative frontal X-ray film, and it was classified into five groups, I to V, based on the different types of postoperative bone cement dispersion. This typing approach is simple, easy to use, highly reliable, reproducible, more accurate, refined, and standardized than diffusion shape typing alone. Moreover, it can well meet the needs of clinical evaluation. If there is bone cement leakage in this study, even if it does not cause clinical symptoms, it should be excluded to avoid the impact of cement leakage on adjacent vertebral refracture. For this reason, typing on lateral films was not performed in this study.

In the current study, the postoperative anterior X-ray films were examined, and it was observed that the distribution of bone cement was different, and the postoperative effects were not the same. Therefore, it was speculated that the distribution of bone cement influenced the surgical effect. Bone cement types I, II, III (uniform distribution), and IV, V (non-uniform distribution) significantly reduced the postoperative VAS and ODI of OVCF patients, suggesting that the injection of bone cement into the diseased vertebrae stabilized microfractures and damaged nerve endings in the vertebral body. Moreover, it was evident that the efficacy of this technique was significant, and it could effectively relieve pain and offer clinical effectiveness. However, the follow-up found that VAS and ODI of patients with bone cement diffusion for types I to III was lower than those of type IV to V patients one year after the operation, indicating that the asymmetric distribution of bone cement will affect the long-term efficacy of vertebroplasty. The reason might be that there was no bone cement filling on the contralateral side of the vertebral bodies of type IV and V distribution, leading to failure to stabilize local microfractures and destroy local nerve endings and the lack of pain symptoms relief in the unfilled test due to biased load shifting inside the vertebral body. There is also a correlation between the efficacy of vertebroplasty and the vertebral height and Cobb angle improvements. It has been reported that vertebroplasty can partially restore the height of the injured vertebra and rectify spinal deformity (14–16). This study's findings demonstrated that PVP reduces the Cobb angle and restores the anterior vertebral height ratio without considering the distribution of bone cement. If the bone cement is distributed in type I-III within the vertebral body, the vertebral body height can be better maintained, and the risk of postoperative local kyphosis and vertebral body height loss can be reduced. This results from the dispersion of type I–III bone cement, which enables the bone cement and cancellous bone to be more closely linked, thereby increasing the strength and stiffness of the vertebrae and decreasing the likelihood of vertebral height loss and kyphosis deformity following PVP (17). Types IV and V cement cannot adequately fill the fractured vertebral body, resulting in decreased strength and stiffness of the vertebrae and, as a result, are unable to provide effective support, which causes an increase in the Cobb angle and a decrease in the vertebral height ratio (18).

Through retrospective analysis of case data, we believe that the different types of postoperative bone cement dispersion are connected to the segment of the fractured vertebral body, the puncture angle, the degree of osteoporosis, and the degree of compression of the injured vertebrae. Due to the different segments of the injured vertebrae, the closer to the upper and middle thoracic vertebrae, the smaller the volume of the vertebral body, especially the high thoracic vertebrae, which are difficult to puncture. Because the unilateral parapedicular technique is often employed for a puncture, the postoperative cement distribution is higher in type IV or V. Therefore, for patients with thoracic OVCF, bilateral pedicle puncture promotes good bone cement diffusion, which is significant for increasing postoperative clinical efficacy. When the bilateral puncture is performed, because there are bilateral channels, the bone cement can be injected at a later stage of lasing. Simultaneously, bilateral injection of bone cement makes the bone cement more uniformly distributed in the vertebral body. Therefore, bilateral punctures should be performed whenever possible; there is no significant difference in trauma and operative time in bilateral and unilateral punctures (19). If the patient cannot tolerate the procedure physically for an extended period, the unilateral puncture is required to reduce operative time by increasing the puncture angle during the procedure, while the cement injection point should be close to the midline. The lower thoracic and lumbar vertebrae are often treated using a puncture approach with a relatively large volumes of cement injection, which is common for types I to III. In patients with types IV and V, the puncture angle should be increased intraoperatively, and bilateral punctures should be used as often as possible to compensate for poor diffusion. Also, in order to exclude the impact of the involved segments of different patients on the results of bone cement distribution after PVP, we observed 84 T11 to L2 vertebrae in this study individually. We found that the clinical efficacy of type I, II, and III bone cement distribution in T11 to L2 vertebrae remained superior to type IV and V.

This study demonstrated that maintaining the intraoperative bone cement dispersion to types I-III greatly reduces the incidence of postoperative refracture of adjacent vertebrae. Chevalier et al. (20) concluded that adequate dispersion of bone cement within the upper and lower endplates of the vertebral body reduced the incidence of postoperative vertebral body recollapse or fracture. Bone cement injection into the vertebral body shows different types and divisions. Type I bone cement diffuses to regions 1–4, where the injured vertebra has the best strength recovery, and the force balance between the injured vertebra and the adjacent vertebral bodies is the most stable. In types II and III, the bone cement is distributed in at least two parts of the vertebral body. The mechanics of the injured vertebra and the adjacent vertebral body remain balanced. Types IV and V (uneven distribution of bone cement), in which the majority of the bone cement is distributed in the pedicle area and a portion of the central area on one side of the vertebral body (type IV) or the main body of bone cement is distributed only on one side of the vertebral body (type V), the injured vertebra is in a state of imbalance with the adjacent vertebral body, which may lead to adjacent vertebral body fractures and refractures. In this study, one case of adjacent vertebral fracture occurred in type I, one in type II, three in type III, nine in type IV, and 16 in type V. Refractures after PVP mainly occurred in type IV and V patients. One probable explanation is that when the bone cement becomes IV and V type (unilateral distribution), the vertical compression force of the whole vertebral body shifts to the other side, increasing the vertical stress of the adjacent vertebral body. The vertebral body, however, is too stiff after being cemented, and the stresses are unevenly distributed, which will be transmitted to the intervertebral disc and the adjacent vertebral body, thus leading to fracture of the adjacent vertebral body and refracture of the injured vertebra. As a result, proper bone cement distribution is critical to reducing the risk of adjacent vertebral fractures. Liang et al. (21) used finite element analysis and found that the maximum von Mises stress in cancellous bone significantly increased in poorly cemented vertebrae compared to adequately cemented vertebrae, making them more prone to recollapse. Chen et al. (22) reported that the unilateral bone cement distribution made the stiffness of both sides of the vertebral body significantly different, resulting in unbalanced stress on both sides. Therefore, the bilateral symmetry should be maintained as much as possible during the injection of bone cement, as the asymmetric distribution will cause unbalanced stress transfer in the injured vertebra. Therefore, the type I dispersion is probably the ideal type. Types II and III dispersion can still achieve good clinical efficacy when type I dispersion cannot be satisfied.

In this study, in order to exclude the effect of different distribution of bone cement in the lateral position, we restricted the distribution of bone cement in the lateral position at the time of inclusion criteria. All included patients required that the distribution of bone cement in the lateral position should be located in the anterior 2/3 of the vertebral body and as close as possible to the upper endplates.

In clinical work, we should pay attention to the following points to achieve type I or symmetrical distribution as much as possible: (1) preoperative precise positioning and fluoroscopy should ensure the accurate location of the injured vertebral body and the needle insertion point; (2) when the puncture needle enters the pedicle, the puncture site should be positioned in the center lateral region of the articular process. Before the operation, a 2.0 thin guiding needle can be inserted into the pedicle, dependent on the position of the fracture target. According to the deviation of the guide needle from the fracture target, the puncture needle can be adjusted by altering the stress. (3) When puncturing the upper and middle thoracic vertebrae, the puncture angle should be inclined toward the cephalad, the abduction angle should be adequately increased, and bilateral puncture should be selected as much as possible. Under X-ray fluoroscopy, the bone cement should be filled sequentially through the working sleeve from vertebral body regions 2 and 3 to 1 and 4, and the direction of the puncture needle, as well as the position and amount of bone cement filling, should be moderately adjusted based on intraoperative fluoroscopic data and the direction of bone cement dispersion. (4) The injection timing should be determined according to the preoperative bone density and imaging, and if the osteoporosis is severe, the injection should be performed during the bone cement toothpaste period. If it is not severe, it can be administered during the drawing period to ensure adequate dispersion of bone cement; (5) If there is intraoperative bone cement leakage, the bone cement injection point should be stopped or adjusted in time.

The current study has certain limitations. First, this is a retrospective study, not a prospective, large-sample, multicenter study, and there is no empirical evidence for relevant in vitro biomechanical studies. Second, to observe the distribution of bone cement in the current investigation, the typing method was performed on two-dimensional X-ray anterior radiographs rather than three-dimensional stereoscopic images. Finally, there are many methods to define bone cement distribution, and further in-depth research is required for the distribution method used in this study. A new instrument is expected to improve the distribution of types I, II, and III bone cement. It is also believed that a new instrument can better achieve the distribution of types I, II, and III bone cements.

In conclusion, the evaluation method of bone cement distribution used in this study has the characteristics of easy operation, high reliability and repeatability, apparent differentiation of curative effect, accurate complications prediction, and certain clinical applicability. Simultaneously, bone cement type I distribution may provide the best clinical efficacy. If type I distribution cannot be attained, types II and III are acceptable suboptimal states.
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Background: Percutaneous extra-pedicular kyphoplasty can achieve better clinical results than transpedicular kyphoplasty. However, lumbar segment artery injury as a disaster complication limits its clinical application.



Objective: To describe and evaluate a modified trajectory of kyphoplasty for the treatment of osteoporotic vertebral compression fractures (OVCF).



Methods: Eighty-one patients who underwent percutaneous kyphoplasty (PKP) for lumbar OVCF at our hospital between May 2017 and May 2021 were enrolled. The patients were divided into an observation group (via the superior pedicle approach) and a control group (via the transpedicular approach) according to the surgical trajectory. The surgical procedure was described in detail, and the imaging parameters were recorded. Preoperative and postoperative clinical data were collected for statistical analysis.



Results: PKP via the superior pedicle notch approach could offer large abduction and cranial inclination angles without serious complications. The rate of paravertebral leakage was significantly lower in the observation group than in the control group. Surgery with a superior pedicle notch approach had a shorter operative time and fewer fluoroscopies.



Conclusions: PKP via the superior pedicle notch approach is a modified extra-pedicular approach for lumbar osteoporotic vertebral compression fractures. This trajectory is an easy-to-use target position because it enters the vertebral body directly. A shorter operative time and lower radiation exposure can enhance recovery after surgery.
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Introduction

Percutaneous kyphoplasty (PKP) is a procedure based on percutaneous vertebroplasty (PVP) that uses an expandable balloon to provide good resetting of the compressed vertebral body followed by cement augmentation (1). The transpedicular approach is the most commonly used surgical approach for PKP and is divided into unilateral and bilateral punctures. Some scholars (2–4) have reported that a unilateral approach to PKP can achieve similar clinical results to the bilateral approach, while reducing operative time, radiation exposure, and the incidence of surgical complications. However, owing to the anatomical characteristics of the pedicle, unilateral puncture does not easily reach the center of the vertebral body, and there is a risk of asymmetric distribution of bone cement, which subsequently results in vertebral biomechanical imbalance and even vertebral refracture (5). To compensate for this deficiency, it has been suggested that a parallel extra-pedicular approach be used, which has a lower probability of puncture failure and allows bilateral cement dispersion (6, 7). However, Liu et al. (8) showed that the lumbar segmental artery is closely related to the trajectory of this approach, and that puncture is prone to segmental artery injury. Heo (9) reported a case of severe segmental artery injury resulting in hemorrhagic shock due to this approach. Few studies (10, 11) tried to modify the extra-pedicular approach through cadaveric and clinical studies to avoid this disaster. There are few cases to compare these approaches as well as a lack of accurate technical descriptions and analyses. Therefore, further studies on the puncture path, surgical details, and clinical efficacy of the extra-pedicular approach to PKP are necessary. In this study, the superior pedicle notch was used as the bony entry point for the modified extra-pedicular approach in our center, which was applied in osteoporotic vertebral compression fracture (OVCF) of the lumbar spine and compared with the bilateral transpedicular approach to PKP to evaluate its advantages and disadvantages.



Materials and methods


Patient population

A retrospective collection of patients who underwent PKP for lumbar OVCF at our hospital from May 2017 to May 2021 was enrolled in this study. The inclusion criteria were as follows: low energy injury resulting in fracture and pain; area of pain consistent with imaging without neurological symptoms; bone density T-value <−2.5; and preoperative imaging data confirming the diagnosis of fresh compression fracture with AO classification of A1 fracture. The exclusion criteria were as follows: combination of metabolic bone disease; vertebral hemangioma; osteolytic vertebral metastases; vertebral burst fracture; posterior ligament complex injury; Kümmell's disease; and incomplete imaging data. A total of 81 patients were enrolled. Among them, 74 patients had single vertebral fractures and seven had double vertebral fractures, totaling 88 vertebrae. Forty-seven vertebrae underwent the unilateral superior pedicle notch approach (observation group), and 41 vertebrae underwent the bilateral transpedicular approach (control group). Data on age, sex, body mass index (BMI), fracture segment, preoperative visual analog scale (VAS) score, and preoperative Oswestry Disability Index (ODI) scores were collected from the patients in the enrolled group. The measurement data are expressed as (±SD). Count data were expressed as percentages. Table 1 presents the general statistics.


TABLE 1 General information and comparison of patients enrolled in the group.
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Design of the ideal trajectory

The DICOM format file of the CT scan was retrieved, the fractured vertebral body was modeled, and the puncture path was simulated using MIMICS software 17.0(Materialise Interactive Medical Image Control System, Materialise Company, Leuven, Belgium) (Figure 1). The bony entry point (red point P, Figures 1A–C) was set in the junction of the superior pedicle notch and vertebrae; the destination (point M, Figures 2D–F) was in the midline of the vertebral body in the cross-section and the anterior middle third of the lateral vertebral body; point P was the bony entry point. The line between the final target point and the bony entry point is the ideal trajectory (line MP, Figures 2D–F), and the intersection of its extension with the skin is the skin entry point (point O, Figures 2D–F).


[image: Figure 1]
FIGURE 1
3d simulation diagram of PKP via superior pedicle notch approach. (A–C) the side view, top view and posterior view of the bony puncture entry point of PKP in the ideal state, respectively; the puncture needle is simulated with a long green rod, and the red P point is the bony entry point. (D–F) the models of the vertebral body after transparent treatment; the thick blue line in (D,E) and the light blue box in (F) represent the skin, and the green dotted line represents the vertebral body midline Point M is the final puncture target point, located in the midline of the orthotropic vertebral body and the anterior middle third of the lateral vertebral body; point P is the bony entry point, located at the superior pedicle notch; point O: is the skin entry point, derived from the extension of the line connecting point M and point P intersecting with the skin. M′ and P′ points are the projection points of M and P points on the skin, respectively.



[image: Figure 2]
FIGURE 2
Establishment of body surface marker lines in the observation group. (A) Setting the dorsal skin marker line. Point M′ is the projection point of the final puncture target in the skin, and point O is the skin entry point; (B) Schematic diagram of the orthogonal vertebral body projection. Point M′ is the central projection point of the vertebral body, and point P′ is the bony approach projection point.




Surgery procedure

Control group: The specific operation was performed according to expert consensus on the standardized operation of PKP, 2018 version (11).

Observation group: The patient was placed in the prone position. The centroid of the vertebral body (point M′, Figures 2A,B) and the outer superior edge of the pedicle projection (point P′, Figure 2B) were marked using fluoroscopy, and the marker lines from M′ and P′ were drawn on the skin (Figure 2A, line M′O). The appropriate distance L can be measured on preoperative CT (Figure 2A, point O). All patients were under local anesthesia, including the skin, subcutaneous tissue, articular synovial joint, and local periosteum at the bony entry point. A 18G puncture needle (Figure 3A) was inserted from the skin puncture point with 40° of abduction following the direction of the marker line (6), and the needle tip was slipped over the supra-articular process, then the needle tip reached the junction of the superior pedicle notch and the vertebrae. Under anterior-posterior (Figure 3A) and lateral fluoroscopy views, the tip of the needle is in an ideal position (Figures 3A,G), which is the bony entry point. The needle core was removed, and the sequence of the guide wire-dilating cannula-hollow puncture sleeve was gradually expanded to establish a puncture channel (Figure 4). For stability, the Jamshidi needle was replaced and continued to enter 1 cm by tapping. The expansion of the bone channel, balloon expansion, bone cement injection (Figure 4), and remaining steps were the same as those in the control group. Communication with the patient was maintained at all times during puncture and augmentation, and the puncture route was promptly corrected if lower-limb neuralgia occurred.


[image: Figure 3]
FIGURE 3
Procedure of percutaneous puncture to the bony entry point. (A) puncture needle puncture positioning to P point and local anesthetic injection; (B) puncture sleeve replacing the puncture needle; (C) working sleeve replacing the puncture sleeve; (D) after anchoring the bony entry point, replacing it with a Jamshidi needle to further enter into the vertebral body. (E–H) Represents the situation monitored by x-ray during operation.
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FIGURE 4
Percutaneous kyphoplasty using a single-balloon device preformed in L2 lumbar vertebra. (A–D) the imaging of cement augmentation after kyphoplasty (D,E).




Outcome measurements


Imaging-related observation index

Vertebral body height and its improvement rate: x-rays were taken before surgery and 2 days after surgery, with the injured vertebra as the center, and the anterior margin and middle height of the lateral vertebral body were measured using miPlatform 3.0 software (Haina Medical Information Beijing Software Technology Co., Ltd.). The vertebral height improvement rate was evaluated according to the method of Yi et al. (12): vertebral body height (mm) = (anterior margin height + middle height)/2, expected injured vertebral height (mm) = (upper adjacent vertebral body height + lower adjacent vertebral body height)/2, and injured vertebral height improvement rate = (postoperative injured vertebral height–preoperative injured vertebral height)/(injured vertebral height expectation–preoperative injured vertebral height) × 100%.

Bone cement distribution and leakage: CT was re-examined 2 days after surgery, and the distribution of bone cement (unilateral distribution: bone cement is distributed only on one side of the vertebral body midline, bilateral distribution. It is distributed on both sides of the vertebral body midline), and leakage of bone cement (recorded by leakage site) was observed using miPlatform 3.0.

Puncture angle: On the postoperative 3D reconstructed CT, the abduction angle (the angle was set between the puncture trajectory and the median line on the section where the puncture needle was located. The average value of both sides was taken for the control group (Figure 5A,C), and the cranial inclination angle was set between the angle between the projection of the puncture trajectory on the sagittal plane of the vertebral body and the vertical line of the posterior edge of the vertebral body. The average value of both sides was taken for the control group (Figure 5B,D), and both were measured according to the puncture needle tracked.


[image: Figure 5]
FIGURE 5
(A) The abduction angle α and β via the transpedicular approach. (B) The cranial inclination angle δ via transpedicular approach. (C) The abduction angle γ via the superior pedicle notch approach. (D) The cranial inclination angle θ via the t superior pedicle notch.




Surgical operation-related observation index

We recorded the puncture fluoroscopy time, cement-enhanced fluoroscopy time, procedure time, and volume of cement injection. The VAS scores were obtained on postoperative day 2. The ODI scores were recorded at the last follow-up.




Statistical analysis

SPSS 18.0 software (Statistical Product Service Solutions, IBM Corporation, New York, America) was applied for statistical analysis. The count data were compared using the chi-square test, and the measurement data were compared using an independent sample t-test.




Results

All 74 patients enrolled in the group successfully completed the surgery without intraoperative puncture nerve root injury, spinal cord injury, segmental artery injury, hemorrhage, device fracture, or balloon rupture. One patient in the observation group experienced nerve root harassment during puncture, and after adjusting the puncture direction and applying gradual sleeve expansion, no further nerve irritation occurred. In the control group, one patient developed an intraoperative bone cement reaction, and the patient's vital signs recovered smoothly after ceasing the injection immediately and administering methylprednisolone 500 mg intravenously. The follow-up period for all patients was over one year.


Imaging results

There was no statistically significant difference in the rate of improvement of vertebral body height between the two groups (P > 0.05). The abduction and cranial inclination angles in the observation group were significantly greater than those in the control group (P < 0.05) (Table 2). There was no significant difference in the unilateral distribution rate of bone cement between the two groups (P > 0.05). All the cement leakages in this study were asymptomatic. The rate of paravertebral leakage in the observation group was significantly lower than that in the control group (P < 0.05). There were no significant differences in the intradiscal, intervertebral disc, and intervertebral foramen leakage rates between the two groups (P > 0.05) (Table 3).


TABLE 2 Rate of improvement in vertebral body height, abduction angle, and cranial inclination angle (x ± s).
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TABLE 3 Distribution and leakage of bone cement (%).
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Surgical operation-related indicators

The observation group had fewer fluoroscopies during surgery than the control group, which was statistically different (P < 0.05). The observation group had a shorter operative time, which was significantly different from that of the control group (P < 0.05). There was no statistically significant difference in the amount of bone cement injected between the two groups (P > 0.05).

The postoperative VAS scores in the observation and control groups were 2.01 ± 0.77 and 1.93 ± 0.56 points, respectively. There were no statistically significant differences between the two groups (P > 0.05). The OID score at the last follow-up was 24.15 ± 13.10 in the observation group and 27.50 ± 10.22 in the control group, with no statistical difference.




Discussion

PKP, a mature technique for vertebral augmentation, is commonly performed in medical institutions worldwide (13). Traditional PKP via the bilateral pedicular approach can achieve good vertebral height restoration and bilateral diffusion of bone cement but may result in complications during puncture, such as nerve root and spinal cord injury, arch fracture, segmental artery injury, and uneven distribution of bone cement (5, 14). In particular, for patients with pedicle dysplasia, poor visualization due to osteoporosis and scoliosis makes transpedicular puncture more difficult, so the possibility of discovering alternative puncture routes has attracted the interest of many scholars.

In 1990, Brugieres (15) first used an extra-pedicular approach for biopsy of the central thoracic vertebral body, believing that this approach would allow easier access to the vertebral body center. Later, some authors (16, 17) used this approach in PKP for OVCF of the thoracic spine and concluded that the unilateral extra-pedicular approach not only allowed cement dispersion in the center of the vertebral body but also prevented pedicle fractures and spinal cord injuries due to puncture. Ringer et al. (18) systematically reviewed different surgical approaches for vertebral augmentation and suggested that the extra-pedicular approach could also be used for the lumbar spine. They described an extra-pedicular approach via the lateral border of the transverse process to the vertebral body, which resulted in the puncture reaching the center of the vertebral body or even the contralateral side, allowing bilateral diffusion of the cement. However, some researchers have found that this approach is often close to segmental arteries, which poses a risk of injury and may lead to retroperitoneal hematoma or even hemorrhagic shock (9). To avoid these serious complications, Liu et al. (8) investigated the relationship between the position of the segmental artery and vertebral pedicle and showed that the segmental artery is easily damaged during the traditional extra-pedicular approach, while the lateral area of the posterior superior margin of the vertebral body is relatively safe. Cho (10) concluded that the connection between the vertebral body and superior lateral pedicle is a safe bony entry point, but the skin entry point setting and puncture trajectory were not described and were not further extended to clinical application.

In this study, we adopted the junction of the superior pedicle notch and vertebra as the bony entry point, which is stable and safe in anatomy. This approach has several advantages compared to the transpedicular approach; moreover, this trajectory contributed to the large angle of abduction and cranial inclination toward the transpedicular approach. In the observation group, the average abduction angle was 30.15 ± 4.72°, and the cranial inclination angle was 28.22 ± 3.08°. An oblique trajectory due to cranial inclination can avoid artery injury. A large abduction angle leads to the middle part of the vertebra. Before entering the vertebral body, the needle is easily repositioned because there is no bony limitation, and the entry point in front of the spinal canal effectively decreases the potential risk of spinal cord injury. However, this trajectory seems to cause irritation of the exiting nerve even after injury. To avoid this disadvantage, we performed the procedure under local anesthesia. Additionally, patient feedback played a role in safety. In order to decrease the surgical trauma and nerve injury risk, we prefer to use an 18G puncture needle instead of the Jamshidi needle.

The results of this study showed that the observation group had a shorter operative time and less radiological exposure than the control group (Table 4). The first bony entry point of the PKP via the superior pedicle notch is the vertebral cortex, which can enter the vertebral body directly without the manipulation of pedicle puncture, thus reducing radiological exposure during the puncture phase. In addition, performing balloon inflation and bone cement injection unilaterally reduces the number of operative steps and saves time. This offered shorter prone time and greater tolerance of this procedure in elderly patients, which is similar to the results of previous studies comparing unilateral and bilateral approaches (4, 19). These advantages contribute to enhanced recovery after surgery in patients.


TABLE 4 Intraoperative observation index (x ± s).
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The bone cement distribution is an important indicator of vertebral augmentation. Lin (20) showed that the distribution of bone cement can be used as a predictor of the efficacy of unilateral PKP and that uneven cement distribution can lead to vertebral biomechanical imbalance and even vertebral refracture (5). In this study, the bone cement distribution was observed by CT, and the results showed that only 6.8% of the vertebrae in the observation group showed unilateral distribution, which was better than that in previous studies, showing that the superior pedicle notch approach can easily reach the center of the vertebral body, which can effectively reduce the uneven distribution of bone cement and subsequently achieve a similar amount of bone cement injection as the control group. Bone cement leakage is a common complication of vertebral body strengthening, and Klazen (21) observed a leakage rate of up to 72% in PVP using CT in a large-sample multicenter trial. In our center, we also observed bone cement leakage under CT and counted different leakage types separately, and found that the paravertebral leakage rate in the observation group was 25.5%, which was significantly lower than that in the control group (51.2%). This was possibly because the injection target in the observation group was closer to the center of the vertebral body and far from the basin venous foramen and fracture fissure on the lateral wall of the vertebral body, and the pressure gradually decayed when the cement spread to the periphery, thus reducing paravertebral leakage. There were no statistically significant differences in the rates of intradiscal, intervertebral disc, or foraminal leakage between the two groups, indicating that our approach did not increase the risk of these types of leaks. In addition, the results of this study showed that the postoperative VAS scores, OID scores, and vertebral body height improvement rates improved significantly in both groups, and there was no significant difference between the two groups, indicating that short-term pain relief and vertebral body height restoration were comparable between the two approaches.

The superior pedicle notch approach for PKP has some shortcomings. The bony entry point of this approach is located near the intervertebral foramen, which poses a risk of exit-root injury, especially in those with narrow intervertebral foramina due to scoliosis or collapsed intervertebral spaces. In our center, a step-by-step sleeve was used to perform blunt expansion during puncture, which also was used to establish the lumbar endoscopic working channel, and can decrease the risk of injury. This approach was inspired by our experience with percutaneous spinal endoscopy, and we believe it is worth promoting, as it is effective in avoiding nerve root and artery injuries. In addition, a case of asymptomatic leakage of bone cement along the needle tract in the intervertebral foramen region occurred in the observation group. This type of leakage is a potential complication specific to this approach that requires vigilance. It has been reported (22) that good results can be achieved by percutaneous endoscopic removal of pain-causing leaking bone cement.

In conclusion, compared with the bilateral pedicular approach to PKP for lumbar OVCF, unilateral puncture via the superior pedicle notch can reach the center of the vertebral body to achieve bilateral cement dispersion, reduce operative time and intraoperative radiation exposure, and decrease the rate of paravertebral cement leakage, while obtaining the same vertebral body height, recovery rate, and clinical efficacy as the bilateral pedicular approach to PKP. In addition, direct access to the vertebral body provides a feasible surgical option for patients with OVCF and poorly developed pedicles and osteoporosis, resulting in poor pedicle visualization and scoliosis.
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Background: Recently, unilateral biportal endoscopic lumbar interbody fusion (BE-LIF) has been successfully applied for degenerative diseases of the lumbar spine, with good clinical results reported. However, the drawbacks include radiation exposure, limited field of view, and steep learning curves.



Objective: This retrospective study aimed to compare the results between navigation and non-navigation groups and explore the benefits of BE-LIF assisted by intraoperative O-arm total navigation.



Methods: A total of 44 patients were retrospectively analyzed from August 2020 to June 2021. Perioperative data were collected, including operative time, estimated intraoperative blood loss, postoperative drainage, postoperative hospital stay, radiation dose, and duration of radiation exposure. In addition, clinical outcomes were evaluated using postoperative data, such as the Oswestry Disability Index (ODI), visual analog scale (VAS), modified MacNab criteria, Postoperative complications and fusion rate.



Results: The non-navigation and navigation groups included 23 and 21 patients, respectively. All the patients were followed up for at least 12 months. No significant differences were noted in the estimated intraoperative blood loss, postoperative drainage, postoperative hospital stay, fusion rate, or perioperative complications between the two groups. The radiation dose was significantly lower in the navigation group than in the non-navigation group. The average total operation time in the navigation group was lower than that in the non-navigation group (P < 0.01). All clinical outcomes showed improvement at different time points postoperatively, with no significant difference noted between the two groups (P > 0.05).



Conclusions: Compared with the non-navigation approach, O-arm total navigation assistive BE-LIF technology not only has similar clinical results, but also can provide accurate intraoperative guidance and help spinal surgeons achieve accurate decompression. Furthermore, it can reduce radiation exposure to surgeons and operation time, which improve the efficiency and safety of surgery.
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Introduction

With the aging of the population, the number of patients with lumbar degenerative diseases (LDD) is gradually increasing. Minimally invasive spinal surgery (MISS) has been favored by spinal surgeons and patients in recent years because of less intraoperative trauma, less bleeding, less postoperative pain, and faster recovery (1). With the advancement of MISS, unilateral biportal endoscopic lumbar interbody fusion (BE-LIF) has become an alternative approach for treating LDD (2–4). Owing to separation of the endoscopic and instrument channels in the BE-LIF technique, the movement range of the endoscopic visual field is larger, and the instrument operation is more flexible. However, in the process of establishing the endoscopic and instrument channel, the instrument is sometimes not found due to the complex structure of spine anatomy (5). In addition, endoscopic surgery can allow a partially enlarged visual field under the endoscope; however, it cannot allow observing the surrounding anatomical reference objects under direct vision like open surgery, and the current anatomical location is unclear and easily lost in the field of vision, which has caused great confusion among doctors. Further, as with other minimally invasive endoscopic procedures, fluoroscopic assistance is essential for BE-LIF because it is required from the localization of the skin incision to the determination of the channel, satisfactory position of the fusion device in the intervertebral space, and placement of percutaneous pedicle screws (6, 7). Therefore, radiation exposure of surgeons is also a concern.

With the development of digital medical technology, the O-arm navigation system has been successfully applied in minimally invasive transforaminal interbody fusion (MIS-TLIF) and oblique lateral lumbar interbody fusion (OLIF), with good clinical results reported (8, 9). In addition, many studies have shown that they can effectively improve surgical efficiency and reduce radiation exposure in doctors (10, 11). However, to the best of our knowledge, the benefits of O-arm total navigation-assisted BE-LIF surgery have not been reported. Therefore, this study aimed to introduce BE-LIF assisted by intraoperative O-arm total navigation and compare it with traditional fluoroscopy-assisted BE-LIF to explore its strengths and weaknesses.



Material and methods


Study design and patient population

We retrospectively analyzed 44 patients with BE-LIF who were treated with O-arm total navigation assistance (21 patients) and traditional C-arm fluoroscopy assistance (23 patients) at our spine center from August 2020 to June 2021. This retrospective study was approved by the Ethics Committee of the Second Affiliated Hospital of the Army Medical University, and informed consent was obtained from all patients.

The inclusion criteria were as follows: (1) age ≥ 18 and ≤75 years, (2) definite diagnosis of single-level lumbar central canal stenosis with spondylolisthesis or instability and lumbar nerve root canal stenosis with spondylolisthesis or instability, (3) no response to appropriate conservative treatment over 3 months. The exclusion criteria were as follows: (1) anesthesia was not possible because of poor physical or mental condition; (2) high-grade (>grade 2) spondylolisthesis, spondylodiscitis, active infection, spinal fractures, history of lumbar surgery, and spine tumor. (3) Patients with less than 1 year follow-up and incomplete clinical data.

The choice of O arm or C arm-assisted BE-LIF was based on patients fully understanding the details, advantages and disadvantages, and total cost of the two methods, and making the final choice after fully considering communication with doctors and their own health insurance status. All the patients completed at least 12 months of follow-up. Perioperative data, including operative time, estimated intraoperative blood loss, postoperative drainage, postoperative hospital stay, radiation dose, and duration of radiation exposure, were collected for the navigation and non-navigation groups. Clinical outcomes were assessed using the visual analog scale (VAS) score (back pain score) and the Oswestry Disability Index (ODI) at baseline, 3 day, 3 months, 12 months after surgery. At the final follow-up, patient satisfaction was assessed according to the modified MacNab criteria (excellent, good, medium, or poor). Perioperative complications, including severe nerve root and epidural injuries, epidural hematoma, vascular injury, and incomplete decompression, were assessed. Spine fusion was evaluated by a radiologist using computed tomography (CT) images obtained at least 1 year after surgery. In the CT images, evident fusion was considered as bridging trabecular bone formation between the vertebral bodies.



BE-LIF assisted by O-arm total navigation surgical procedure

Under general anesthesia, the patient was placed prone on a radiolucent table. The reference frame was anchored to the iliac crest using a positioning needle (Figures 1A,B). Subsequently, an intraoperative CT scan and 3-dimensional (3D) images were obtained using the O-arm (O-arm Surgical Imaging System and Stealth-Station; Medtronic, Minneapolis, MN, USA) (Figure 1C). The obtained imaging data were automatically instantaneously transmitted to the navigation system, and a multiplanar image of the lumbar spine was reconstructed, including x-ray-like anteroposterior and lateral views, axial and sagittal planes of lumbar vertebrae, and even 3D images of the lumbar spine. Finally, the surgical instruments were registered to perform real-time tracking intraoperatively. Typically, the entire preparation process of the navigation system includes fixing the reference frame, O-arm scanning, image transmission, and tool registration in less than 10 min.


[image: Figure 1]
FIGURE 1
(A,B) The navigation reference frame is fixed to the posterior superior iliac spine. (C) The O-arm device is placed and prepared for image capture.


Taking the left surgical approach as an example, two outward skin incisions were made at the medial edge of the ipsilateral upper and lower pedicle. The skin incision design can be displayed on the screen in real-time using a navigation probe, allowing doctors to adjust the incision position based on the image (Figure 2). After the incision of the skin and lumbar dorsal muscle fascia, sequential dilation through the two incisions was performed to separate the soft tissue covered by the lamina and facet surfaces. An arthroscopic system was inserted into the observation channel, and continuous lavage fluid was maintained from the endoscopic entrance to the working channel, followed by radiofrequency cleaning of the lamina surface soft tissue and control of bleeding through the working channel. Laminectomy and facet resection were performed under navigation using a high-speed drill, Kerrison punch, and ring saw. When decompression is required on the contralateral side, contralateral lamina and facetectomy are performed similarly. The extent of bone decompression was confirmed in real-time on the navigation screen (Figure 3). The resected lamina and facet joints were collected as autologous bone. The ipsilateral and contralateral ligamentum flavum were then removed to decompress the central canal and bilateral nerve roots, exposing the Kambin's triangle. Under navigation guidance, the intervertebral disc tissue was removed with pituitary forceps and reamers of different diameters, and the reamer angle and direction can be displayed on the computer screen in real-time (Figures 4A,B). The cartilage endplate was then removed using a curette under endoscopic visualization. Then, a serial trial under navigation guidance was used to determine the disc height and true size of cage (Figures 4C,D). The intervertebral disc was then filled with the harvested autologous local bone from laminectomy and facetectomy, recombinant human bone morphogenetic protein, and allografts through a specialized funnel cannula (Figure 5A). With the aid of navigation, the polyetheretherketone (PEEK) cage was placed at an appropriate depth in the intervertebral space (Figures 5B,C). The final positions of the PEEK cages were identified using the C-arm. Subsequently, O-arm scans were repeated. Percutaneous pedicle screw fixation was performed using two previous ipsilateral incision and two new contralateral incisions under navigation. The entry point of the pedicle screw can be adjusted according to the real-time image of the screw trajectory and the position displayed on the monitor (Figure 6). Finally, the C-arm is usually used to confirm the final position of the screw and to place the drain before the skin is sutured.


[image: Figure 2]
FIGURE 2
Design of intraoperative skin incision assisted by navigation.



[image: Figure 3]
FIGURE 3
Extent of intraoperative decompression can be confirmed in real time on the navigation screen. (A) cranial, (B) caudal, (C) ipsilateral, and (D) contralateral decompression range detection probes.



[image: Figure 4]
FIGURE 4
(A,B) Intervertebral space is processed with reamers of different diameters, whose angles and orientations can be displayed in real time on a computer screen. (C,D) A serial trial under navigation guidance was used to determine the height of the disc and true size of the CAGE.



[image: Figure 5]
FIGURE 5
(A) Intervertebral bone grafting was performed using a specialized funnel. (B,C) The PEEK CAGE can be safely inserted into the intervertebral space with the size, orientation, and depth displayed on the navigation screen.



[image: Figure 6]
FIGURE 6
Track of the access tracker was visible in real time, and spine surgeons could adjust the needle entry point based on the trajectory and position image of the screw displayed in real time on the navigation screen.




Surgical technique of BE-LIF assisted by C-arm

This procedure was performed as a routine BE-LIF procedure, as reported previously (12). The radiation dose and duration of radiation exposure were collected from the radiation emitters immediately after surgery.



Statistical analysis

The IBM SPSS Statistics Ver. 26.0 (IBM Co., Armonk, NY, USA) was used for statistical analysis. Data are presented as mean ± standard deviation or frequency. Clinical outcomes (VAS score and ODI for back and leg pain) between the two groups and changes over time in each group were analyzed using repeated-measures analysis of variance. The least significant difference (LSD) test was used to clarify the changes at different time points in the same group. Differences between the two groups were examined using the independent sample t-test, chi-square test, and Mann‒Whitney U test, as appropriate, based on different categories of data. Statistical significance was set at P-value <0.05.




Results

No significant differences were noted in the demographic data between the navigation and non-navigation groups (Table 1). The radiation dose in the navigation group was 3.18 ± 1.02 mGy, which was significantly lower than that in the non-navigation group (14.38 ± 3.26 mGy) (P < 0.01). The radiation exposure time was 6.90 ± 2.30 s in the navigation group and 31.55 ± 5.88 s in the non-navigation group. No significant differences were noted in the estimated intraoperative blood loss, postoperative drainage, postoperative hospital stay, or perioperative complications between the two groups. The average total operation time (154.04 ± 11.17 min) in the navigation group was reduced compared with that in the non-navigation group (operation time, 170.91 ± 12.01, P < 0.001). There were no significant differences in the VAS score and ODI between the two groups at baseline. Compared with preoperative scores, the VAS score and ODI in both the groups improved significantly at different time points after surgery (Table 2). However, no significant differences were noted between the two groups. There was no significant difference in the excellent and good rates between the navigation (95.23%) and non-navigation groups (91.30%). We observed one dural tear and one transient ipsilateral dysesthesia in the non-navigation group, which recovered with conservative treatment. No major complications occurred in either group. Twelve months after surgery, the rate of spinal fusion was 82.60% (19 patients) in the non-navigation and 85.71% (18 patients) in the navigation group, with no significant difference between the two groups. We did not observe any case of spinal non-fusion at the last follow-up among any patient.


TABLE 1 Demographic and perioperative data.

[image: Table 1]


TABLE 2 Comparison of clinical outcomes between the two groups.
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Discussion

As a burgeoning minimally invasive endoscopic spine surgery, BE-LIF has been successfully applied to degenerative diseases of the lumbar spine with good clinical results (4, 13, 14). Compared with traditional open lumbar fusion surgery, BE-LIF involves less trauma, less postoperative pain, and faster recovery and is equally effective in improving clinical outcomes and achieving fusion (3, 15). However, as with other minimally invasive endoscopic procedures, BE-LIF only provides a locally magnified and clear field of view under endoscopy, and it is impossible to see the anatomical markers outside the field of endoscopy, which may cause the surgeon to be lost the field of view during the endoscopic operation, thus affecting the surgery efficiency. Furthermore, some studies have reported that incomplete decompression during surgery is an important factor leading to the failure of Unilateral biportal endoscopy (UBE) (16–18). In addition, percutaneous endoscopic fusion surgery leads to radiation exposure among doctors, which is always concerning. Therefore, improving the surgical efficiency of BE-LIF and reducing radiation exposure are significant problems.

Recently, O-arm navigation systems have been used in MIS-TLIF and OLIF (8, 19, 20). Based on imaging data, the O-arm assisted navigation system uses real-time technology to show the relationship between surgical instruments and the anatomy of the surgical area and assists surgeons in surgical operations (21, 22). In addition, navigation technology can improve the safety and accuracy of percutaneous screw placement and reduce the risk of intraoperative nerve roots, blood vessels, and various clinical complications (23, 24). However, endoscopic decompression and fusion are equally important in endoscopic spinal fusion surgeries. In our study, we demonstrated total navigation technology, which navigated the entire process from the location of the skin incision to endoscopic decompression and fusion and then to the placement of a percutaneous pedicle screw.

First, the surgical incision in the BE-LIF technique should consider the extent of decompression, placement of pedicle screws, and exposure of the intervertebral space to ensure the placement of CAGE (4). Appropriate incision positioning can make the surgical process more efficient, prevent additional incisions for percutaneous pedicle screw fixation, and minimize surgical trauma. Accurate localization of skin incisions requires repeated fluoroscopy, which increases radiation exposure and operation time. In this study, we implemented the application of navigation probes to facilitate body surface localization and accurate incision selection (Figure 2). It is well known that UBE technology is most commonly used to treat patients with lumbar spinal stenosis by unilateral laminectomy and bilateral decompression (25). Nevertheless, inadequate decompression was significantly associated with patient dissatisfaction in a multicenter cohort study of UBE surgical failure (26). Under the guidance of our total navigation system for intraoperative decompression, the orthopedic surgeon can observe the actual position of the instrument through three-dimensional images displayed on the navigation screen and the farthest safe position that the surgical tool can reach in real time, avoid unnecessary laminal and facetectomy, and achieve accurate decompression (Figure 3). After nerve decompression and intervertebral space exposure, adequate disc management and endplate preparation are key factors for endoscopic fusion. Theoretically, BE-LIF can be used to perform discectomy and endplate preparation using conventional spinal surgery tools under endoscopic monitoring (27, 28). However, in the actual operation, because the endoscope can only provide two-dimensional images, in the process of intervertebral space processing and CAGE trial and placement, only the tail end of the instrument can be seen sometimes, and it is impossible to judge whether its angle and direction are parallel to the endplate, which may cause damage to the end plate and affect the bone graft bed. Under navigation, the three-dimensional image of the instrument can be displayed in real-time. Figure 4 shows the use of a 12-mm reamer to manage the intervertebral space, which can clarify the angle and direction of the intervertebral space management process and observe the intervertebral space management range. The CAGE series of trials were performed after the cartilage endplates were managed with different tools. The direction and depth of entry were displayed on the navigation screen (Figures 4C,D), and the appropriate size was selected. The PEEK CAGE can be safely inserted into the intervertebral space, with the size, orientation, and depth displayed on the navigation screen, thereby avoiding endplate injury and misplacement (Figures 5B,C). Many studies have reported percutaneous pedicle screw process injury to the spinal cord and nerve roots (23, 29, 30). Surgeons often repeatedly adjust the trajectory direction of screws under fluoroscopy. Under navigation, spine surgeons could adjust the needle entry point based on the trajectory and position image of the screw displayed in real-time on the navigation screen (Figure 6), thereby avoiding repeated fluoroscopy.

BE-LIF assisted by O-arm navigation offers several benefits. First, in our study, there were no statistically significant differences in perioperative data except for radiation exposure and operative time. Clinical evaluation including VAS score, ODI, Modified MacNab criteria and Fusion rate were not significantly different in two groups. These results indicate that, compared with traditional C-arm assisted BE-LIF, O-arm navigation-assisted BE-LIF not only has similar clinical effects, but also can achieve accurate skin incision design, accurate intraoperative decompression, percutaneous pedicle screw placement, while reducing radiation exposure, which improves surgical efficiency. In addition, during endplate preparation and CAGE implantation, doctors can observe the angle and direction of instrument management, evaluate the range of intervertebral space management, and define the direction and depth of CAGE implantation, which improves surgery safety. No major complications occurred in either group. In the non-navigational group, one case of dural tear and one case of transient ipsilateral paresthesia were recorded, both of which had clinical symptoms that disappeared after conservative treatment. However, the potential clinical application risks include mechanical image drift caused by unstable reference frames and spinal structural errors caused by intraoperative traction soft tissue displacement, which may cause inaccurate navigation (21). Therefore, we often used C-arm fluoroscopy to confirm the accuracy of the navigation of key steps during the procedure. In addition, considering the possible changes in vertebral body shape after CAGE implantation, we performed a second scan before percutaneous pedicle screw placement, which consumed some time and increased radiation exposure. O-arm navigation does not prevent radiation exposure to the patient because it must remain in the radiation field during image acquisition. The higher doses exposed to patients and the prevention of intraoperative navigation image distortion are the concerns of this technology.

This study has several limitations. First, this is a single-center retrospective study, which may have led to a selection bias. Second, the number of cases was small, and the follow-up time was short. Prospective, multicenter, large-sample prospective studies are needed in the future.



Conclusion

Compared with the non-navigation approach, O-arm total navigation assistive BE-LIF technology not only has similar clinical results, but also can provide accurate intraoperative guidance and help spinal surgeons achieve accurate decompression. Furthermore, it can reduce radiation exposure to surgeons and operation time, which improve the efficiency and safety of surgery.
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Objective: To investigate the clinical efficacy and technical points of Percutaneous Coaxial Large-channel Endoscopic Lumbar Interbody Fusion (PCLE-LIF) in the treatment of degenerative lumbar spinal stenosis.



Methods: The clinical data of patients with single-segment degenerative lumbar spinal stenosis who underwent PCLE-LIF surgery from January 2019 to June 2021 were retrospectively analyzed. Surgery-related data included symptom duration, operation time, hospital stay, and complication rate. Functional score data included low back pain and lower extremity pain VAS score, ODI score, and MacNab criteria were used to evaluate clinical effects. The Brantigan criteria were used to evaluate the interbody fusion.



Results: There were 62 patients in this group, including 35 males and 27 females. The surgical sites were all lower lumbar spine, including 35 cases of lumbar L4/5 and 27 cases of L5/S1. The length of hospital stay was 7.7 ± 1.4 days. All patients were followed up regularly for 1 year. The interbody fusion rate was 93.5% at 1 year after operation. There were 2 cases of numbness, 2 cases of nerve edema and pain, 1 case of cage displacement, and 1 case of pedicle screw loosening. The complication rate was 9.6%. The VAS scores of low back pain 1 day before surgery, 3 days, 3 months and 1 year after surgery were 4.48 ± 1.06, 0.84 ± 0.81, 0.40 ± 0.56, 0.39 ± 0.69, and the VAS of lower extremity pain at each time point of appeal were 5.58 ± 0.98, 0.91 ± 0.58, 0.31 ± 0.46, 0.19 ± 0.40. The ODI scores at 1 day before surgery, 3 months and 1 year after surgery were 60.01 ± 6.21, 15.58 ± 2.84, 8.82 ± 2.15. The ODI scores and VAS scores of low back pain and lower extremity pain at each follow-up time point after operation were significantly lower than those before operation (p < 0.05). The 1-year follow-up after operation was evaluated by the modified MacNab standard, and the results were excellent in 36 cases, good in 23 cases, fair in 3 cases, and poor in 0 cases, with an excellent and good rate of 95.2%.



Conclusion: Percutaneous coaxial large-channel endoscopic lumbar interbody fusion in the treatment of degenerative lumbar spinal stenosis has good short-term efficacy and high safety, and is worthy of popularization.
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Background

Percutaneous endoscopic lumbar spine fusion technique was first reported by Leu (1) in 1996, but due to the high complication rate reported at that time and the backwardness of technology and surgical instrument, the technique has not been widely promoted and applied (2). In recent years, with the improvement of surgical instruments and the advancement of technology, the technology has regained the attention of minimally invasive spine surgeons. Most of the approaches used in the early literature reports were transforaminal approaches. Although the clinical efficacy was satisfactory, both the large-channel endoscopy system and the small-channel endoscopy system have shortcomings such as limited decompression range and outlet root injury (3, 4). The translaminar approach can achieve more adequate dorsal decompression, have a wider range of indications, and can effectively avoid damage to the outlet root. In recent literature reports, the translaminar space approach mainly adopts the dual-channel endoscopic system, which can achieve the same surgical effect and operation time as Mis-TLIF, but compared with the single-channel endoscopic system, the technology has Greater soft tissue injury and postoperative epidural hematoma incidence (5, 6), while the coaxial small channel endoscopy system is less clinically used due to low surgical efficiency. With the improvement of the instruments, the percutaneous coaxial large-channel endoscopy system has also been applied to the translaminar space approach, which can avoid the insufficiency of the dual-channel endoscopy system while ensuring the efficiency of the operation, but there is no relevant literature at present. In January 2019, our team began to use Percutaneous Coaxial Large-channel Endoscopic Lumbar Interbody Fusion (PCLE-LIF) for the treatment of degenerative lumbar spinal stenosis. and accumulated some clinical experience. This is a retrospective analysis to explore the clinical effect of PCLE-LIF in the treatment of degenerative lumbar spinal stenosis. The report is as follows:



Methods and materials

From January 2019 to June 2021, 62 patients with single segment lumbar spinal stenosis diagnosed in our hospital who underwent PCLE-LIF surgery were included in this trial. The duration of symptoms, operation time, hospital stay and other general information of the patients were recorded. VAS scores of low back pain and lower extremity pain were compared and analyzed on the day before operation and 3 days, 3 months and 1 year after operation, and ODI scores were compared on the day before operation and 3 months and 1 year after operation, so as to evaluate the improvement of symptoms, and the clinical effect was evaluated by macnab standard. Interbody fusion was evaluated by brantigan standard one year after operation. According to the degree of fusion, it was divided into 1–5 levels, of which 4 and 5 were successful fusion, and 1, 2 and 3 were non fusion (7). The occurrence and incidence of complications were recorded.



Inclusion and exclusion criteria

Inclusion criteria were typical intermittent claudication with symptoms involving one lower limb; Discogenic low back pain, VAS score of low back pain > 3; Imaging findings suggest single segment degenerative lumbar spinal stenosis; The effect of standard conservative treatment for 3 months was not good; The operation method was PCLE-LIF. The exclusion criteria were meyerding grade II and above slippage; Bilateral decompression is required; Severe osteoporosis; Revision surgery; Accompanied by peripheral nerve disease or joint disease or mental and psychological disease; No regular follow-up.



Surgical procedure

All patients were intubated for general anesthesia, lying prone on the x-ray permeable operating table and body position pad, with the abdomen suspended to prevent excessive negative pressure. Adjust the lumbar bridge to expand the vertebral lamina space, and adjust the head and tail inclination of the operating table and the patient's body position through the C-arm fluoroscopy to ensure that the fluoroscopy result displayed is the standard lumbar anteroposterior and lateral position. After C-arm positioning and marking, complete routine disinfection and towel laying. The skin was incised with a sharp knife blade, and the pedicle puncture was performed using the pre-operative planned puncture route. After the puncture, a memory guide wire was placed, and the tail end of the guide wire was fixed on both sides of the operation area. Through the incision of implant nail, the myometrium was cut to 2 cm away from the central line of spinous process, and the muscle was passively separated and put into the step-by-step expansion tube and working channel. First, the soft tissues of the facet joint and the lower lamina margin were scraped under blind vision with a flat working channel, and the remaining soft tissues were removed with radiofrequency ablation electrodes and nucleus pulposus forceps to clearly expose the bony structures. Subsequently, a circular trephine or osteotome under the microscope was used to remove part of the inferior articular process. The upward resection range should reach the insertion point of ligamentum flavum, and the outward resection range should reach the upper articular process. Lamina rongeur or microscopical osteotome were used to gradually remove the upper articular process and caudal to the base of the upper articular process or the upper edge of the pedicle. The specific scope of bone structure resection is determined according to the operation space and decompression requirements. After the resection of the bony structure, the flat working channel was replaced by the oblique working channel to continue to complete the steps of intervertebral fusion. The long lingual surface of the oblique passage is used to protect the nerve, and the intervertebral space is treated under direct vision. The vertebral space is treated with lamina rongeur, reamer, scraper and curette, and the depth of the instrument into the intervertebral space is strictly limited. After intervertebral treatment, a trial model was placed into the intervertebral space to determine the size of the fusion cage. The bone grafting funnel is used to fill the intervertebral space with autologous bone particles. Then, the cage filled with autologous bone is implanted into the intervertebral space. The position of the cage is determined by C-arm fluoroscopy. The pedicle screw and connecting rod with appropriate length were implanted through the reserved track of memory guide wire, and the tail cap was placed and locked. After sufficient hemostasis, a drainage tube was placed and the wound was sutured layer by layer.



Postoperative treatment

The drainage tube was pulled out when the drainage fluid was less than 50 ml on the first day after operation. If there was cerebrospinal fluid leakage, the time of pulling out the tube should be extended as appropriate. On the second day after operation, x-ray and three-dimensional CT of the lumbar spine were reexamined. If the internal fixation and cage position were satisfactory, the patients got out of bed with the assistance of lumbar brace. 4–5 days after operation, if no abnormal incision is observed, the patient can be discharged from the hospital and can resume standardized functional exercise. Three months after operation, if it is determined that the intervertebral fusion is good, remove the lumbar brace and perform normal lumbar movement.



Statistical analysis

SPSS 20.0 statistical software was used for data analysis. The measurement data were expressed as mean ± standard deviation. The continuous data before and after operation were compared by paired T-test. The test level is taken from both sides α = 0.05.



Result

A total of 62 patients were included in this trial, including 35 males and 27 females, aged 54.5 ± 12.0 years, and the duration of symptoms was 19.2 ± 13.1 months. All patients underwent PCLE-LIF operation, including 35 cases of L4/5 and 27 cases of L5/S1. All patients were assisted with posterior percutaneous pedicle screw fixation. The operation time was 128.2 ± 19.7 min and the hospital stay was 7.7 ± 1.4 days Table 1.


TABLE 1 Summary of the baseline data PCLE-LIF indicates percutaneous coaxial large-channel endoscopic lumbar interbody fusion; n indicates the total number of patients.
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All the enrolled patients were followed up regularly for 1 year. The VAS scores of low back pain and lower extremity pain before operation were 4.48 ± 1.06 and 5.58 ± 0.98. The VAS scores of low back pain at 3 days, 3 months and 1 year after operation were 0.84 ± 0.81, 0.40 ± 0.56 and 0.39 ± 0.69, and the VAS scores of lower extremity pain were 0.91 ± 0.58, 0.31 ± 0.46 and 0.19 ± 0.40. The VAS scores at each follow-up time point after operation were significantly lower than those before operation (p < 0.05). The preoperative ODI score was 60.01 ± 6.21, and the postoperative 3 months and 1 year ODI scores were 15.58 ± 2.84 and 8.82 ± 2.15. The ODI scores at each follow-up time point were significantly lower than those before operation (p < 0.05). One year after operation, the results of macnab standard evaluation showed that 36 cases were excellent, 23 cases were good, 3 cases were fair, and 0 case was poor. The excellent and good rate was 95.2% Table 2. One year after operation, the fusion rate of the enrolled patients was 93.5%, including 4 cases of grade 3, 26 cases of grade 4 and 32 cases of grade 5 Table 3.


TABLE 2 Comparation of the VAS and ODI between pre and postoperative.
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TABLE 3 Summary of interbody fusion rate and complications.
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The incidence of postoperative complications was 9.6%. There were 2 cases of lower limb numbness on the operation side, of which 1 case occurred on the day after operation and 1 case occurred on the third day after operation. Both patients were relieved within 2 weeks after operation after nutritional nerve therapy. There were 2 cases of neuroedematous pain after operation, which occurred 2 days after operation. After pain relief and symptomatic treatment, they were relieved within 1 week after operation. One case of cage displacement and one case of pedicle screw loosening occurred after operation. Both patients were treated conservatively and interbody fusion was successful 3 months after operation Table 3 and Figure 1.


[image: Figure 1]
FIGURE 1
A 66-year-old female patient with discogenic low back pain and L4, 5 spinal stenosis. (A–F). Preoperative x-ray film, CT, and MRI showed L4, 5 intervertebral disc degeneration, ligamentum flavum hypertrophy, intervertebral disc herniation, and spinal stenosis; (G, H). The endplate was not damaged under the microscope during operation, and the position of the Cage and the range of decompression were satisfactory; (I–L). x-ray film and CT at 3 days after operation showed that the position of the Cage and the pedicle screw was satisfactory with bilateral screw rod fixation, and the decompression range was satisfactory; (M) x-ray film at 1 year after operation showed that the internal fixation was reliable and the intervertebral fusion was successful.




Discussion


Efficacy evaluation of PCLE-LIF

Percutaneous endoscopic lumbar fusion has developed rapidly in recent years. At present, there are a variety of surgical approaches and endoscopic systems for spinal minimally invasive surgeons to choose. Kim et al. Conducted a comparative study on the treatment of degenerative lumbar spinal stenosis by dual channel endoscopic fusion and minimally invasive trans foraminal lumbar fusion (MIS TLIF), and found that the two groups of patients can obtain good curative effects, with no difference in medium and long-term curative effects, and the former is better than the latter in early back pain relief (8). Ao et al. Compared the coaxial single channel endoscopic lumbar fusion with MIS TLIF and obtained similar results (9). These results confirm that the clinical effect of percutaneous endoscopic lumbar fusion is satisfactory. In recent years, with the improvement of instruments and surgical techniques, PCLE-LIF has also attracted the attention of spinal minimally invasive surgeons, but the relevant literature is less reported at present. In this group of cases, we applied PCLE-LIF to single segment lumbar spinal stenosis. The research results showed that the ODI and VAS scores after operation were significantly lower than those before operation, and the excellent and good rate of macnab was 95.2%. This result is similar to the previous research results using other endoscopic systems (10, 11), which also fully shows that PCLE-LIF is effective in the treatment of single segment lumbar spinal stenosis.

The percutaneous endoscopic fusion technique was questioned by many scholars because of its high complication rate in the early stage (2, 12). Even though the surgical instruments and techniques were improved later, it still had a high complication rate. A meta-analysis in recent years showed that the nerve injury rate of percutaneous endoscopic fusion technique was 3.3%–10% (13). In the early stage of percutaneous endoscopic lumbar fusion, the trans foraminal approach was often used, which led to a significant increase in the probability of travel root injury. In the retrospective study of a group of 25 patients with a total number of cases. In a retrospective study with a total of 25 patients and Nagahama operated with a small channel. There were 2 cases of nerve injury after operation, the incidence was 8%, and the symptoms were numbness in the root innervation area (14). In a retrospective study of a total of 30 patients and Morgenster operated with a large channel. There were 3 cases of travel nerve injury after operation, and the incidence was 10% (15). In this study, all patients had no travel root injury. This is because PCLE-LIF can effectively protect the travel root by using the intervertebral approach. However, there were 4 cases of walking nerve root stimulation in this group, with an incidence of 6%, which is similar to other previous studies on endoscopic lumbar fusion using other endoscopic systems (13). We believe that this is caused by insufficient resection of bony structures and narrow operation space in the early stage of operation, resulting in too much nerve pulling inward. In the later stage, after the improvement of operation, there was no walking root stimulation. In addition to nerve injury, fusion cage displacement and subsidence are also common complications (12). It is reported that endoscopic fusion may lead to poor endplate treatment due to the limitation of visual field and instruments, resulting in postoperative cage displacement and fusion failure (16). In this study, only one case of cage subsidence occurred, and the incidence rate was far lower than that in previous studies related to endoscopic lumbar fusion. However, the fusion rate of the enrolled cases was 93.5% one year after operation, which was similar to the previous research results of lumbar fusion using other surgical methods (17, 18). These results suggest that the fusion effect of PCLE-LIF is satisfactory. We believe that this is because PCLE-LIF has obvious operational advantages over previous small channel endoscopic systems. Because the large channel endoscopic system can allow the conventional open surgery to participate in the endoscopic operation, which effectively improves the operation efficiency and intervertebral treatment efficiency. The full-size cage model used during the operation also ensures the contact area between the cage and the endplate. In addition, the micro adjustment and expansion method of the expandable reamer can protect the endplate to the greatest extent from damage.



Key points of PCLE-LIF operation

We summarize the operation skills during the operation, which we believe will be helpful for the development of this technology. First, the pretreatment of intraoperative bleeding. Due to the expansion of channel channel and visual field, intraoperative bleeding is more common in the large channel endoscopic system than in the conventional small channel. Our experience is that four three liter bags are simultaneously connected to the endoscope to increase the intraoperative water pressure and control bleeding. In addition, preoperative intravenous use of tranexamic acid can also effectively prevent intraoperative bleeding. Second, select the appropriate incision to place the working channel. Because the channel size of PCLE-LIF is 10.2 mm inner diameter and 11.2 mm outer diameter, we use the incision of implant nail to place the working channel to reduce skin damage. Third, the use of the flat mouth channel. During the PCLE-LIF operation, we all use the flat mouth channel for the operation outside the spinal canal. Its role lies in the following two points. First, before placing the endoscope, we use the flat mouth channel to scrape out the soft tissue of the facet joint and the lower edge of the upper vertebral lamina under blind vision, so as to reduce the time for processing the soft tissue under the microscope. Second, after placing the endoscope, The good sealing performance of the flat mouth channel can effectively block the surrounding soft tissue from entering the operation field, thus affecting the operation. Therefore, we choose to complete the resection of bone structures with the assistance of the flat mouth channel, which can effectively reduce the operation time. Fourth, the use of bone knife and circular saw under the microscope. One of the key points to improve the efficiency of PCLE-LIF surgery is the rapid removal of bone structures. Bone knife and circular saw under the microscope allow us to accurately remove bone structures under visual conditions. Our experience is that the bony structure in the target area is removed with a circular saw under the microscope, and then the bony structure in the target area is taken out by sections with a bone knife under the microscope. The resection range is determined according to the actual needs. During the resection process, the depth and direction should be strictly controlled to avoid nerve damage. Fifthly, pretreatment of the insertion point of the annulus fibrosus. Before intervertebral treatment, we suggest to use blue forceps and radiofrequency ablation electrodes to fully remove the attachment part of the annulus fibrosus and clearly expose the bony structure of the upper and lower vertebral margins, which will help us to judge the depth and scope of intervertebral treatment. Sixthly, the application of visual curet. During intervertebral treatment, after the conventional curet, scraper and reamer are scraped out, some soft tissues are often left in the endplate, resulting in repeated intervertebral operations under blind vision. The application of visual curet can accurately remove the residual soft tissue on the endplate, effectively reduce the surgical procedures and improve the surgical efficiency.




Conclusion

Percutaneous coaxial large-channel endoscopic lumbar interbody fusion in the treatment of degenerative lumbar spinal stenosis has good short-term efficacy and high safety, and is worthy of popularization.
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Objective: Oblique lateral interbody fusion (OLIF) has unique advantages in the treatment of discogenic low back pain (DBP). However, there are few studies in this area, and no established standard for additional posterior internal fixation. The purpose of this study was to investigate the efficacy of OLIF stand-alone vs. combined with percutaneous pedicle screw fixation (PPSF) in the treatment of DBP.



Methods: This retrospective case-control study included forty patients. All patients were diagnosed with DBP by discography and discoblock. Perioperative parameters (surgery duration, blood loss, and muscle damage), complications, Visual analog scale (VAS), and Oswestry Disability Index (ODI) were assessed. Imaging data including cage subsidence, cage retropulsion, fusion rate, and adjacent spondylosis degeneration (ASD) were analyzed.



Results: There were 23 patients in the OLIF stand-alone group and 17 patients in the OLIF + PPSF group. The mean surgery duration, blood loss, and muscle damage in the OLIF stand-alone group were significantly better than those in the OLIF + PPSF group (P < 0.05). However, there was no significant difference in the average hospitalization time between the two groups (P > 0.05). There was no significant difference in the VAS and ODI scores between the two groups before surgery (P > 0.05), and VAS and ODI scores significantly improved after surgery (P < 0.05). The VAS and ODI scores in the OLIF stand-alone group were significantly better than those in the OLIF + PPSF group at 1 month (P < 0.05), While there was no significant difference between the two groups at 12 months and last follow up (P > 0.05). At the last follow-up, there was no significant difference in cage subsidence, fusion rate, ASD and complication rate between the two groups (P > 0.05).



Conclusion: OLIF stand-alone and OLIF + PPSF are both safe and effective in the treatment of DBP, and there is no significant difference in the long-term clinical and radiological outcomes. OLIF stand-alone has the advantages of surgery duration, blood loss, muscle damage, and early clinical effect. More clinical data are needed to confirm the effect of OLIF stand-alone on cage subsidence and ASD. This study provides a basis for the clinical application of standard DBP treatment with OLIF.
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Introduction

Low back pain (LBP) is caused by a group of diseases with dysfunction of the lumbar spine, nerve, or soft tissue (1, 2). The prevalence of LBP in the adult population can be as high as 40%, which seriously affects people's health and medical burden (3). Discogenic low back pain (DBP) accounts for 30% to 40% of all LBP (4). Intravertebral disc disruption (IDD) was first proposed by Crock in 1970 (4), which was caused by the pain receptors in the intervertebral disc without radicular symptoms. DBP was first proposed by Park (5) referring to LBP caused by intervertebral disc degeneration, and nerve root compression was excluded by imaging. The diagnostic criteria for IDD was discography established by the International Association for the Study of Pain (IASP) (6). Discoblock combined with discography can improve the accuracy of DBP diagnosis (7). DBP should adopt a step-by-step treatment plan. Conservative management should be adopted for at least 6 months, and surgery should be considered if symptoms do not resolve (8). In recent decades, lumbar fusion surgery for DBP has become more and more widely (9). The mechanism of lumbar fusion surgery is that discectomy eliminates pain receptors and internal fixation prevents pain from mechanical stress caused by spinal instability. However, the effect of lumbar fusion surgery is controversial. One study showed that there was no significant difference in the relief of LBP between surgery and conservative management (9). The effect of surgical treatment of DBP varies greatly in different reports (10, 11). Regardless of the fusion rate, long-term clinical follow-up showed that there were many patients with LBP with good fusion. Complications after lumbar fusion are also the reasons for poor postoperative outcomes (12, 13). The high misdiagnosis rate of DBP and the damage to the lumbar back muscles and facet joints caused by conventional posterior lumbar spine surgery are the reasons for the poor efficacy of lumbar fusion surgery.

Oblique lateral interbody fusion (OLIF) has special advantages in the treatment of DBP, while there are few related reports so far (14). OLIF is an intervertebral fusion surgery through the retroperitoneal approach, which can better preserve the muscles, ligaments, and bony structures behind the lumbar spine, which greatly reduces the incidence of LBP after surgery (15). Since first reported in 2012, OLIF surgery has been widely used in the treatment of lumbar spinal degenerative diseases (16). It remains controversial whether internal fixation is required for OLIF (17). OLIF stand-alone is characterized by simple operation, short operation time, and no need to change positions during operation (18, 19). The advantages of OLIF stand-alone in the treatment of DBP are that there is no damage to the lumbar back muscles, the intervertebral disc is removed more thoroughly, and the rate of intervertebral fusion is high. However, there is no uniform standard for OLIF treatment of DLBP with or without internal fixation so far.

The purpose of this study was to investigate the efficacy of OLIF stand-alone vs. combined with percutaneous pedicle screw fixation (PPSF) in the treatment of DBP. This is a retrospective case-control study analyzing 40 patients treated with OLIF stand-alone and OLIF combined with posterior pedicle screw fixation (PPSF) by comparing their clinical and radiological outcomes in the treatment of DBP from January 2014 to December 2021 at Shanghai ChangZheng Hospital and Shanghai Tongren Hospital. The conclusions of this study provided a clinical basis for the effectiveness of OLIF in the treatment of DBP. More importantly, it provided a basis for the standardized treatment of DBP with OLIF stand-alone vs. combined with PPSF in clinical practice.



Research methods


Study design and patients

This study was a retrospective case-control study, followed up from January 2014 to December 2021 in 40 patients with DBP, who underwent OLIF stand-alone or OLIF + PPSF at Shanghai ChangZheng Hospital and shanghai Tongren Hospital. The study was approved by the ethical committee of the Shanghai Changzheng Hospital and the ethical committee of Shanghai Tongren Hospital. Additionally, the patients provided their written informed consent to participate in this study.

This study included 40 patients with a definitive diagnosis of DBP, 23 patients underwent OLIF stand-alone, and 17 patients underwent OLIF + PPSF surgery. Demographic data were investigated including gender, age, BMI, bone mineral density (BMD), and surgical segment. The diagnostic criteria for DBP were that the patients had symptoms of LBP diagnosed by imaging, then discography and discoblock were used to further confirm the diagnosis (Figure 1) (20, 21). The inclusion criteria were: (1) DBP was diagnosed by discography and discoblock; (2) conservative treatment failed more than 6 months; (3) no history of lumbar spine surgery at L2-S1; (4) OLIF stand-alone or OLIF + PPSF of L2-S1; (5) more than 12 months follow-up. The exclusion criteria were: (1) LBP without a definitive diagnosis by discography and discoblock; (2) lumbar disc herniation or spinal stenosis; (3) cauda equina syndrome; (4) spinal tumor; (5) paravertebral infection; (6) vertebral fracture; (7) previous surgery for L2-S1; (8) pregnancy, chronic nicotine, alcohol or drug abuse, etc.


[image: Figure 1]
FIGURE 1
Typical case. Type I Modic changes was characterized by low T1 and high T2 signals in MRI on L4-5 endplate (A,B). The patient experienced severe LBP and DBP was a definitive diagnosis by discography and discoblock (C,D). The patient underwent OLIF stand-alone (E,F).




OLIF surgical procedures

OLIF stand-alone group: details of OLIF surgical were performed based on standard procedure (22). After general anesthesia, the patient was placed in the right lateral decubitus position. Under the guidance of fluoroscopy, an oblique skin incision of about 4 cm was made at an anterior 4 cm–6 cm of the center point of the target intervertebral disc. The muscle (external oblique, internal oblique, and transverse abdominis) and retroperitoneal space were bluntly dissected down to the intervertebral disc. Intervertebral space decompression was performed, but direct decompressions were not performed. An OLIF25™ Cage (Medtronic, Sofamor Danek, United States) filled with artificial bone (Aorui, Shanxi, China) was inserted into the intervertebral space. OLIF + PPSF group: The cage placement process was the same as above. After that, the patient was changed to the prone position and PPSF was performed (Johnson / Johnson, United States). Neither group of patients underwent additional laminectomy. Surgery-related parameters (blood loss, surgery duration, hospitalization time, serum levels of creatinine kinase, and complications) were recorded. On the second day after the operation, the patient got out of bed under waist protection, and the waist protection time was less than 3 months. Patients were encouraged to perform low back muscle function exercises (23).



Clinical and imaging evaluation

The patients received regular follow-ups at 1, 3, and 12 months after the operation and the last follow-up. Patients underwent routine preoperative and postoperative standing anteroposterior (AP)/lateral plain radiographs, computed tomography (CT), and magnetic resonance imaging (MRI). LBP was assessed using a visual analogue scale (VAS). Functional improvement was assessed using the Oswestry Disability Index (ODI). Bone mineral density (BMD) was measured using dual-energy x-ray absorptiometry (DEXA). T < −2.5 was defined as osteoporosis. The relationship between the contact surface of the cage and the upper and lower endplates was observed according to the method of Marchi et al. (24). The boundary of the cage beyond the upper or lower endplates was regarded as a settlement (24, 25). Cage subsidence was divided into grades 0-III based on the disc height (DH) immediately after surgery: grade 0, DH decreased by 0%–24%; grade I, DH decreased by 25%–49%; grade II, DH decreased by 50% to 74%; grade III, DH decreased by 75% to 100%. Cage displacement was defined as a posterior movement of the cage ≥3 mm at follow-up compared with the immediate postoperative period. Data were collected before surgery, 1, 3, and 12 months after surgery, and last follow-up. In addition, complications were also recorded, including endplate damage, leg weakness, abdominal distension, and sympathetic chain damage. The fusion rate was evaluated at 1 year and last follow-up. The fusion rate was based on the Bridwell Fusion Grading System (26). Grades I and II were considered successful fusion, and grades III and IV were considered fusion failure. The diagnosis of adjacent spondylosis degeneration (ASD) was based on imaging evaluation. Compared with preoperative, when the DH drops >3 mm, the vertebral body slips forward or backward >3 mm, the intervertebral space is angled posteriorly >5°, and the Pfirrmann grade progresses ≥Level 1 (27). All imaging evaluations were performed independently by two spine surgeons. Further determination was made by a third physician when disagreements arose. Measurements were made by using MicroDicom software.



Statistical analysis

SPSS 21.0 software (IBM, United States) was used for statistical analysis. Quantitative results were expressed as means ± standard deviation (SD). Between-group comparisons were performed using the independent-samples t-test. Repeated-measurement ANOVA was used for intra-group analysis. The nonparametric test was used for the comparison between groups that did not obey the normal distribution. The counting data such as Cage subsidence and fusion rate were expressed in percentage. The Chi-square test or Fisher exact test was used to analyze counting data. P < 0.05 were considered statistically significant.




Results


General characteristics and operation data

Forty patients (42 discs) underwent OLIF. Among them, 23 cases (25 segments) underwent OLIF stand-alone, and 17 cases (17 segments) underwent OLIF + PPSF. The patients' general characteristics of the two groups were shown in Table 1. The mean age in the OLIF stand-alone group was 51.81 ± 13.61, and the proportion of males was 26.09%. Among the 25 cages inserted, 2 (8%) at the L2/3 level, 5 (20%) at the L3/4 level, 17 (68%) at the L4/5 level, and 1 (4%) at the L5/S1 level. The average age in The OLIF + PPSF group was 50.24 ± 9.25, and the proportion of males was 35.29%. Among the 25 cages, 3 (17.65%) L3/4 levels, 13 (76.47%) L4/5 levels, and 1 (5.88%) L5/S1 levels. There was no significant difference in mean age, BMI, and osteoporosis rate between the two groups (P > 0.05, Table 1). The mean surgery duration and blood loss in the OLIF stand-alone group were significantly better than those in the OLIF + PPSF group (P < 0.05). However, there was no significant difference in the average hospitalization time between the two groups (P > 0.05, Table 2).


TABLE 1 General characteristics of the patients.

[image: Table 1]


TABLE 2 Surgical data.
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Clinical outcomes

There was no significant difference in preoperative serum creatinine kinase level between the two groups (P > 0.05). The OLIF + PPSF group had significantly higher postoperative 1 day than the OLIF stand-alone group (P < 0.05), but these differences did not persist on postoperative 5 days (P > 0.05, Table 3). The clinical outcome of the two groups was shown in Table 3 and Figure 2. There was no significant difference in the preoperative VAS and ODI scores between the two groups (P > 0.05). The postoperative VAS and ODI scores of the two groups were significantly improved compared with those before surgery (P < 0.05). The VAS scores in the OLIF stand-alone group were significantly better than those in the OLIF + PPS group at the 1 and 3-month follow-up (P < 0.05). There was a significant difference in ODI scores between the two groups at 1 month (P < 0.05), but no significant difference at 3 months (P > 0.05). There were no significant differences in VAS and ODI scores between the two groups at 12 months and the last follow-up (P > 0.05). The VAS and ODI scores in the OLIF stand-alone group were better at the last follow-up than at 12 months, but the difference was not statistically significant (Figure 2, P > 0.05).


[image: Figure 2]
FIGURE 2
VAS (A) and ODI (B) score. Comparison between OLIF stand-alone and OLIF + PPSF from pre-operation to last follow-up. *P < 0.05.



TABLE 3 Clinical outcomes.
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Cage subsidence and fusion rate

Cage subsidence and fusion rate are detailed in Table 4. Cage subsidence occurred in 7 (28%) of 25 segments in the OLIF stand-alone group. Cage subsidence occurred in 2 (11.76%) of 17 segments in the OLIF + PPSF group. According to the Cage subsidence grading method proposed by MARCHI et al. (24), 4 cases of grade 0, 2 cases of grade I, and 1 case of grade II were in the OLIF stand-alone group. 2 case of grade 0 was in OLIF + PPSF group. There was no statistical difference between the two groups in Cage subsidence (P = 0.278). An example of fusion at the last follow-up (5 years) in a case of Grade I subsidence is shown in Figure 3, and the patient has no symptoms. There was no cage retropulsion in both groups at the follow-up. At 12 months, the fusion rate of OLIF + PPSF was 94.12% (16/17) and 92% (23/25) in the OLIF stand-alone group. At the last follow-up, the fusion rate of the OLIF + PPSF group was 100.0% (17/17), and the fusion rate of the OLIF stand-alone group was 96% (24/25). There was no statistical difference between the two groups (P > 0.999). During the follow-up period, no patients in either group required revision. 2 cases (11.76%) of ASD were found in the OLIF + PPSF group, but the patients had no obvious symptoms and were followed up closely.


[image: Figure 3]
FIGURE 3
Case example of fusion after Grade I subsidence with no symptoms. 5 years of radiographs (A), MRI (B), and CT images (C) showing fusion obtained after placement of a standard cage despite subsidence occurrence.



TABLE 4 Radiological outcomes.
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Complications

The total complication rate was 29.41% (5/17) in the OLIF + PPSF group and 26.09% (6/23) in the OLIF stand-alone group, with no significant difference between the two groups (P = 1, Table 5). Intraoperative endplate injury occurred in 2 patients (11.76%) in the OLIF + PPSF group. Leg weakness occurred in 3 cases (13.04%) and 2 cases (11.76%) in OLIF + PPSF group and OLIF stand-alone group, respectively. The patients recovered within 2 weeks after functional exercise. Abdominal distension occurred in 2 cases (8.70%) and 1 case (5.88%) in OLIF + PPSF group and OLIF stand-alone group, respectively. Transient sympathetic nerve injury and leg numbness occurred in 1 case (4.35%) in OLIF stand-alone group. At the 3 month follow-up, the patient's symptoms disappeared.


TABLE 5 Complications outcomes.
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Discussion

OLIF is characterized by minimally invasive, high fusion rate, and low complications (28, 29). It has been widely used in spinal degenerative scoliosis (30, 31), spondylolisthesis (18), spinal stenosis (32), ASD (33, 34), and DBP (14), and has achieved good clinical effects. This study further confirmed the well early and mid-term effects of OLIF in the treatment of DBP. OLIF stand-alone and OLIF + PPSF are both safe and effective in the treatment of DBP, and there is no significant difference in the long-term clinical effect. OILF stand-alone can significantly reduce the surgery duration, blood loss, and intraoperative muscle damage, and can significantly improve the early postoperative clinical effect. In addition, our study also found that the ASD rate was 11.76% and 0%, and Cage subsidence was 11.76% and 28.00% in the OLIF + PPSF group and OLIF stand-alone group, respectively. Limited by the number of cases, there was no statistical difference between the two groups. OLIF stand-alone may reduce ASD and increase Cage subsidence, which needs more clinical data to confirm. OLIF stand-alone and OLIF + PPSF are both safe and effective in the treatment of DBP, and there is no significant difference in the long-term clinical and radiological outcomes. Our long-term study case observation found that in OLIF stand-alone, despite cage subsidence, the patient had no obvious clinical symptoms with definite interbody fusion (Figure 3).

In recent decades, with the widespread application of lumbar fusion, more and more patients with chronic low back pain have received lumbar fusion (35). However, the effects of lumbar fusion in the treatment of DBP vary widely among different reports. One study showed that the 1-year success rate was only 33% for surgical treatment of DBP (10). Regardless of the fusion rate, long-term clinical follow-up showed that there were many patients with LBP with good fusion. Lumbar fusion surgery is considered the standard procedure for the treatment of DBP. However, due to the large differences in the definition and diagnostic criteria of DBP, different kinds of literature have various inclusion and exclusion criteria for patients (36). The diagnostic criteria and surgical indications for DBP vary widely in different kinds of literature, resulting in differences in postoperative outcomes. Postoperative LBP may originate from complications after lumbar fusion (fusion failure, cage subsidence, intraoperative low back muscle injury, and ASD). Due to these, outcomes of lumbar fusion surgery vary widely. A clear diagnosis of DBP and strict control of surgical indications are the keys to ensuring the effect of surgical treatment. The diagnostic criteria for IDD is discography established by the International Association for the Study of Pain (IASP). Positive discography criteria are consistent pain response and no consistent pain in at least one adjacent disc (6). Discography is characterized by high sensitivity and poor specificity (37, 38). Discoblock combined with discography can improve the accuracy of DBP diagnosis (7). A long-term clinical study showed that discography can significantly increase the degree of disc degeneration (39). Our previous study also showed that needle diameter, type, and volume of contrast agent with discography had a significant effect on intervertebral disc degeneration (40). The following was our experience in the diagnosis of LBP with discography. First, the indications for discography should be strictly controlled. Second, the operation procedure of discography should be strictly standardized. During the operation of discography, a small puncture needle and a less dose of contrast agent should be used. Third, when the discography is positive, discoblock should be performed to improve the efficiency of diagnosis. Fourth, the adjacent segment negative control was not performed due to a significant increase in disc degeneration. Due to strict control of the diagnostic criteria and surgical indications for DBP, only forty patients diagnosed with DBP and who underwent OLIF from January 2014 to December 2021 were included in the study. To our knowledge, this is the largest number of patients included in the study of OLIF treatment of DBP.

OILF stand-alone has special advantages in the treatment of DBP. The surgical approach of OLIF is performed from the side of the lumbar spine (16). Compared with traditional posterior lumbar fusion surgery, OLIF hardly damages the posterior paravertebral muscles, ligaments, and facet joints, which greatly reduces the incidence of postoperative LB. It is critical for postoperative symptomatic improvement in DBP (41). OLIF is characterized by more thorough removal of the interstitial disc and placement of a larger Cage into the intervertebral space. Through more thorough treatment of the intervertebral space, it helps to destroy the pain receptors in the diseased intervertebral disc in DBP. In addition, the Cage used in OLIF was relatively large. Previous biomechanical studies have shown that after the Cage was placed into the intervertebral space, the annulus fibrosus and the anterior and posterior longitudinal ligaments were stretched so that the Cage can be stabilized immediately after the operation (42). Our study showed that OLIF stand-alone treatment of DBP can reduce operation time, blood loss, and low back muscle damage, and improve early postoperative outcomes.

Although OLIF stand-alone surgery has many advantages, the problem of postoperative cage subsidence cannot be ignored. Previous clinical studies and Meta-analysis showed that the Cage subsidence rate after lateral anterior stand-alone surgery was about 18% (43, 44). However, the present study found that the postoperative Cage subsidence rates in the OLIF stand-alone and OLIF + PPSF groups were 28% and 11.76%, respectively, which was consistent with previous literature reports. The study of TEMPEL et al. (45) found that postoperative Cage subsidence was an important predictor of reoperation after stand-alone surgery. Not all cases of Cage subsidence require revision surgery. Reoperation is required only in cases of severe Cage subsidence with symptoms of severe nerve compression. There is currently no clinical standard about the degree of Cage subsidence that requires supplemental posterior pedicle screw fixation. During our follow-up period, no revision cases were found. Although cage subsidence was high in OLIF stand-alone, it had no significant effect on long-term fusion rate and clinical efficacy. The clinical efficacy at the last follow-up after OLIF stand-alone decreased, but the difference was not statistically significant. This may be caused by post-operative Cage subsidence. Additional PPSF can maintain the clinical efficacy after OLIF, prevent Cage subsidence, and may reduce the risk of revision. Modic changes and endplate sclerosis were highly correlated with cage subsidence. Cage sedimentation rates were lower after OLIF stand-alone in patients with endplates with type III Modic changes, hardened endplates, and flat endplate morphology (46). Osteoporosis (47), age/gender, (24), preoperative CT value (Hounsfield unit, HU) measured in the endplate area (48), and intraoperative endplate injury (19) are risk factors for postoperative cage subsidence. Therefore, in the treatment of DBP with OLIF, additional PPSF is recommended for elderly women, patients with osteoporosis, and intraoperative endplate damage. PPSF may increase ASD has been reported in the literature (19). The reason for this may be that the posterior lumbar spine surgery damages the lower back muscles and adjacent facet joints (49, 50), increasing ASD. Limited by the number of cases, our study did not find a statistically significant reduction in ASD with OLIF stand-alone. The effect of OLIF stand-alone on cage subsidence and ASD needs more clinical data to confirm.

There were some limitations in this study. First, this study was a retrospective case-control study. Unavoidably, there was a certain degree of selection bias may impact the results. Second, the sample size of this study was limited, and a larger sample size is needed to confirm this conclusion. Therefore, the results of this study needed to be further verified by multi-center randomized double-blind study data.



Conclusion

Both OLIF stand-alone and OLIF combined with PPSF were safe and effective in the treatment of DBP, and there was no significant difference in long-term clinical and radiological outcomes. OLIF stand-alone has the advantages of shorter operation time, less blood loss, less muscle damage, and better early clinical efficacy. The effect of OLIF stand-alone on cage subsidence and ASD needs more clinical data to confirm. For patients who are osteoporotic and have intraoperative endplate damage, OLIF combined with PPSF may be superior to monotherapy.
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Objective: We evaluated the effect of a novel modified OLIF technique (anteroinferior psoas approach, AIPA) for anterior decompression reconstruction in lumbar burst fractures, and compared the clinical, radiological outcomes and approach-related complications with the mini-open, lateral transpsoas approach (LTPA).



Methods: From March 2016 to November 2019, 68 patients with lumbar burst fractures underwent one-stage monosegmental posterior/anterior surgery from L1–L4 segments. 35 patients included in AIPA and 33 patients in LTPA group underwent anterior decompression reconstruction. The clinical, radiological and functional evaluation outcomes were recorded during the 16–60 months follow-up period.



Results: At the latest follow up, neurological state of one or more ASIA grades were achieved in AIPA (90.9%) and LTPA group (94.9%). No significant differences were noted between the two groups regarding preoperative and postoperative Cobbs angle. The surgery time (192.29 vs. 230.47 min, P = 0.02) in AIPA group was better compared with LTPA. The AIPA showed better improvement on Oswestry Disability Index (43.4% vs. 60.8%, P < 0.05) and Mental Component Score (49.0% vs. 43.7%, P < 0.05) one month after surgery, but no difference at the latest follow-up. 10 patients (9 in LTPA and 1 in AIPA) experienced temporary motor deficits in hip flexor and groin or thigh numbness, which disappeared six months after surgery.



Conclusions: Compared with lateral transpsoas approach, anterior decompression reconstruction via mini-open, anteroinferior psoas approach was a safe and less invasive approach, with fewer approach-related complications in the treatment for unstable lumbar burst fractures



KEYWORDS
anteroinferior psoas, lateral transpsoas approach, lumbar burst fractures, mini-open, posterior/anterior combined surgery





Introduction

Burst fractures are typically caused by motor vehicle accidents or falls from heights, accounting for 21%–58% of all types of thoracolumbar fractures (1). Anatomically, burst fractures are characterized by the fracture of the anterior and middle columns with or without the posterior column of the spine. The surgical approaches for lumbar burst fractures include posterior, anterior, lateral, or combined approaches (2–5). Anterior approaches have been reported in previous studies as an effective strategy for unstable thoracolumbar burst fractures (6, 7); Anterior approaches for corpectomy and titanium cage reconstruction were performed to directly decompress the neural elements and restore biomechanical support (5).

The complications of the traditional anterior open transperitoneal approach, including vascular injury, postoperative bowel obstruction, retrograde ejaculation, and incisional hernia, have been widely reported (8). Mini-open extreme lateral transpsoas approach (LLIF/LTPA), which was devised for lumbar degenerative diseases (9), has been preliminarily applied for corpectomy and anterior reconstruction in thoracolumbar burst fractures (10). Gurpreet and Eck et al. reported that adequate visualization of the spinal canal and decompression was achieved without massive sequelae to vascular or neural tissue (11). However, the risk of the psoas and lumbar plexus injury could not be ignored. With a continuous increase in the use of the LTPA technique, the approach-related complications increased, which usually were caused by prolonged surgery time, increasing retractor utilization, and direct mechanical injury (10, 12, 13). Although sensory and motor-related complications of LTPA for corpectomy have been reported, further systematic studies are still lacking.

Oblique lateral interbody fusion (OLIF), which was designed to access the disc space via entering the anatomical space between the psoas and the aorta, has been the proposed a solution to the approach-related disadvantages of ALIF and LLIF (14). Compared with LLIF, OLIF reduces the risk of lumbar plexus injury (15). However, it is still not safe to settle the surgical tube system using just the physiological gap between major vessels and the psoas (16). The diameter of the OLIF dilation tube or PEEK cage was a little bigger than the anatomical access corridor in some cases (17).

The anteroinferior psoas (AIP) approach, which is a modified direct visualization lateral approach of OLIF (Oblique Lumbar Interbody Fusion), aims to decrease psoas and lumbar plexus injury and especially operate under direct visualization compared with the OLIF approach. Briefly, the psoas fascia was dissected from the surface of the lumbar disc using a Cobb dissector under direct visualization. Subsequently, the psoas was retracted posteriorly with retractor to obtain an adequate view. Fan and Hu et al. first reported the use of this technique for treating lumbar degenerative diseases and proved its safety and efficacy (16, 18). Since the mild retraction of the psoas muscle can make the corridor obviously enlarged (17), AIP seems to provide greater decompression channels compared with the conventional OLIF channel. We applied the AIP technique for anterior decompression and titanium cage placement in unstable lumbar burst fractures and achieved promising results. This study aimed to detail the AIPA technique in treating lumbar burst fractures and compared the surgical results, radiological parameters, and functional scores with conventional LTPA.



Materials and methods


Patients

This study was reviewed and approved by the medical ethics committee of the author's hospital (Lishui Hospital Affiliated to Zhejiang University). From March 2016 to November 2019, 68 patients (48 male and 20 female) with lumbar burst fractures underwent one-stage posterior/anterior combined surgery. The stabilization of the vertebrae was supported by posterior percutaneous pedicle screw fixation first. Then, 33 patients (March 2016 to March 2018) were operated via a mini-open, extreme LTPA, and 35 patients (January 2018 to November 2019) were operated via AIPA for anterior decompression and titanium cage placement (Figure 1). The average time from injury to surgery was 3.1 days.


[image: Figure 1]
FIGURE 1
Two techniques for placement of anterior retractors via a mini-open incision. (A1−2) LTPA: The psoas was identified and bluntly split along the direction of the muscle fiber using a blunt-split device. Then, the retractor system was placed and fixed to the superior and inferior segments of the fractured vertebra. (B1−2) AIPA: Psoas muscle was retracted posteriorly from the border of the psoas; then, the retractor system was placed obliquely, then turned laterally and fixed to the superior and inferior segments of the fractured vertebra.


All patients were followed up until March 31, 2021. The shortest and longest follow-up periods were 16 months and 60 months, respectively. The inclusion criteria were as follows: age less than 65 years; single-level type-A3/A4 (posterior wall involvement) fractures classified by AO type with segmental instability or type-B/C (tension band injuries/displacement injuries) fractures (19); vertebral fracture levels selected from L1 to L4; and the load-sharing score >6. Several patients were excluded from the study due to osteoporotic (T value ≤ −2.5) or pathological fractures, severe multiorgan injuries requiring surgery, or previous history of spine surgery. The instability of the burst vertebra was described as sagittal vertebral body height loss >50%, local kyphosis deformity >20°, or comminution of the fractured vertebrae (20).



Clinical data

The clinical data included surgery time, estimated blood loss, hospital stays, and postoperative neurological complications. Low back pain and physical function were assessed using the Oswestry Disability Index (ODI) score. Physical pain was also evaluated using the visual analogue scale (VAS) from 0 to 10 preoperatively and postoperatively. The neurological status was evaluated using the American Spinal Injury Association (ASIA) score. A 12-Item Short-Form Health Survey (SF-12) form (21) consisted of the physical component score (PCS) and mental component score (MCS), reflecting the information regarding the physical and mental statuses of a patient, respectively.



Radiological data

The radiological data, including kyphotic angle, were measured between the superior endplate of the vertebra above the fractured vertebra and the inferior endplate of the vertebra below the fractured vertebra on the lateral radiograph (22). All measurements were performed by two experienced doctors not involved in this study. All radiographic evaluations were obtained three times by one of the two doctors, with the arithmetic mean recorded as the data of the present study.



Statistical analysis

All statistical analyses were performed with the SPSS software 20.0 (IBM Statistics SPSS 20). The data were shown as mean ± standard deviation. The independent-two-sample t test or the Mann–Whitney U test was used to compare the difference between preoperative and postoperative results. The demographic data were compared using the chi-squared test and Fishers exact test. The significance was set at P < 0.05.



Surgical technique


Posterior spinal surgery

After admission to the hospital, preoperative examinations including x-ray, Dual Energy x-ray Absorptiometry (DEXA), Computerized Tomography (CT) and Magnetic Resonance Imaging (MRI) were completed. The patient was placed in a prone position. Briefly, four small incisions, approximately 1.5 cm in length, were made in the skin projection of the pedicles. Two pedicle screws were inserted into each of the upper and lower vertebrae adjacent to the injured vertebra under C-arm x-ray monitoring. For type-C fracture, four pedicle screws were inserted into the cephalic and caudal vertebrae of the injured vertebra for additional stability. Next, two pre-bent longitudinal connecting rods were inserted into the U-shaped slots of the screws under the paraspinous muscle. The fractured vertebral body was repositioned along the longitudinal axis of the connecting rod using a distraction and compression tool (CanWell Inc. Zhejiang, China), which was matched with percutaneous transpedicular systems (22). Finally, the cephalic and caudal screws were tightened to stabilize the injured vertebra and avoid further kyphotic deformity aggravation.




Minimally invasive corpectomy and titanium cage reconstruction via mini-open, LTPA

To date, previous studies (WD Smith, JS Uribe, Jason C. Eck, and Gurpreet) have described the minimally invasive lateral transpsoas approach to access the vertebral body in detail (3, 5, 11, 23). Briefly speaking, the patient was placed and fixed with a tape in the lateral decubitus position on the right side for anterior surgery. A pillow was placed over the iliac crest to further increase the space between the ribs and the iliac crest. A 5- to 6-cm transverse skin incision was made at the left midaxillary line under the monitoring of a C-arm x-ray. Abdominal muscles were bluntly split along the direction of their fibers, including the external oblique, the internal oblique, the transversalis, and the transverse abdominal fascia, reaching the retroperitoneal space. Sometimes extensive or partial rib resection was needed to reach the retroperitoneal space when the fractured vertebra was L2 or above. The retractors and periosteal detacher were used to retract the retroperitoneal contents anteriorly and bluntly split the psoas and lumbar plexus carefully until the fractured vertebra was exposed. Then, the dilating tubes were placed in sequence. The lumbar plexus tended to lie in the posterior one third of the psoas muscle. Electrophysiological monitoring was used in all cases to avoid injury to these motor nerves.

A tubular retractor system (CanWell Inc. Zhejiang, China) was placed over the final dilating tube, and then the tubes were removed. Finally, the retractor's blades were opened and secured to the lower and upper vertebrae under lateral and anterior/posterior fluoroscopy. The fractured vertebra or cartilaginous endplate was removed, and the spinal canal was decompressed with a drill, osteotome, or ultrasonic bone scalpel combined with rongeurs. If the lower endplate and the disc were intact, the lower endplate was preserved for maximum segmental motion. The fractured vertebra was replaced with a titanium cage and autologous bone. The titanium cage was knocked in until fluoroscopy was confirmed. The surgical incision was closed layer by layer, and a 5- to 6-cm incision was left. The surgery time and the bleeding volume were recorded.



Minimally invasive corpectomy and titanium cage reconstruction via mini-open, AIPA

The surgeon evaluated the site of the abdominal aorta, vena cava, and sympathetic nerves in relation to the adjacency of the vertebra by the preoperative MRI first. After posterior percutaneous surgery, the anterior skin incision was made under fluoroscopy and marked to extend 2–3 cm along the margin of the indexed vertebra (16), which was slightly more anterior than the LTPA (Figures 1B, 2A). The surgical procedure to reach the retroperitoneal space using blunt separation instruments has been described above.
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FIGURE 2
Operating room images demonstrating the AIPA surgical procedures. (A) Anterior incision of AIPA after posterior pedicle screw fixation. (B) Lateral radiograph demonstrating anterior titanium cage placement. (C) Position of the retractor system and the extent of exposure obtained. (D) Length of the anterior incision.


Unlike the LTPA approach, AIPA does not require dissection of the psoas. The abdominal viscera, ureter, and vascular together with extraperitoneal fat were retracted anteriorly (ventral side) with a long retractor. The fascia of the anteroinferior border of the psoas was bluntly separated, and the psoas was retracted posteriorly (dorsal side) along the surface of the index vertebra and disc using Cobb dissector under direct visualization (Figure 1B). The probe, dilators and retractors were sequentially placed in an oblique direction and then the channel could turn laterally to fully expose the decompression area under direct visualization and facilitate the following surgical procedures. Finally, the retractor's blades were opened and secured to the lower and upper vertebrae under lateral and anterior/posterior fluoroscopy. The anterior decompression and titanium cage reconstruction were conducted as described above. The neuromonitoring equipment was not required during the procedure. The psoas and surrounding soft tissues were not or slightly damaged during the whole process (Figure 3).


[image: Figure 3]
FIGURE 3
(A,B) preoperative sagittal CT scan and MRI images of a 42-year-old male patient with L2 burst fracture with nerve deficit. (C) Postoperative lateral CT image demonstrating good correction of kyphotic deformity via posterior instrumentation combined with AIPA anterior decompression and titanium cage placement. (D) An x-ray image was taken 3 months after surgery. (E) x-ray image demonstrating that the posterior screw–rod system had been removed.





Results

A total of 68 patients, with 68 fractured segments, were included for treatment. The demographic data are listed in Table 1. No statistically significant differences in sex, age, mechanism of injury, TLIC score, and load-sharing score were found between the AIPA and LTPA groups. The modified AO spine classification (19) revealed the following: A3 (3), A4 (8), B1 (15), B2 (4), and C (3) in the LTPA group; A3 (4), A4 (6), B1 (18), B2 (5), and C (2) in the AIPA group.


TABLE 1 Demographic data of patients.
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Clinical outcomes

The average surgery time in the LTPA group (230.47 ± 49 min) was significantly longer than that in the AIPA group (192.29 ± 34 min) (Mann–Whitney U test, P = 0.02). The mean blood loss during the surgery was not significantly different between the LTPA and AIPA groups (524 ± 197.4 ml vs. 468.3 ± 201 ml, Mann–Whitney U test, P = 0.456). The mean hospital stay was 17.6 ± 4.7 days for patients in the AIPA group and 18.0 ± 6.2 days in the LTPA group (Mann–Whitney U test, P = 0.844) (Table 2).


TABLE 2 Comparison of surgical outcomes between AIPA and LTPA groups.
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Radiological evaluation

The average preoperative sagittal kyphotic angle was 18.71° ± 6.84° in the AIPA group and 16.55° ± 7.94° in the LTPA group. The postoperative average kyphotic angle was 3.98° ± 6.11°and 2.49° ± 6.09°, respectively. At the latest follow-up, the average kyphotic angle was 3.91° ± 7.76°and 1.93° ± 5.32° (AIPA and LTPA), respectively. The average loss of correction was 0.74° ± 1.87° and 0.51° ± 2.87° in the AIPA and LTPA groups, respectively, which was not significant (Mann–Whitney U test, P = 0.807) (Table 2). At the latest follow-up, all patients had solid bone fusion. Sagittal/coronal CT reconstructions showed continuous bridging callus formation. A total of 15 patients removed their posterior instrumentation at the latest follow-up. x-rays in the hyperextension–hyperflexion position showed good segmental motion with no more than 3° change according to the method described by Schnake et al (24) (Figure 4).


[image: Figure 4]
FIGURE 4
Spinal hyperextension–hyperflexion (A,B) A patient with L2 fracture showing good segmental mobility after removal of posterior internal fixation.




Function and complication evaluation

The mean functional outcomes for ODI and SF-12 were recorded at the follow-up (Table 3). The ODI scale evaluated one month after the surgery was 43.4% ± 7.7% in the AIPA group and 60.8% ± 8.7% in the LTPA group (P < 0.05), but 14.7% ± 7.4% and 17.2% ± 11.8% (P = 0.567), respectively, at the latest follow-up (Table 3). Regarding the SF-12 evaluation, the PCS at one month after the surgery and at the latest follow-up was not significantly different between the two groups, but the MCS was 49.0% ± 5.95% in the AIPA group and 43.7% ± 8.8% in the LTPA group (P = 0.015) (Table 3). The mean VAS pain score improved from 8.0 ± 0.99 and 8.2 ± 1.06 in the AIPA and LTPA groups preoperatively to 2.22 ± 1.11 and 2.56 ± 1.14 postoperatively, respectively. At the latest follow-up visit, the mean VAS pain score was 0.72 ± 0.34 and 0.69 ± 0.39 in the AIPA and LTPA groups, respectively (P > 0.05). At the latest follow-up, 35 of the 40 patients with neurological deficits had at least one level or more of neurological recovery (Table 4).


TABLE 3 12-Item short-form health survey and ODI.
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TABLE 4 Neurological status of patients in AIPA and LTPA groups.
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Ten patients [9 (27.2%) in the LTPA group and 1 (2.9%) in the AIPA group] experienced a temporary motor deficit in hip flexor or groin dysesthesia or thigh numbness and these symptoms were not reported preoperatively. In the LTPA group, three patients complained of hip flexion weakness, two of whom had L3 segment fractures and one had an L4 segment fracture; Five patients reported numbness or abnormal sensation in the thigh or groin area, three of whom had L2 segment fractures, one had L1 segment fracture, and one had L3 segment fracture; One patient with an L2 segment fracture reported thigh pain. In the AIPA group, one patient with an L2 segment fracture complained of numbness in the anterior thigh. The patients reported that these symptoms interfered with their lives to a greater or lesser extent and finally disappeared about 6 months after the surgery. No other complications were observed intraoperatively (Table 5).


TABLE 5 Approach-related complications.
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Discussion

Open anterior thoracolumbar surgery has been gradually replaced by minimally invasive surgery (MIS) in recent years due to its high invasiveness, excessive bleeding, or complications in thoracolumbar burst fractures (8). Minimally invasive, direct LTPA has been reported for fusion in lumbar degenerative disease because of its advantages of limited exposure-related damage to soft tissues (9). Several studies showed good efficacy of the “mini-open, LTPA” in correcting kyphosis and reconstructing the anterior column in unstable thoracolumbar burst fractures (11, 23, 25). However, LTPA has some limitations of its own. The lumbar plexus is located within the psoas and releases multiple motor and sensory nerves. Hip flexion weakness may be caused by direct injury to the psoas or lumbar plexus. Allergic sensations in the groin and thighs may be caused by injury to the ilioinguinal or genitofemoral nerve (26).

The complications associated with psoas splitting included thigh symptoms (numbness, paresthesia, dysesthesias, or weakness) in 1%–8% (hip flexor weakness) and 5%–49% (sensory nerve injury) of patients undergoing lumbar fusion surgery (12, 27), because sometimes sensory nerves could not be monitored. Yilmaz reported that LTPA with corpectomy was associated with higher rates of neurological injury vs. LTPA alone (32.4% vs. 22.7%) because of acquiring larger psoas splitting for corpectomy and titanium cage placement (10). Gandhoke et al. reported that both patients with lumbar burst fractures had transitory hip flexor weakness postoperatively associated with the LTPA, but this resolved prior to discharge. Eck et al. reported that patients had pain or numbness in the left thigh postoperatively; these symptoms gradually disappeared at subsequent follow-up, but they were still not completely relieved (3, 11).

A cadaveric specimen study showed an oblique anatomical corridor: the average entry channel diameters at L2-3, 18.60 mm and 25.50 mm for static state and mild psoas retraction without psoas rupture; at L3–4, 19.25 mm and 27.05 mm; and at L4–5 for 15.00 mm and 24.45 mm, respectively (17). The most commonly used titanium cage is 22 mm in diameter, which is difficult to implant without retraction of the psoas. The AIPA procedure changes the transverse psoas approach to an oblique approach by separating the fascia of the anteroinferior border of the psoas and retracting the psoas posteriorly with a long retractor under direct visualization (16) (Figure 1B). In this study, nine patients (27.2%) reported approach-related complications in the LTPA group (three cases of hip flexor weakness and six cases of numbness or pain in the anterior thigh or groin), but all were relieved about 6 months after the surgery. One patient (2.9%) in the AIPA group had anterior thigh numbness; it was speculated that it might be caused by excessive stretching of the psoas, or by the agitation of the sensory nerves. Similarly, the rate of complications associated with AIP surgical access in 226 patients with lumbar degenerative disease was 4.9% including transient thigh pain/numbness or psoas weakness (2.2%) in the study by Fan et al (16). Hence, direct visualization and psoas retraction could reduce psoas and lumbar plexus injury in AIPA.

The mean surgery time for LTPA combined with posterior pedicle screw fixation was 230.47 ± 49 min, which was not different from the previous MIS. Machino et al. and Hu et al. reported the average surgery time of 256 min and 230 min in the combined surgery, respectively (11, 28–30). The average surgery time in the AIPA group was 192.29 ± 34 min, which was shorter than that in the LTPA group (P = 0.02). In the process of establishing working channel to the posterior border of the injured vertebral body, the LTP approach had to avoid lumbar plexus when directly splitting the psoas major muscle in the lumbar 3–5 segment. We often encounter larger lumbar plexus nerves obliquely crossing the lateral aspect of the vertebral body, especially with multiple nerves. Therefore, surgical manipulation can be tricky in these cases. During the decompression procedure, the surgeon may be more hesitant, which undoubtedly prolongs the surgery time and makes the procedure inconvenient. The AIP incision is more anterior than the LTP incision, and the working channel is placed obliquely. After separating the fascia below the psoas, the psoas is retracted with a special long pulling hook, which is relatively simple to manipulate. Also, the operator does not need to worry too much about lumbar plexus injury during the subsequent decompression operation. A prospective multicenter trial by Uribe et al. indicated that a prolonged psoas retraction time was a predictor of declining lumbar plexus integrity in MIS-XLIF/DLIF (extreme/direct lateral lumbar fusion) (31). In conventional open posterior/anterior combined surgery, previous studies reported an average bleeding of more than 900 ml; The value was much lower than that for the open surgery in minimally invasive surgery.

Most patients in the AIPA group showed better satisfaction than those in the LTPA group regarding the MCS and ODI scores, especially in the early postoperative phase. This might be attributed to the lower incidence of AIPA-related neurological complications. Hip flexor weakness and thigh area numbness had an impact on the patients' psychological assessment. A majority of patients improved at 6 months after the surgery, which explained the lack of differences in SF-12 and ODI assessments between the two groups at the latest follow-up. Thus, the patient's postoperative quality of life should also be taken into account, when choosing the surgical approach.

Although AIPA has some advantages in reducing approach-related complications, it faces some difficulties in managing fractures of the L4 segment, especially when the psoas is extremely hypertrophic or relatively anteriorly positioned. First, surgeons need to adequately assess the size of the space between psoas and large artery, and the thickness of psoas by preoperative axial T2-weighted MRI image at the surgical segment. The relative contraindication to AIPA in the L4 segment is that the psoas is extremely hypertrophic or more anteriorly positioned. In our experience, we placed the patient in a right lateral position with the left knee and hip flexed, as well as elevating the left lower leg by placing a pillow between the legs to release the tight psoas muscle. The AIPA procedure often required an assistant to use pulling hooks to pull the psoas major muscle posteriorly, which was laborious and unstable when the psoas was thickened. To address this challenge, after we separated the anteroinferior border of the psoas from the disc/vertebral body under direct vision and pulled posteriorly, the working channel was placed at a slightly oblique angle along the lower edge of the pulled psoas to perform lumbar corpectomy and titanium mesh placement.

Biomechanical studies showed that combined surgery resulted in better stability (32). Posterior instrumentation provided stronger stabilization and prevented further spinal canal compromise in severe burst vertebra, making the anterior monosegmental reconstruction easier. The anterolateral plate was not required in the present study to reduce the invasiveness of the surgery (23, 28). The biggest biomechanical advantage of the lateral plate was motion restriction during lateral bending. Anterolateral plate implantation via a mini-open corridor often required greater exposure (at least three vertebrae exposures). It also entailed increased surgery time and bleeding, which potentially made the procedure more difficult and invasive. Further, it limited the motion of the spine after the removal of the posterior instrumentation. Christiansen et al. reported that only one stand-alone lateral plate could not provide enough support compared with posterior instrumentation (33). At the latest follow-up, none of the patients experienced significant subsidence of the titanium cage in our study, although this may require a longer-term follow-up.

The integrity of the lower endplate and disc is critical to the recovery of motor function postoperatively. Hu et al. adopted preservation of the lower endplate and disc in Denis type-B burst fracture, but lacked further assessment of lumbar motion after removal of internal fixation hardware (28). The present study showed that several patients with intraoperative preservation of the inferior endplate and disc demonstrated good recovery of lumbar motion after removal of posterior instrumentation in spinal hyperextension–hyperflexion x-ray images (Figures 4, 5), although it was not assessed systematically.


[image: Figure 5]
FIGURE 5
A patient with L4 burst fracture underwent posterior instrumentation combined with AIPA monosegmental reconstruction, in which the inferior endplate and disc below were preserved. (A,B) Preoperative sagittal CT scan and MRI images. (C,D) Postoperative x-ray and CT image demonstrating good correction of kyphotic deformity via posterior instrumentation combined with anterior decompression and titanium cage placement.


Although the clinical outcome was promising, the present study also had some limitations. First, it was not a randomized controlled trial. Also, the small sample due to strict inclusion criteria did not adequately reflect the advantages and disadvantages of the technology. Finally, all results were obtained at a single center. Therefore, further studies should involve more centers to evaluate the efficiency of the novel combination procedure.



Conclusions

Mini-open, anterior mono-segment reconstruction in unstable lumbar burst fractures via the AIP approach provided excellent clinical and radiographic results, with fewer approach-related complications and a shorter surgery time than the transpsoas approach. Through proper selection of indications, this modified surgical approach can be one of the options for the surgical treatment of lumbar burst fractures.
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Objective: To explore the clinical effect and operating skills of channel assisted Cervical Key Hole technology combined with Ultrasonic Bone Osteotome (CKH-UBO) in the treatment of single segment cervical spondylotic radiculopathy (CSR).



Methods: From June 2018 to June 2020, 14 patients diagnosed with CSR and treated with channel assisted CKH-UBO were collected. The duration of the disease, the length of the incision, the operation time, the amount of bleeding during the operation, the length of hospitalization and the complications were recorded. The Range Of Motion (ROM) and the stability of the surgical segment were recorded before and after the operation. Visual analog scale (VAS), neck disability index (NDI) and modified macnab efficacy evaluation criteria were used to evaluate the surgical efficacy.



Results: The operative segments of the enrolled patients were all lower cervical vertebrae. The average incision length was 2.0 ± 0.1 cm, the operation time was 42.2 ± 5.7 min, the intraoperative bleeding volume was 32.7 ± 4.1 ml, and the hospital stay was 5.6 ± 1.2 days. There was no difference in ROM between preoperative and 3 months and 1 year after operation (P > 0.05), and all patients did not have segmental instability. The VAS scores of neck pain before surgery, 3 days after surgery, 3 months after surgery, and 1 year after surgery were 5.6 ± 1.2, 1.6 ± 0.6, 1.1 ± 0.7, 0.6 ± 0.5, and the VAS scores of upper limb pain were 6.2 ± 1.2, 1.7 ± 0.7, 1.1 ± 0.6, 0.6 ± 0.5. The NDI scores of upper limb pain before surgery, 3 days after surgery, 3 months after surgery, and 1 year after surgery were 36.7 ± 3.5, 9.8 ± 2.4, and 3.9 ± 1.5, 1.8 ± 1.0, The VAS and NDI scores at all follow-up time points after operation were significantly lower than those before operation (P < 0.001). One year after operation, the curative effect was evaluated according to the modified macnab evaluation standard, and the excellent and good rate was 100%. The complication rate was 6.25%.



Conclusion: Channel assisted CKH-UBO for single segment CSR has the advantages of short operation time, reliable clinical effect, high safety and low complication rate, which is worthy of clinical promotion.
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Introduction

CSR needs surgical treatment after conservative treatment is ineffective. Anterior cervical fixation and fusion is a classic surgical method for CSR treatment. However, after fixation and fusion, it will affect the cervical mobility unit of the responsible segment and accelerate the degeneration of adjacent segments (1, 2). In recent years, with the rapid development of minimally invasive spine, minimally invasive key hole surgery has been gradually applied to cervical spine surgery. A large number of literatures have reported that key hole endoscopic surgery can obtain good clinical efficacy (3, 4). The full resection of bone structures and the exposure of nerves are the key steps of this operation. However, the interference of soft tissue on the visual field under the microscope and the poor hemostatic technology under the microscope will reduce the operation efficiency. Meanwhile, when the grinding drill is used for bone cutting under the microscope, the scraping effect of the grinding drill is often prone to complications such as dural tear and nerve root injury, therefore, it has high technical requirements for the operator and is not suitable for beginners, which also reduces the practicability of the operation (5). With the advent of ultrasonic osteotome and its gradual application in orthopedics since 1998 (6), many scholars found that ultrasonic osteotome has more advantages in orthopedic surgery. Compared with grinding drill, ultrasonic osteotome is more efficient, stable and safe (7–9). Early literatures reported the use of ultrasonic osteotome under endoscope, but due to the difficulty of operation under endoscope and the choice of knife head, limited choice does not provide obvious convenience for surgery (10). The channel assisted cervical key hole surgery allows the use of conventional open surgical instruments, which provides sufficient space and conditions for the use of ultrasonic osteotomes. Therefore, our team tried to apply the ultrasonic osteotome to the channel assisted key hole operation of cervical spine 4 years ago and accumulated some application experience. Therefore, we conducted a retrospective analysis on this group of patients to explore the clinical efficacy and operation skills of CKH-UBO in the treatment of CSR.



Methods and materials


Patients selection

This study is a retrospective study. The study protocol was approved by the hospital ethics committee and carried out according to the declaration of Helsinki. A total of 14 patients diagnosed with CSR and treated with channel assisted CKH-UBO between June 2018 and June 2020 were included. Inclusion criteria: (1) Definite diagnosis of single segment cervical spondylotic radiculopathy; (2) All patients had unilateral symptoms and underwent unilateral decompression; (3) The lesion site was lower cervical vertebra (C3-C7); (4) Intraoperatively, UBO was used for fenestration and decompression; (5) After standard conservative treatment, the effect is poor or the symptoms are progressive. Exclusion criteria: (1) Revision surgery; (2) Imaging showed that the cervical spine was unstable; (3) The number of decompression sections exceeds 1; (4) There were ossification and osteophyte on the ventral side of the nerve; (5) Failure to follow up as planned; (6) Persons with mental illness or mental disorder; (7) Presence of intracranial or peripheral neuropathy; (8) There are contraindications or no surgical treatment.



Surgical technique

The patients lie prone on the spinal operation mattress, fix the head in the flexion position with Macintosh's head rest, fluoroscopically locate the surgical segment and mark it. All patients use neuroelectrophysiological monitoring. After routine disinfection and towel laying, the intraoperative operation was started. The skin, subcutaneous tissue and deep fascia layer were cut by 10 mm beside the midline, and the soft tissue was separated and expanded by using a step-by-step expansion tube. Finally, a non expanded fixed channel with an internal opening of 20 mm and an external opening of 24 mm was placed. The fixed channel of the free arm was connected to the appropriate position. After the fluoroscopy of the C arm was clear and the position was satisfactory, the decompression operation was performed. Use an electric knife to strip the residual soft tissue on the bone surface, identify the vertebral lamina and lateral mass, and expose the V-point. The lower edge of the upper lamina and the upper edge of the lower lamina were gradually scraped with a spoon shaped UBO. Carefully separate and bite the ligamentum flavum with a lamina osteotome. Fully expose the outer edge of the spinal cord and the suprashoulder and axillary areas of the nerve root, and expand the decompression range according to the decompression plan prepared before the operation. Separate the nerve root, expose the prominent nucleus pulposus tissue, move gently and pay attention to fully protect the nerve. Use nucleus pulposus forceps to remove the protruding nucleus pulposus tissue, and use bipolar electrocoagulation, gelatin sponge and other hemostatic materials to fully stop bleeding after the nerve decompression is fully explored. The channels were removed and hemostatic sutures were performed layer by layer. All the patients in the group did not place a drainage tube after the operation. On the second day after the operation, they were re examined by imaging and moved with the assistance of a neck brace. On the 3rd–5th day after the operation, the patient can be discharged from the hospital if the incision is normal, and continue to standardize functional exercise. One month after the operation, the neck brace can be removed and the normal neck movement can be restored.



Outcome measures

General data such as gender, age, length of surgical incision, operation time, intraoperative blood loss and hospitalization time of the enrolled patients were recorded. The influence of channel assisted CKH-UBO on the local stability of the cervical spine was evaluated by recording the ROM according to penning method (11) before and after operation and the stability of the operative segments with dynamic radiographs of cervical flexion and extension. Criteria for cervical instability: the x-ray film of flexion and extension dynamic position shows that the sagittal displacement is >3.5 mm and the angular displacement is >11° (12). VAS, NDI and modified macnab evaluation criteria were used to evaluate the surgical effect. The incidence and types of complications were recorded to evaluate the safety of the operation.



Statistical analysis

SPSS 20.0 statistical software was used for data analysis. The measurement data were expressed as mean ± standard deviation. If the data conformed to normal distribution, paired t test was used for preoperative and postoperative continuity data comparison. If the data did not conform to normal distribution, paired Wilcoxon rank sum test was used for analysis. The inspection level is taken from both sides α = 0.05.




Results


Demographics characteristics

A total of 14 patients were included in this study, including 11 males and 3 females, with an age of 51.1 ± 8.4 years and a course of 16.9 ± 7.5 months. The operation sites were all lower cervical vertebrae, 3 cases were C4/5, 7 cases were C5/6 and 4 cases were C6/7. All patients underwent single segment channel assisted CKH-UBO surgery, and the decompression mode was unilateral approach and unilateral decompression. The average incision length was 2.0 ± 0.1 cm, the operation time was 42.2 ± 5.7 min, the intraoperative bleeding volume was 32.7 ± 4.1 ml, and the hospital stay was 5.6 ± 1.2 days (Table 1).


TABLE 1 Summary of the baseline data.
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Radiological results

During the follow-up of 3 months and 1 year after operation, none of the enrolled patients showed segmental instability. The ROM of cervical spine measured by preoperative dynamic position x-ray film was 51.3 ± 3.1°, and the ROM of cervical spine was 50.1 ± 2.6°, 51.2 ± 3.5° at 3 months and 1 year after operation. There was no statistical difference between postoperative and preoperative (Table 2).


TABLE 2 Comparation of the ROM between pre and postoperative.
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Functional results

The VAS score of neck pain before surgery, 3 days after surgery, 3 months after surgery, and 1 year after surgery were 5.6 ± 1.2, 1.6 ± 0.6, 1.1 ± 0.7 and 0.6 ± 0.5. The VAS score of upper limb pain before surgery, 3 days after surgery, 3 months after surgery, and 1 year after surgery were 6.2 ± 1.2, 1.7 ± 0.7, 1.1 ± 0.6 and 0.6 ± 0.5. The NDI score before surgery, 3 days after surgery, 3 months after surgery, and 1 year after surgery were 36.7 ± 3.5, and 9.8 ± 2.4, 3.9 ± 1.5 and 1.8 ± 1.0. The VAS score and NDI score at each follow-up time point after operation were significantly improved compared with those before operation, and the difference was statistically significant. After 1 year follow-up, according to the modified macnab evaluation standard, 9 cases were excellent, 5 cases were good, 0 case was fair, 0 case was poor, and the excellent and good rate was 100% (Table 3).


TABLE 3 Comparation of the functional score between pre and postoperative.
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Complications

One patient developed numbness of the affected side of the forearm after the operation, and completely disappeared after symptomatic treatment such as nutritional nerve. All patients had no nerve injury, dural sac tear, cerebrospinal fluid leakage, infection, intraspinal hematoma, etc. none of the patients had relapse after 1-year follow-up (Figure 1).


[image: Figure 1]
FIGURE 1
The patient, Male, 47 years old, was diagnosed with CSR(C6/7). (A–E) Preoperative imaging studies. (A,B) showed cervical kyphosis, without rotation, slippage and scoliosis. (C,D) showed there are osteophytes at the posterior edge of the vertebral body, and the intervertebral foramen area is not narrow. (D,E) showed cervical intervertebral disc protrusion, located in the right foramen region. (F) showed Intraoperative fluoroscopy. (G–L) were the postoperative imaging examination, in which (G–J) were the re-examination data 3 days after the operation, and (K,L) were the re-examination data 1 year after the operation. (G,I) were CT images 3 days after operation, and The facet joints were well preserved and the range of fenestration was satisfactory. (I,J) showed that the nucleus pulposus in the right foramen area was completely removed. (K,L) showed there was no recurrence 1 year after operation. (M) showed intraoperative image.





Discussion


Effectiveness of channel assisted CKH-UBO

In terms of osteotomy efficiency. The key hole operation under endoscope uses grinding drill to remove the bone structure, and the operation mode is shallow to deep layer by layer grinding, which is inefficient (13). In the process of grinding and removing the bone structure, it is necessary to constantly identify the anatomical marks to ensure the scope of the bone structure removal. These operations may increase the operation time. In addition, when the bone structure is removed under endoscope, the surrounding soft tissue often blocks the visual field, and the position of the endoscope needs to be adjusted frequently to expose the bone structure, which also leads to the reduction of the operation efficiency. The key hole operation under the channel significantly expanded the operation field and operation space. Under the channel, electric scalpels and surgical tools of the same size as open surgery can be used to quickly remove the soft tissues around the facet joints and the vertebral lamina margin, and it is clear, which creates favorable conditions for the resection of bony structures. In addition, the use of UBO under the channel can improve the efficiency of bone structure resection, which is also the key to shorten the operation time. We believe that the high efficiency of UBO is mainly reflected in the following points. First of all, the blade head we use is spoon-shaped. Its function is similar to that of an electric scraper, which is different from that of a grinding drill, the UBO can directly scrape off the vertebral lamina without layered grinding. Secondly, the UBO is mainly used to cut the bone through its own micro vibration (14). The vibration range is only at the tip of the knife head, and the controllability is strong. Therefore, the operator can operate with one hand, and the other hand can use the attractor to keep the visual field of the operation area clear, reducing part of the time spent on replacing the surgical instruments. In this group of experiments, the average operation time was 42.2 ± 5.7 min, which was not increased compared with the operation time of endoscopic key hole technology reported in other literatures (15–17). This also shows that the channel assisted CKH-UBO operation is time-consuming and efficient.

In terms of clinical efficacy. Due to the limited field of vision of the key hole under endoscope, it may lead to misjudgment of the decompression range, which may further affect the clinical efficacy. Although domestic and foreign literatures have reported many methods for defining the decompression range, they can not accurately judge the decompression boundary under direct vision (18–20). However, the channel assisted method was adopted in this group of experiments, which can display the anatomical structure more widely and clearly than endoscopy, providing a prerequisite for accurate decompression. All the enrolled patients fully exposed the supra shoulder and axillary regions of the nerve roots, which ensured the adequacy of decompression during the operation. In addition, the UBO can accurately reach the decompression target. Because its force direction is dorsal to the nerve, this operation characteristic reduces the interference of the surgical operation on the nerve, thus avoiding the influence of the clinical effect due to the nerve stimulation symptoms after the operation. In addition, for some patients with intervertebral foramen stenosis, UBO can also safely and efficiently decompress the region. The postoperative NDI score and VAS score of the patients in this group were significantly lower than those before the operation. The excellent and good rate of modified macnab was 100%. The above statistical results indicate that the clinical efficacy of channel assisted CKH-UBO is reliable.



Safety of channel assisted CKH-UBO

In terms of surgical trauma. Because of the expansion of auxiliary tools, the incision used in this operation is slightly larger than that in endoscopic surgery, but this does not affect the postoperative management of patients. The patients in this group did not have incision pain and infection after operation, and the average length of hospital stay was similar to that of patients undergoing endoscopic surgery in our hospital. Previous literatures considered that muscle injury was an important factor that affected the healing of surgical incision and incision pain (21), while the channel was established by expanding the tube step by step when CKH-UBO was performed with the aid of channel, which could effectively reduce the injury of neck muscle. The average intraoperative bleeding volume of this group was 32.7 ± 4.1 ml, which was lower than that of the traditional open posterior cervical laminectomy (22), and similar to the results reported in the literature of key hole under some endoscopes (23, 24). Intraoperatively, we found that the main source of bleeding was the intraspinal hemorrhage after the incision of the ligamentum flavum. Under the channel, we can use gelatin sponge and brain cotton for rapid compression hemostasis. In addition, when the UBO is used to remove the bone structure, it has a cavitation effect, which can coagulate and denature the hemoglobin within the cutting range and also play a certain hemostatic role (25, 26). No drainage room was placed in this group of patients after surgery. Lower bleeding volume can not only improve the safety of surgery, but also reduce the difficulty of postoperative patient management. The protection of the local stability of the cervical spine is very important in the key hole technology. If too much damage is done to the facet joint, it may lead to instability of the cervical spine, and then cervical vertigo, neck and shoulder pain and other complications (27, 28). The channel assisted CKH-UBO is used for nerve decompression under direct vision. Sufficient surgical field can facilitate the operator to accurately judge the anatomical position and prevent the decompression range from being too large and affecting the stability. In addition, the precise bone cutting characteristics of the UBO can avoid unnecessary bone structure damage caused by improper operation. In this group of trials, all patients did not have instability of the surgical segment after operation. This result shows that this surgical method can effectively protect the local stability of the cervical spine, and there is no significant difference in ROM of the cervical spine before and after operation, which also reflects the advantage of key hole technology in fully protecting the mobility of the cervical spine compared with anterior cervical spine fixation and fusion surgery.

In terms of nerve damage. When the key hole technology under endoscope uses a grinding drill to remove the bone structure, the grinding head is likely to leak and slip, thus affecting the surrounding nerve tissue, and in serious cases, it will lead to disastrous consequences (29). This is mainly due to the poor stability of the grinding drill when the force direction of the grinding drill is toward or parallel to the spinal cord. Therefore, even if the operator has high proficiency in grinding and drilling, the risk can not be completely avoided. When the UBO is used under the channel, the direction of its force is away from the dural sac. It is carried out in a way similar to the electric curette. It has strong controllability and can completely avoid the physical damage of nerve and blood vessels. In addition, in order to avoid burning of peripheral nerve and blood vessels due to high temperature caused by friction, the traditional grinding drill needs to continuously inject physiological saline locally during the removal of bone structures. However, the UBO generates less heat and has a water spray function, which can effectively reduce the local temperature. These characteristics can effectively reduce the risk of nerve and blood vessel burns (30, 31). However, it should be noted that the local temperature can also gradually increase when the UBO is used for decompression for a long time. Therefore, when the UBO is used for a long time in complex cases, physiological saline should be used intermittently for cooling. The operator should also pay attention to the local temperature changes at all times to avoid skin burns. In this experiment, one patient felt numbness of the affected side of the upper limb after operation and completely relieved 3 days after operation. We considered that the nerve root was stimulated when the nucleus pulposus tissue was removed due to severe nerve compression in this patient. The other enrolled patients had no neurospinal cord injury, indicating that it is very reliable in neuroprotection.




Conclusion

We believe that the channel assisted CKH-UBO treatment for single segment CSR has short operation time, reliable clinical efficacy, high safety and low complication rate, and is worthy of clinical promotion. However, the number of cases enrolled in this study is small, and there is a lack of long-term follow-up results. It is hoped to be supplemented in future research.
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Purpose: To compare the clinical outcomes and radiological parameters of patients undergoing percutaneous vertebroplasty (PVP) versus those undergoing percutaneous vertebral-disc plasty (PVDP) for back pain, segmental instability, and kyphosis due to thoracolumbar very severe osteoporotic vertebral compression fractures (vsOVCFs).



Methods: This prospective randomized controlled study included elderly patients with thoracolumbar vsOVCFs. All the patients were randomly allocated into the PVP group (who underwent conventional PVP) and the PVDP group (who underwent PVP combined percutaneous cement discoplasty). The visual analogue scale (VAS), Oswestry Disability Index (ODI), local kyphosis angle, and disc height were recorded preoperatively and postoperatively.



Results: Significant postoperative improvements in the VAS, ODI, and the local kyphosis angle (LKA) were shown, compared with the preoperative values in both groups (p < 0.05). The average VAS, ODI, and LKA for patients in the PVP group were increased compared to those in the PVDP group observed at the last follow-up (p < 0.05). The DHA, DHP, and LKA were seen to be maintained in the PVDP group at the last follow-up (p > 0.05). The change was significantly lower in the PVDP group at the last follow-up in those parameters (p < 0.05).



Conclusion: PVDP may be a feasible and effective technique for the treatment of very severe OVCFs, that can restore intervertebral height, provide segmental stabilizing and relieve back pain in the short term.



KEYWORDS
percutaneous vertebroplasty, percutaneous cement discoplasty, very severe osteoporotic vertebral compression fractures, segmental instability, kyphosis





Introduction

Osteoporosis is a major global public health problem, causing more than 8.9 million fractures each year (1). Osteoporotic vertebral compression fracture (OVCF) is the most frequent type of fracture in the elderly (2). OVCF usually causes significant back pain and mobility limitations (3). The conservative treatments need prolonged bed rest and drug therapy (4). If patients are associated with a delay in accepting formal conservative treatment, multiple complications secondary to OVCF will occur, such as back pain, kyphotic deformity, a reduction of life quality, increased magnitude of vertebral compression, deep vein thrombosis, and pulmonary infection (5, 6).

Very severe osteoporotic vertebral compression fractures (vsOVCFs) have been defined as compression of the vertebral anterior column greater than two-thirds of their original height (7), which is accompanied by kyphosis deformity and endplate-disc complex injury (EDCI) (8, 9). Folman (10) proposed that the local kyphosis angle (LKA) exceeds 20°, and the compression of the anterior column of the diseased vertebral column exceeds 50%, which can be considered as local instability of the fracture. In patients with vsOVCFs, vertebral compression and EDCI are often aggravated due to the failure of formal conservative treatment in the early stage of the disease, which accelerates the degeneration of the damaged intervertebral disc and even the appearance of disc vacuum phenomenon, which further leads to instability of the thoracolumbar spine and further kyphotic deformity.

Traditional osteotomy and pedicle screw fixation and fusion operation are used to correct kyphotic deformity and treat segmental instability, which is too risky for elderly patients with severe underlying disease (11). As imaging and surgical techniques have improved, percutaneous vertebroplasty (PVP) has gradually been applied to the treatment of vsOVCFs that was once considered a relative contraindication to surgery (12), but the results are quite different. Varga et al. (13) introduced an emerging minimally invasive surgery called the percutaneous cement discoplasty (PCD), which was modified and supplemented by Sola et al. (14). PCD is used effectively to treat axial pain and disability associated with severe lumbar disc degeneration and provides a prompt segmental stabilizing effect. Nevertheless, this technology is not yet used in vsOVCFs. Because patients with vsOVCFs often suffer from residual back pain due to spinal instability after PVP, and the incidence of intervertebral disc cement leakage is particularly high, it is natural to link the two techniques together. Much like the terms vertebroplasty and kyphoplasty, we call the procedure percutaneous vertebral-disc plasty (PVDP).

We hypothesize that the injection of bone cement into the intervertebral disc is the critical solution for a better outcome for vsOVCFs. In this study, we performed this prospective analysis of clinical and radiological results in two patient groups with vsOVCFs, one treated with PVP and the other with PVDP. Our objective was to describe this minimally invasive technique and evaluate the feasibility, safety, and clinical efficacy of the treatment.



Materials and methods


Study design

This was a prospective randomized controlled trial in that patient diagnosed with thoracolumbar vsOVCFs in our hospital and undergoing minimally invasive treatment from November 2019 to March 2021 were enrolled for the study. The study was planned according to Consolidated Standards of Reported Trials (CONSORT) and approved by the Ethics Committee of the Affiliated 2 Hospital of Nantong University (ethics number is 2022KT196). Meanwhile, the clinical study registration number is NCT05519332 on ClinicalTrials.gov. Written consent was obtained from each participating patient before starting the operation.



Study population

The patients were randomly allocated into two groups (based on random numbers generated by www.randomizer.org), namely the PVP group (who underwent conventional PVP) and the PVDP group (who underwent PVP combined percutaneous cement discoplasty). The study started in November 2019 and was finished in March 2021 when the final patient completed at least 12 monthly follow-ups.

Inclusion criteria were: (1) The participants were older than age 60 years; (2) bone mineral density T scores ≤2.5; (3) The diagnosis was thoracolumbar osteoporotic vertebral compression fractures; (4) compression of the vertebral anterior column greater than two-thirds of their original height; (5) Kyphosis with LKA greater than 20°; (6) the accordion phenomenon (14): the different angles of a supine CT scan and a lateral standing x-ray measurement (Figures 1B,C); (7) upper or lower vertebral endplate fracture; (8) the involved the posterior wall of the vertebral body was intact; (9) Informed consent: signed informed consent was obtained from all patients.


[image: Figure 1]
FIGURE 1
A 76-years old female with vsOVCFs and kyphosis at T12-L1 was treated with PVDP. (A) Magnetic resonance imaging (MRI) at admission showed T12-L1 severe compression fracture with kyphosis in preoperative. (B) Supine CT scan at admission showed the local kyphosis angle was 22° and T12-L1 with vacuum phenomenon. (C) The lateral standing x-ray showed the local kyphosis angle was 37°, the different angulation due to the vertebral and intervertebral collapse (22° and 37°) called the accordion phenomenon. (D) Postoperative 12-month x-ray showed that cement was injected in the vertebra and the middle of the T12-L1 intervertebral space and kyphosis was corrected, the local kyphosis angle (20°) was maintained.


Exclusion criteria were: (1) Pathological vertebral fractures caused by spinal tumors, spinal tuberculosis, and spinal infection and so on; (2) Patients with symptoms of nerve roots or spinal cord compression; (3) Patients with a previous history of spinal fusion; (4) A history of abnormal bleeding or coagulation disorder dysfunction; (5) Elderly patients with a history of major illness (such as cardiovascular disease, cancer, or active malignancy) but were tolerant of traditional open surgery.

They were randomly allocated into two groups, namely the PVP group and the PVDP group. The patients were discussed in detail regarding the study and the surgical procedures, and only those who wished to participate were finally included after obtaining informed consent.



Sample size calculation

Sample size determination A priori power analysis was performed using G-power based on an effect size of 0.8. Considering an alpha level equal to 0.05, and the desired power of 85%. The estimated desired sample was calculated to be 30 patients per group.



Operative technique

In the PVDP group, PVP and PCD both used a unilateral transpedicular approach into the vertebrae and disc (14). Under general anesthesia, the patient was turned over to a prone position, and the deformity is reduced with a slight closed manipulative. Firstly, under fluoroscopic O-arm guidance, the puncture site was localized into the junction made by the transverse process and the superior articular process and entered the target area according to the puncture angle and depth measured before the operation (Figure 2A). Secondly, the other puncture cannula was inserted into the intervertebral disc space adjacent to the ruptured endplate through the transpedicular access, and the target area was the middle of the intervertebral space (Figure 2B). Thin-cut CT images were obtained intraoperatively by the O-arm fluoroscopy to confirm puncture needle placement location (Figures 2D,E). Third, the bone cement was injected into the vertebrae and the intervertebral disc space, meanwhile, the cannula was also needed to move back to the vertebrae, and the bone cement in the vertebrae could connect the intervertebral disc space and the vertebrae to form a whole. Finally, the PVP group and the adjacent vertebrae performed by prophylactic vertebroplasty used bilateral pedicle puncture, under the guidance of the O-arm, two puncture needles were percutaneously inserted into the vertebrae, reaching about the middle of the vertebrae (Figure 2C). Then, cement was slowly injected into the vertebral body, once cement leakage into the spinal canal or veins was detected, the injection was stopped.


[image: Figure 2]
FIGURE 2
(A,C) The puncture needle was inserted into the target area according to the puncture angle and depth measured before the operation. (B) The other puncture cannula was inserted into the intervertebral disc space adjacent to the ruptured endplate through the transpedicular access. (D,E) Thin-cut CT images were obtained intraoperatively by the O-arm fluoroscopy to confirm puncture needle placement location.




Parameters observed

Collected and recorded data included patients' age, gender, BMD (T-score), vertebral compression, the amount of bone cement injected, hospital time, and the follow-up duration.



Study outcomes

The primary outcome was a composite outcome comprised of the visual analog score (VAS) and the Oswestry Disability Index (ODI) associated with the local kyphotic angle (LKA). VAS was used to assess back pain relief, the score is measured between the “no pain” anchor and the patient's mark in a score ruler, providing a range of scores from 0 to 10. A higher score indicates greater pain intensity. ODI was used to assess the quality of life. The ODI assesses ten aspects (pain intensity, personal care, lifting, walking, sitting, standing, sleeping, sex life, social life, and traveling) of daily functions, the elderly can remove their sex life aspect. An ODI of 0%–20%, 21%–40% and 41%–60% indicate minimal, moderate and severe disability, pain remains the main problem in 41%–60% group of patients; patients with an ODI of 61%–80% are severely crippled in function with back pain. Finally, an ODI of 81%–100% indicates that the patients are bed-bound. The LKA was calculated by a measurement called Cobb's method, which measured the angle between the superior endplate of the upper vertebrae and the inferior endplate of the lower vertebrae and was used to assess the degree of local kyphosis of the spine. The three outcomes were recorded 1 day before the operation, 1 day after the operation, and a 1-year follow-up.

As secondary outcomes, we recorded radiological parameters including the disc height anterior (DHA), and disc height posterior (DHP) from lateral plain radiographs preoperatively and at 1 day and final follow-up after surgery. DHA was measured from the anterior points of the disc on lateral plain radiographs. It is used to assess the degree of height loss at the anterior border of the intervertebral space. DHP was measured from the posterior points of the disc on lateral plain radiographs. It is used to assess the degree of height loss at the posterior border of the intervertebral space. A typical case is shown in Figure 1.



Statistical analysis

SPSS 23.0 statistical software (SPSS, Inc, Chicago, IL, USA) was used for analysis. Quantitative data are expressed as mean ± standard deviation. The paired-sample t-test was used to assess a significant difference between preoperative and postoperative continuous variables for both groups. The independent two-sample t-test was used to identify a significant difference between the groups. A chi-squared test was used for categorical data. A value of p < 0.05 was considered to indicate statistical significance in all analyses.




Results


Patient demographic characteristics and baseline data

Out of the initial 63 consecutive patients enrolled for the study, 3 patients who would have been eligible for randomization declined to participate. Overall, 60 patients were finally included. Among them, 30 patients each were allocated to the PVP group and PVDP group (Figure 3). Concerning baseline clinical data such as mean age, mean BMD, vertebral compression, hospital days, and follow-up days, there was no significant difference between patients in the PVP group and the PVDP group (Table 1).
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FIGURE 3
The CONSORT fowchart of the study.



TABLE 1 Demographic and clinical characteristics of the patients.
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Clinical outcomes

The follow-up results are shown in Table 2. At postoperative follow-up, the VAS and ODI scores of the two groups of patients were significantly lower than those before the operation (p < 0.05). However, in the PVDP group, the VAS and ODI scores further decreased to 2.20 ± 0.71 and (22.67 ± 3.52)% at the final follow-up, which was significantly lower than in the PVP group (p < 0.05). In both groups, from 1 day to 24 months, no patient was lost to follow-up.


TABLE 2 Primary outcomes results.
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Change of the local kyphotic angle

In the PVDP group sagittal plane, the mean thoracolumbar LKA was improved from 34.65° ± 9.82° preoperatively to 21.59° ± 3.35° postoperatively, which was seen to be maintained at the last follow-up (22.69° ± 5.78°). In the PVP group, the average LKA was 36.94° ± 7.12° on admission, decreased to 29.90° ± 5.12° 1 day after the operation, and increased to 32.06° ± 4.60° at the last follow-up. At follow-up of 1 day and 24 months, the kyphotic Cobb angles of the PVDP group were significantly lower than that of the PVP group (p < 0.05) and the mean change was significantly lower in the PVDP group at the last follow-up (LKA mean change: 2.16° vs. 1.10°, 7.22% vs. 5.09%, Table 2).



Radiographic outcomes

Compared with those on pre-operation, in the PVDP group, the DHA changed from 5.62 ± 1.46 to 7.01 ± 1.04 mm, the DHP changed from 4.16 ± 0.79 to 4.63 ± 0.66 mm, which were seen to be maintained at the final follow-up (DHA: 6.61 ± 1.43 mm; DHP: 4.37 ± 1.08 mm; p > 0.05). However, in the PVP group, the DHA decreased from 6.22 ± 1.65 mm 1 day after operation to 5.36 ± 1.16 mm at the last follow-up (p < 0.05) and the DHP decreased from 4.05 ± 0.41 to 3.83 ± 0.63 mm. The DHA and DHP for the patients in the PVP group were each significantly lower than in the PVDP group (p < 0.05). In both parameters, the change was significantly lower in the PVDP group at the last follow-up (Table 3).


TABLE 3 Results of the radiological measurements.
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Complications

The amount of cement injected was 4.08 ± 0.68 ml in the control group, and more cement was injected in the PVDP group (5.12 ± 0.64, p < 0.05) (Table 3). During the follow-up period, the rate of cement leakage in our study was 23.3%. Asymptomatic cement leakages occurred in 3 cases and leaked into the paravertebral space (n = 3) in the PVDP group. In the control group, cement leakages were found in 9 cases with 11 locations distributed among the intervertebral disc space (n = 7), and paravertebral space (n = 4).




Discussion

The treatment of vsOVCFs remains controversial. Conservative treatment is invalid for the pain relief of vsOVCF. For elderly patients, it often leads to various complications such as kyphosis, pulmonary infection, deep vein thrombosis, and bedsores. These patients are also not able to tolerate osteotomy and internal fixation due to the large surgical trauma, difficulty in fixation, and high operative complications. PVP has been widely considered the most suitable approach for older patients unsuitable candidates for open surgery. However, vsOVCFs have always been recognized in the past as an absolute or relative contraindication due to the high risk of cement leakage and surgical technical difficulties.

With the development of imaging and minimally invasive surgical technology, PVP has gradually been applied to the treatment of vsOVCFs. The previous studies (15) have demonstrated that patients with vsOVCFs had immediate pain relief after PVP surgery. However, the injured vertebrae in patients with vsOVCFs have been a significant collapse and were usually accompanied by the upper or lower vertebral endplate fracture, therefore, patients were at a high risk of cement leakage. Nieuwenhuijse et al. (16) reported that cement leakage occurred in 91.9% of patients with vsOVCFs receiving PVP treatment. Very severe vertebral compression fractures lead to severe reduction of intervertebral space height and kyphosis deformity. Meanwhile, Zhao et al. (17) have shown that the acute trauma on intervertebral discs and the cement leakage into the disc are both considered key factors in acceleration of disc degeneration, which will result in a decrease in the intervertebral space height and an increase in the local kyphotic angle. In vsOVCFs, PVP treatment can relieve pain and improve the quality of life, but the maintenance of intervertebral space height and the correction of kyphosis are limited. The reason for this result may be that the disc injury may result in the acceleration of disc degeneration, and the intervertebral space leakage of bone cement will further accelerate the degeneration and decrease the height of the intervertebral disc, leading to the loss of kyphotic correction.

In this study, back pain symptoms of vsOVCFs patients after PVP often cannot be completely relieved. Endplate disc injury and kyphosis are some of the causes of pain, and segmental intervertebral instability is also an important reason. Some scholars (10) believe that the local kyphosis of the spine fracture exceeds 20°, and the compression degree of the anterior column of the diseased vertebral is more than 50%, it can be considered an unstable fracture. Meanwhile, due to the injury of the intervertebral disc and the lack of formal conservative treatment, severe degeneration of the intervertebral disc or even the appearance of a vacuum phenomenon should also be regarded as a sign of instability (14), and the different angles of a supine CT scan and a lateral standing x-ray measurement are called the accordion phenomenon (Figures 1B,C). Percutaneous cement discoplasty (PCD) was an emerging technology proposed by Varga (13) first in 2014, and the principle is to use the cement injected into the disc as a simple interbody fusion to the therapeutic effect of achieving back pain relief caused by dynamic foraminal stenosis and vacuum phenomenon in the intervertebral disc. Carlos Sola studied that PCD can be considered as an alternative minimal invasive therapeutic modality for the treatment of advanced degenerative disc disease like a spinal deformity or degenerative spondylolisthesis, with satisfactory clinical effects. Li et al. (18) made an effective and accurate finite element PCD model to simulate the motion of the spine. Their study demonstrated that an increase in friction or even a fusion between cement and endplate contributed to higher stability after the injection of bone cement into the disc. Meanwhile, due to the supportive effects of bone cement, the bone cement is relatively stable after PCD and does not squeeze the annulus fibrosus or dislocate from a weak point. Recently, Xue et al. (19) have proposed that percutaneous kyphoplasty (PKP) combined with PCD to treat severe thoracolumbar vsOVCFs has also achieved good results. They shifted the working channel to insert the puncture needle into the upper intervertebral disc through the adjacent endplate and then injected the cement. However, for very severe osteoporotic vertebral compression fractures with less compression in the supine position than in the standing position, there is a spatial basis for expansion and reduction (20, 21). Balloon dilation follows the path of least resistance, but surgeons cannot determine the location and direction of balloon expansion during PKP procedures. When the collapse rate of the vertebral body is very severe, the backward dilation of the balloon will squeeze the posterior trabecular bone or the posterior wall of the vertebral body, thereby aggravating the compression of the spinal cord (22). Meanwhile, the uncontrollable position of Balloon dilation will lead to the poor reduction of endplate fractures (23). Takahashi et al. (24) also conducted a risk factor analysis of revision after PKP and found that endplate destruction increased the revision rate by 5-fold. Therefore, we consider that the surgical methods of PKP combined with PCD are not very suitable for very severe vsOVCFs disease. We believe that unnecessary vertebral body damage will occur during this transfer process, and the expansion of the balloon may cause secondary damage to the endplate and the posterior wall of the vertebral body (23, 25).

In our study, we compare the clinical and radiological outcomes of patients with vsOVCFs in the PVP group and the PVDP group to prove whether the PVP combined with PCD surgery is more suitable for the treatment of vsOVCFs. To the best of our knowledge, this is the first study of its kind. The average VAS score and ODI score in both groups decreased after surgery and at the final follow-up, but more so for patients in the PVDP group than those in the PVP group. These findings suggested that both PVDP and PVP could sustain pain relief, but PVDP outperformed PVP in patients with vsOVCFs. The better improvement of these symptoms might be attributed to the stabilization of the segmental intervertebral after PVDP. At the follow-up of 1 day after surgery, the LKA was significantly decreased and DHA was significantly increased for patients in the PVDP group, which was seen to be maintained at the last follow-up, however, the LKA was increased and DHA was decreased in the PVP group at the last follow-up. The significant improvements might be attributable to the effectively supporting effect of the anterior column maintained by the bone cement in disc space after PVDP.

Previous related studies have not reported whether PCD will increase the risk of adjacent vertebral fractures (AVF). However, most scholars (26, 27) currently believe that preoperative severe kyphosis deformity, stiffness enhancement of the treated vertebra, and cement leakage in the intervertebral space increase the risk of AVF. Since all patients in the present study were diagnosed with primary osteoporosis, prophylactic vertebroplasty was performed on adjacent vertebrae undergoing PCD to reduce the risk of AVF.

The limitations of this study deserve mentioned. Firstly, in the previous study, the disc vacuum phenomenon is an indication for PCD. This study defines the indication as severe degeneration of the intervertebral disc and the disc vacuum phenomenon because we believe that the dispersion of bone cement in the intervertebral disc may be also related to the density of the intervertebral disc. It may be necessary to further compare the two groups. Secondly, in this study, severe local kyphosis can be considered as spinal instability. It would be more meaningful if the flexion-extension radiograph of the spine can be performed under the premise of analgesia. Beyond that, it is a preliminary retrospective study with a relatively small number of patients eligible for inclusion criteria and a relatively short follow-up period. Future investigations with larger samples are required to verify the present results.



Conclusion

Due to the increased risk of perioperative complications, elderly patients with multiple comorbidities suffering from vsOVCFs are generally not suitable for long-term open surgery, we established that PVDP may be a feasible and effective technique for the treatment of very severe OVCFs, which could effectively relieve pain, improve life quality, restore intervertebral height and improve kyphosis.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The studies involving human participants were reviewed and approved by The Ethics Committee of the Affiliated 2 Hospital of Nantong University, China. The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author contributions

ZC, GX, and JJ conceived and designed the study. JZ and JJ contributed to the provision of study materials or patients. JJ, JZ, GB, and JC collected and assembled data. JJ, JZ, GB, GX, JC, CW, and PX contributed to data analysis and interpretation. All authors contributed to the article and approved the submitted version.



Funding

This work was supported by the High-level Health Talents Six One Project Top Talent Project (LGY2020049) and Nantong Science and Technology Plan Project (JC2020018, JCZ20130 and MB2020006).



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fsurg.2022.1010042/full#supplementary-material.



References

1. Pamela W, Kathryn F, Susan C, Matthew J, Fraser B. Blueprints for the next generation of bioinspired and biomimetic mineralised composites for bone regeneration. Mar Drugs. (2018) 16(8):288. doi: 10.3390/md16080288

2. Xu Z, Hao D, Dong L, Yan L, He B. Surgical options for symptomatic old osteoporotic vertebral compression fractures: a retrospective study of 238 cases. BMC Surg. (2021) 21(1):22. doi: 10.1186/s12893-020-01013-1

3. Rayudu NM, Dieckmeyer M, Lffler MT, Nol PB, Subburaj K. Predicting vertebral bone strength using finite element analysis for opportunistic osteoporosis screening in routine multidetector computed tomography scans: a feasibility study. Front Endocrinol (Lausanne). (2020) 11:526332. doi: 10.3389/fendo.2020.526332

4. Sato K, Yamada Y, Kogawa M, Sekiguchi T. Vertebral mobility is a valuable indicator for predicting and determining bone union in osteoporotic vertebral fractures: a conventional observation study. J Orthop Surg Res. (2020) 15(1):166. doi: 10.1186/s13018-020-01649-y

5. Zhou Z, Sun Z, Wang Y, Zhu X, Qian Z. Kyphoplasty for occult and non-occult osteoporotic vertebral fractures: a retrospective study. J Int Med Res. (2020) 48(4):300060519894764. doi: 10.1177/0300060519894764

6. Gu YT, Zhu DH, Liu HF, Zhang F, Mcguire R. Minimally invasive pedicle screw fixation combined with percutaneous vertebroplasty for preventing secondary fracture after vertebroplasty. J Orthop Surg Res. (2015) 10(1):31. doi: 10.1186/s13018-015-0172-1

7. Genant H. Vertebral fracture assessment using a semi quantitative technique. J Bone Miner Res. (1993) 8(9):1137–48. doi: 10.1002/jbmr.5650080915

8. Yin H, He X, Yi H, Luo Z, Chen J. Analysis of the causes on poor clinical efficacy of kyphoplasty performed in unilateral transpedicular puncture for the treatment of senile osteoporotic vertebral compression fractures. Sci Rep. (2019) 9(1):1498. doi: 10.1038/s41598-018-37727-9

9. Ortiz AO, Bordia R. Injury to the vertebral endplate-disk complex associated with osteoporotic vertebral compression fractures. Am J Neuroradiol. (2011) 32(1):115–20. doi: 10.3174/ajnr.A2223

10. Folman Y, Gepstein R. Late outcome of nonoperative management of thoracolumbar vertebral wedge fractures. J Orthop Trauma. (2003) 17(3):190–2. doi: 10.1097/00005131-200303000-00006

11. Wu ZX, Gao MX, Sang HX, Ma ZS, Cui G, Zhang Y, et al. Surgical treatment of osteoporotic thoracolumbar compressive fractures with open vertebral cement augmentation of expandable pedicle screw fixation: a biomechanical study and a 2-year follow-up of 20 patients - sciencedirect. J Surg Res. (2012) 173(1):91–8. doi: 10.1016/j.jss.2010.09.009

12. Lee JK, Jeong HW, Joo IH, Ko YI, Kang CN. Percutaneous balloon kyphoplasty for the treatment of very severe osteoporotic vertebral compression fractures: a case-control study. Spine J. (2018) 18(6):962–9. doi: 10.1016/j.spinee.2017.10.006

13. Varga PP, Jakab G, Bors IB, Lazary A, Szoverfi Z. Experiences with pmma cement as a stand-alone intervertebral spacer: percutaneous cement discoplasty in the case of vacuum phenomenon within lumbar intervertebral discs. Orthopade. (2015) 44(Suppl 1):S1–7. doi: 10.1007/s00132-014-3060-1

14. Sola C, Camino Willhuber G, Kido G, Pereira Duarte M, Bendersky M, Mereles M, et al. Percutaneous cement discoplasty for the treatment of advanced degenerative disk disease in elderly patients. Eur Spine J. (2021) 30(8):2200–8. doi: 10.1007/s00586-018-5547-7

15. Kim SI, Ha KY, Cho YS, Kim KW, Oh IS. Delayed height loss after kyphoplasty in osteoporotic vertebral fracture with severe collapse: comparison with vertebroplasty. World Neurosurg. (2018) 119:e580–e8. doi: 10.1016/j.wneu.2018.07.214

16. Nieuwenhuijse MJ, van Erkel AR, Dijkstra PD. Percutaneous vertebroplasty in very severe osteoporotic vertebral compression fractures: feasible and beneficial. J Vasc Interv Radiol. (2011) 22(7):1017–23. doi: 10.1016/j.jvir.2011.02.036

17. Zhao H, Ni CF, Huang J, Zhao SM, Gu WW, Jiang H, et al. Effects of bone cement on intervertebral disc degeneration. Exp Ther Med. (2014) 7(4):963–9. doi: 10.3892/etm.2014.1531

18. Li S, Xu B, Liu Y, Zhang J, Xu G, Shao P, et al. Biomechanical evaluation of spinal column after percutaneous cement discoplasty: a finite element analysis. Orthop Surg. (2022) 14(8):1853–63. doi: 10.1111/os.13314

19. Xue YD, Zhang ZC, Dai WX. Investigation of preoperative traction followed by percutaneous kyphoplasty combined with percutaneous cement discoplasty for the treatment of severe thoracolumbar osteoporotic vertebral compression fractures. Int J Gen Med. (2021) 14:6563–71. doi: 10.2147/IJGM.S333532

20. McKiernan F, Jensen R, Faciszewski T. The dynamic mobility of vertebral compression fractures. J Bone Miner Res. (2003) 18(1):24–9. doi: 10.1359/jbmr.2003.18.1.24

21. Chen YJ, Chen HY, Tsai PP, Lo DF, Chen HT, Hsu HC. Significance of dynamic mobility in restoring vertebral body height in vertebroplasty. Am J Neuroradiol. (2012) 33(1):57–60. doi: 10.3174/ajnr.A2726

22. Kruger A, Baroud G, Noriega D, Figiel J, Dorschel C, Ruchholtz S, et al. Height restoration and maintenance after treating unstable osteoporotic vertebral compression fractures by cement augmentation is dependent on the cement volume used. Clin Biomech. (2013) 28(7):725–30. doi: 10.1016/j.clinbiomech.2013.06.007

23. Kim MJ, Lindsey DP, Hannibal M, Alamin TF. Vertebroplasty versus kyphoplasty: biomechanical behavior under repetitive loading conditions. Spine. (2006) 31(18):2079–84. doi: 10.1097/01.brs.0000231714.15876.76

24. Takahashi S, Hoshino M, Yasuda H, Hori Y, Ohyama S, Terai H, et al. Characteristic radiological findings for revision surgery after balloon kyphoplasty. Sci Rep. (2019) 9(1):18513. doi: 10.1038/s41598-019-55054-5

25. Li Q, Xiao L, Zhang J, Fan J, Zhou W, Yin G, et al. The impact of endplate fracture on postoperative vertebral height loss and kyphotic deformity during treatment of osteoporotic vertebral compression fractures with balloon kyphoplasty. J Biomed Res. (2016) 30(5):419–26. doi: 10.7555/JBR.30.20150071

26. Baroud G, Nemes J, Heini P, Steffen T. Load shift of the intervertebral disc after a vertebroplasty: a finite-element study. Eur Spine J. (2003) 12(4):421–6. doi: 10.1007/s00586-002-0512-9

27. Kaufmann TJ, Trout AT, Kallmes DF. The effects of cement volume on clinical outcomes of percutaneous vertebroplasty. Am J Neuroradiol. (2006) 27(9):1933–7. PMCID:PMC7977919












	
	TYPE Case Report

PUBLISHED 26 October 2022
DOI 10.3389/fsurg.2022.974931






[image: image2]

Treatment of lumbar brucella spondylitis with negative pressure wound therapy via extreme lateral approach: A case report

Haocheng Cui, Zhengqi Chang* and Xiuchun Yu*

Department of Orthopedics, 960th Hospital of PLA, Jinan, China

EDITED BY
Yutong Gu, Fudan University, China

REVIEWED BY
Yun Bai, Army Medical University, China
Dingjun Hao, Xi'an Honghui Hospital, China

*CORRESPONDENCE Zhengqi Chang 26766771@qq.com
Xiuchun Yu 13969132190@163.com

SPECIALTY SECTION This article was submitted to Orthopedic Surgery, a section of the journal Frontiers in Surgery

RECEIVED 21 June 2022
ACCEPTED 06 October 2022
PUBLISHED 26 October 2022

CITATION Cui H, Chang Z and Yu X (2022) Treatment of lumbar brucella spondylitis with negative pressure wound therapy via extreme lateral approach: A case report.
Front. Surg. 9:974931.
doi: 10.3389/fsurg.2022.974931

COPYRIGHT © 2022 Cui, Chang and Yu. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


Brucella spondylitis (BS) is a specific spinal infection. Surgical treatment is required for Brucella spondylitis that has caused neurological symptoms in the lower extremities and developed an intraspinal abscess. The main purpose of surgery is to remove the lesion and restore the stability of the spine. However, both the anterior approach and the posterior approach cannot completely remove the lesions, resulting in a low cure rate and a certain recurrence rate. Although anterior or posterior debridement is more thorough, it is unbearable for some patients with poor general condition. In this study, for the first time, a negative pressure wound therapy (NPWT) device was introduced into the intervertebral space through the extreme lateral approach to treat a patient with Brucella spondylitis. We summarize the treatment process, and discuss the feasibility and effectiveness of this surgical approach through 1-year follow-up.
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Introduction

Brucella spondylitis (BS) is a spinal infection caused by Brucella infection of the vertebral body or intervertebral disc, among which the lumbar spine is the most susceptible (1). The treatment of lumbar Brucella spondylitis is exceedingly complex due to the anatomical characteristics of the disc tissue. Although antibiotic treatment is the most critical and vital aspect, insufficient blood flow and the ease of infection spread render it ineffective (2). The purpose of surgical treatment is to remove the lesion, alleviate the patient's symptoms, preserve and reconstruct the stability, and relieve the compression. However, due to the severe infection of the lumbar spine, the lesions are surrounded by vital and complicated structures, making surgical therapy extremely challenging. Whether anterior, posterior, or mixed approach, debridement is difficult to be as straightforward and comprehensive as with limb bone infection, and the therapy impact is greatly diminished.

Extreme lateral interbody fusion (XLIF), as a mature spinal surgery approach technique in recent years, has been widely used in lumbar spinal stenosis, lumbar instability, degenerative scoliosis and lumbar spine infections (3–7). XLIF has several advantages in the treatment of spinal infections. Li et al. (8) applied XLIF technology to treat 13 patients with lumbar spine infection in phase 1, including 8 cases of non-specific infection, 4 cases of tuberculosis, and 1 case of brucellosis. All 13 cases had single-level lumbar intervertebral space involvement, the average operation time was 90 min, and the average intraoperative blood loss was 70 ml. Nerve electrophysiological monitoring was used during the operation, and there was no nerve, blood vessel, or organ injury after operation. The VAS and ODI scores of the patients after operation were significantly lower than those before operation. All patients were followed up for more than 12 months, and there was no recurrence of infection. This result gives a very positive assessment of the efficacy of XLIF in the treatment of lumbar spine infections. Wang et al. (9) treated 22 patients with lumbar spine tuberculosis through an extremely lateral approach combined with lateral or posterior percutaneous screw fixation. It is concluded that the extreme lateral approach is a minimally invasive and effective method for the treatment of spinal infection.

In this study, for the first time, an NPWT sponge was introduced into the intervertebral space of a patient with a lumbar brucellosis infection using an extreme lateral surgical approach, with positive therapeutic results.



Case presentation

A 40-year-old male patient presented to our department because of “recurrent low back pain for half a year”. The patient had a history of contact with livestock such as sheep and cattle. The physical examination revealed a limp and lower back pain with percussion pain in the lower back, but no evidence of radiculopathy. The hypoesthesia on the front of the left knee and inner calf. The left knee tendon reflex was not elicited, and the right knee tendon reflex was normal. Achilles tendon reflexes were present bilaterally. Plain radiographs of the lumbar spine showed degeneration of the lumbar spine, slight narrowing of the L4/5 intervertebral space, and L5 lumbar spondylolysis. CT showed “worm-eaten” bone destruction in both L4 and L5 vertebrae bodies, and L5 bilateral lumbar spondylolysis. MRI showed low T1, high and low T2 mixed signals in the L4, L5 vertebral bodies and L4/5 intervertebral space, and patchy high and low mixed signals in the spinal canal behind the L5 vertebral body. This result indicated spinal abscess formation (Figure 1). The results of laboratory tests showed elevated erythrocyte sedimentation rate (ESR) and C-reactive protein (CRP), and decreased hemoglobin and albumin. Blood microbial culture found positive for Brucella. Brucella agglutination test: positive. The initial diagnosis was: (1) Brucella lumbar infection, (2) L5 vertebral bilateral isthmus. After admission, the patient received full course, combined antibiotic therapy: doxycycline (100 mg, oral, bid, 3 months) + gentamicin (5 mg/kg, intramuscular injection, Qd, 1 week) + rifampicin (10 mg/kg, up to 900 mg orally, 3 months). Then, under general anesthesia, the lumbar vertebral lesion debridement + NPWT was performed through the extreme lateral approach.


[image: Figure 1]
FIGURE 1
A 40-year-old man with Brucella lumbar infection and bilateral isthmus of the L5 vertebral body. (A) Plain x-ray shows degeneration of the lumbar spine, with a slight narrowing of the L4/5 intervertebral space and bilateral isthmus rupture at L5. (B) CT showed “worm-eaten-like” bone destruction in the L4 and L5 vertebral bodies, and L5 lumbar spondylolysis. (C) MRI showed abnormal signal in the L4/5 vertebral body and space, and the formation of abscess in the spinal canal.


During the operation, the patient was placed in the right lateral decubitus position with the waist elevated. C-arm fluoroscopically locates the L4/5 level and marks it on the body surface. The surgical area was sterilized and draped, and a 5cm-long surgical incision was made at the projection of the left waist L4/5 space. Perform blunt dissection of the external oblique muscle, internal oblique muscle, and transverse abdominis muscle fiber direction in turn to expose the peritoneum. First, blunt dissection of the retroperitoneum to expose the psoas major muscle, and then blunt dissection along the direction of the anterior 1/3 of the psoas major muscle to reveal the vertebral body and L4/5 intervertebral space. C-arm fluoroscopy was performed again to confirm the level, the expansion channels were placed in sequence, and the automatic spreader was installed and fixed. The annulus fibrosus was incised, the inflammatory and necrotic tissue in it was thoroughly scraped off, and the intervertebral space was repeatedly washed with chlorhexidine solution (1:2,000) and normal saline. A large VSD sponge was trimmed appropriately and placed in the L4/5 intervertebral space. The body surface is covered with another piece of VSD sponge, and the negative pressure is connected after the film is sealed. The operation was ended after the drainage was smooth and the VSD device was well sealed. The intraoperative blood loss was about 80 ml without blood transfusion (Figure 2). The negative pressure of NPWT was set at 16.6–60 kpa after the operation, and the external sponge was kept contracted and sealed. The total drainage volume recorded 11 days after surgery was 630 ml.


[image: Figure 2]
FIGURE 2
Lumbar lesion debridement + VSD drainage through the extreme lateral approach. (A) Locate and mark the body surface (there is a problem with the marking time, and the re-examination is less than 1 year). (B) Schematic of VSD placement. (C) After separation of the psoas major muscle, the C-arm fluoroscopy was performed again to determine the gap, and the channel and distraction device were installed. (D) The VSD sponge was trimmed and placed in the intervertebral space, and another VSD sponge was covered on the body surface.


Twenty-one days after first operation, under general anesthesia, the iliac bone was taken out of the original incision and the lateral plate internal fixation was implanted, and the position was the same as the previous operation. After the VSD device was removed, the wound surface of the intervertebral space was fresh, the surrounding granulation tissue grew extensively, and there was no inflammatory exudation. The iliac was exposed free from the original incision, and an appropriate size of autologous iliac bone block and enough cancellous bone were chiseled with an osteotome. Then the L4/5 gap was exposed, the autologous iliac bone block and cancellous bone were implanted into the gap, a lateral lumbar spine fixation plate was placed, and two locking screws were screwed in for fixation. After the C-arm fluoroscopy shows that the position is good, the operation is finished by flushing. One week after the operation, MRI of the lumbar spine showed that the abscess in the spinal canal had disappeared and the implants were in proper position (Figure 3).


[image: Figure 3]
FIGURE 3
The third stage of iliac bone grafting and internal fixation. (A–C) During the operation, the iliac bone block was taken from the original incision, placed in the intervertebral space, and then fixed with a self-designed lateral lumbar spine plate. (D) X-ray and (E) MRI were reviewed 1 week after operation, showing that the internal fixation was well in place and the abscess in the spinal canal disappeared.




Results

After the patient was diagnosed with lumbar brucellosis infection, he was given a combination of antibiotics and a full course of treatment, including doxycycline (100 mg, oral, bid, 3 months), gentamicin (5 mg/kg, intramuscular injection, Qd, 1 week), rifampicin (10 mg/kg, up to 900 mg, orally, 3 months). ESR and CRP returned normal 3 days after the third operation. The patient was discharged after 31 days of admission. The symptoms of low back pain have completely disappeared, and he can get out of bed and walk independently. x-ray, CT, and MRI 6 months after the operation showed that the internal fixation position was good, the bone graft was fused, and the abnormal signals in the lumbar vertebral body, spinal canal, and psoas major muscle had disappeared (Figure 4). ESR and CRP were normal. The VAS score decreased from 8 points before operation to 0 points at discharge, and the ODI functional scores at 10 days, 6 months, and 1 year after operation were 42, 23, and 6 points, respectively.


[image: Figure 4]
FIGURE 4
12 months postoperatively. X-rays (A,B), CT (C), and MRI (D) showed that the internal fixation position was good, the bone graft was fused, and the abnormal signals in the lumbar vertebral body, spinal canal, and psoas major muscle had disappeared.




Discussion

The incidence of spondylitis in brucellosis is about 2%–53%. The lumbar vertebrae are most frequently affected, especially at L4/L5 level (1). Most patients had epidemiological contact history. Shen et al. (2) reported that about 96% (64/67) of the patients with lumbar brucella spondylitis had a clear history of livestock contact. The clinical manifestations were nonspecific, mainly including low back pain and afternoon fever, with or without lower limb neurological symptoms. The imaging manifestations are different according to the different course of the disease. During the early and middle changes, there is no obvious abnormality in x-ray film and CT, while MRI shows inflammatory infiltration of vertebral or intervertebral space, showing T1 low signal, T2 high signal or high and low mixed signal. Following the onset of the disease, x-ray, CT, and MRI scans reveal obvious positive findings. The gold standard for identifying bacterial infections, including brucellosis, is blood culture, however its sensitivity ranges from 17% to 85%, depending on the strain involved, disease stage, and antibiotic treatment history of the patient (3). Brucella agglutination test has a high positive detection rate, simple operation and low cost, but false negatives may occur. It is mainly used in the primary screening test (4). In this study, the patient has a clear history of contact with animals, with low back pain more than half a year, accompanied by neurological symptoms of the lower extremities. The imaging manifestations are bone destruction, narrowing of the intervertebral space, formation of abscess in the spinal canal, and positive Brucella agglutination test. Brucella was found in bacterial culture after first operation. Pathological biopsy revealed inflammatory necrotic tissue and proliferative granulation tissue. Combined with this clinical symptoms, signs, epidemiological contact history, serological test, etiological test and radiology results, the patient was definitely diagnosed as Brucella spondylitis.

NPWT is frequently utilized in numerous surgical disciplines. Currently, it is frequently used to treat a variety of acute, chronic, and infected wounds. Surgeons have, in fact, recognized the clinical effect. Inspired by the reliable efficacy of NPWT in the treatment of the above bone and soft tissue infections, we innovatively placed NWPT into the intervertebral space of primary lumbar infection. We believe that using NWPT to treat lumbar spondylitis can stabilize the intervertebral space lesion's environment. Due to the unique anatomical position of intervertebral lesions, thorough debridement cannot be performed as with extremity bone infection lesions. On the basis of restricted debridement, NPWT can continually suction out pus and remaining tissue exudate from the lesion using negative pressure. Simultaneously, the huge, not-too-tough residues and secretions are split and molded into granules to be suctioned away, which eliminates the bacterial adhesion focal point. NPWT simultaneously lowered bacterial burden. The number and kind of bacteria are one of the elements that determine the therapeutic efficiency of wound treatments for bone infections. Neither surgical debridement nor medical antibiotics are effective in reducing bacterial load in bone infection wounds due to the presence of bacterial biofilm (BBF). The formation of bacterial biofilms is an important reason for the failure of current antibiotic therapy (10). BBF is composed of three basic components, the bacteria itself, the extracellular matrix produced by it, and the surface liquid or liquid-air interface, and its water content can be as high as 97% (11). The NPWT pressure evenly distributes the surface of the polyvinyl alcohol (PVA) material to form an all-round drainage. PVA has good water permeability and does not hinder the passage of liquids and small particles (12). Therefore, NPWT can drain the water in the BBF through negative pressure, destroy the bacterial growth environment, lead to the necrosis of bacteria in the biofilm, and eliminate the dead space at the same time (13). The NPWT device has both space occupation and protection functions. The PVA material of NPWT is a solid polyvinyl alcohol material, which also has a certain space-occupying effect on the basis of being compressible. The PVA material is placed in the intervertebral space, which is convenient to accurately find the position of the space in the later stage and ensure sufficient space for bone grafting. In addition, the PVA foam material wraps the drainage tube, and the surrounding tissues and organs cannot touch the drainage tube, avoiding the surrounding tissue of the wound. In particular, the nerve fibers within the spinal canal, which are aspirated, lead to neurological symptoms of the lower extremities (14).

The dissection and exposure of the extreme lateral approach through the retroperitoneum can reduce traction on the peritoneum, major arteries, and nerves compared to conventional anterior and posterior approaches. Additionally, the anterior annulus of the disc and anterior longitudinal ligament are difficult to damage, which can significantly reduce the difficulties associated with conventional anterior and posterior surgery (3). Particularly for the surgical treatment of lumbar vertebra infection, the extreme lateral approach can directly reach and thoroughly expose the lesion space and vertebral body. Simultaneously, the spinal canal, spinal cord, and dura can be avoided, making the surgery safer (15). During this surgery, we directly exposed the intervertebral space of the lesion with a highly lateral approach, without harming the facet joints and compromising the spine's stability. Also because of this, two-stage lumbar fusion can be performed. After removing the lesion tissue via an extreme lateral approach, as opposed to a transforaminal technique, we can put a larger and more suited NPWT sponge for a more comprehensive and secure drainage effect. In addition, the L4/5 lesion space was present in this patient, and the surgical incision was made above the iliac spine. During the third phase of bone grafting and internal fixation, no additional incision was made to remove the iliac bone. Through the surgical incision of the extreme lateral approach, the iliac spine can be revealed, and it can be exposed slightly downward. It is quite convenient to use the patient's own iliac bone.

To our knowledge, there are no reports of NPWT devices inserted into the intervertebral space for the treatment of spinal infections. Based on the analysis of this patient, we believe that it is feasible to implant the NPWT device through the extreme lateral approach and two-stage lumbar fusion in the treatment of lumbar-specific infection, and the short-term follow-up effect is definite. However, further observations are needed for mid- and long-term follow-up, complications, and recurrence.
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Objective: To evaluate the efficacy, safety, feasibility and biomechanical stability of contralateral bridge fixation of freehand minimally invasive pedicle screws (Freehand MIPS) combined with unilateral minimally invasive surgery-transforaminal lumbar interbody fusion (MIS-TLIF) (smile-face surgery) and open TLIF for the treatment of multi-segmental lumbar degenerative diseases (LDDs).



Methods: From January 2013 to January 2016, clinical data of multi-segmental (2- or 3-level) LDDs receiving smile-face surgery or open TLIF were retrospectively collected and analyzed. The back and leg pain VAS and ODI were used to assess clinical outcomes preoperatively and postoperatively. The MacNab criteria were used to evaluate the satisfaction of patient. The disc height (DH), lumbar lordosis (LL) and segmental lordosis angle (SLA) were measured before and after surgery. We used patient's CT data to establish the finite element model of smile-face surgery and open TLIF, and analyze biomechanical stability of two methods.



Results: Smile-face surgery group showed shorter operation time, shorter incision, less blood loss, shorter hospital stay than open TLIF (P < 0.05). The back VAS in smile-face surgery group was significantly lower than that in open TLIF immediately and 3 months after surgery, and no significant difference was observed 1 year, 2 years and 5 years after surgery. There was no significant difference in the leg pain VAS and ODI between both groups after surgery. No significant difference was observed between two groups in the DH, LL and SLA. At 5-year follow-up, grade I or II fusion was achieved in 99.00% (100/101) segments of smile-face surgery group and 97.67% (84/86) segments of open TLIF group according to Bridwell system. The complication rate of open TLIF was higher than that of smile-face surgery (24.32% vs. 0%, P < 0.01). After verification, the established finite element model can accurately simulate the biological structure of lumbar spine and there was no significant difference in biomechanical stability between two methods.



Conclusions: Smile-face surgery has some advantages over open TLIF including smaller aggression, less blood loss, and lower cost, indicating that it is a good choice of treatment for multi-segmental LDDs. Both methods can achieve good biomechanical stability.



KEYWORDS
lumbar degenerative disease, multi-segment, transforaminal lumbar interbody fusion, pedicle screw fixation, minimally invasive surgery





Introduction

Conventional posterior/transforaminal lumbar interbody fusion (PLIF, TLIF) has yielded satisfactory clinical outcomes for lumbar degenerative diseases (LDDs) (1, 2). However, iatrogenic paraspinal muscle injury, posterior tension band disruption, and approach-related complications are a concern (2, 3). In recent years, minimally invasive surgery-transforaminal lumbar interbody fusion (MIS-TLIF) has been widely used in order to improve open TLIF, which can protect the attachment of paraspinal muscles to bone, avoid the disruption of supraspinous and interspinous ligaments, and decreased the bleeding and postoperative pain (4). But most studies of MIS-TLIF have focused on single-level fusion, there are relatively few reports of MIS-TLIF for two or more levels. In this study, contralateral bridge fixation of freehand minimally invasive pedicle screws (Freehand MIPS) (5–10) combined with unilateral MIS-TLIF for bilateral neurological decompression was performed for the treatment of patients with multi-segmental (2- or 3-level) LDDs. The efficacy, safety, and feasibility of this minimally invasive method were compared with those of open TLIF.



Materials and methods

This study was approved by the Medical Ethics Committee of Zhongshan Hospital Fudan University (B2015–047), and all methods were carried out in accordance with relevant guidelines and regulations. Before the procedure, all patients provided informed consent.


Patients

From January 2013 to January 2016, clinical data of multi-segmental (2- or 3-level) LDDs (spondylolisthesis, disc herniation with instability or spinal canal stenosis) who received contralateral bridge Freehand MIPS combined with unilateral MIS-TLIF and open TLIF were retrospectively collected and analyzed.

The inclusion criteria included: (1) low back pain and leg pain lasting at least 6 months; (2) multi-segmental (2- or 3-level) LDDs of disc herniation with instability, spondylolisthesis (≤ grade II), or lumbar canal stenosis, corresponding to neurological symptoms (Figures 1A, 2A, 3A); (3) no relief of symptoms after conservative treatments and a significant decline in quality of daily life.


[image: Figure 1]
FIGURE 1
(A) sagittal MR images showed 3-level LDD (L2–L5) in a 75-year-old man with neurologic symptoms. (B) Contralateral bridge Freehand MIPS combined with unilateral MIS-TLIF through tube was performed. After the cage was inserted into the intervertebral space through the tube, (C) the fluoroscopic image confirmed the position of cage. (D) The picture was postoperative incision like smile face, so this MIS-TLIF is called smile-face surgery. (E, F) Postoperative x-ray showed that the position of pedicle screws and cages was good and (G) axial CT scan confirmed that the neurologic decompression was complete. In (H) sagittal CT at 5-year follow-up, fusion of grade I or II was achieved.



[image: Figure 2]
FIGURE 2
(A) sagittal MRI showed 2-level LDD (L3–L5) in a 72-year-old woman with neurologic symptoms. (B) Contralateral bridge Freehand MIPS combined with unilateral MIS-TLIF through tube was performed. After the cage was inserted into the intervertebral space through the tube, (C) the fluoroscopic image confirmed the position of cage. (D) The picture showed the incision like smile face, so this MIS-TLIF is called smile-face surgery. On (E, F) postoperative x-ray the position of pedicle screws and cages was good and (G) axial CT scan confirmed that the neurologic decompression was complete. On (H) sagittal CT at 5-year follow-up, fusion of grade I was achieved.



[image: Figure 3]
FIGURE 3
(A) sagittal MR images showed 3-level LDD (L2-L5) in a 69-year-old woman. Open TLIF was performed and (B, C) postoperative x-ray confirmed that the position of pedicle screws and cages was good. (D) The picture was postoperative incision. (E) CT scan image at 5-year follow-up showed that the neurologic decompression was complete and fusion of grade I or II was achieved.


The exclusion criteria were as followed: (1) patients with a history of spinal surgery, active infections, lumbar fractures, spine tumors, severe osteoporosis, or severe obesity; (2) patients with coronal and/or sagittal deformities that require surgical correction; (3) any serious psychological problem; (4) degenerative spondylolisthesis with severe instability or isthmic spondylolisthesis.



Surgical procedure


Contralateral bridge freehand MIPS combined with unilateral MIS-TLIF

After general anesthesia, the patient was placed on a radiolucent operating table in a prone position. The pedicles of two end vertebrae involved were identified under fluoroscopy and the skin was marked.

First, Freehand MIPS was performed for the contralateral two end vertebrae (5–10). Cannulated or normal pedicle screws were placed into the vertebral bodies through a minimal access under direct vision. In a paraspinal muscle-splitting approach, mini-incision was performed to expose the root of transverse process and superior articular process. The entrance point of the pedicle was located at the junction between the 1/2 line of transverse process and the lateral border of superior articular process. A hand-held curette was used to enter the pedicle and the integrity of the pedicle was confirmed using a probe to ensure a solid tube of bone. Two suitable lengths of pedicle screws were placed into the vertebral body through the pedicle. Posteoanterior and lateral x-ray examinations were performed to check their position.

Second, normal pedicle screws were placed in all involved vertebrae at the decompression side through the paraspinal muscle-splitting approach. In an incision 2.5 cm lateral to the midline including the pedicles of two end vertebrae, the lamina, root of the transverse process, and superior articular process were exposed. Once the entry position of pedicle was identified, the pedicle screws were inserted into vertebrae as described above.

Third, unilateral MIS-TLIF was implemented via the expandable tubular retractor. The tubular retractor was introduced along the stepwise dilating cannulas to the facet joints and lamina through the middle point of open approach. The semi-laminae, hypertrophied superior/inferior articular processes, and ligamenta flava were removed to expose the nerve roots and dural sac for neurologic decompression (Figures 1B, 2B). After discectomy, the vertebral endplates were prepared via the intervertebral foramen. Sufficient autologous bone graft from the resected lamina and facets was packed into the anterior intervertebral space. A single PEEK cage containing autologous bone was inserted obliquely across the prepared intervertebral space for TLIF (Figures 1C, 2C). When there was severe spinal canal stenosis with bilateral neurologic symptoms, the expandable tubular retractor was tilted further by approximately 15° to remove the root of spinal process and the inner cortical bone of contralateral lamina for the decompression of contralateral nerve. During surgery, the nerve roots and dural sac were protected. None of the patients enrolled in the study underwent additional contralateral facet joint fusion. The decompression and fusion procedure of other spinal segments was performed as described above.

Fourth, the rods were installed over the pedicle screws. Two rods of appropriate size were contoured to maintain a normal spine curve. One rod was placed over the pedicle screws through the open approach, and the other rod was placed over the two contralateral pedicle screws of the upper and lower end vertebrae through subcutaneous soft tissues and muscles to form a “bridge”, which we termed “contralateral bridge Freehand MIPS”. On the surface of skin, a small face can be seen after this kind of MIS-TLIF, so it is also called “smile-face surgery” (Figures 1D–F, 2D–F).



Open TLIF

A posterior midline incision was made over the lumbar spine and the paraspinal muscles were detached from the spinous process, lamina, facet capsules and transverse processes. The pedicle screws were inserted into all involved vertebrae via both pedicles, followed by laminectomy and facetectomy for neurologic decompression. After discectomy was done and the endplates were prepared, autologous bone and the PEEK cage with autologous bone were inserted into intervertebral space for TLIF. Two rods were fixed over the pedicle screws (Figures 3B,C,D).

When the drainage volume was less than 20 ml/24 h, the drainage tube was pulled out. The patients were mobilized as soon as feasible after surgery. No external braces were used after surgery. After leaving the hospital, the patients were encouraged to resume their daily routine and were followed-up in the outpatient.




Clinical follow-up

The operation time, blood loss, frequency of intraoperative fluoroscopy, length of surgical incision, hospital stay, hospitalization cost and postoperative complications were recorded.

The patient's lower back and leg pain were graded using the VAS pain rating score. ODI was used to assess the disability status preoperatively and at 5-year follow-up.



Pre- and postprocedural imaging

All patients were evaluated before the procedure by CT and MRI imaging to determine the involved levels. x-ray examination was performed for all patients and radiographic outcomes, including disc height (DH), lumbar lordosis (LL) and segmental lordosis angle (SLA), were measured before and after surgery. DH: the vertical distance from the anterior and posterior lower endplate of upper vertebra to the upper endplate of lower vertebra is measured, and then the mean is DH; LL: the Cobb Angle between the upper endplate of L1 and the upper endplate of S1; SLA: the Cobb angle between the superior endplate of superior vertebra and the inferior endplate of inferior vertebra or the superior endplate of S1 in the surgical segment. Two experienced orthopedic surgeons who did not participate in the surgery separately evaluated the fusion status on the basis of Bridwell's posterior fusion grades (11). When there were disagreements, another radiologist was asked to assess as the final result. The cage dropped into 2 mm was considered to be subsidence according to Knox (12).



Establish the finite element model of lumbar spine

This study was based on 3D CT data of lumbar spine before and after operation of a male patient, aged 53 years, 1.75 m in height and 72 kg in weight. Before operation, the lumbar was scanned using thin-slice CT with a slice thickness of 1 mm. Thereafter, the image was saved and exported in Dicom format, and the CT image of lumbar was modeled. The acquisition of CT data was carried out after obtaining the informed consent of patients. The finite element (FE) model of smile-face surgery and open TLIF were established by computer software respectively. Mimics 19.0 was used to build a 3D geological model in STL format for Dicom format images, and the STL file was imported into Geomagic Studio 2014 to enable the surface fitting and smoothing. The femur structure model was imported corresponding to each group into Hypermesh 14.0 software for mesh generation. The finite element model was imported into the Ansys 2021 software. The material properties of the lumbar spine's L1–S1 finite element model are listed in Table 1.


TABLE 1 Material properties of the finite element model.

[image: Table 1]



Biomechanical analysis of finite element model of lumbar spine

The established finite element model was compared with that in the in vitro cadaver study by Yamamoto to verify the reliability of model (13). To more directly compare the stability of two kinds of fusion modes, a concentrated moment of normal physiological load (7.5 Nm) was applied. The lumbar left and right axial rotation were observed by applying a moment of normal physiological load (7.5 Nm) along the horizontal direction of L1 vertebral body upper endplate of two models. The lumbar flexion and extension were observed by applying a moment of normal physiological load (7.5 Nm) along the direction perpendicular to the L1 vertebral body upper endplate; The lateral bending was observed by applying a moment of normal physiological load (7.5 Nm) along the direction perpendicular to the L1 vertebral body upper endplate, and to observe the angle changes of model in six directions. The degree of stability of two fusion modes was compared. The changes in the stress of screws were recorded through finite element analysis, and the difference between two kinds of fusion methods were evaluated. To demonstrate the biomechanical stability of 2-level and 3-level surgery respectively, we established different models for analysis.



Statistical analysis

Normal distributed continuous variables including age, operation time, blood loss, length of surgical incision, hospitalization cost, follow-up time, ODI, DH, LL and SLA are presented as mean ± standard deviation (SD); Categorical variables such as gender and complications are expressed as frequency or percentage; Discrete, rating variables and continuous variables, which are not normally distributed, are presented as median (Maximum- Minimum) including intraoperative fluoroscopy, drainage tube removal time, hospital stay and VAS score. T test is used for intergroup analysis of normal distributed continuous variables. The Mann–Whitney U test is used for intergroup analysis of discrete variables, rating variables, and not normally distributed continuous variables. The chi-square test is used for intergroup analysis of categorical variables. All analyses are performed using the Statistical Package for the Social Sciences (SPSS 20.0).




Results

The characteristics of samples are detailed in Table 2. No significant differences in patients' demographic data were noted between two groups. 82 patients were retrospectively selected for this study. Based on the surgical method used, the patients were divided into 45 cases in MIS-TLIF group (34 cases with 2 segments and 11 cases with 3 segments, a total of 101 segments) and 37 cases in open TLIF group (25 cases with 2 segments and 12 cases with 3 segments, a total of 86 segments). Patients were followed up for at least five years, and the longest follow-up was 8 years.


TABLE 2 Sample characteristics of two groups.

[image: Table 2]


Clinical efficacy evaluation

Smile-face surgery and open TLIF were successfully performed for all cases. The blood loss, length of operative incision, and hospital stay in MIS-TLIF group were significantly less than those in open TLIF group. There was no significant difference in the frequency of intraoperative fluoroscopy and operation time between two groups (Table 2). The VAS of low back in MIS-TLF group was significantly lower than that in open TLIF group immediately and 3 months after surgery, and no significant difference was observed 1 year, 2 years and 5 years after surgery. There was no significant difference in the postoperative VAS of leg pain and the ODI score at 5-year follow-up between MIS-TLIF group and open MIS-TLIF group (Table 3). The complication rate of open TLIF was higher than that of MIS-TLIF (24.32% vs. 0%, P < 0.01) (Table 2).


TABLE 3 VAS of low back, leg and ODI in two groups.
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Radiographic outcomes

Postoperative x-ray and CT confirmed that the position of cages and screws was good and the neurologic decompression was complete (Figures 1E–G, 2E–G, 3B,C,E). DH, LL and SLA significantly improved after surgery (P < 0.05). There was no significant difference between two groups in the DH, LL and SLA preoperatively, immediately, 3 months, 6 months, 1 year, 2 years and 5 years postoperatively (Table 4). At 5-year follow-up, 63 segments with Grade I fusion, 37 segments with Grade II fusion and 1 segments with Grade III fusion were observed in MIS-TLIF group (Figures 1H, 2H); In open TLIF group, 51 cases with Grade I fusion, 36 cases with Grade II fusion and 2 cases with Grade III fusion in were observed (Figure 3E).


TABLE 4 Dh, LL and SLA of two groups.
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Verification of finite element model

A moment of physiological load of 7.5 Nm was applied to the L1 in all directions, and the angles of movement in the directions of flexion, extension, lateral bending, and axial rotation were compared. As measured, the range of motion (ROM) of finite element model under the six directions was similar to that of in vitro model, and the differences in the results were acceptable considering the individual differences in the models themselves. Therefore, the established finite element model can accurately simulate the biological structure of lumbar spine (Table 5, Figure 4).


[image: Figure 4]
FIGURE 4
The finite element model of stable lumbar (L1-S1). (A) lateral view. (B) anteroposterior view.



TABLE 5 Comparison of range of motion between the finite element model and the cadaveric study by Yamamoto et al.
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Maximum Von mises stress of lumbar interbody fusion model

We next analyzed the stress of two kinds of fusion (Figure 5): In the 3-level model, the von Mises stress of screw of smile-face surgery ranged in 83 MPa in L2, in 45 MPa L3, 43 MPa in L4 and 78 MPa in L5 and the open TLIF ranged in 76 MPa in L2, in 41 MPa L3, in 39 MPa L4, in 71 MPa L5 in the flexion direction; The von Mises stress of screw of MIS-TLIF ranged in 63 MPa in L2, 46 MPa in L3, 43 MPa in L4 and 64 MPa in L5 and the open TLIF ranged in 59 MPa in L2, 37 MPa in L3, 34 MPa in L4, 34 MPa in L5 in the extension direction; The von Mises stress of screw of MIS-TLIF ranged in 42 MPa in L2, 37 MPa in L3, 37 MPa in L4 and 40 MPa in L5 and the open TLIF ranged 33 MPa in L2, 28 MPa in L3, 33 MPa in L4, 31 MPa in L5 in the left lateral bending direction; The von Mises stress of screw of MIS-TLIF ranged in 34 MPa in L2, 30 MPa in L3, 28 MPa in L4 and 35 MPa in L5 and the open TLIF ranged 33 MPa in L2, 27 MPa in L3, 34 MPa in L4, 31 MPa in L5 in the right lateral bending direction; The von Mises stress of screw of MIS-TLIF ranged in 55 MPa in L2, 51 MPa in L3, 48 MPa in L4 and 56 MPa in L5 and the open TLIF ranged in 45 MPa in L2, 40 MPa in L3, 39 MPa in L4, 48 MPa in L5 in the left axial rotation direction; The von Mises stress of screw of MIS-TLIF ranged in 49 MPa in L2, 45 MPa in L3, 42 MPa in L4 and 51 MPa in L5 and the open TLIF ranged in 46 MPa in L2, 41 MPa in L3, 38 MPa in L4, 47 MPa in L5 in the right axial rotation direction (Figure 6). In the 2-level model, the von Mises stress of screw of smile-face surgery ranged in 95 MPa in L3, 60 MPa in L4 and 87 MPa in L5 and the open TLIF ranged in 86 MPa in L3, 49 MPa in L4, 79 MPa in L5 in the flexion direction; The von Mises stress of screw of MIS-TLIF ranged in 84 MPa in L3, 64 MPa in L4 and 78 MPa in L5 and the open TLIF ranged in 78 MPa in L3, 49 MPa in L4, 71 MPa in L5 in the extension direction; The von Mises stress of screw of MIS-TLIF ranged in 46 MPa in L3, 38 MPa in L4 and 46 MPa in L5 and the open TLIF ranged in 38 MPa in L3, 29 MPa in L4, 38 MPa in L5 in the left lateral bending direction; The von Mises stress of screw of MIS-TLIF ranged in 42 MPa in L3, 32 MPa in L4 and 43 MPa in L5 and the open TLIF ranged in 38 MPa in L3, 29 MPa in L4, 38 MPa in L5 in the right lateral bending direction; The von Mises stress of screw of MIS-TLIF ranged in 58 MPa in L3, 52 MPa in L4 and 59 MPa in L5 and the open TLIF ranged in 50 MPa in L3, 43 MPa in L4, 49 MPa in L5 in the left axial rotation direction; The von Mises stress of screw of MIS-TLIF ranged in 54 MPa in L3, 49 MPa in L4 and 54 MPa in L5 and the open TLIF ranged in 50 MPa in L3, 43 MPa in L4, 49 MPa in L5 in the right axial rotation direction. When the number of segments increased, the pressure difference between MIS-TLIF and open TLIF increased (Figure 7 and Supplementary table 1)
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FIGURE 5
The procedure of two kinds of TLIF simulation and establishment of postoperative FE model. (A) Schematic diagram of 2-level smile-face surgery: positive view; (B) Schematic diagram of 2-level smile-face surgery: lateral view; (C) Schematic diagram of 2-level open TLIF surgery: positive view; (D) Schematic diagram of 2-level open TLIF surgery: lateral view; (E) Schematic diagram of 3-level smile-face surgery: positive view; (F) Schematic diagram of 3-level smile-face surgery: lateral view; (G) Schematic diagram of 3-level open TLIF surgery: positive view; (H) Schematic diagram of 3-level open TLIF surgery: lateral view; (I) vertical view of bullet cage.
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FIGURE 6
The stress value of screw systems in two kinds of 3-level model under different conditions.
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FIGURE 7
The stress value of screw systems in two kinds of 2-level model under different conditions.




Changes in ROM according to lumbar interbody fusion model

The changes in the angles of axial rotation, flexion-extension, and lateral bending of two model under the same load were compared, and all two models had a stable structure under normal physiological load. Under the normal physiological load condition, the angles of movement in the directions of flexion, extension, lateral bending, and axial rotation of two kinds of fusion were then recorded. In the 3-level model, the overall angle of MIS-TLIF is 0.39 and open TLIF is 0.32 in the flexion direction; The overall angle of MIS-TLIF is 0.36 and open TLIF is 0.25 in the extension direction; The overall angle of MIS-TLIF is 0.17 and open TLIF is 0.14 in the lateral bending direction; The overall angle of MIS-TLIF is 0.21 and open TLIF is 0.2 in the axial rotation direction (Table 6). In the 2-level model, the overall angle of MIS-TLIF is 0.23 and open TLIF is 0.18 in the flexion direction; The overall angle of MIS-TLIF is 0.24 and open TLIF is 0.2 in the extension direction; The overall angle of MIS-TLIF is 0.18 and open TLIF is 0.16 in the lateral bending direction; The overall angle of MIS-TLIF is 0.19 and open TLIF is 0.17 in the axial rotation direction (Table 7).


TABLE 6 Range of motion in 3-level model.
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TABLE 7 Range of motion in 2-level model.
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Discussion

Lumbar fusion surgery is an effective surgical procedure for the treatment of spinal degenerative disorders (1). Since the introduction of PLIF by Cloward (2, 3) in 1952, new techniques have been developed to accomplish lumbar interbody fusion. In 1982, TLIF, an alternative to PLIF, was introduced for the treatment of spinal degenerative diseases that necessitated interbody fusions (4). TLIF provides a more lateral surgical approach for the space of lumbar disc to reduce the retraction of dural sac and nerve root, and to avoid the postoperative midline scar that hinders the identification of neural structures in revision patients and confers the lowest post-operative disability. The clinical outcomes of open TLIF or PLIF surgery have been good, but several studies reported that the muscle damage from subperiosteal curettage affected clinical prognosis adversely (14, 15). Wiltse (16) described a paraspinal sacrospinalis muscle-splitting approach to the lumbar spine, which reduced bleeding and provided a direct route to the transverse processes and pedicle. Compared with traditional midline incisions, this technique was thought to reduce postoperative pain and avoid rupture of the supraspinous ligament and interspinous ligament. Since Foley (17, 18) proposed the Wiltse approach for MIS-TLIF, many scholars have reported its significant advantages over open PLIF and TLIF (19–21).

Advances in MIS-TLIF have led to two predominant approaches: mini-open with expandable tubular retractor through a bilateral Wiltse approach, and minimally invasive surgery using one non-expandable or expandable tubular retractor and bilateral percutaneous screw placements, which is performed for fusions of 1 or 2 segments (22). Unilateral pedicle screw fixation for MIS-TLIF is widely used to treat single-level LDD (23). Currently there is no optimal minimally invasive treatment strategy for multi-segmental LDDs. Unilateral pedicle screw fixation or plus transarticular screws might not supply enough biomechanical stability for MIS-TLIF in multi-segmental fusion. Contralateral percutaneous pedicle screw fixation (PPS) guided by C-arm for all involved vertebrae could increase the incision number, radiological exposure, operative duration and difficulty of rod installation. Therefore, we designed a contralateral bridge Freehand MIPS combined with unilateral MIS-TLIF for bilateral neurological decompression to treat multi-segmental (2- or 3-level) LDDs. The results showed that the VAS score of leg pain was significantly reduced during follow-up (P < 0.01) and the ODI was significantly reduced 5 years after surgery (P < 0.01) compared with preoperative values, which is similar to the clinical outcomes of open TLIF.

During the unilateral MIS-TLIF of this study, the normal pedicle screws are placed at the decompression side into all involved vertebrae through a paramedian muscle-splitting approach, which can provide a direct access to pedicles resulting in the incision shortened. In open TLIF, a longer midline incision is needed for the insertion of pedicle screws (4.2 ± 1.7 cm vs. 8.3 ± 2.4 cm in 2-level, 6.1 ± 2.2 cm vs. 12.3 ± 3.6 cm in 3-level). In MIS-TLIF group, the two pedicle screws are needed to be inserted into the upper and lower end vertebrae when performing contralateral bridge Freehand MIPS, and the rods are placed on the pedicle screws through subcutaneous soft tissues and muscles. Freehand MIPS is used to insert the pedicle screws into the vertebrae through Wiltse approach in a mini-incision under direct vision (5–10). Both Freehand MIPS and unilateral MIS-TLIF could protect the attachments of paraspinous musculature to spinal processes and the natural posterior tension band including the supraspinous and interspinous ligaments (17, 18). The use of a tubular retraction system in unilateral MIS-TLIF preserves healthy muscle tissue and further decreases damage to the ipsilateral paraspinous musculature (24). Although this procedure requires the removal of a complete unilateral facet joint, it is possible to obtain the decompression of bilateral nerves and preserve the integrity of contralateral facet joints. All these can help reducing the intraoperative bleeding and postoperative pain. In our research, the blood loss of MIS-TLIF (235.3 ± 20.1 in 2-level, 312.4 ± 30.6 in 3-level) was significantly lower than that in open TLIF (411.5 ± 31.2 in 2-level, 530.2 ± 45.3 in 3-level). MIS-TLIF group showed earlier drainage removal and shorter hospital stay than open TLIF. In some patients of open TLIF, the delayed time to pull out the drainage tube and catheter leaded to urinary tract infection. The VAS of low back in MIS-TLIF group was significantly lower than that in open TLIF group within 3 months follow-up. Some patients treated by open TLIF had intractable low back pain.

In MIS-TLIF, the unilateral facetectomy provides a complete exposed field of far-lateral aspect of intervertebral disc space, so that little retraction of thecal sac and/or nerve roots is required when preparing the intervertebral disc space and placing the cage (25). The retraction of neural elements is unilateral and minimal, signiﬁcantly decreasing the risk of neurologic injury and dura tear caused by traction. In addition, pedicle screw fixation has some risks because it can cause nerve injury (26). In Freehand MIPS, the pedicle must be carefully probed in all four quadrants to ensure that a solid tube of bone exists and that violation into the inferiorly neuroforamen or into the spinal canal does not occur before the pedicle screws are implanted into the vertebrae under direct vision. This measure is taken to guarantee the safety of surgery and avoid neurologic deficits without dependence on fluoroscopy. In this study there were no serious neurologic complications, and postoperative radiography and scanning images showed that the screws and cages were correctly positioned, which confirmed the safety of smile-face surgery. Compared with percutaneous pedicle screw fixation (PPS), Freehand MIPS requires a surgical incision of similar size, but has some advantages including less intraoperative fluoroscopy monitoring and easier manipulation during surgery. Either cannulated pedicle screws or common pedicle screws can be used in Freehand MIPS, whereas only cannulated screws are used for PPS. Bridge fixation of Freehand MIPS with two pedicle screws for two end vertebrae allows the rapid installation of pedicle screws and easy implantation of rod compared with contralateral pedicle screw fixation for all involved vertebrae.

According to the follow-up result of imaging, there was no significant difference in the postoperative DH, SLA, and LLA between MIS-TLIF and open TLIF. Fusion rate was 99% (100/101) in MIS-TLIF and 97% (84/86) in open TLIF at 5-year follow-up and there was no instrumentation failure such as loosening or fracture of screws and rods. The fusion rate of MIS-TLIF is not less than that in open TLIF. This finding verified that sufficient biomechanical stability was achieved by contralateral bridge Freehand MIPS combined with unilateral MIS-TLIF. With simulation, veracity and repeatability, the finite element analysis has been viewed as a reliable approach for evaluating the biomechanical behavior of different internal fixation system, which is comparable with traditional cadaver research. We can get the same results as the cadaver model by simulating the biomechanical experiment with finite element analysis. Here, we carry out a FE analysis and a series of model measurement researches to unveil the biomechanical difference between two fusion methods. In TLIF pedicle screws fixation is the main force for stable lumbar reconstruction, but there are some postoperative problems mainly including loosening and breakage of screws. For evaluating the stress of pedicle screws fixation system, flexion, extension, left axial rotation and right axial rotation are important working conditions that cause stress concentration (27). The difference in the position and number of pedicle screws is the main reason for the difference in stress distribution (28, 29). Different number and direction will change the distribution of stress of pedicle screws and rods, resulting in screw fracture and loosening. The stress in pedicle screws tends to be concentrated on the end of thread at the tail of screw, so screw breakage often occurs here (30). Flexion and extension after posterior lumbar surgery remain the most dangerous condition (31). In the model of flexion and extension of this study, bridge fixation did not significantly increase the stress of pedicle screws compared with open-TLIF. During axial rotation, the upper and lower screw stress of bridge fixation increased more than those of open-TLIF. The reason may be that during axial rotation, the fully fixed side was taken as the center of rotation, and the incomplete fixed side needed to bear more torque. But axial rotation is not the main direction of motion in the lumbar spine. What's more, the stress distribution on the screw during axial rotation and lateral bending is also significantly less than that during lumbar flexion and extension, so the increase in stress during axial rotation does not significantly affect the overall fixation. The finite element analysis of this study supports that there is no significant difference in biomechanical stability between two kinds of fusion.

Various factors may decrease the direct and indirect costs of smile-face surgery for multi-level LDDs. Compared with contralateral pedicle screw fixation for all involved levels, bridge fixation reduces the number of pedicle screws used and implantation fees. Less blood loss can avoid the need for blood transfusion during the procedure, which might also decrease the cost of patient (32). The less postoperative pain might also lower the cost of analgesics. This type of MIS-TLIF intervention may result in a shorter length of hospitalization and lower complication rates (33), which might reduce the utilization of hospital resources. In addition, the faster recovery rate suggests that MIS-TLIF patients do not need long-time inpatient rehabilitation after surgery, further reducing the overall cost. Finally, a rapid return to work and productivity means lower indirect costs to the patient and society.



Limitation

1. Smile-face surgery is a technically demanding procedure that has a learning curve. Good outcomes can be achieved if the surgeons have prior experience in open TLIF. As the surgical technique matures, the complication rate significantly decreases.

2. This study was a retrospective analysis, so there might be some bias in the selection of cases. When some patients had very severe spinal stenosis on imaging, the surgeon would more likely to use open TLIF. Due to severe spinal stenosis resulting in adhesion of dura and ligamentum flavum, lamina, the dura was easy to tear during the removal of lamina.

3. Normal physiological loads were applied to the model without destructive or excessive loads in the finite element analysis. The results of this study are not applicable if the patient has undergone excessive exercise (overload) or trauma (destructive load).



Conclusions

The contralateral bridge Freehand MIPS combined with unilateral MIS-TLIF (smile-face surgery) has advantages over open TLIF including smaller aggression, less blood loss, and lower cost, indicating that it is a good choice of treatment for multi-segmental LDDs. Both methods can achieve good biomechanical stability. This has a certain reference value for currently popular technique: multi-segmental percutaneous endoscopic TLIF (PE-TLIF).
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Feasibility and improvement of a three-dimensional printed navigation template for modified cortical bone trajectory screw placement in the lumbar spine
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Objectives: Compared with traditional pedicle screw trajectory, cortical bone trajectory (CBT) increases the contact surface between the screw and cortical bone where the screw is surrounded by dense cortical bone, which does not deform remarkably due to degeneration. We aimed to provide detailed information about the improvement of three-dimensional (3D)-printed navigation templates for modified CBT screw placement in the lumbar spine and evaluate the safety and accuracy thereof.



Methods: Four human cadaveric lumbar spine specimens were selected. After CT scanning data were reconstructed to 3D models, either the left or right side of each specimen was randomly selected to establish a 3D-navigation template, mutually complemented with the surface anatomical structure of the lateral margin of the lumbar isthmus, vertebral plate, and spinous process. The corresponding 3D centrum was printed according to the CT scanning data, and a navigation template of supporting design was made according to modified cortical bone technique. The same template was used to insert CBT screws into 3D printed and cadaveric specimens. After the screws were inserted, the screw path of the 3D printed specimens was directly observed, and that of the anatomical specimens was scanned by CT, to determine the position and direction of the screws to analyze the success rate of screw placement.



Results: Twenty cortical bone screws were placed in each of the 3D printed and anatomical specimens, with excellent rates of screw placement of 100% and 95%, respectively.



Conclusions: We report the easy, safe, accurate, and reliable use of a 3D-printed navigation template to carry out screw placement by modified cortical bone technique in the lumbar spine.
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spine implants, lumbar vertebra, 3D printing, reverse engineering, cortical bone trajectory, 3D navigation template





Introduction

Cortical bone trajectory (CBT) was a new lumbar screw trajectory proposed by Santoni in 2009 (1). Compared with the traditional pedicle screw trajectory, CBT increases the contact surface between the screw and cortical bone where the screw is surrounded by dense cortical bone (2–5) which does not deform remarkably due to degeneration (6, 7). CBT screws were predominantly designed for patients with osteoporosis (8, 9), and provide a new minimally invasive fixation option for lumbar and revision surgery, which has value in orthopedic clinics (9, 10).

The current traditional CBT technique still has imperfections reported in previous clinical, imaging, and anatomical studies (11, 12). To make up for any deficiencies, and to further increase the strength of screw placement, we altered and modified the insertion point and track of CBT. Without changing the horizontal axis, the vertical axis of the insertion point of the cortical bone screw was moved from the conventional mid-perpendicular line of the articular process (the 5 o'clock orientation in the left pedicle and the 7 o'clock orientation in the right) (3) to the tangent line of the median wall of the pedicle (11, 13). Therefore, compared to traditional CBT, the insertion point of modified lumbar cortical bone screw placement tends to be more medial, which may easily perforate the medial side of the pedicle into the vertebral canal, posing a higher potential risk of nerve injury.

Recently, 3D printing techniques have been applied in orthopedic clinics (14, 15), showing significant advantages in the treatment of spinal diseases and providing an innovative method to improve accuracy in complex spinal surgical operations (16). We aimed to explore the safety and veracity of 3D printed navigation templates to assist modified CBT (MCBT) screw placement, as well as investigate the auxiliary operating skill and navigation template performance improvement, so as to provide some fundamental basis for further clinical application.



Materials and methods


Date and location

The experiments were completed in the Anatomy Teaching-Research Office and the Department of Spine Surgery at the Orthopedic Center of Xinjiang Medical University from April 2019 to June 2022.



Specimens

Four intact human wet cadaver lumbar specimens (two males and two females), aged 61–77 years (average: 71 years), were provided by the Anatomy Teaching-Research Office of Xinjiang Medical University (Figure 1, 14). These specimens were pretreated with 10% (volume fraction) formaldehyde solution, and were confirmed to be free of lumbar fractures, tumors, tuberculosis, and malformation by x-ray. The L5 vertebra of Specimen 3 had isthmus breakage and spondylolisthesis.


[image: Figure 1]
FIGURE 1
3D-printed lumbar spine specimens and four generations of navigation templates. CT scans were performed on four anatomical specimens. After reconstructing the data in 3D, each complete lumbar model was inputted into a 3D printer, and the 3D vertebral specimens were printed with anatomical specimens at a ratio of 1:1 for experimental study. During the test, we continuously optimized and upgraded the navigation templates. From the first generation (top) to the fourth generation (bottom) navigation templates, the performance of the template, including adhesion, stability, convenience, safety, and other aspects, continued to improve.




Methods


Design of guide hole of cortical bone screw navigation template

High-resolution computed tomography (CT) data (AQUIRRON 16, Philips, Amsterdam, Netherlands) was performed on the four lumbar specimens. In Mimics 19 (Materialize, Leuven, Belgium), the CT scanned original data (DICOM format) underwent a reverse reconstruction operation. First, the coronary section at the midpoint of the long axis of each lumbar pedicle was taken as a hypothetical dial, to select the position of screw placement (Figure 2). In our application of the proposed modified method, the horizontal axis of the screw placement point was at the same level with the 6 o’clock orientation of the dial, the vertical axis was more medial at the tangent line of 3-o'clock orientation of the hypothetical dial, and the intersection point of the two axes was set as the origin of the Z-axis (17). The entry point was directly behind the Z-axis to the surface of the vertebral plate, with the corresponding projection position determined and set as the real entry point of screw, while the screw exit point was at the cortex of limbic bone of the end plate of the vertebra. A line was sketched on the above-mentioned established reference plane (ideal screw trajectory line), used by the computer to simulate the design of a 4.5-mm secure channel (screw trajectory diameter) between the screw entry and exit points, so as to generate an ideal screw trajectory. The selected 4.5 mm diameter resulted from the fact that Chinese people are smaller and that dry specimens or wet anatomical specimens soaked in formalin are fragile compared to normal living human bone. Because the modified screw entry point is closer to or more medial than the midline, the screw holds a tighter trajectory with the medial wall of the pedicle.
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FIGURE 2
Difference between the traditional CBT and modified CBT technique, and the shape design of the 3D-navigation-template matched with different vertebra (middle picture reference: (25). To make up for the deficiency and further increase the strength of screw placement, we altered and modified the insertion point and track of CBT. Without changing the horizontal axis, the vertical axis of the insertion point of the cortical bone screw was moved from the conventional mid-perpendicular line of the articular process to the tangent line of the median wall of the pedicle (11).


The lumbar segment was split layer by layer, and single vertebra data (STL format) were imported into Geomagic Studio (Raindrop, North Carolina, USA) for model repair and then into Z Brush for model reconstruction and optimization with the DynaMesh tool. After exporting the OBJ document, the data were imported into MAYA software (Autodest, San Rafael, California, USA) using the polygons module for the design. The designed pedicle implanted screw trajectory and Kirschner wire fixation hole were produced and performed, the split model set was exported as an OBJ document, and imported into Geomagic Studio. The final navigation template pattern was obtained and finally imported into MIMICS 19 to perform a Boolean calculation with the vertebra, under a tolerance of 0.3 mm, to complete the design of the guide hole of the navigation template screw.



Design and manufacture of contact surface between navigation template and specimens

In the Matic-3 STL 10 software (Materialize, Leuven, Belgium), the Wave Brush Mark tool was used to extract the anatomy data required for the margin of the spinous process basilar part, lateral margin of the lumbar isthmus, and vertebral plate superficial structure. This was skewed by 2.0 mm, and the model was exported from STL to Geomagic Studio. Simultaneously, the screw trajectory model, navigation template grip, and Kirschner wire fixation hole manufactured by MAYA were imported to perform the Boolean calculation. Finally, the screw trajectory of the navigation template and the trimmed boundary were connected, and the design and manufacture of the navigation template was complete.



Preparation of the specimens for screw placement

A CT scan was performed on the four anatomy specimens. After 3D reconstruction of data in Mimics 19, each intact lumbar vertebra model was inputted into a 3D printer, MBot Grid2 (Zheng Tian Medical Device, Tianjin, China), to print in 1:1 proportion with anatomical specimens. This was then attached to the 3D-printed navigation template, so as to facilitate follow-up improvement and the experimental operation of screw placement.



Screw placement

All screw placements in specimens were performed by spine surgeons without any experience of lumbar cortical bone screw placement. One side of each specimen was randomly selected to place each screw. To avoid wasting the specimens, a preliminary experiment was performed on the 3D printed vertebra. The navigation template was optimized and updated and, once confirmed to be accurate, safe, and reliable, the final test was performed on the anatomical specimens.

The navigation template screw placement processes on the 3D printed vertebra and anatomical specimens were as follows. First, the navigation template, with the isthmus lateral margin, vertebral plate, and spinous process as anatomic landmarks, was attached to the corresponding vertebra. The fit between the navigation template and the above-mentioned skeletal anatomical structure of the related vertebra was confirmed. We initially found that, when using a drill or Kirschner wire to drill through the guide hole of the navigation template, the template shook significantly during the rotation, whether held by the surgeon alone or with an assistant. This may have been caused by the small volume and weight of the navigation template itself and the small area held by the operator and may affect the accuracy of cortical bone screw placement. To solve this, a Kirschner wire was used to temporarily fix the navigation template, the attachment carefully checked, and a 2.7-mm drill used to trepan prior to screw placement. We drilled with an electric drill along the guide hole, to a depth of 35.0/40.0 mm, depending on the screw length. A 4.5-mm screw tap was used to extend the screw trajectory, and a probe was used to gently confirm the screw trajectory. Once the walls of the hole were confirmed to be smooth and continuous, a 4.5 × 35.0/40.0 mm titanium alloy lumbar back cortical bone screw was inserted.

In total, 40 specific cortical bone screws were placed in the corresponding specimen, with 20 placed in the 3D printed vertebra and the remaining 20 placed in human anatomical specimens.




Evaluation criterion for screw placement

Due to the absence of current criteria for evaluation of CBT screw placement, a less than ideal alternative was adopted. The evaluation criterion was scored as previously described (18): grade I, the whole screw was inserted in the pedicle (excellent); grade II, less than 50% of the pedicle screw diameter penetrated the pedicle; grade III, more than 50% of the screw diameter penetrated the pedicle. Grade II and III were considered as negative screw positions.



Main observation index

After the completion of screw placement, a CT scan was repeated under the same conditions. The scan was imported into Mimics 15.01 to evaluate the success rate of lumbar posterior cortical bone screw placement.



Statistical analysis

We choose the random matching design, because the statistical efficiency of this design will be higher, hoping to make up for the small sample size of this study. The specific measures are as follows: the order of anatomical specimens is determined by simple random sampling one by one without putting back by drawing lots (The experimental serial number of each anatomical specimen is randomly selected on the drawing strips with numbers from 1 to 4 respectively). After sorting, the anatomical specimens are selected in order, and two numbers are simply and randomly selected from 0 to 100.If the first number is greater than the second number, we use the modified CBT method to place the nail on the left side of the corpse. If the first number is less than the second, the right side of each corpse is fixed with the modified CBT method. Follow this method until the completion of all four specimens of one side screw implantation. The data were collected and analyzed with SPSS 17.0 (IBM, New York, USA). Statistical analyses (chi-square test) were used to evaluate success rates of screw placement among groups. The test criterion was α = 0.05 on both sides, and P < 0.05 indicated a statistical significance.



Human and animal rights statement

Approval was obtained from the ethics committee of the Anatomy Teaching-Research Office of Xinjiang Medical University. The procedures used in this study adhere to the tenets of the Declaration of Helsinki.




Results

When the screws were inserted into the printed and anatomical specimens with the aid of the 3D printed navigation template, we observed good process and stability of the navigation template. By visual inspection, all 20 screws placed in the 3D printed template were grade I, with a favorable rate of 100%. Of the 20 screws placed in the human anatomical specimens, the CT scan results showed that all except one screw placed on the right of L2 of one specimen were completely placed inside vertebral canal. This screw was evaluated as grade III; all other screws were evaluated as grade I, with an excellent rate of 95% (Figure 3). The rate of the 40 screw placements was, therefore, excellent at 97.5%. From the statistical analysis, the screw placement results of the two groups was the same, so the difference between the success rates was not statistically significant (P > 0.05).


[image: Figure 3]
FIGURE 3
CT scan results of the four human anatomical specimens after screw placement. Twenty screws were placed in the four anatomical specimens under the aid of 3D-printed navigation templates. CT scans and three reconstructions were performed to observe screw placement. One screw was placed with an undesirable outcome.




Discussion

Twenty cortical bone screws were placed in each of the 3D printed and anatomical specimens, with excellent rates of placement of 100% and 95%, respectively. Our 3D-printed navigation template successfully aided easy, safe, accurate, and reliable screw placement.

At present, the clinical application of 3D-printing techniques mainly involve the manufacture of a physical model, printing of surgical auxiliary materials, or printing of implants (8, 19–21). In 3D screw navigation template techniques, digital DICOM data is provided by 3D CT for high-precision reconstruction and then is 3D edited according to the design of the surgeon; the designed navigation template is 3D displayed on the computer; and finally, it is 3D printed by the related equipment, and this individualized navigation template is applied during spine surgery. Under serious hyperplasia, malformation, and other unclear anatomical structures, using 3D spine screw placement navigation templates can significantly improve operation accuracy and safety, and reduce x-ray times, radiation dosage, and operation duration. Thus, to more accurately place modified cortical bone screws, we made use of current 3D printing techniques to design supporting navigation templates to assist screw placement, and continuously optimized and updated the navigation template. A navigation template was used to guide screw placement tests on 3D printing and anatomical specimens. After 40 screw placements in two groups, all except one screw on one human anatomical specimen were completely placed inside the vertebral canal; none of the remaining screws were found broken in the inner and outside arm of the pedicle. Although the placement of screws using the 3D template encountered challenges, the operation, performed by junior spine surgeons at medical university without any related experience (22), required only half or even less time than that of experienced clinicians with the assistance of x-ray, suggesting great potential practical application value in clinical settings.

Compared to traditional pedicle screw techniques, the insertion point of the cortical bone screw technique is closer to the spinal canal, so it requires higher screw placement skill of the clinicians, and surgical staff and patients both receive larger doses of x-ray radiation (23). performed single segment cortical bone screw inner fixation on 12 lumbar spondylolisthesis patients and placed 48 screws in total, among which four (8.3%) perforated the pedicle cortex and lumbar vertebra. We believe that successful placement of lumbar cortical bone screws using individual navigation templates is required to improve the stability of the navigation template and rationality of anatomical references, while a stable navigation template mainly depends on a well-designed template fit surface (24). Considered that the stability of the vertebra and spinous process as the navigation template fit surface is better than other guide templates designed with other bone landmarks. Our screw placement navigation template design is based on this idea. In addition to the original bone landmarks, the lateral border of the isthmus is also taken as a reference, forming an isthmus-vertebra-spinous process combined anatomical reference, which is conducive to improved attachment and stability of the navigation template and bone surface. Additionally, these anatomical markers generally do not produce obvious bone degeneration with aging.

A series of improvement measures were also taken in the design of the navigation template, which differ from other traditional cortical bone screw 3D placement navigation templates. First, to increase 3D navigation template stability in screw placement, we referred to other template designs, and added the contact area between the navigation template and vertebral plate bone surface, to enable improved attachment. Meanwhile, the lateral arms on both sides of the navigation template were connected through the top beam structure in the middle, which is also a method to increase the contact area between the navigation template and bone, increase the stability of the navigation template when drilling, and prevent offset. We also designed a wider holding platform on top of both lateral arms, allowing the surgeon to easily hold the template to place the screw. By applying downward force with the hands, the navigation template attached more closely and tightly with the vertebral plate surface, which is good for follow-up temporary fixation with a Kirschner wire. In all our screw placements, only one placed into the L2 spinal canal of an anatomical specimen was evaluated as grade III. A follow-up improvement will be to increase the guide hole integrity to cover at least 3/4 of the diameter; at least 270° around the sleeve and drill. In cases where the spinous process hinders the side wall of the guide hole, the length of the guide hole will need to be reduced as much as possible. Even if the guide hold is 5-mm short but still complete, with a stable work sleeve and follow-up screw placement, the screw can be inserted in the appropriate direction, avoiding placement error. If the spinous process is blocked, we consider thinning the bone on both sides of the spinous process to make the guide plate adhere to the bone surface to the greatest extent. If it is still ineffective, the bone of the lower 1/3 spinous process can be removed and the proximal bone can be retained as much as possible, so as to protect the attachment of the supraspinal ligament as much as possible and increase the local stability. Modern medicine is becoming more individualized, precise and digital. We can choose CBT or MCBT according to the the exact level or position of the lumbar spine and preoperative imaging data of patients, and even combine the two (14).

Second, due to the supraspinous ligament, we designed the left and right arms of the 3D navigation template and middle top beam in the form of an arch bridge. This may help the surgeon and assistant to observe when the Kirschner wire is inserted from both sides, preventing inserting the screw too deep or even penetration into the vertebra to cause a neurological function lesion. The arch shape design is also good for mechanical stability of the navigation template. Furthermore, we increased the thickness of the side arms of the navigation template, so that it remains stable when the Kirschner wire penetrates the spinous process from one side. In addition, the height of the arch can be designed according to the thickness of the supraspinous ligament, enabling the 3D navigation template to straddle the spinous process and the supraspinous ligament above it. This helps to maintain distance with the supraspinous ligament; thus, the bottom of the side arms of the template can be well attached to the surface of the vertebral plate, rather than suspended (22, 25).

Third, it was found that, due to the small size of the 3D navigation template, during intraoperative guiding, it was not convenient for the surgeon or assistant to hold the template for a long time, and the rotation of the drill may change its direction at any time. To solve this problem, we preserved two fine holes in the navigation template use a 2-mm Kirschner wire for temporary fixation. The original design, to use one Kirschner wire to fix the template on the spinous process, cannot provide a solid attachment between the template and the vertebral plate surface, and the navigation template still shakes during drill rotation. As improved with time, the final Kirschner wire fixation scheme adopted a cross placement method at two different planes (coronal plane and sagittal plane) to temporarily fix the 3D navigation template solidly at multiple planes. As we are operating through a small incision, the angle of the two crossed Kirschner wires in the coronal plane should be small as possible; if this angle is too large, it hinders placement of the wire. The ends of the Kirschner wire should cross properly in the sagittal plane, so that it may smoothly enter the middle of the side arms on both sides of the navigation template, increasing navigation template stability. We eventually improved the navigation template material and used transparent macromolecule polyethylene, so that the surgeon could observe the wire in detail, to prevent inserting it too deep.

Fourth, during practical guiding using the navigation template, we discovered that, because the navigation template is made from macromolecule polyethylene, the direction of drilling may deviate when the inner wall of the guide hole makes contact with the drill. This may also be caused by the hardness of the navigation template material, reducing navigation template accuracy. The only way to prevent this is to further increase the strength of the inner wall of the guide hole, making it strong enough to prevent drill deviation. We improved the inner wall structure of the guide hole in the navigation template by placing a stainless steel cannula used for limb fracture fixation inside it, and the problem of deviation was solved. This also solved the problem of the numerous chippings generated during drilling in the original inner wall of the navigation template. These chippings are likely to enter the vertebra of a patient during drilling, causing immunological reactions. In addition to the metal cannula, we found that a series of puncture tools used in the treatment of balloon dilation for spinal compression fractures can combine with the design of this navigation template, to make screw placement safer and more reliable (Figure 4).
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FIGURE 4
Improvement and specific application of inner core structure of the 3D-printed navigation template. We found that the working channel of the spinal balloon expandable bone cement tool can be used well with the cortical bone screw 3D printed navigation template, which increases the strength of the inner wall of the guiding hole, improves the accuracy of screw placement, and avoids breaking the inner wall and a large amount of debris during the drilling process.


However, the metal sleeve used in limb fractures and bone cement forming surgery has complicated surgical steps: the drill bit and wire are used to approach the opening in the vertebral body, the Kirschner wire and 3D navigation template are removed, and the screw inserted. A relatively simple solution is to use a hollow screw to implant the drill bit along the previous opening. In a previous study, a disposable 3D navigation template made of stainless steel or alloy was also considered, but was not appropriate because of its high production cost and long production time. Combined with the knowledge from previous studies, and the operation experience of screw placement, we designed a detachable screw placement tool that can provide the inner wall strength of metal and is suitable for minimally invasive implantation. By seamless connection with the guide hole of the fifth generation 3D navigation template, this ensures that the screw is inserted accurately in the direction of the guiding hole, with a metal-to-metal interface and without any debris (Figure 5). With the help of the power system, the screw is inserted to a certain depth and in a specific direction until stable. Then, the 3D navigation template and the minimally invasive screw placement sleeve are removed, and the screw tail thread of the last section is screwed by hand. In this way, the operator can better perceive the torque when screwing into the final stage of cortical bone, avoid splitting the CBT nail screw, and reduce the occurrence of complications. It is recommended that the current clinically used percutaneous minimally invasive placed hollow screw and supporting tools can be combined with this navigation template.
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FIGURE 5
Removable minimally invasive 3D navigation system. The system provides a set of tools for the inner wall of metal for the nail setting channel, including the split metal sleeve combined with the long-rod metal screwdriver, supporting the fifth generation of 3D guide plates to establish and extend the surgical channel. The screw can directly contact the bone interface through the surgical channel, reducing damage to blood vessels, nerves, and surrounding tissues, and reducing trauma. At the same time, the disassembly procedure is simple and fast.


In summary, the cortical bone screw trajectory technique is a new lumbar posterior internal fixation technique, with improvements and a screw trajectory that differs from traditional pedicle screws where the failure rate is always high and depends upon the manual screw placement experience of the surgeon. We designed a safe insertion angle, screw diameter, and other indexes through 3D reconstruction and reverse engineering techniques, and utilized a 3D printing technique, to verify the anatomical vertebra and navigation template. We proved that our technique makes it easier and safer for spine surgeons without any experience to place screws using a navigation template. In clinical practice, our 3D printed navigation template and special tools can further improve the accuracy and safety of modified cortical bone screw placement.
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Background: The position and number of cages in minimally invasive transforaminal interbody fusion (MIS-TLIF) are mainly determined by surgeons based on their individual experience. Therefore, it is important to investigate the optimal number and position of cages in MIS-TLIF.



Methods: The lumbar model was created based on a 24-year-old volunteer's computed tomography data and then tested using three different cage implantation methods: single transverse cage implantation (model A), single oblique 45° cage implantation (model B), and double vertical cage implantation (model C). A preload of 500 N and a moment of 10 Nm were applied to the models to simulate lumbar motion, and the models' range of motion (ROM), ROM ratio, peak stress of the internal fixation system, and cage were assessed.



Results: The ROM ratios of models A, B, and C were significantly reduced by >71% compared with the intact model under all motions. Although there were subtle differences in the ROM ratio for models A, B, and C, the trends were similar. The peak stress of the internal fixation system appeared in model B of 136.05 MPa (right lateral bending), which was 2.07 times that of model A and 1.62 times that of model C under the same condition. Model C had the lowest cage stress, which was superior to that of the single-cage model.



Conclusion: In MIS-TLIF, single long-cage transversal implantation is a promising standard implantation method, and double short-cage implantation is recommended for patients with severe osteoporosis.
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Introduction

Lumbar degenerative disease (LDD) is a major cause of intractable low back and leg pain in middle-aged and older people (1). Interbody fusion is the standard surgical procedure for treating persistent neurological symptoms caused by LDD when conservative treatment fails (2). Minimally invasive transforaminal interbody fusion (MIS-TLIF), first reported by Professor Foley in 2003 (3), has been widely used as a minimally invasive fusion method to treat LDD (4–6). Compared with traditional open surgery such as posterior lumbar interbody fusion (PLIF) or transforaminal lumbar interbody fusion (TLIF), MIS-TLIF can significantly reduce surgical trauma, bleeding, postoperative pain, and infection and greatly preserve the physiological function of muscles (7). Interbody fusion is one of the most challenging technical aspects of MIS-TLIF. Currently, interbody fusion is mainly processed by cage implantation, which plays an important role in vertebral body fusion as a permanent implantation (8). Currently, controversies remain regarding the number and position of MIS-TLIF surgical fusion cages in clinical practice. Some reports advocate the application of double-cage implantation in the intervertebral space in MIS-TLIF (9, 10) whereas others demonstrate that single oblique cage implantation can provide sufficient mechanical support (11–13). Recently, a few scholars have innovatively proposed placing a single cage parallel to the posterior longitudinal ligament in the intervertebral space and have achieved good clinical results (14, 15). The implantation method was as follows: first, the cage was inserted at 45°, and then the end of the cage was knocked to make it rotate horizontally (Figure 1). Therefore, it is important to investigate the optimal number and position of fusion cages implanted in MIS-TLIF.


[image: Figure 1]
FIGURE 1
Diagram of cage traverse implantation.


Analysis of lumbar spinal biomechanical properties is an ongoing challenge because of the complex shapes and heterogeneous biological structures of the human lumbar spine. The finite element (FE) model is ideal for evaluating spinal biomechanics because it is not affected by complicated clinical factors and provides detailed data that cannot be obtained by experimental methods (16, 17). Herein, the FE model of the lumbar spine was used to evaluate the effect of the different numbers and positions of cages in the intervertebral space on lumbar spinal biomechanics, hopefully providing clinicians with surgical references and promoting the standardization of the MIS-TLIF surgical cage.



Materials and methods


Fe models of the lumbar spine

The lumbar model was created based on the computed tomography (CT) data of a healthy volunteer. The volunteer provided written informed consent, although his data were anonymized and local hospital trust ethical policies were adhered to. Lumbar CT images of a healthy 24-year-old male volunteer (70 kg, 176 cm, no history of lumbar spine disease) were collected with an image interval of 0.625 mm (Philips Brilliance 64 Slice CT, Philips Medical Systems, Inc., OH, USA), and data were saved in DICOM format. These images were then imported into Mimics Research 19.0 (Materialise, Inc.) software to preprocess the CT images and obtain the L4–L5 preliminary three-dimensional geometric model. Subsequently, a file (in.stl format) generated by Mimics was imported into the Geomagic Wrap 2017 (3D Systems, Inc.) software to optimize and smooth the model. This file (.stl format) generated by Geomagic was further imported into Solid Works 2017 (Dassault Systems, Inc.) software to combine and assemble the bones, annulus, nucleus pulposus, screws, and cages, followed by generating a reconstructed model.X_T file. Finally, the.X_T file was imported into ANSYS V20.0 software (ANSYS, Inc.) for FE analysis (FEA).

The model utilized tetrahedral elements for FE meshing, except for the ligaments (Figure 2A). There were ligaments around the lumbar vertebral body that could limit the range of motion (ROM) of the vertebral body of the spine. However, because the ligament model was too slender and irregular in shape, a spring element was used in the model to simulate the ligament of the intervertebral body (Figures 2B,C). The ligaments of the lumbar spine were as follows: anterior longitudinal ligament, posterior longitudinal ligament, ligamentum flavum, interspinous ligament, supraspinous ligament, intertransverse ligament, and joint capsule ligament. The vertebral body was divided into the outer cortical bone and the inner cancellous bone. The thickness of the cortical bone was 1.0 mm and that of the bone endplate was 0.5 mm (18), and the endplates were set on the superior and inferior surfaces of each vertebral body. The intervertebral discs were divided into nucleus pulposus and annulus fibrosus. The interfacing of the nucleus pulposus and annulus fibrosus and the interfacing of the disc and vertebral body were set as binding. The interfaces of the vertebrae and cages were also assigned to tie constraints (18). The material properties were determined as previously reported (19, 20). Finally, Young's modulus, Poisson's ratio, cross-sectional area, and other data (Table 1) of the materials were inputted to complete the establishment of the intact L4–L5 segment FE model (model INT).


[image: Figure 2]
FIGURE 2
The intact L4–L5 segment FE model. (A) The model utilized tetrahedral elements for FE meshing. (B) Front view of the FE model. (C) Lateral view of the FE model.



TABLE 1 Material properties used in the present finite-element model of the lumbar spine.
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Fe models of the MIS-TLIF

The L4–L5 functional spinal unit was selected to evaluate the MIS-TLIF technique, as it is the most frequent site of LDD requiring surgical treatment (21). The unilateral or bilateral nerve decompression approach was selected based on the number of cages implanted. The steps of the MIS-TLIF procedure are as follows: First, unilateral or bilateral L5 upper articular process, left or bilateral L4 lower articular process, ligamentum flavum, and posterolateral annulus fibrosus were removed. The nucleus pulposus tissues and cartilage endplates in the intervertebral disc were then removed. The experimental simulation of the intervertebral fusion cage was based on a Z-cage (WeGo Company, Shandong, China) with dimensions of 32 × 10 × 12 mm (single-cage implantation) and 22 × 10 × 12 mm (double-cage implantation). The cage material used was polyether ether ketone (PEEK, E = 3.6 GPa). The internal fixation system simulated in the experiment was modeled using the Premier System (WeGo Company, Shandong, China). The screw was 45 mm in length, with a diameter of 6.0 mm, and the connecting rod was 40 mm in length, with a diameter of 5.5 mm. All the materials were made of titanium alloy (E = 110 Gpa).

Based on the number and position of cage implantation, the MIS-TLIF surgical models were divided into three groups: model A, single-cage (32 × 10 × 12 mm) transverse implantation model (Figures 3A–C); model B, single-cage (32 × 10 × 12 mm) oblique 45° implantation model (Figures 3D–F); and model C, double-cage (22 × 10 × 12 mm) vertical implantation model (Figures 3G–I).


[image: Figure 3]
FIGURE 3
(A–C) Single 32 × 10 × 12 mm fusion cage horizontal implantation model. (D–F) Single 32 × 10 × 12 mm fusion cage oblique 45° implantation model. (G–I) Double 22 × 10 × 12 mm fusion cages vertical implantation model.




Boundary and loading conditions

The lower endplate of L5 was fixed with zero degrees of freedom to ensure that there was no displacement or rotation of L5 under external forces. A 500 N preload was vertically applied to the upper endplate of L4 to simulate the upper body weight (16). Additionally, a 10 N/m force was applied to simulate the physiological activities of the lumbar spine, such as flexion (FL), extension (EX), left lateral bending (LLB), right lateral bending (RLB), left rotation (LR), and right rotation (RR) (16). Furthermore, the ROM of the lumbar spine, peak stress, and average stress of the internal fixation system and cages under various working conditions were recorded and analyzed. To compare the ROM between models, the ROM ratio was calculated using model INT as the reference: [(model INT − model A/B/C) ÷ model INT] × 100% (22).




Results


Model validation

The ROM of model INT was compared with the research results of Chen (23), Liu (24), and Li (25) by applying the same loads to our model. The results confirmed the effectiveness of our model, as shown in Figure 4.


[image: Figure 4]
FIGURE 4
Range of motion of the model compared with literature reports.




ROM

The ROM and ROM ratios of model INT, model A, model B, and model C under different conditions are listed in Table 2. The ROM ratio of the fused L4–L5 segments was significantly reduced by more than 71% compared with that of model INT under all motions. In the single-cage model, the model with a transversely implanted cage showed superior stability, and the ROM ratio of model A was higher than that of model B in almost all motions, except for LLB motion (80.83% in model A vs. 81.20% in model B). Compared with the single-cage models, the double-cage model displayed superior stability: the ROM ratio of model C was higher than that in model A and model B in almost all motions, except for the EX motion (93.42% in model C vs. 97.53% in model A vs. 96.71% in model B).


TABLE 2 Lumbar spine range of motion under each working condition of the four models.
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Peak stress and average stress of the internal fixation system

The peak stresses of the internal fixation system under different motions are shown in Figure 5A. The highest peak stress of the internal fixation system was 136.05 MPa featured in model B in RLB motion, which is 2.07 times that of model A (65.68 MPa) and 1.62 times that of model C (84.07 MPa) under the same conditions. For the single-cage model, the peak stress of the internal fixation system of model A was significantly lower than that of model B under the four motions of FL, EX, RLB, and LR, which were 65.93 vs. 105.60 MPa, 48.56 vs. 58.10 MPa, 65.68 vs. 136.05 MPa, and 91.55 vs. 115.98 MPa, respectively. Compared with the double-cage model, the peak stress of model C was lower than that of model B in five motions, but the peak stresses of models C and A were comparable. The average stress on the internal fixation system is shown in Figure 5B. The average stress of model B was also significantly higher than those of models A and C under four motions (FL, EX, RLB, and LR). The average stresses of models A and C exhibited comparable trends.


[image: Figure 5]
FIGURE 5
(A) Peak stress of the internal fixation system. (B) Average stress of the internal fixation system.




Stress cloud diagram, peak stress, and average stress of cage

As shown in Figure 6, the stress cloud diagram of the cage exhibits different peak stress positions under different conditions. Peak stress develops at the area of contact between the cage and vertebral endplate. The peak stress in the cage predicts the stress on the endplate owing to the interaction between these forces. The peak stresses of the cages of the three models are shown in Figure 7A. For the single-cage model, model A cage exhibited higher peak stresses than model B cage in FL (47.86 vs. 43.17 MPa) and LLB (40.29 vs. 31.00 MPa) motions, but displayed lower peak stresses in EX, RLB, LR, and RR motions. Compared with single-cage models, the double-cage model showed superiority for the peak stress: the peak stress of model C was lower than those of models A and B in almost all motions, except for the RLB motion. The average stress values of the different models are shown in Figure 7B. For the single-cage model, the average stress of model A was lower than that of model B under all motions. Meanwhile, the double-cage model exhibited lower average stress than the single-cage model under all motions, shown as 4.69 MPa in FL, 0.55 MPa in EX, 2.49 MPa in LLB, 2.88 MPa in RLB, 3.41 MPa in LR, and 3.53 MPa in RR.


[image: Figure 6]
FIGURE 6
Stress cloud diagram of the cage.



[image: Figure 7]
FIGURE 7
(A) Peak stress of the cage. (B) Average stress of the cage.





Discussion

MIS-TLIF has shown remarkable advantages and has become a primary minimally invasive therapeutic method in treating LDD since its application (6, 26). Currently, spinal fusion cages are widely used in MIS-TLIF surgery to maintain intervertebral disc height, promote bony fusion, and restore lumbar lordosis (27). However, cage-related complications have been reported, such as cage migration and cage subsidence (28). Studies have proved that the stress shielding, shape, and position of the cage in the intervertebral space are significant factors affecting cage displacement (8, 29). The number and position of implanted fusion cages in clinical practice are yet to be determined by surgeons based on their individual experience. Therefore, we conducted this FE study to provide biomechanical evidence for surgeons to determine the number and position of the implanted cages in MIS-TLIF.

For the choice of cages in the model, we used a single cage with a diameter of 32 mm and double cage with a diameter of 22 mm. A study reported that a cage with a longer diameter has a larger contact area with the endplate, which can promote bony fusion and reduce the risk of cage subsidence (30). Therefore, for single-cage implantation, we tended to choose cages with a longer diameter. Owing to the limitation of the intervertebral space, it is impractical to implant two longer-diameter cages; thus, surgeons often choose to implant two shorter-diameter cages, of which the 22 mm-diameter cage is the most commonly used.

The overall stability of the model was evaluated by measuring the ROM of the lumbar spine in each model (31). Compared with model INT, the MIS-TLIF model significantly reduced the range of activities by at least 71%. Biomechanical stability is consistent with clinical experience and previous research conclusions (18). A comparison of ROM ratios between models showed that the transverse cage model was more stable than the oblique 45° cage model. The dual-cage implantation model displayed better stability than the single-cage implantation model. Although the internal fixation system contributed the most to the stability of models (32, 33), the difference in the number and position of the implanted cages also affected the stability of the models, as observed in FEA. Theoretically, the double cage has a larger contact area with the endplate than the single cage, which enhances the frictional resistance between the cage and endplate, leading to increased stability.

As shown in the FEA of the internal fixation system, the peak stress of the internal fixation system occurred in the single-cage oblique 45° model, which was 2.07 times (in RLB) that of the single-cage transverse model and 1.62 times (in the RLB) that of the double-cage model under the same conditions. Moreover, the single-cage transverse model displayed a smaller peak stress in the internal fixation system than the single-cage oblique 45° model under multiple motions. In addition, the single-cage transverse model and double-cage model exhibited similar mechanical properties in terms of the peak stress and average stress of the internal fixation system. Therefore, internal fixation breakage is more likely to occur in the single-cage oblique 45° model than in the other models if the fusion segment is not effectively fused with the interface bone.

The high stress of the cage may cause cage migration or subsidence, resulting in the loss of intervertebral disc height and failure of the operation (34). By comparing the peak stress and average stress of the cage, it can be seen that double-cage models had the lowest cage stress, which was superior to that of single-cage models. Therefore, double-cage method is particularly suitable for patients with severe osteoporosis and can reduce the risk of cage sinking. When a double-cage method is applied, it is often difficult to place the cage symmetrically, and its head ends are prone to collide with each other, which increases the difficulty of the operation in the implantation process. Moreover, double-cage insertion inevitably causes excessive damage to the posterior stability of the spine, and these factors cannot be ignored. However, it is also important to note that compared with single-cage implants, double-cage implants can prolong operative time and increase bleeding and medical costs (35). For single-cage models, the average stress of the single-cage transverse model was lower than that of the single-cage oblique 45° model under all motions. It can be inferred that the subsidence risk of single-cage transverse implantation is lower than that of single-cage oblique 45° implantation. Theoretically, the risk of cage migration into the spinal canal is reduced in the single-cage transverse model because the cage is placed in the intervertebral space parallel to the posterior longitudinal ligament, which makes it difficult to withdraw and displace the cage. Therefore, based on the above reasons, we recommend that patients without osteoporosis obtain greater benefits with single-cage transverse implantations.

This study has some limitations this study. First, the FE model was constructed using CT images from healthy subjects without any spinal disease. Therefore, changes in the geometry of the spine and implantations were not considered. Second, biomechanical changes in adjacent segments were not evaluated in this study because intervertebral fusion can lead to adjacent segment degeneration. Finally, the paraspinal muscles were not considered in the entire investigation, which could slightly affect the stability of the lumbar spine.



Conclusion

According to the FEA results, the number and position of the cage in MIS-TLIF significantly influence the biomechanics of the lumbar spine. Double-cage implantation exhibits excellent biomechanical properties in terms of spinal stability and stress distribution in the internal fixation system and the cage. However, the advantages of the single-cage transverse model are excellent, and its safety and effectiveness have been verified clinically. Therefore, patients with severe osteoporosis should choose the double-cage implantation method, whereas the single-cage transverse implantation method is recommended for patients without osteoporosis, which could be a promising standard for cage implantation in MIS-TLIF.
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Introduction: Unilateral biportal endoscopic (UBE) technique can easily decompress the bony spinal canal and accommodate all open surgical instruments under endoscopic guidance. However, indications and reports of this technique have been limited to degenerative and infectious diseases.



Methods: We used the UBE technique for the decompression and removal of extradural mass lesions in five patients. Under endoscopic guidance, a unilateral approach was used, and decompression and flavectomy were performed. After decompression, removal of the tumor was performed using various forceps. We evaluated the technical process of the procedure, the patient's pre- and postoperative symptoms, and operative radiology and pathologic results.



Results: Postoperative pain and disability improved clinically for all patients. Four patients were confirmed as having an epidural cyst and one patient was diagnosed with hemangioma. During follow-up, no recurrence was observed.



Conclusions: We successfully removed five extradural mass lesions using a biportal endoscopic posterior approach without complications. The biportal endoscopic approach may have advantages, such as minimizing trauma to the normal structures, magnified endoscopic view, and early recovery after the surgery. Biportal endoscopy may be used as an alternative surgical treatment for symptomatic intraspinal extradural benign lesions.
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Introduction

Extradural spinal masses stem from soft or bony tissues and can cause clinical symptoms related to axial destruction of the bony structure, as well as myelopathy and radiculopathy caused by spinal cord and nerve compression. Traditionally, open surgery was performed for an extradural mass. This method should split the paravertebral muscles, resect both laminae, and be followed by a pedicle screw fixation. This definitely increased patients' psychological and economic burdens. Later, uniportal endoscopy was reported to treat epidural arachnoid cysts (1), schwannoma (2), and even metastasis tumors (3) as a minimally invasive technique.


TABLE 1 The details of five extradural mass patients who received UBE

[image: Table 1]

Unilateral biportal endoscopy (UBE) is an emerging technique among various minimally invasive spinal surgery options with free handling of the instruments under a magnified clear view. For spinal degenerative (4–6), trauma (7), and infectious disease (8), compared with conventional methods, UBE has achieved favorable clinical outcomes with several advantages such as minimal blood loss, reduced length of hospital stay, and reduced postoperative pain. Kim et al. demonstrate the UBE technique for an aneurysmal bone cyst biopsy and removal in a 72-year-old female patient with dramatic improvement of symptoms (9). However, the UBE technique for an extradural mass had limited reports.

In this study, we describe five cases that clarify how to use UBE to completely remove extradural mass lesions with obvious improvement of symptoms (Table 1).



Methods

The patients underwent surgery under general anesthesia in the prone position. The number of incisions was made according to the extent of lesion involvement. Under image intensification, paramedian skin incisions were created along the medial pedicle line for ipsilateral spinal canal and foraminal decompression. After serial dilation, an endoscopic portal and a work portal were created. After soft-tissue dissection using a radiofrequency (RF) probe, the entire ipsilateral lamina, facet joint, and interlaminar window were exposed. First, a cranial laminotomy was performed along the inferior border of the upper lamina and the medial part of the inferior articular process using a 3.5-mm-diameter endoscopic diamond drill. Drilling was extended cranially until the proximal free margin of the ligamentum flavum was exposed. Therefore, the laminotomy was extended until the adhesive tissue faded, and the free epidural space was confirmed. After broad drilling of the spinous process base, contralateral sublaminar bony drilling was performed by crossing the midline to expose the medial end of the extradural mass. Subsequently, caudal laminotomy was performed by drilling the medial superior articular process and the superior part of the lower lamina until the distal free end of the ligamentum flavum and free epidural space was exposed. The ligamentum flavum was detached from the epidural adhesion tissues and bony margins using dissectors and punches. After removing the ligamentum flavum, the mass was exposed. The dissecting plane between the dura and mass was meticulously created using a nerve hook. Careful dissection was continued along the dissection plane until the mass was entirely detached from the dura. Finally, the extradural mass was removed en bloc. The skin wounds were closed by inserting a drainage catheter through the working portal.



Case presentation


Case 1

A 47-year-old man presented with a 3-month history of insidious-onset and progressively aggravated motor weakness in his lower extremities. In addition, he had a chest band feeling during the most recent month. A neurological examination revealed no obvious sensory abnormalities, and the motor power of his lower extremities decreased to grade 4 (out of 5). He showed a clumsy and staggered gait after 5 min of walking. Preoperative magnetic resonance imaging (MRI) showed a large intraspinal extradural mass, extending from the left foraminal area at the T2–3 level, across the midline to the contralateral (Figure 1). The mass showed hypo-intensity on T1-weighted image, hyper-intensity on T2-weighted image, and showed obvious homogenous enhancement on T1 fat suppression contrast-enhanced image. This extradural mass compressed the thoracic spinal cord significantly and was preoperatively suspected to be a hemangioma. We performed a posterior laminotomy with mass removal using a biportal endoscopic approach.
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FIGURE 1
Case 1, extradural hemangioma was en bloc removed by unilateral biportal endoscopy. (A–C) The mass was hypo-intensity on T1, hyper-intensity on T2, and homogenous enhancement after Gd administration. (D) The axial image showed the mass involved the left foraminal, crossed the midline, and spinal cord was obviously compressed. (E,F) Endoscopic findings revealed a reddish mass compress the dural sac, and the dural sac was intact after totally removal of the mass. (G,H) The incisions and the mass resected. (I) Reconstructed CT showed hemi-laminectomy from T2 to T3, and the fact joint and spinal process was reserved. (J) MRI showed the spinal cord was decompressed and no recurrence was observed after six months follow-up.




Case 2

A 74-year-old woman complained of low back pain that radiated to the anterolateral thigh and motor weakness in both her legs for 3 months. No obvious changes were observed in her bowel and bladder functions. The strength of the bilateral quadriceps muscle was 4 out of 5; all muscle strength below the knees was intact. A sensory examination showed a slight decrease to pinprick over the anterior thigh below the groin corresponding to the second and third lumbar dermatomes.

Preoperative T2-weighted MRI showed a large intraspinal extradural cystic mass, extending from the right foraminal area, across the midline to the contralateral at the T12–L2 level. Peripheral rim enhancement of the cystic mass was observed on T1-weighted contrast-enhanced MRI (Figure 2). The mass was deemed an epidural cystic mass before surgery. A unilateral biportal endoscopic approach was performed through posterior laminectomy with cyst removal.


[image: Figure 2]
FIGURE 2
Case 2, epidural cyst was excised by unilateral biportal endoscopy. (A–C) The mass was hypo-intensity on T1, hyper-intensity on T2, and no enhancement after Gd administration. (D) The axial image showed the mass involved the right foraminal, crossed the midline, and compressed the spinal cord. (E–G) Endoscopic findings revealed a white mass compress the dural sac, and the dural sac was intact after the mass was removed. (H,I) The incisions and the gross specimen resected. (J) Reconstructed CT showed hemi-laminectomy from L1 to L2, and the fact joint and spinal process was reserved. (K) MRI showed the spinal cord was decompressed and no recurrence was observed 6 months later.





Results

Postoperatively, neurological deficits, including sensory, motor weakness, and back pain, improved in all patients. The hospital stay of all patients was in the range of 7–10 days. There was no recurrence of symptoms in either patient during the 6–12 months of follow-up. A pathological examination of surgical specimens revealed cysts in four patients and a hemangioma in one patient. No fixation was performed in either patient. Postoperative MRI showed a sufficiently decompressed spinal canal and foramen after the complete removal of the extradural mass. Postoperative CT images revealed a hemi-laminotomy of the lamina while preserving the spinous process and the facet joint.



Discussion

Intraspinal extradural benign mass lesions, such as hemangioma and epidural cyst, are not uncommon. In the past, the most commonly used treatment is surgical removal by laminectomy via open surgery. Large lesions extending over two or more vertebral segments require extensive laminectomy and subsequent fixation usually performed in order to avoid anterior subluxation or kyphosis of the spine. In addition, open surgery has the disadvantages of being a long operation and having a long hospitalization time, large surgical trauma, more intraoperative bleeding, and slow recovery. In order to reduce the injury to the vertebral lamina and posterior muscles, less invasive procedures should be pursued for benign masses involving the spinal canal. Percutaneous uniportal endoscopy, which is used for disectomy, was reported to treat extradural arachnoid cysts, schwannomas, hematomas, and even metastatic tumor, through a transforaminal or interlaminar approach (1–3, 10, 11). However, due to the coaxial observation channel and work channel, it has the disadvantages of being an inconvenient operation and having limited surgical vision, and their application in bilateral decompression is limited (12).

Unilateral biportal endoscopy, which separates the observation and operation channels, has the advantages of being a flexible operation, having clear surgical vision, and being easy for bilateral decompression. The literature on the biportal technique is mostly limited to treatments for degenerative disease, including spinal stenosis decompression, herniated disc removal, and interbody fusion for instability (13). Since 2018, our spine center has used UBE to treat spinal degenerative disease, including multi-segment decompression and bilateral decompression. Based on previous experience, we have used UBE to treat intraspinal extradural benign mass lesions and achieved good results.

To treat intraspinal extradural mass lesions with the UBE technique, there are several areas of concern. First, what kind of extradural mass can be treated with UBE? In our case series, all masses were mainly located at the dorsal part of the spinal cord, and the mass should not extend to both extraforaminal areas. UBE is also a candidate for anterolateral masses located at the lumbar spine; however, for anterolateral masses in the cervical or thoracic spine, UBE is not the first choice, because dragging the spinal cord or nerve root is dangerous. The pathology of our mass is benign. So far, extradural masses treated with UBE have been mostly benign; a primary malignant tumor was not illustrated (14, 15). This technique may be an alternative decompression method for patients with metastatic tumors who would be unable to tolerate radical surgery. Next, on which side should the incision be made? If the mass did not cross the midline of the spinal cord, the incision was made at the ipsilateral side where the mass was located. If the mass crossed the midline, the incision was made at the side on which compression was mild. Third, how to design incisions? The extent of incisions should be in line with preoperative imaging data, and the work instruments should easily expose the free end of the mass. The number of incisions depended on the disc level of the mass involved: the number of incisions equal to the disc levels +1. For example, in case 2, the upper and lower borders of the mass were T12 and L2, respectively, and involved two disc levels (T12/L1, L1/2); three incisions were made: the upper and lower were transverse lines and the middle was a vertical line. Fourth, if bleeding occurs during the procedure, bone bleeding should be controlled using an RF coagulator or bone wax, while soft-tissue bleeding should be stopped using an RF coagulator with low frequency. If diffuse and multifocal bleeding occur or bleeding focus is not clear, brain cotton compression is a useful option for solving the problem. Fifth, en bloc resection is recommended. As a piecemeal removal pattern prevents identification of the dissecting plane between the dura and the mass, repetitive manipulation during piecemeal resection increases the risk of dural injury (16). In addition, en bloc resection is beneficial for complete mass removal to decrease the possibility of recurrence. Sixth, if incidental durotomy occurs during endoscopic operation, size should be evaluated first. When the tear size is small, we use brain cotton to compress the crevasse; when the size is big, UBE should be converted to open microscopic surgery for complete dural repair because the continuous saline infusion during UBE could increase the intracranial pressure (17). Fortunately, in our five cases, a durotomy did not take place. Last, but not least, UBE for extradural masses has a steep learning curve. Surgeons should have sufficient experience in the endoscopic posterior approach, from the cervical spine to the lumbar spine.

Although the UBE technique for intraspinal extradural benign masses has achieved good results in our cases and has impressive advantages, this technique should be considered in select patients. Large masses with obvious neurological deficits should be considered for open surgery. If facet joints are broken or segmental instability is found on preoperative radiographic images, stabilization is recommended to avoid kyphosis.
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Background: One of the main difficulties in a transforaminal endoscopic lumbar discectomy (TELD), and simultaneously the most critical step, is performing an effective and safe foraminoplasty, which is especially difficult for beginners. To make it safer and faster for beginners to perform, we have used a specially designed power-aided reciprocating burr for TELD and reported the technical details.



Methods: From Jan. 2019 to Nov. 2022, 432 patients with single-level, symptomatic L4/5 or L5/S1 disc herniation were treated with TELD using a novel power-aided reciprocating burr. The surgical procedure is described in detail. Magnetic resonance imaging (MRI) was performed the following day and 3 months after the operation. The learning curves of surgeons with different seniority levels are displayed. The Visual Analogue Scale (VAS) score and the Oswestry Disability Index (ODI) were used to measure low back pain, leg pain, and lumbar function. All patients were followed up for at least 1 year.



Results: All patients underwent endoscopic surgery successfully. Among the 432 patients, radicular outer membrane damage was observed in 6 cases, and 1 case had hernia of the nerve tract. Except for this patient with aggravation of postoperative numbness, the postoperative neurological symptoms of all patients were significantly improved. The mean VAS scores for low back pain and leg pain and ODI scores were significantly decreased 6 w post-operatively and were maintained until 12 months post-operatively compared to preoperative scores (P < 0.05). All three doctors involved in the study had substantial experience in traditional open spinal surgery. The more operations all three surgeons completed, the more time spent on intervertebral foraminoplasty decreased (P < 0.05). Among them, doctors without experience in TELD surgery became proficient in this technique after accumulating experience in 13 cases. There was no significant difference in foraminoplasty time among these three surgeons during the same growing period (P > 0.05).



Conclusions: Current clinical data demonstrated the safety and efficacy of modified TELD using a power-aided reciprocating burr for treating lumbar disc herniation (LDH) and showed that this technique significantly reduces the learning curve for beginners when performing foraminoplasty.
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Introduction

Lumbar disc herniation (LDH) is one of the most common spinal degenerative disorders that can cause low back pain (LBP) and radicular leg pain. Patients who do not benefit significantly from strict conservative treatment should consider surgery. Percutaneous transforaminal endoscopic lumbar discectomy (TELD) is a minimally invasive surgical procedure performed while the patient is awake through an incision of no more than 1 cm in length. Compared with traditional open surgery, TELD is preferred due to the advantages of less pain, less paravertebral muscle injury, preservation of the posterior ligamentous, and faster recovery (1–3). Despite the remarkable evolution of endoscopic techniques and instrumentation, traditional TELD requires extensive training for surgeons to overcome its steep learning curve (4–6). One of the main difficulties in TELD, and simultaneously the most critical step, is performing an effective and safe foraminoplasty.

Foraminoplasty is the enlargement of the foramen by cutting the superior articular process (SAP) end with bone trephines, side-firing laser, reamers, endoscopic round diamond burr, etc (7–10). Advances in endoscopic equipment, such as endoscopic burrs through the endoscope's working channel, have improved the optical system and provided the foundation for developing other endoscopic surgical techniques (11, 12). A fully endoscopic burr or trephine may further improve the safety of foraminoplasty to some extent. However, endoscopic foraminoplasty with tiny tools and a burr is a time-consuming procedure because of the size restriction of the working channel of the rigid endoscope. At the same time, the surgeon must be familiar with the anatomy of the foraminal region. In addition, the increase in temperature while using a high-speed burr may lead to inflammation of the nerve and may cause deterioration of nerve conduction to some extent (13). The trephine can quickly cut off the hypertrophied SAP or osteophyte under fluoroscopic guidance. It is more efficient and time saving than endoscopic foraminoplasty (14). Nevertheless, even with a protective working cannula, it carries the risk of injury to the exiting and traversing nerve root, which may produce leg pain and neurological dysfunction in the affected extremity. The trephine has other disadvantages, such as serrations that are too sharp, more radiation, and a steep learning curve (15, 16, 17). Therefore, lumbar foraminoplasty, especially for beginners, is still challenging.

To make it safer and faster for beginners to perform, we used a specially designed power-aided reciprocating burr for percutaneous lumbar foraminoplasty. The purpose of this study was to present a modified lumbar foraminoplasty using a specially designed burr and report the technical details and clinical outcomes.



Material and methods


Participants

From Jan. 2019 to Nov. 2021, 432 patients with lumbar disc herniation (LDH) were included in this retrospective study, including 257 males and 175 females, with an average age of 49.0 (19–75) years. These patients were diagnosed with single-level lumbar disc herniation according to symptoms, signs, and MRI results (L4/5 in 230 cases and L5/S1 in 202 cases). The study was approved by the ethics committee of the Army Medical Center of PLA (IRB approval number: 2018117) and was conducted according to the principles of the Declaration of Helsinki. It was registered in the Chinese Clinical Trial Registry (ChiCTR1900028671).

The inclusion criteria were as follows: (1) single-level lumbar disc herniation and unilateral radicular leg pain, (2) conservative and ineffective treatment for 6–8 weeks, (3) MRI showing symptoms and signs consistent with the respective segment, and (4) willingness to undergo endoscopic surgery. The following exclusion criteria were used: (1) segmental instability on preoperative extension/flexion radiographs, (2) severe central stenosis on preoperative MRI or CT, (3) L5/S1 LDHs with an iliac crest higher than the L4/5 disc level, (4) other diseases and the inability of the patient to tolerate surgery, and (5) recurrence within the 1st year after surgery.



Surgical tools

To perform foraminoplasty in a rapid, safe, and standardized manner, we used a patented specially designed instrument (Guizhou Zirui Technology Co. LTD, Gui Zhou, China) consisting of a power-aided reciprocating burr (Model: PWMXT45190Q; the diameter of the burr head is 4.5 mm, the effective length of the burr is 190 mm, the recommended speed is 30,000 r/m), a protective cannula (Model: TD75; inner diameter: 7.5 mm, outer diameter: 8.8 mm, length: 175 mm), a handle (maximum power 100 W, speed 10,000–30,000 r/min) and a flush device (Figures 1A-C). The power-aided reciprocating burr has two unique designs. One is an decentered cylindrical burr head, with which the reciprocating motion avoids soft tissue entanglement and damage (Figures 1B–E and Supplementary Video S1). The other apparatus is the control apparatus, which has a graduated scale at the tail end of the burr stem. A control apparatus perpendicular to the burr stem can slide on the graduated scale (Figure 1D). The depth adjustment range is 24 mm. The burr works inside the protective cannula, avoiding any damage to nerve roots. The JOIMAX system (JOIMAX GMBH, Karlsruhe, Germany) was used in TELD.


[image: Figure 1]
FIGURE 1
Power-aided reciprocating burr instrument. (A): A power-aided reciprocating burr. (B): An decentered cylindrical burr head. (C): Four main components of the instrument. (D): The control apparatus, which can slide on the graduated scale. (E): The movement mode of the decentered cylindrical burr after connecting the handle is reciprocating.




Surgical procedure

The surgical method was an improvement of the TESSYS technique. Combined local anaesthesia and intravenous anaesthesia were used. The patient was placed in the lateral decubitus position with knee and hip flexion. The operating bed was folded to open the ipsilateral intervertebral foramen. The skin entry point was usually approximately 8 to 12 cm from the midline. The entry point depended on the patient's body size, location of the herniated disc, and foraminal dimension. Considering the connection lines of the articular processes' lateral perspective as safety lines by using C-arm x-ray fluoroscopy, all entry points were on the dorsal side of the connection lines of the articular process apexes to avoid damaging thoracic and abdominal organs and blood vessels.

The skin, subcutaneous tissue, and tissues surrounding the articular process were anaesthetized using 1% lidocaine. Deep fasciae and muscle tissues were anaesthetized using 0.375% ropivacaine. An 18G puncture needle was inserted in the intervertebral disc from the “safe triangle” via the apex of the superior articular process. After administering 10 ml of 0.5% lidocaine in the intervertebral foramen, the needle was replaced with a 1 mm guidewire. The skin at the insertion site was cut open (approximately 8–10 mm) using a scalpel, and a pencil-like guide rod was inserted into the intervertebral foramen along the guide wire. A special protective cannula matching the power-aided reciprocating burr was passed over the pencil-like guide rod and advanced with twisting motions to the intervertebral foramen. After that, the protective cannula was further rotated and advanced through the lower half of the intervertebral foramen between the SAP and posterior rim of the upper endplate of the distal vertebrae.

The handle and the reciprocating burr were connected (Figure 2A). The initial depth determined by the control apparatus was set to be the appropriate size of the corresponding articular process based on preoperative CT measurements. The rotation speed was set at 30,000 rpm. The decentered burr was rotated to approximately 180° to remove the articular process bone in the channel (Figures 2B-D and Supplementary Video S2). To avoid nerve root injury, the facet joint cortex was not simultaneously penetrated (Figures 2E-G). The burr was used to continue sanding the superior articular process, 2 mm each time, until the bone at the ventral part of the superior articular process apex in the channel was removed (Figures 2H-J). Normal saline was intermittently injected into the canal for cooling during the removal process to prevent the high temperature from damaging the nerve root. After foraminoplasty, the working cannula was inserted along the pencil-like guide rod (Figure 2K), followed by a connection to the light source and lens after the canal was confirmed at the appropriate location (Figure 2L). Under a microscope, the fragmented soft tissue and residual bone pieces were removed. The bone wall on the superior articular process was smooth and regular, with a small number of bleeding spots (Figure 2M). According to the location of the herniated disc, the direction of the protective cannula can be adjusted according to the principle of targeted puncture and foraminoplasty.
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FIGURE 2
The surgical procedure of modified lumbar foraminoplasty using a power-aided reciprocating burr (L4/5). (A-D): Due to the design of the decentered cylindrical burr head, the burr was rotated to approximately 180° to remove the bone of the superior articular process and enlarge the intervertebral foramen. (E-J): The control apparatus, which has a graduated scale at the tail end of the burr stem, allows precise control of the depth of resection of the superior articular process cortex without damaging the nerve roots. (K): The working cannula was inserted along the pencil-like guide rod. (L): The tip of the working cannula should be fixed on the posterior rim of the upper endplate of the distal vertebra in the lateral fluoroscopic view. (M): The bone wall on the superior articular process was smooth and regular; the heat generated by the drill reduced cancellous bone bleeding.


After that, part of the yellow lateral ligament and herniated nucleus pulposus were removed to fully release the nerve root, followed by posterior longitudinal ligament plasty using radiofrequency ablation. Intraoperatively, patients were asked to perform a straight-leg raising test or extension test to confirm the disappearance of the symptoms before ending the operation. All patients underwent postoperative MRI one day after surgery.



Postoperative management

The day after surgery, the patient wore a soft lumbar back brace to exercise and the postoperative MRI was re-examined. The lumbar back brace was worn for approximately 4 weeks to limit the range of lumbar motion, especially lumbar flexion and rotation, so that the ruptured annular fibrosis could achieve good healing during the rehabilitation period and recurrence of disc herniation could be decreased.



Statistical analysis

All statistical analyses were performed using SPSS software version 21.0 (IBM Corp., Armonk, NY). Measurement data are presented as the mean ± standard deviation (SD) and were analysed by one-way ANOVA or independent samples t test. The least significant difference (LSD) test was used for pairwise comparisons. Differences were deemed statistically significant when P values were less than 0.05.




Results


Clinical outcome

All patients underwent endoscopic surgery successfully. Among the 432 patients, radicular outer membrane damage was observed in 6 cases, and 1 case had hernia of the nerve tract. Except for this patient with aggravation of postoperative numbness, the postoperative neurological symptoms of all patients were significantly improved. The mean VAS scores for low back pain and leg pain and ODI scores were significantly decreased 6 w post-operatively and were maintained until 12 months post-operatively compared to preoperative scores (P < 0.05) (Table 1).


TABLE 1 Changes in preoperative and postoperative ODI, VAS scores of low back pain and leg pain.
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Learning curve and foraminoplasty time

As shown in Figure 3, with the increase in the number of operations completed, the time spent by all three surgeons on intervertebral foraminoplasty decreased (P < 0.05) (Figure 3A). All three doctors involved in the study had substantial experience in traditional open spinal surgery. Dr. Fan, who has 20 years of experience in TELD, needed 5 cases to move from the growth period to the development period. For Dr. Pu, with 13 years of working experience in TELD, 9 cases were needed, and 13 cases were required for Dr. Wang, who has no experience in TELD. Surprisingly, there was no significant difference in foraminoplasty time among these three surgeons during the same growing period (P > 0.05). For the same doctor, the foraminoplasty time of the development period was significantly shorter than that of the growth period (P < 0.05) (Figure 3B, Table 2, Figure 4). In addition, the time of TELD surgery for the same type of disc herniation corresponded to the time spent on foraminoplasty (Figure 4).


[image: Figure 3]
FIGURE 3
Time of foraminoplasty and number of surgical cases among three surgeons. (A): With the increase in the number of operations completed, the time spent by all three surgeons on intervertebral foraminoplasty decreased. (B): There was no significant difference in foraminoplasty time among these three surgeons during the same growing period.
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FIGURE 4
Time of foraminoplasty and operation time among three surgeons. (A): Dr. Fan. (B): Dr. Pu. (C): Dr. Wang.
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FIGURE 5
A 34-year-old female patient had radiating pain in the left lower extremity. (A-D): She underwent lumbar anteroposterior and lateral x-ray radiographs and lumbar overflexion-extension x-ray radiographs. The imaging data showed no lumbar instability. (E-F): Preoperative axial and sagittal MRI (T2WI) results showed L4/5 LDH with nerve root compression. (G-H): The postoperative MRI scans (1 day after surgery) of this patient show that the herniated intervertebral disc resection was satisfactory, and the structure of the lumbar facet joint was fully preserved (white arrow). (I-J): The herniated intervertebral disc was removed under endoscopy.



TABLE 2 Time of foraminoplasty by three surgeons during the different stages.
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Discussion

Regarding clinical outcomes, the present study showed that all patients benefited from modified TELD using a power-aided reciprocating burr as shown by the VAS scores for low back pain and leg pain and ODI scores. In addition, no severe sequelae were observed post-operatively. Compared to traditional endoscopic surgery, this modified technique showed its superiority in effectiveness and feasibility (Figure 5). For the learning process, the results showed that the number of surgical cases required for maturation was similar among surgeons with different levels of experience. For beginners, the number of surgical cases required from initiation to maturity was only thirteen. Furthermore, surgical safety with this modified technique was extremely high, even for beginners. In the present study, only one patient suffered increased numbness after surgery. In addition, once in maturity, there was less difference in the time of foraminoplasty and operation between beginners and senior surgeons. Compared to the steep learning curve of other modified endoscopic surgeries or procedures (18–20), the present modified technique of foraminoplasty was more friendly to beginners in both safety and operation time.

Hoogland et al. (9, 21) invented the TESSYS technique, which uses a graded trephine to gradually widen the foramen. Nevertheless, even with a protective working cannula, it carries the risk of injury to the exiting and traversing nerve root, which may produce leg pain and neurological dysfunction in the affected extremity. Many studies have made relevant changes to improve the safety of this method. Li et al. (14) invented a specially designed instrument for modified PLF with graded duck-mouth-like protective cannulas, which are placed on the ventral side of the SAP, excluding the exiting nerve root from the working zone of the trephine. It is important to note that although tools have improved the safety of foraminoplasty with a trephine, the lack of experience for beginners may still damage the dural sac and nerve roots (22, 23). The novel technique proposed by the present study has several potential advantages to improve the safety of foraminoplasty for beginners. First, due to the reciprocating dynamic property of the burr, there is almost no damage to the soft tissue. After the ventral bone of the superior articular process is completely removed, the risk of injury to the spinal nerve or dural sac can be effectively avoided (Supplementary Video S1). Second, the limited device depth of the burr itself can avoid the risk of the tip of the drill suddenly piercing the spinal canal and crushing the nerve root and can accurately control the thickness of the bone in the subsequent resection. Third, the new instrument is equipped with a flushing device, which can avoid the burn of soft tissue caused by high temperature while using the burr.

Advances in endoscopic equipment have improved the optical system and provided the foundation for developing other endoscopic surgical techniques (11, 12). When a burr or trephine is utilized fully endoscopically, important structures in the foramen are not damaged (24–26). Compared to trephine use under fluoroscopic guidance, fully endoscopic trephine use reduces the risk of freehand manipulation for the beginner. Because safe penetration of cortical bone requires an accumulation of surgical experience, beginners do not have good control over the depth of the trephine into the intervertebral foramen which may cause damage to nerve roots. With fully endoscopic trephine, beginners can observe the removal of the SAP under direct vision. When the bone moves concentric circles with the trephine, it indicates that the cortical bone has been penetrated, thus avoiding further inserting the trephine into the intervertebral foramen. Nevertheless, an important issue for beginners is that once bleeding occurs, it becomes difficult to continue the procedure (27). Foraminoplasty can be performed using an endoscopic drill to remove parts of the articular processes under direct vision. Choi et al. (28) employed this technique to treat 59 patients with good results. Some studies have shown that it can protect the nerve and dural sac more safely (29, 30). Nevertheless, the surgeon must be very familiar with the anatomy of the foraminal region. This ability is often lacking in beginners, which can cause beginners to lose their direction under the endoscope. Endoscopic foraminoplasty with tiny tools and burrs is a time-consuming procedure because of the restriction of the working channel of the rigid endoscope. The original aim of our research was to further improve the speed and safety of foraminoplasty so that beginners can master it quickly. From the tool design and research results, our method has the speed of trephine foraminoplasty under fluoroscopic guidance and the safety of full endoscopic foraminoplasty.

Nevertheless, we found that this method also had shortcomings in practice. Due to the limitation of the channel and the size of the burr, the amount of the superior articular process removed at one time is relatively small. For some severely prolapsed disc herniations, multiple foraminoplasties may be necessary. In addition, although the reciprocating dynamic property of the burr is very safe, there is still a risk of nerve root injury although it is rare (6/432). In the future, we aim to continuously improve the design of the burr to make it more convenient to construct the channel under an endoscope. Furthermore, as the technology becomes sufficiently mature, large-scale prospective studies will be necessary to fully assess its performance in clinical applications.




Conclusion

In summary, current clinical data demonstrated the safety and efficacy of modified TELD using a power-aided reciprocating burr for treating LDH and showed that this technique significantly reduces the learning curve for beginners when performing foraminoplasty. This provides an alternative in clinical practice.



Data availability statement

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author/s.



Ethics statement

The studies involving human participants were reviewed and approved by the ethics committee of the Army Medical Center of PLA (IRB approval number: 202197). The patients/participants provided their written informed consent to participate in this study. Written informed consent was obtained from the individual(s) for the publication of any potentially identifiable images or data included in this article.



Author contributions

YW, JW, TW, YL, JP, PL, and WF performed the surgery. YW, JW, MJ, ZW, and RC collected and interpreted the patient's clinical data. YW, JW, JP, and WF drafted the manuscript. All authors contributed to the article and approved the submitted version.



Funding

The author(s) disclosed receipt of the following financial support for the research, authorship, and/or publication of this article: This study was funded by the Army Medical University Project of Medical Elite Training (2019CXLCB015), the Cooperative projects of Chongqing Scientific and Technological Commission and Health Commission (2021MSXM074 and 2020MSXM006).



Acknowledgments

The English in this document has been checked by professional editors who are native English speakers.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fsurg.2022.1091187/full#supplementary-material.



References

1. Jiang Y, Zuo R, Yuan S, Li J, Liu C, Zhang J, et al. A novel trajectory for a transpedicular approach in the treatment of a highly downward-migrated lumbar herniation with a full endoscopic technique. Front Surg. (2022) 9:915052. doi: 10.3389/fsurg.2022.915052

2. Yeom KS, Choi YS. Full endoscopic contralateral transforaminal discectomy for distally migrated lumbar disc herniation. J Orthop Sci. (2011) 16:263–9. doi: 10.1007/s00776-011-0048-0

3. Yeung AT, Tsou PM. Posterolateral endoscopic excision for lumbar disc herniation: surgical technique, outcome, and complications in 307 consecutive cases. Spine. (2002) 27(7):722–31. doi: 10.1097/00007632-200204010-00009

4. Wang H, Huang B, Li C, Zhang Z, Wang J, Zheng W, et al. Learning curve for percutaneous endoscopic lumbar discectomy depending on the surgeon's Training level of minimally invasive spine surgery. Clin Neurol Neurosurg. (2013) 115(10):1987–91. doi: 10.1016/j.clineuro.2013.06.008

5. Cheng J, Wang H, Zheng W, Li C, Wang J, Zhang Z, et al. Reoperation after lumbar disc surgery in two hundred and seven patients. Int Orthop. (2013) 37:1511–7. doi: 10.1007/s00264-013-1925-2

6. Ahn Y, Kim CH, Lee JH, Lee SH, Kim JS. Radiation exposure to the surgeon during percutaneous endoscopic lumbar discectomy: a prospective study. Spine. (2013) 38:617–25. doi: 10.1097/BRS.0b013e318275ca58

7. Knight MT, Jago I, Norris C, Midwinter L, Boynes C. Transforaminal endoscopic lumbar decompression & foraminoplasty: a 10-year prospective survivability outcome study of the treatment of foraminal stenosis and failed back surgery. Int J Spine Surg. (2014) 8:21. doi: 10.14444/1021

8. Li Z, Hou S, Shang W, Song K, Zhao H. New instrument for percutaneous posterolateral lumbar foraminoplasty: case series of 134 with instrument design, surgical technique, and outcomes. Int J Clin Exp Med. (2015) 8(9):14672–9.

9. Schubert M, Hoogland T. Endoscopic transforaminal nucleotomy with foraminoplasty for lumbar disk herniation. Oper Orthop Traumatol. (2005) 17(6):641–61. doi: 10.1007/s00064-005-1156-9

10. Ruetten S, Komp M, Merk H, Godolias G. Full-endoscopic interlaminar and transforaminal lumbar discectomy versus conventional microsurgical technique. Spine. (2008) 33(9):931–9. doi: 10.1097/BRS.0b013e31816c8af7

11. Kim M, Kim HS, Oh SW, Adsul NM, Singh R, Kashlan ON, et al. Evolution of spinal endoscopic surgery. Neurospine. (2019) 16:6–14. doi: 10.14245/ns.1836322.161

12. Butler AJ, Alam M, Wiley K, Ghasem A, Rush Iii AJ, Wang JC. Endoscopic lumbar surgery: the state of the art in 2019. Neurospine. (2019) 16(1):15–23. doi: 10.14245/ns.1938040.020

13. Hafez MI, Coombs RR, Zhou S, McCarthy ID. Ablation of bone, cartilage, and facet joint capsule using ho: yAG laser. J Clin Laser Med Surg. (2002) 20:251–5. doi: 10.1089/10445470260420759

14. Li ZZ, Hou SX, Shang WL, Cao Z, Zhao HL. Percutaneous lumbar foraminoplasty and percutaneous endoscopic lumbar decompression for lateral recess stenosis through transforaminal approach: technique notes and 2 years follow-up. Clin Neurol Neurosurg. (2016) 143:90–4. doi: 10.1016/j.clineuro.2016.02.008

15. Sairyo K, Sakai T, Higashino K, Inoue M, Yasui N, Dezawa A. Complications of endoscopic lumbar decompression surgery. Minim Invasive Neurosurg. (2010) 53:175–8. doi: 10.1055/s-0030-1262814

16. Ahn Y, Kim CH, Lee JH, Lee SH, Kim JS. Radiation exposure to the surgeon during percutaneous endoscopic lumbar discectomy: a prospective study. Spine. (2013) 38:617–25. doi: 10.1016/j.wneu.2017.03.050

17. Iprenburg M, Wagner R, Godschalx A, Telfeian AE. Patient radiation exposure during transforaminal lumbar endoscopic spine surgery: a prospective study. Neurosurg Focus. (2016) 40:E7. doi: 10.3171/2015.11.FOCUS15485

18. Ahn Y, Lee S, Son S, Kim H. Learning curve for interlaminar endoscopic lumbar discectomy: a systematic review. World Neurosurg. (2021) 150:93–100. doi: 10.1016/j.wneu.2021.03.128

19. Sun B, Shi C, Xu Z, Wu H, Zhang Y, Chen Y, et al. Learning curve for percutaneous endoscopic lumbar diskectomy in bi-needle technique using cumulative summation test for learning curve. World Neurosurg. (2019) 129:e586–93. doi: 10.1016/j.wneu.2019.05.227

20. Sun B, Wu H, Xu Z, Lu J, Wang Y, Zhang K, et al. Is selective nerve root block necessary for learning percutaneous endoscopic lumbar discectomy: a comparative study using a cumulative summation test for learning curve. Int Orthop. (2020) 44(7):1367–74. doi: 10.1007/s00264-020-04558-1

21. Hoogland T, Schubert M, Miklitz B, Ramirez A. Transforaminal posterolateral endoscopic discectomy with or without the combination of a low-dose chymopapain: a prospective randomized study in 280 consecutive cases. Spine. (2006) 31:E890–7. doi: 10.1097/01.brs.0000245955.22358.3a

22. Wang Z, Jian F, Wu H, Wang X, Wang K, Duan W, et al. Treatment of upper lumbar disc herniation with a transforaminal endoscopic technique. Front Surg. (2022) 9:893122. doi: 10.3389/fsurg.2022.893122

23. Tacconi L, Baldo S, Merci G, Serra G. Transforaminal percutaneous endoscopic lumbar discectomy: outcome and complications in 270 cases. J Neurosurg Sci. (2020) 64(6):531–6. doi: 10.23736/S0390-5616.18.04395-3

24. Yoshinari H, Tezuka F, Yamashita K, Manabe H, Hayashi F, Ishihama Y, et al. Transforaminal full-endoscopic lumbar discectomy under local anesthesia in awake and aware conditions: the inside-out and outside-in techniques. Curr Rev Musculoskelet Med. (2019) 12(3):311–7. doi: 10.1007/s12178-019-09565-3

25. Ahn Y, Lee U, Kim WK, Keum HJ. Five-year outcomes and predictive factors of transforaminal full-endoscopic lumbar discectomy. Medicine (Baltimore). (2018) 97(48):e13454. doi: 10.1097/MD.0000000000013454

26. Lin YP, Wang SL, Hu WX, Chen BL, Du YX, Zhao S, et al. Percutaneous full-endoscopic lumbar foraminoplasty and decompression by using a visualization reamer for lumbar lateral recess and foraminal stenosis in elderly patients. World Neurosurg. (2020) 136:e83–9. doi: 10.1016/j.wneu.2019.10.123

27. Song QP, Hai B, Zhao WK, Huang X, Liu KX, Zhu B, et al. Full-Endoscopic foraminotomy with a novel large endoscopic trephine for severe degenerative lumbar foraminal stenosis at L5 S1 level: an advanced surgical technique. Orthop Surg. (2021) 13(2):659–68. doi: 10.1111/os.12924

28. Choi G, Lee SH, Lokhande P, Kong BJ, Shim CS, Jung B, et al. Percutaneous endoscopic approach for highly migrated intracanal disc herniations by foraminoplastic technique using rigid working channel endoscope. Spine (Phila Pa 1976). (2008) 33(15):E508–15. doi: 10.1097/BRS.0b013e31817bfa1a

29. Zhang LM, Lv WY, Cheng G, Wang DY, Zhang JN, Zhang XF. Percutaneous endoscopic decompression for calcified thoracic disc herniation using a novel T rigid bendable burr. Br J Neurosurg. (2019) 28:1–3. doi: 10.1080/02688697.2018.1557593

30. He J, Tang J, Jiang X, Ren H, Cui J, Liang Z, et al. Efficacy and safety of foraminoplasty performed using an endoscopic drill to treat axillary disc herniation. World Neurosurg. (2020) 138:e413–9. doi: 10.1016/j.wneu.2020.02.143












	
	TYPE Original Research

PUBLISHED 06 January 2023
DOI 10.3389/fsurg.2022.1072444






[image: image2]

Percutaneous endoscopic lumbar discectomy as a treatment for lumbar disc herniation linked with posterior ring apophysis separation

Ran Li†, Hongyou Zhou†, Hao Han, Dongming Fu, Zihao Zhan and Bin Meng*

Department of Orthopedics, The First Affiliated Hospital of Soochow University, Suzhou, China

EDITED BY
Qingquan Kong, Sichuan University, China

REVIEWED BY
Edvin Zekaj, Galeazzi Orthopedic Institute (IRCCS), Italy
Yi Jiang, Peking University, China

*CORRESPONDENCE Bin Meng mengbinspine@163.com

†These authors have contributed equally to this work and share first authorship

SPECIALTY SECTION This article was submitted to Orthopedic Surgery, a section of the journal Frontiers in Surgery

RECEIVED 17 October 2022
ACCEPTED 29 November 2022
PUBLISHED 06 January 2023

CITATION Li R, Zhou H, Han H, Fu D, Zhan Z and Meng B (2022) Percutaneous endoscopic lumbar discectomy as a treatment for lumbar disc herniation linked with posterior ring apophysis separation.
Front. Surg. 9:1072444.
doi: 10.3389/fsurg.2022.1072444

COPYRIGHT © 2023 Li, Zhou, Han, Fu, Zhan and Meng. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



Background: Lumbar disc herniation (LDH) linked with posterior ring apophysis separation (PRAS) is a rare and distinct subset of disc herniation. Few studies have evaluated the clinical efficacy of percutaneous endoscopic lumbar discectomy (PELD), which is a procedure used to treat LDH linked with PRAS.



Objectives: To evaluate the clinical efficacy and safety of PELD in the treatment of LDH linked with PRAS.



Methods: Patients who met inclusion criteria (n = 67; 40 males and 27 females) underwent PELD. General and operation-related information and perioperative complications of the patients were recorded. Clinical efficacy was measured using the Visual Analog Scale (VAS) and Oswestry Disability Index (ODI) during the follow-up period.



Results: The mean operation time was 118.04 ± 19.31 min and the mean blood loss was 22.84 ± 15.89 ml. The VAS and ODI scores continued to improve immediately after the surgery to the last follow-up. Four patients experienced postoperative complications i.e., herniation recurrences. The conditions of the patients with the complications improved after treatment.



Conclusions: PELD has reliable efficacy and safety in the treatment of LDH linked with PRAS.
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Introduction

Posterior ring apophysis separation (PRAS) refers to the discovery of a bone fragment near the posterior horn of the lumbar vertebrae. The size and shape of the free bone fragment are almost consistent with the bone defect at the posterior edge of the vertebral body, and there is marked bone sclerosis at the same site of the defect, thereby indicating that the bone fragment originates from the vertebral body (1). PRAS tends to occur in parallel with lumbar disc herniation (LDH) whenever LDH is detected. The symptoms of LDH linked with PRAS are chronic low back pain and leg pain, which are comparable to those of a simple lumbar disc herniation or lumbar spinal stenosis; therefore, these symptoms are often missed or clinically ignored (2). For patients with radiculopathy or cauda equina nerve damage whose conditions do not improve after receiving conservative care, surgical treatment should be performed as soon as possible. Open surgery is the standard course of treatment, which adequately decompresses the nerve roots, but the surgical trauma is high and the stability of the lumbar spine is greatly affected (3). PRAS frequently occurs in young and middle-aged adults, and lesions are mostly concentrated in the lower lumbar spine (4). The main goal of the treatment should be to avoid fixation and fusion as much as possible to preserve the natural structure and motor functions of the spine, especially given the high prevalence of PRAS among young adults (5). It is important to pay attention to the issue of surgical trauma and manage iatrogenically aggravated disc degeneration in the surgical and adjacent segments.

Percutaneous endoscopic lumbar discectomy (PELD) technology has advanced markedly since, in 1996, Kambin attempted to use arthroscopy to perform a discectomy (6). PELD is classified into two types, percutaneous endoscopic interlaminar discectomy (PEID) and percutaneous endoscopic transforaminal discectomy (PETD), in accordance with the surgical approach (7). PELD has several benefits over traditional open discectomy and fusion surgery, including minimal invasion, minimal blood loss, quick recovery, etc (8–11). To the best of our knowledge, there have been only few studies published regarding the efficacy of PELD in treating LDH linked with PRAS. This study aims to analyze the follow-up data of patients with LDH linked with PRAS and explore the technical aspects of PELD to obtain greater clinical efficacy and lower incidences of complications.



Materials and methods


General information

The clinical information of the patients who underwent PELD as a treatment for LDH linked with PRAS was reviewed; the patients were followed up from January 2015 to October 2020. The inclusion criteria were: (1) symptoms of typical unilateral low back and leg pain along with numbness, (2) imaging findings that show disc herniation with the posterior edge of the vertebral body disconnected and the corresponding segment nerve compressed, (3) conservative treatment for at least 3 months, including bed rest and nonsteroidal anti-inflammatory drugs, which have limited clinical effects. The exclusion criteria were: (1) previous surgical history of treatment for spinal stenosis and motion instability, (2) other spinal disorders such as ankylosing spondylitis and spinal tumors and fractures, (3) dementia, intellectual disability, and drug abuse.



Surgical methods

The surgery was performed by four senior surgeons, but they followed the same technical principles. The surgical method was opted based on different surgical segments and the type of disc herniation. PEID was routinely performed on L4-5 and L5-S1 segments, and PETD was used to treat cases with extreme lateral disc herniation.(1) PEID: The patients were placed in a prone position on a Wilson table and treated under general anesthesia. An incision was made 1 cm lateral to the posterior midline on the level of the treated intervertebral space. A dilator was bluntly put through the skin into the subcutaneous tissue and the muscles. The working channel was then inserted when the dilator reached the ligamentum flavum. The ligamentum flavum was dissected and separated, and epidural space was exposed. The herniated disc was removed using straight and nucleus pulposus forceps. The bone fragments were fully removed using a microscopical trephine, grinding drill, and bone knife. The nerve roots were probed to ensure adequate decompression. The tunnel was exited and the wound was closed.

(2) PETD: The patients were placed in the prone position with hip and knee joint flexion, and local anesthesia was administered. Under the guidance of fluoroscopy, a puncture needle was inserted into the upper posterior area of the caudal vertebra via the zygapophyseal joint. Then, the dilator and reamer protector were placed through a guiding wire. The tips of the dilator and reamer protector were localized near the medial side of the pedicular on an anteroposterior (AP) view and at the upper posterior area of the caudal vertebra on a lateral view. A 7.5 mm-reamer was inserted and foraminoplasty was performed using the tip of the reamer advancing to the medial side of the pedicular on the AP view under the fluoroscopy. The remaining steps were the same as PEID.

Second-generation cephalosporin or clindamycin was prophylactically used during the surgery and not used after the surgery, except under special circumstances. There was no need of postoperative radiography. All the patients were encouraged to exercise with the assistance of a lumbar brace on the first postoperative day and were mostly discharged on the second postoperative day with further follow-up at the outpatient clinic.



Clinical outcomes

Outcome indicators were determined through medical record review. Clinical outcomes were collected from the patients' reported outcomes. Hospitalization data were reviewed to identify any intraoperative complications. Intraoperative blood loss was assessed by the surgeons according to the specific intraoperative bleeding conditions, operation time, and the patients' hemoglobin level before and after the surgery. Postoperative complications were defined as any adverse events occurring within 30 days after the surgery. The date of the last outpatient appointment in the Department of Orthopedics was defined as the date of the last follow-up visit. Perioperative complications and their treatment were also recorded and analyzed. The Visual Analog Scale (VAS) was applied to assess the extent of back pain and radicular leg pain. The Oswestry Disability Index (ODI) was employed to evaluate function and life quality. Different data were recorded on five time points, including pre-operation, post-operation, 1 month after surgery, 3 months after surgery, and the last follow-up. Postoperative evaluation was conducted between two time points, one was the time when the patients were able to get out of bed with the lumbar brace, and another was the time when the patients were discharged.

Surgical results were graded as “excellent” when there was no pain and no limitations for any activity, “good” when back pain or leg pain due to any strenuous activity was occasionally reported, “fair” when the symptoms improved after the surgery but recurrent or residual pain led to restricted activities, and “poor” when the symptoms did not improve or worsened after the surgery.



Statistical analysis

All quantitative data were presented as mean ± standard deviation and analyzed using SPSS 24.0 (SPSS Inc., Chicago, IL, United States). The perioperative clinical outcomes were compared using the paired t-test. The difference in the values obtained was considered statistically significant when p < 0.05.




Results


General information

The characteristics of the patients are summarized in Table 1. A total of 67 patients, including 40 males and 27 females, met the inclusion criteria and were recorded and followed up. The mean age of the patients was 40.31 ± 7.39 years (26∼55 years) and the mean follow-up duration was 31.15 ± 14.17 months (12∼72 months). Injuries directly related to the onset of new symptoms were observed in 16 patients (23.88%) and were attributed to falls or motor vehicle accidents. Typical cases are shown in Figures 1–4.


[image: Figure 1]
FIGURE 1
A 26-year-old man with LDH linked with PRAS was treated with PETD; the main symptoms were low back pain with radiating pain in the left lower limb. (A,B) anterior and lateral X-ray images of the lumbar, (C,D) dynamic X-ray images of the lumbar, (E–G) CT scan images of the lower lumbar spine: the detached bone fragment is shown to protrude into the posterior margin of the vertebral body, (H–J) MRI of the lumbar spine: the imaging findings were consistent with that of the CT scans, and some of the discs are shown to protrude laterally, (K–M) the CT scan images show that the bone fragment pressing the nerve on the patient's left side has been removed.
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FIGURE 2
A 44-year-old man with LDH linked with PRAS was treated with PEID; the symptoms were mainly pain in the right lower limb. (A,B) CT scan of the lower lumbar spine: the detached bone fragment is shown to protrude into the posterior margin of the vertebral body and (C,D) MRI of the lumbar spine: the imaging findings were consistent with that of the CT scan.
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FIGURE 3
Imaging during surgical procedures: (A) exposure of nerve roots; (B) the nerve root is shown to be dissected, and the bone behind it and the protruding fibrous annulus are exposed; (C,D) annulus fibrosus and nucleus pulposus are shown to be removed with luminal forceps; (E–K) after the annulus fibrosis is shown to be removed, and the bone is also shown to be removed using trephine, grinding drill, and endoscopic bone knife; (I) nerve root relaxation is shown after decompression.
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FIGURE 4
Postoperative CT images: (A) transverse CT image of the patient in figure 2 after the operation shows that the bone fragment that compressed the nerve root on the right side has been removed, (B) a sagittal CT scan shows that the right bone fragment has been completely removed, (C) the sagittal CT scan shows that the left bone fragment is firmly connected to the vertebral body and is not resected during the operation.



TABLE 1 Demographical and surgical information.
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Surgical information

All the patients underwent a unilateral approach on the symptomatic side and under general anesthesia. The most common segment operated on was L5-S1 followed by L4-5. Transverse disc herniation occurred in 49 patients, out of which 26 patients had their left side involved. Central disc herniation occurred in 18 patients. The S1 superior endplate was the most common site (39 cases), followed by the L5 superior endplate (23 cases). All the patients were classified and staged according to Table 2 (2). Type I occurred in 43 patients and type II in 24 patients; 35 patients had stage A and 32 had stage B (Table 3). The mean operation duration was 118.04 ± 19.31 min, and the mean blood loss was 22.84 ± 15.89 ml. There was no anesthesia-related complication in all the patients. In this study, 27 patients had complete bone fragment resection and 40 patients had only partial bone fragment resection.


TABLE 2 Type and stage of PRAS.
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TABLE 3 Postoperative type and stage.
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Clinical outcomes

All the patients underwent the surgery successfully and were followed up as mentioned in Table 4. The mean VAS (low back), VAS (leg), and ODI scores before the surgery were 7.82 ± 1.14, 6.01 ± 0.77, and 78.96 ± 4.83%, respectively. The postoperative VAS and ODI scores of the patients were considerably lower than the preoperative scores of the patients. There was no remarkable difference between the scores of the two groups during the entire follow-up period. According to the modified Macnab criteria, there were 60 excellent cases, 3 good cases, and 4 fair cases; the rate of excellent or good outcomes was 94.03%. No postoperative neurological deficit or deterioration of preoperative functions was observed.


TABLE 4 Clinical outcomes before and after surgery.
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Complications

Out of the 67 patients, 4 suffered disc herniation recurrence in the same segment. Out of that, two patients got relieved after the conservative therapy, one patient underwent endoscopic revision surgery, and the other patient underwent posterior lumbar intervertebral fusion surgery. All the patients with recurrent disc herniation had considerable improvement in their symptoms and no obvious back pain or radicular pain remained.




Discussion

LDH linked with PRAS is a rare and distinct subset of disc herniation. Because of the small size and unfamiliarity of the bone fragments in this condition, they are often missed on radiographs and confused mainly with calcified protrusion of the posterior longitudinal ligament or intervertebral disc and dorsal osteophyte degeneration. PRAS accompanied by LDH tends to be more common in young adults and occurs mainly in adolescents who have a history of traumatic episodes or performing repeated vigorous exercises. Many studies have suggested that trauma is considered to be the main etiology for the development of PRAS in adolescents, and chronic vigorous activity affecting the lumbosacral spine may be the main event leading to the onset of the disease symptoms in adults (12). The symptoms of low back pain are often aggravated after the trauma and are accompanied by radicular pain that radiates into the lower extremity directly along the course of a specific spinal nerve root. The clinical manifestations and signs of LDH linked with PRAS are similar to those of lumbar disc herniation and lumbar spinal stenosis, and therefore are difficult to distinguish. The conventional lumbar X-ray does not clearly show the herniated discs. However, a CT scan can clearly show the shape, location, and complexity of the herniated discs and the broken bone mass of the posterior edge of the vertebral body, this is the most effective way to diagnose the disease. Furthermore, an MRI scan can visually and clearly show the location, size, and degree of the nerve compressed by the herniated discs. PRAS is mostly concentrated in the lower lumbar spine; L5-S1 is the most common site of the posterior edge of the vertebral body, followed by L4-5. In the present study, there were 38 patients with herniation at the L5-S1 segment, 29 with herniation at the L4-5 segment. The most common site is the posterior superior edge of S1, followed by the posterior superior edge of L5, and the posterior inferior edge of L4. From a functional point of view, probably because the pressure on the superior endplate is the greatest, all the superior endplates are affected more than the inferior endplates (13).

Once LDH linked with PRAS is diagnosed, surgical treatment is often required. According to previously reported large or small incision fenestration procedures, half or total laminar decompression surgery has certain disadvantages such as severe surgical trauma and damage to the stability of the lumbar spine (3). In order to avoid postoperative segmental instability, fixation and fusion therapies are used, which lead to issues such as accelerated adjacent segment degeneration and adjacent vertebral diseases in the long term. With the increasing advancement in percutaneous spinal endoscopy, surgical indications have gradually expanded, and it has been used in the treatment of various types of LDH and spinal stenosis (6, 14–17). PELD has advantages such as it causes minimal extensive dissection of paravertebral muscles, blood loss, and tissue damage. Moreover, it causes minimal damage to the normal structure of the spine, completely retains the middle and posterior column structure, does not affect the stability of the spine, and reduces the incidence of postoperative complications such as lumbar spondylolisthesis and low back pain (11). The operation time for PELD, when compared to that of traditional open surgery, is considerably less. In addition, the recovery time is less, a patient can wear the lumbar brace to get out of bed on the day after surgery, the second day the patient is discharged, and returns to normal work and life 1 month after the surgery. This surgery can reduce the pain experienced by patients and reduce the cost of hospitalization.

In this study, the patients recovered well from the pain after undergoing spinal endoscopic techniques. To obtain a safe and effective course of treatment for LDH linked with PRAS, we should pay great attention to perioperative details. With the help of complete preparation before the operation, accurate analysis of the scan reports and identification of clear symptoms of the responsible lesion segmentation and the size and direction of the disc herniation and broken bone block, intraoperative decompression can be effective to achieve the expected surgical outcome. According to the imaging findings, an appropriate surgical approach was adopted. PRAS is often accompanied by LDH; therefore, the surgical plan can be designed according to the location of the disc herniation. If the disc herniation is mainly located within the lateral recess near the midline, the interlaminar approach is used. If the disc herniation is mainly located beyond the lateral recess to the extramarginal region, the foraminal approach is used. Due to the limited operation space under the endoscope, the operation should be performed gently, and the bleeding should be promptly stopped by bipolar electrocoagulation. A clear surgical field of view is the basic requirement for the surgery, and a clear visual field should be maintained to distinguish the herniation structure and avoid accidental injury of the dural sac and nerve roots. During the operation, the protruding annulus fibrosus and nucleus pulposus are excised to reduce tension, and the working channel is slightly adjusted. The working channel could be appropriately tilted to increase the exposure range. Combined with the use of endoscopic trephine, grinding drill, and endoscopic bone knife, the bone block of the posterior edge of the vertebral body could be removed properly. Complete resection of the bone fragment is not emphasized in the operation. If the bone block is stable and does not cause compression, complete resection can be avoided to prevent nerve root injury and aggravation of symptoms due to the surgery.

Simultaneous removal of epiphyseal fragments during discectomy may be a controversial approach. Most scholars believe that the bone mass and intervertebral disc tissue should be removed completely after vertebral body resection to completely relieve the compression of the protrusion on the nerve root or cauda equina nerve (1, 18–20). On the contrary, other researchers believe that the initial factor involved in the symptoms caused by the rupture of the posterior edge of the lumbar vertebrae is disc herniation; therefore, during the operation, the disc must be removed, thereby the cause of LDH, which is disc herniation, will also be removed. Furthermore, if the posterior fracture of the bone fragment, did not cause organic compression and stenosis, there is no need for complete resection. Shirado et al. conducted a prospective study on 32 patients: 11 of them underwent discectomy and posterior margin bone mass resection and 21 underwent only discectomy (21). After follow-up, the two groups of patients were satisfied with the curative effect, indicating that the removal of the severed bone block did not affect the clinical curative effect. Therefore, the researchers believe that if the bone is not free, it does not need to be completely removed in the process to achieve thorough decompression. There is also no clear evidence that the broken posterior bone mass can develop progressively, leading to recompression, and that the unremoved bone mass can lead to chronic low back pain.

We believe that the primary objective of the surgery is to adequately decompress the nerve root and that the removal of the severed bone mass is not always necessary. There are two main types of PRAS. One is proposed by Takata K et al. in 1988: type I, cortical detachment at the posterior margin of the vertebral body; type II, avulsion fractures of the posterior margin of the vertebral body, including cortical and cancellous bones; type III, a bone mass near one side is detached, accompanied by a bone defect (1). The present study takes a different approach as shown in Table 2 (2). We believe that this classification is more suitable for guiding the treatment of PRAS using spinal endoscopic techniques. We suggest that bone fragment in type I PRAS should be excised only after the stability of the residual bone mass is determined after the partial bone mass affecting the nerve root is removed and sufficient decompression of the nerve root is ensured, while the bone fragment in type II PRAS must be excised by default. Although the main cause is the compression of the nerve by the herniated disc, in stage A (Table 2), complete resection is recommended when typical symptoms appear. In stage B (Table 2), excessive resection of the bone mass is not necessary after sufficient decompression and stability of the bone fragment is ensured. It is necessary to preserve as much of the posterior vertebral body and unruptured disc as possible, especially in active adolescents.

In this study, during the operation, the nerve root was often excessively pulled when we wanted to completely remove the broken bone. On the other hand, the use of conventional cavity and nucleus pulposus forceps is difficult to remove hard bone blocks during the operation. Therefore, ring saws, grinding drills, and bone knives are often used. All the surgical equipment greatly increase the possibility of nerve root damage. It is noteworthy that during the process of bone block resection, the cut bone block will be sharp; therefore, the cannula and the sharp bone block edge should be prevented from cutting the nerve root. The short-term postoperative effect on patients who experience such nerve root damage is relatively poor; however, it can be alleviated using conservative treatment with drugs.

In conclusion, this study presents the primary outcome of the evaluation of the efficacy and safety of PELD in the treatment of LDH linked with PRAS. This study involves more cases and a longer follow-up duration as compared to those in previously reported studies. However, this study also has some limitations such as sample size. PELD has great efficacy and safety in the treatment of LDH linked with PRAS in a short follow-up duration. In addition, for further outcomes, a large sample size and multi-center randomized controlled trials are required.
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Objective: To investigate the clinical efficacy and imaging outcomes of unilateral biportal endoscopy (UBE) with unilateral laminotomy for bilateral decompression (ULBD) in the treatment of severe lumbar spinal stenosis (SLSS).



Methods: We retrospectively analyzed 50 patients with SLSS treated with UBE-ULBD from October 2018 to March 2021. Visual analog scale (VAS) for back and legs pain, Oswestry disability index (ODI), modified Macnab criteria, complications, hospital stay, preoperative and postoperative dural sac cross-sectional area (DSCA) and Schizas grade, mean angle of facetectomy and osseous lateral recess decompression rate were examined.



Results: The mean follow-up period was 10.7 months. The mean hospital stay was 2.76 ± 1.02 days. At the final follow-up, VAS for back pain and legs pain decreased from 7.22 ± 0.95 to 1.26 ± 0.44 and from 7.88 ± 0.69 to 1.18 ± 0.39, respectively; ODI decreased from 69.88 ± 6.32% to 14.96 ± 2.75%. According to the modified Macnab criteria, the results were excellent in 24 (48%), good in 22 (44%), and fair in 4 (8%). Excellent or good results (a satisfactory outcome) were obtained in 92% of the patients. There were 2 cases of complications of dural sac tear. The postoperative DSCA was significantly enlarged compared with that before surgery, from 44.74 ± 9.85 to 126.86 ± 14.81 mm2. According to Schizas grade, the stenosis grade changes from preoperative grade C in 16 cases, grade D in 34 cases, to postoperative grade A in 40 cases, and grade B in 10 cases. The mean angle of facetectomy of the ipsilateral facet joint was 70.87 ± 5.68°, contralateral was 65.07 ± 4.98°. The decompression rate was 70.81 ± 4.43% (ipsilateral side) and 71.22 ± 3.68% (contralateral).



Conclusions: UBE-ULBD has a good clinical effect in the treatment of SLSS, and has achieved satisfactory results in spinal canal enlargement, undercutting of facet joints, and decompression effect. It is a safe and effective surgical for SLSS.
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Introduction

Lumbar spinal stenosis (LSS) is a degenerative disease of the lumbar spine, common in middle-aged and elderly (1, 2). LSS is usually associated with back pain or sciatica, of which neurogenic intermittent claudication is the typical symptom (3, 4). Anatomically, LSS can be divided into three types, including central spinal stenosis, lateral recess stenosis, and foraminal stenosis (5). Conservative treatment is the preferred treatment for most patients with LSS. In case of failure, surgery should be performed (6).

Presently, severe LSS refers to dural sac cross-sectional area (DSCA) ≤ 75 mm2 based on magnetic resonance imaging (MRI) (5), or based on the morphology of the dural sac as Schizas C or D grade (7). And such patients generally have severe osteophyte hyperplasia of facet joints, as well as hyperplasia and even ossification of ligaments， resulting in severe nerve roots or cauda equina compression. Conservative treatment of SLSS has a great risk of failure, and surgical treatment should be actively adopted. Some studies have pointed out that for SLSS, surgical treatment has a better clinical effect than non-surgical treatment (1, 8).

For LSS, traditional laminectomy decompression is a routine surgical procedure (9). This requires extensive resection of the posterior structure and facet joints, which may result in iatrogenic instability and subsequent fusion surgery (9). To reduce the trauma caused by surgery, various minimally invasive techniques have developed rapidly, including endoscopic techniques. However, for SLSS, minimally invasive surgery may not complete decompression due to technical difficulties and other factors (10).

In recent years, unilateral biportal endoscopy (UBE) has generated a wave of frenzied learning. It has an independent working and viewing portal, with the freer operation and higher decompression efficiency, which well overcomes the shortcomings of insufficient decompression in previous endoscopic surgery (11, 12). And the feasibility of UBE with unilateral laminotomy for bilateral decompression (ULBD) in the treatment of LSS has been confirmed to provide satisfactory clinical results (13, 14). In addition, Kim et al. (14) reported the feasibility of UBE technology in the treatment of SLSS, followed up 58 patients, and achieved a satisfaction rate of 93.1%. However, the authors only looked at severe central spinal stenosis in the study and lacked analysis of imaging results. In addition, there were no other reports about this in subsequent studies.

Therefore, this study aims to explore the clinical effect of UBE-ULBD in the treatment of SLSS, and further explore the decompression effect of this technology through imaging results.



Materials and methods


Patient population

A total of 50 patients were enrolled from October 2018 to October 2021 in this study. All surgeries were performed by the same senior spine surgeon with extensive experience in endoscopic surgery, who performed >200 surgeries annually.



Inclusion criteria


	① Single-segment LSS

	② Presenting classic neurogenic intermittent claudication with lower extremity symptoms.

	③ DSCA ≤ 75 mm2 or Schizas C or D grade.

	④ Lumbar spondylolisthesis ≤ I°, and no obvious lumbar instability.

	⑤ Lumbar scoliosis <20°.





Exclusion criteria


	① Multi-segmented LSS

	② DSCA >75 mm2 and Schizas A or B grade.

	③ Lumbar spondylolisthesis ≥ II° or lumbar instability.

	④ LSS is caused by fractures, tumors, and infections.

	⑤ Lumbar curvature ≥20°.

	⑥ Patients with poor general status or other diseases that cannot tolerate prone surgery under general anesthesia.





Surgical technique

All patients underwent general anesthesia and were placed in prone position. The abdomen is suspended by placing the arch bridge cushion on the ventral side. The target segment was determined by C-arm fluoroscopy.

The incision design was as follows (for right-hander): (1) the incision on the left: 5 mm aside the posterior midline, the working portal (8–10 mm) was located at the upper edge of the lower lamina, and the view portal (4–6 mm) was located about 25–30 mm above the working portal (according to the soft tissue thickness). (2) The incision on the right: 5 mm aside the posterior midline and moved slightly caudally compared to the left.

Firstly, the stripper can be used to detach the multifidus from the SP base and lower edge of the upper lamina. Then the trocha was placed directing at the conjunction between the SP base and the upper lamina. A cruciate incision is made into the deep fascia of the working channel to maintain a fluent outflow. After expanded by the serial dilators, the endoscopy and instrument were inserted into the two portals respectively. Radiofrequency was used to clean the surrounding soft tissue, an “initial camp” was created as the working space.

Then resect anticlockwise from the lower edge of the upper lamina, the medial portion of the inferior articular process (IAP), the superior articular process (SAP) and the upper edge of the lower lamina. During this procedure, resect the fluffy superficial layer of the ligamentum flavum (LF) first to obtain a better view. Then expose the attachment of the LF and remove the medial part of the SAP under the lateral margin of the dura was seen. Then perform the lateral recess decompression with curette and rongeur. Decompression was supposed to be enough until the medial border of the pedicle was observed.

After ipsilateral decompression is satisfactory, resect part of the ventral bone structure (about 5 mm) of both upper and lower SP base to entry the contralateral canal. Herein, the central fissure of the LF (also called “V collar”) can be regarded as a landmark of midline of the canal. Move over the deep layer of the LF, resect part of the ventral surface of the lamina (about 3–4 mm) until the contralateral IAP was seen. Remove part of the IAP (about 5–6 mm) to reveal the SAP. The SAP removal was enough until the medial border of the pedicle was recognized. If needed, then the contralateral lateral recess decompression and foraminal decompression of both segments can be performed simultaneously. The ideal contralateral decompression extent was showed in Figure 1.


[image: Figure 1]
FIGURE 1
Secompression range of unilateral biportal endoscopy. (A) Outer border of the pedicle; (B) Inner edge of pedicle; (C) Midline border of the pedicle. The contralateral decompression extent (red area). Lateral recess decompression should reach half of the medial border of the pedicle (C), and the foraminal decompression should reach the outer border of the pedicle (A).


Then, the instrument was moved cephalically and the nerve roots in the foraminal region were probed for compression. The tip of the SAP and the LF in the foraminal region were removed. The foraminal region was decompressed to the outer edge of the pedicle. After satisfactory decompression, the disc on the ventral side of the dural sac was probed for disc herniation. If disc herniation was detected, the herniated nucleus pulposus was removed. The drainage tube was placed under endoscopic guidance (Figures 2, 3).


[image: Figure 2]
FIGURE 2
Operation and localization of unilateral biportal endoscopy. (A) Pictures of surgical procedures, the left hand of the surgeon is the endoscope, and the right hand is the radiofrequency probe; (B) 5 ml syringe needles were used for preoperative incision localization; (C) A nerve root probe was used to explore the foraminal region to determine the extent of decompression.



[image: Figure 3]
FIGURE 3
Intraoperative conditions of unilateral biportal endoscopy for decompression. (A) Initial camp; (B) Decompression of the ipsilateral traversing nerve root; (C) Decompression of the contralateral traversing nerve root; (D) Decompression of the contralateral foraminal. Ca, caudal sides; Cr, cranial sides; L, lateral; M, medial. LF, ipsilateral traversing nerve root; ▴, contralateral traversing nerve root; ●, contralateral exiting nerve root.




Evaluation

The hospital stays and complications of all patients were recorded. All imaging examinations were completed in all patients before surgery. Computed tomography (CT) examination was performed within 3 days after surgery and MRI examination was performed within 1 month after surgery.

VAS for back and leg pain were used to assess the severity of back and both legs pain before surgery, 1 day and 1 month after surgery, and during the last follow-up. The ODI was used to assess low limb dysfunction before surgery, 1 month after surgery, and during the last follow-up. The modified Macnab criteria were used to examine patient satisfaction at the last follow-up.

In terms of imaging outcomes, three consecutive images were taken by two independent imaging doctors at the level of the intervertebral disc with an interval of 3 mm at axial T2-weighted MRI. DSCA was calculated by describing the boundary of the dural sac (Figure 4), and the degree of spinal stenosis was evaluated according to Schizas grade by observing the morphology of the dural sac.


[image: Figure 4]
FIGURE 4
Dural sac cross-sectional area calculation under MRI. (A) Preoperative calculation; (B) Postoperative calculation.


The mean angle of facetectomy was calculated by measuring the angle of the inner facet of the articular process to the axial horizontal line under postoperative CT to evaluate the retention of the facet joint. The osseous lateral recess decompression rate was calculated by the formula (1- the postoperative distance from the inner edge of the SAP to the inner edge of the pedicle under CT/the preoperative distance)∗ 100%, to assess the imaging decompression effect. To minimize the error caused by inconsistent plane selection. Three cross sections were taken consecutively at the target level and measured respectively. The results were added and averaged. (Figure 5).


[image: Figure 5]
FIGURE 5
Measurement of resection angle of facet joint and decompression rate under CT. (A) Resection angle of facet joint, (a) contralateral side, (b) ipsilateral side; (B) The preoperative distance from the inner edge of the superior articular process to the inner edge of the pedicle, (c) contralateral side, (d) ipsilateral side; (C) The postoperative distance from the inner edge of the superior articular process to the inner edge of the pedicle, (e) contralateral side, (f) ipsilateral side.


All radiology-related measurements and calculations were performed by two independent radiologists. All data were recorded independently by three clinicians, and the average was considered for statistical analysis.



Statistical analysis

SPSS26.0 statistical software was used for statistical analysis. The data are presented as mean and standard deviation. Paired sample t-test was applied for intragroup comparison. P < 0.05 indicated a statistically significant difference.




Results

In this study, a total of 50 patients were enrolled, including 20 males and 30 females, with a mean age of 68.52 ± 7.03 years. The lesion segments were L3/4 in 16 patients, L4/5 in 31, and L5/S1 in 3 (Table 1).


TABLE 1 General condition and surgical indicators of subjects.

[image: Table 1]


Surgical indicators and clinical outcomes

The mean follow-up period was 10.7 months (minimum duration of 6 months). The mean hospital stay was 2.76 ± 1.02 days. 2 patients developed symptoms of dural sac tear, which were gradually relieved after conservative treatment and recovered completely within 5 days. (Table 1).

The VAS for back pain and legs pain was significantly improved from day 1 after surgery and decreased from 7.22 ± 0.95 to 1.26 ± 0.44 and from 7.88 ± 0.69 to 1.18 ± 0.39, at the final follow-up, respectively. ODI improved from 69.88 ± 6.32% to 14.96 ± 2.75% at the final follow-up. According to the modified Macnab criteria, the results were excellent in 24 patients (48%), good in 22 (44%), and fair in 4 (8%). Excellent or good results (a satisfactory outcome) were obtained in 92% of the patients. (Table 2).


TABLE 2 Clinical outcomes in diffident times.
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Imaging outcomes

The postoperative DSCA was significantly enlarged compared with that before surgery, from 44.74 ± 9.85 to 126.86 ± 14.81 mm2. According to Schizas grade, the stenosis grade was improved from preoperative grade C in 16 cases and grade D in 34 cases to postoperative grade A in 40 cases and grade B in 10 cases. The mean angle of facetectomy of ipsilateral facet joint was 70.87 ± 5.68°, contralateral was 65.07 ± 4.98°, both less than 90°. The decompression rate of the osseous lateral recess on the ipsilateral side was 70.81 ± 4.43%, and the contralateral was 71.22 ± 3.68%. (Table 3).


TABLE 3 Imaging outcomes.
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Discussion

SLSS is usually associated with central spinal stenosis, lateral recess stenosis, and foraminal stenosis, with multiple nerve root compression (15). Presently, the main purpose of surgical treatment for SLSS is to fully decompress and relieve nerve compression.

In this condition, traditional open laminectomy for whole spinal canal decompression is a preferer option. However, the large trauma and additional fusion and fixation lead to slow recovery, more complications, and further adjacent segment degeneration (9, 10). Some studies have shown that in patients (>65 years old) with SLSS, the probability of life-threatening complications (including mortality) during surgery increases with trauma (14). The ULBD technique has been proven effective and minimally invasive (retains 80% lumbar stiffness) but has not been widely performed by its technical difficulty under microscopy or full endoscopy, especially in SLSS cases (16–18). ULBD under uniportal endoscopic (UE) for LSS decompression also has been reported (13, 19, 20). The common advantages, like less trauma, less bleeding, lower complication rate and faster recovery has been proven (21). However, the hard coaxial confine the viewing and working scope, unfree manipulation results in risk of insufficient decompression. In addition, specialized surgical instruments and high learning curve limit its wide application further (22–25). However, studies showed that decompression of SLSS by ULBD under microscopy and full endoscopy may have risks such as insufficient decompression and increased complication rate (10, 15, 26). While because of the independent view-working channel, unlimited operation angle, more instruments option, and better visualization, UBE was thought to be optimal for UBLD, even for SLSS cases (14, 27). Chio et al. (9) pointed out that UBE has achieved good clinical efficacy in the short-term follow-up for the treatment of LSS and this technology has the advantages of less trauma, less bleeding, quick recovery, and a short learning curve.

Multifidus is the most easily injured paravertebral muscle in posterior spinal surgery and is only innervated by the medial branch of the posterior ramus of the spinal nerve (28). The dissection and contraction of the paravertebral muscle can lead to muscle denervation and atrophy, increasing the risk of back surgery failure (29). UBE creates working space through natural lacunae such as the multifidus triangle, which can effectively reduce the damage to the paravertebral structure (such as multifidus). The results of this study show that VAS scores for back and legs pain were significantly improved immediately after surgery and continued to improve during follow-up. At the final follow-up ODI was improved from 69.88 ± 6.32% to 23.28 ± 3.87% and 92% of patients have excellent or good outcomes according to the modified Macnab criteria. The lower postoperative back pain may be due to less trauma to the multifidus muscle, and the relief of postoperative leg pain also reflects the better effect of nerve root decompression.

Facet joints, as part of the “three-joint complex” of the spine, are extremely important in maintaining spine stability. Thus, extensive resection of facet joints may lead to postoperative segmental instability (11, 30). Studies have demonstrated that preservation of facet joint integrity can reduce postoperative instability and avoid additional fusion (18). In this study, the ipsilateral and contralateral mean facetectomy angles were both less than 90° which even smaller than the previous study which reported a mean facetectomy angle <90° indicating better preservation of facet joints (25). We thought that may be because of the special view of 30-degree endoscopy which allows an easier undercutting than 0-degree endoscopy (14). Pao et al. pointed out that in SLSS cases, due to the structural malformations and narrow space, full decompression may need more damage to the ipsilateral facet joint. To deal with this problem, performing contralateral decompression first or resecting more bone of the SP base shall be suitable (11).

DSCA and Schizas grade is commonly used in the clinical evaluation of the degree of spinal stenosis. In this study, the postoperative DSCA was significantly enlarged and the degree of spinal stenosis was recovered to grade A or grade B postoperatively. Considering the individual differences of spinal canal size in different patients, we developed the decompression rate of the osseous lateral recess and other detection parameters according to the pathological factors of stenosis to evaluate the decompression effect of lateral recess. However, this parameter has not been mentioned in the international community, and the rationality of this parameter needs to be further explored and verified by large sample data.

In terms of decompression strategy, considering the complexity of severe lumbar spinal stenosis, there may be central spinal stenosis, lateral recess stenosis, and foraminal stenosis at the same time, so they are generally separated during decompression. For central spinal stenosis, partial laminectomy and resection of the ligamentum flavum are required to achieve enlargement of the spinal canal, and management of the ventral disc herniation of the dural sac is required (5). In the management of lateral recess stenosis, adequate excision of the inner edge of the SAP and IAP is necessary, but excessive excision should be avoided to affect the stability of the spine (11, 30). For foraminal stenosis, the tip of the SAP should be removed and the ligaments in the foraminal area should be fully released. The SAP should be removed in pieces. The excised area should be <50% of the SAP. If it is >50%, the translational and rotational stabilities of the movable segment may be affected (31). In addition, avoiding nerve root damage and protecting the radicular artery during decompression is essential.

For decompression extent, Wang et al. (32) clarified the definition of lumbar lateral recess and proposed the West China classification, dividing the lumbar lateral recess into 6 zones. The study also pointed out that the degeneration occurs mostly in zones 1, and 2 (about 81.5%). Wherein, zone 2A is the most frequent site of nerve root compression. As for foraminal stenosis, Murata et al. pointed out that stenosis was mainly concentrated at the outer edge of the pedicle (outside the pedicle's center), reaching 94% (33). Therefore, in UBE-ULBD for SLSS, the ideal decompression extent shall be: (1) transversely, the inner edge of the bilateral pedicle was used as the boundary. (2) longitudinally, the proximal decompression reached the ventral surface of the cephalad lamina (the cranial attachment of the LF) and the distal decompression reached the midline of the pedicle to achieve sufficient decompression of zone 2 (Figure 5).

In this study, 2 patients developed dural sac tears and no patients developed an infection. Continuous irrigation with saline helps control bleeding and reduce postoperative infection (34). To avoid intracranial hypertension caused by high-pressure saline, controlling the saline pressure at 20–30 mmHg is recommended. The total dural tear rate reported in UBE was 1.9%–5.8% and occurred mostly on the dorsal side, caused by water pressure, instrument friction, limited field of vision, difficulty in anatomical identification, and the learning curve (35). It has been reported the dural tear rate significantly decreases after 50 surgeries (36). In addition, in SLSS, calcification or ossification of the LF sometimes may adhere to the dural sac, as well as the central folding of the dura sac hidden in epidural fat tissue. According to the preoperative MRI and intraoperative observation, we found that epidural fat was significantly reduced or even disappeared. Therefore, it is supposed to be more careful to identify the adhesion and separate the dural sac and LF.

Nevertheless, the present study has several limitations. First, this study lacked a control group, which led to the failure to fully clarify the advantages and disadvantages of UBE in the treatment of SLSS. Second, this was a retrospective study with small sample size and short follow-up time, which failed to evaluate the long-term efficacy of patients.



Conclusions

UBE-ULBD is a safe and feasible surgical method in the treatment of SLSS. Due to its unique technical advantages, UBE-ULBD can achieve satisfactory whole spinal canal decompression. Meanwhile, it preserves more stabilization structures of the spine to the greatest extent and avoids further fusion and internal fixation. It has the advantages of less trauma, less bleeding, faster recovery, lower complication rate, and lower operation cost.
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Can oblique lateral interbody fusion (OLIF) create more lumbosacral lordosis in lumbar spine surgery than minimally invasive transforaminal interbody fusion (MIS-TLIF)?

Jie Li1†, Yilei Chen2†, Hao Wu3, Kaifeng Gan1, Dikai Bei1, Tengdi Fan1, Jian Chen2, Fengdong Zhao2* and Binhui Chen1*

1Department of Orthopaedic Surgery, Ningbo Medical Center Li Huili Hospital, Ningbo, Zhejiang, China

2Department of Orthopaedic Surgery, Sir Run Run Shaw Hospital, Zhejiang University School of Medicine; Key Laboratory of Musculoskeletal System Degeneration and Regeneration Translational Research of Zhejiang Province, Hangzhou, China

3Department of Orthopaedics and Traumatology, The University of Hong Kong, Hong Kong, China

EDITED BY
Qingquan Kong, Sichuan University, China

REVIEWED BY
Xu Sun, Nanjing Drum Tower Hospital, China
Zhonghai Li, First Affiliated Hospital of Dalian Medical University, China

*CORRESPONDENCE Binhui Chen chenbinhui@nbu.edu.cn
Fengdong Zhao zhaofengdong@zju.edu.cn

†These authors have contributed equally to this work

SPECIALTY SECTION This article was submitted to Orthopedic Surgery, a section of the journal Frontiers in Surgery

RECEIVED 07 October 2022
ACCEPTED 09 November 2022
PUBLISHED 06 January 2023

CITATION Li J, Chen Y, Wu H, Gan K, Bei D, Fan T, Chen J, Zhao F and Chen B (2023) Can oblique lateral interbody fusion (OLIF) create more lumbosacral lordosis in lumbar spine surgery than minimally invasive transforaminal interbody fusion (MIS-TLIF)?.
Front. Surg. 9:1063354.
doi: 10.3389/fsurg.2022.1063354

COPYRIGHT © 2023 Li, Chen, Wu, Gan, Bei, Fan, Chen, Zhao and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



Objective: To compare the differences in the correction effect for lumbosacral lordosis and clinical outcomes between OLIF with/without posterior pedicle screw fixation (PSF) and MIS-TLIF through a retrospective cohort study.



Method: There were 98 consecutive patients originally enrolled for the study, but 15 patients were excluded due to intraoperative endplate injury or osteotomy performed for severe spinal deformity. Thus, 83 patients included in this study (36 males and 47 females, mean age 66.0 ± 10.8 years) underwent single to three-segment OLIF (including OLIF + PSF and OLIF Standalone) or MIS-TLIF surgery from 2016 to 2018. The operation time, bleeding and blood transfusion, fusion rate, complication, pre-and postoperative visual analogue scale (VAS), Oswestry Disability Index (ODI) were evaluated. In addition, radiological parameters including lumbosacral lordosis (LL), fused segment lordosis (FSL), anterior disc height (ADH) and posterior disc height (PDH) were measured. The clinical outcomes, LL, FSL, ADH and PDH restored and were compared between the OLIF group, OLIF subgroups and MIS-TLIF group.



Results: The average operation time and intraoperative bleeding were significantly less in the OLIF group than in the MIS-TLIF group (189 ± 83 vs. 229 ± 80 min, 113 ± 138 vs. 421 ± 210 ml), P < 0.001). There was no statistically significant difference between the OLIF group and the MIS-TLIF group in VAS and ODI improvements, fusion rate, complication, LL and FSL correction (P > 0.05). The ADH and PDH increases in the OLIF group were more than that in MIS-TLIF group (P < 0.001). The correction of LL was significantly more in the OLIF+PSF group than in the MIS-TLIF group (10.6 ± 8.7 vs. 4.0 ± 6.1 deg, P = 0.005).



Conclusion: OLIF and MIS-TLIF are both safe and effective procedures, capable of restoring lumbosacral lordosis and disc height partly. Combined with PSF, OLIF can achieve a better correction effect of lumbosacral lordosis than MIS-TLIF.



KEYWORDS
OLIF, MIS-TLIF, posterior pedicle screw fixation, OLIF standalone, lumbar degenerative disease, lumbosacral lordosis





Level of evidence

Level III.



Introduction

As a lumbar interbody fusion (LIF) approach, minimally invasive transforaminal interbody fusion (MIS-TLIF) has long been widely used to treat a variety of degenerative lumbar diseases (1). Although an effective procedure, MIS-TLIF still interferes with the posterior paravertebral muscles and spinal canal. In recent years, with the rapid development of anterior spinal instrumentation, anterior/lateral interbody fusion has been increasingly used as an alternative to conventional posterior surgery (2, 3). The anterior approach allows direct access to the disc from the anterior (ALIF) or lateral (LLIF) side and the implantation of a larger cage to better restore the physiological lordosis of the lumbar spine. Thus, ALIF and LLIF have a theoretical advantage over the posterior approach in restoring spinal sagittal alignment and disc height (4, 5).

LLIF is currently the mainstream anterior fusion technique at the lumbar segment except for L5/S1, which can be divided into standard lateral approach (XLIF/DLIF) and oblique lateral approach (OLIF) according to the channel direction. OLIF has a lower risk of lumbar plexus and psoas muscle injury compared with X/DLIF (6). However, at present, the comparison of the correction effect for lumbosacral lordosis between OLIF combined with PSF, OLIF Standalone and MIS-TLIF in lumbar degenerative diseases is rarely reported. Therefore, we aimed to assess the correction effect for lumbosacral lordosis and clinical outcomes of OLIF with/without adding posterior PSF (OLIF Standalone) and MIS-TLIF and evaluate the effect of additional PSF on the lordosis correction of OLIF. We hypothesize that OLIF with additional posterior pedicle screw fixation (PSF) provides a better correction effect for lumbosacral lordosis and comparable clinical outcomes compared with MIS-TLIF.



Material and methods


Study design

Ethical approval was obtained from the Medical Ethics Committee of the hospital.

Additionally, all patients gave written informed consent for their information to be stored in the hospital's database and used for the study. Inclusion criteria: (1) Cases with the lumbar degenerative disease treated with OLIF or TLIF who had failed conservative treatment. (2) The number of fused segments was one to three. Exclusion criteria: (1) Revision surgery. (2) Previous lumbar fusion at other segments. (3) Intraoperative endplate injury and cage collapse. (4) Severe scoliosis or sagittal imbalance that required an osteotomy. There were 98 consecutive patients originally enrolled for the study, but 15 patients were excluded due to intraoperative endplate injury (n = 9) or osteotomy performed for the severe spinal deformity (n = 6). Consequently, 83 consecutive patients included in this study (36 males and 47 females, mean age 65.8 years) underwent single to three-segment OLIF (including OLIF + PSF and OLIF Standalone) or MIS-TLIF surgery from 2016 to 2018 (Figure 1). There were 9 cases of lumbar disc herniation with calcification, 39 cases of lumbar spinal stenosis, 22 cases of degenerative lumbar spondylolisthesis, 12 cases of degenerative lumbar scoliosis, and 1 case of lumbar isthmic spondylolisthesis. According to the surgical procedure, the OLIF group (44 cases including 20 cases of OLIF + PSF, 24 cases of OLIF Standalone) and TLIF group (39 cases) were divided into two groups. There were 33 cases of single-segment fusion, 27 cases of double-segment fusion, and 23 cases of triple-segment fusion. Posterior fixation was performed in 59 cases, and no posterior fixation was performed in 24 cases.


[image: Figure 1]
FIGURE 1
A flowchart of patients included in the study.




Surgical techniques

OLIF: The patients were positioned in the lateral decubitus position on their right side after general anaesthesia was performed. A preoperative C-arm was used to locate the surgical segment and the centre of the target intervertebral disc (IVD). A 4–10 cm incision was made in the left anterior abdominal from approximately 3–4 cm anterior to the centre of the target. The proven online, internal oblique abs and rectus abdominis muscle was bluntly separated, and a retroperitoneal approach was adopted to expose the disc in the anterior psoas. A working channel was then installed. The disc was removed and cartilaginous endplate was scrapped, preserving the anterior and posterior annulus fibrosus. The contralateral annulus fibrosus was released and OLIF Cage was inserted (Medtronic, USA) (Figure 2). For those requiring posterior pedicle screw fixation, the prone position was taken after the anterior approach was performed the pedicle screws (Medtronic, USA) was inserted through a bilateral Wiltse approach with a bilateral small incision for single-segment or a posterior midline incision for multi-segments.


[image: Figure 2]
FIGURE 2
OLIF procedure (A) OLIF position: right side prone position. (B) OLIF incision: preoperative fluoroscopic localization of the center of the target disc (black arrow), about 3-4 cm anterior to the midpoint of the target disc and 4 cm in length (white arrow). (C) Sequential separation of the abdominal muscles in the direction of the muscle fibers. (D) After completion of cage (arrow) implantation. (E) Schematic diagram of the transverse OLIF approach and operation.


MIS-TLIF: After general anaesthesia, the patients were positioned in the prone position, a small bilateral incision for single-segment fusion or a posterior median incision for multi-segment fusion was made. The paravertebral muscles were routinely stripped along the spinous process on one side, and the Wiltse approach was accessed through the multifidus and longest muscle gap on the opposite side. Pedicle screws (Medtronic, Inc., USA) were implanted. The articular synovial joint on the striped side was removed. The disc and cartilaginous endplate were removed through the intervertebral foramen and the TLIF Cage was inserted (Medtronic, Inc., USA) (Figure 3).


[image: Figure 3]
FIGURE 3
MIS-TLIF procedure (A) MIS-TLIF preoperative needle localization to determine the operative segment. The incision (white line) is located 2-3 cm away from the midline. (B) Bilateral small-incision MIS-TLIF, with the upper incision in the figure for pedicle screw placement via Wiltse approach and the lower incision for transforaminal decompression and intervertebral fusion. (C) Schematic diagram of the transverse MIS-TLIF approach and operation.




Postoperative management

Postoperative antibiotics were usually administered prophylactically for no more than 48 h. The anteroposterior and lateral x-rays of the lumbar spine were taken. On the first postoperative day, the patient could wear a lumbar brace and move out of bed under the guidance of the rehabilitation staff. The brace was worn for 3 months after surgery. The follow-up was performed routinely at 3, 6 and 12 months postoperatively.



Evaluation indicators

The operation time, intraoperative bleeding and blood transfusion, complication, and fusion rate were recorded. The pain was evaluated by visual analogue score (VAS). The impact of lumbar pain on daily activities was evaluated by Oswestry dysfunction index (ODI) score before and after surgery. Fusion status was assessed by sagittally-reconstructed CT images about 1 year after the surgery. Lumbosacral lordosis (LL) was measured as the angle between the L1 superior endplate and S1 superior endplate on the lateral radiograph. Fused segmental anterior lordosis (FSL) was measured as the angle of intersection between the proximal fused supraspinal endplate and the distal fused supraspinal endplate on a lateral view. For example, if L3-S1 fusion was performed, FSL is the angle of intersection of the superior endplate of L3 and the superior endplate of S1 (Figure 4). ADH/PDH is the vertical distance of the measurement point of the anterior/posterior of the inferior endplate and the superior endplate of the disc of the fusion level (Figure 4). The measurement tool used for LL, FSL, ADH and PDH was Image J software (1.52u, National Institutes of Health, USA). All radiographic outcomes were evaluated by a blinded radiologist and a superior spine surgeon.
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FIGURE 4
Schematic diagram of pre- and post-operative imaging parameter measurements. OLIF + PSF group: (A,B). Pre- and post-operative LL and FSL. (C,D) Pre- and post-operative ADH and PDH. MIS-TLIF group: (E,F) Pre- and post-operative LL and FSL of. (G,H) Pre- and post-operative ADH and PDH. OLIF Standalone group: (I,J) Pre- and post-operative LL and FSL. (K,L) Pre- and post-operative ADH and PDH.




Statistical analysis

All lumbosacral lordosis and disc height parameters were measured using Image J software. Statistical Packages of Social Sciences (SPSS) software (version 25.0) was used to analyze the collected data. The measurement data were expressed as [image: Inlime Image] and the student t-test was used for comparison between OLIF + PSF, OLIF Standalone and MIS-TLIF groups. Count data were tested by the Chi-squared test or Fisher's exact test. P < 0.05 was considered a statistically significant difference.




Results


OLIF vs. MIS-TLIF


General conditions

All patients were followed up for 5 to 18 months, with a mean of 12.5 months. There were no statistically significant differences between the OLIF and MIS-TLIF groups in terms of gender, age, and the number of fused segments (all P > 0.05), while body mass index (BMI) was (22.9 ± 4.4) kg/m2 in the OLIF group, which was lower than that of (24.4 ± 5.0) kg/m2 in the MIS-TLIF group (P > 0.05). 20 cases (45.4%) in the OLIF group underwent posterior fixation, while all 39 cases (100%) in the TLIF group had posterior fixation (χ2 = 41.013, P < 0.05) (Table 1).


TABLE 1 The comparison of general basic data of OLIF and MIS-TLIF.
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Operative time, intraoperative bleeding and blood transfusion

The operative time and intraoperative bleeding were significantly less in the OLIF group than in the MIS-TLIF group (both P < 0.001). 3 cases (6.8%) in the OLIF group and 10 cases (25.6%) in the MIS-TLIF group underwent blood transfusion, and the proportion of transfusion was significantly lower in the OLIF group than in the MIS-TLIF group ((χ2 = 5.545, P = 0.019) (Table 1).

After comparing the OLIF and MIS-TLIF groups according to the number of fused segments, it was found that the difference in operative time between the two groups for single-segment fusion was not statistically significant (P > 0.05), while the intraoperative bleeding was significantly less in the OLIF group than in the MIS-TLIF group (P < 0.05). In addition, the OLIF group had significantly less operative time and intraoperative bleeding for both double- and triple-segment fusion (all P < 0.05) (Table 2).


TABLE 2 The general comparison of OLIF and MIS-TLIF with different number of fused segments.
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Fusion and complication

As shown in Table 1, the OLIF group had higher overall fusion rates (42/44 OLIF vs. 34/39) compared with those in MIS-TLIF group, but the differences were not statistically significant (P = 0.728, Table 1). Both the OLIF group and MIS-TLIF group had lower overall complication rates (5/44 OLIF vs. 3/39 MIS-TLIF), the differences between the two groups were also not statistically significant (P = 0.717, Table 1). Among the patients in the OLIF group, two patients had intraoperative endplate injuries, two patients experienced transient psoas weakness and one patient experienced thigh numbness. There were three patients with complications (two with intraoperative endplate injury and one with neurological injury) in the MIS-TLIF group.



OLIF + PSF vs. MIS-TLIF and OLIF standalone

Comparing OLIF + PSF vs. MIS-TLIF, we found that the difference in operative time between the two groups was not statistically significant (P > 0.05), but intraoperative bleeding in the OLIF group was significantly less than that in the MIS-TLIF group (P < 0.05). While comparing OLIF combined with PSF vs. OLIF Standalone, there was a significant difference in operative time between the two groups (P < 0.05). However, the intraoperative bleeding of the two groups was not statistically different (Table 3).


TABLE 3 The general comparison of OLIF + PSF, OLIF standalone and MIS-TLIF.
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Preoperative and postoperative VAS and ODI scores

In the OLIF group, VAS decreased from to 6.3 ± 1.9 preoperatively to 1.7 ± 1.4 postoperatively, and ODI decreased from 58.5 ± 16.9 preoperatively to 19.4 ± 12.2 postoperatively (both P < 0.05). In the MIS-TLIF group, VAS decreased from 6.5 ± 1.7 preoperatively to 1.6 ± 1.3 postoperatively, and ODI decreased from 57.0 ± 19.1 preoperatively to 17.6 ± 13.1 postoperatively (both P < 0.05). There were no statistically significant differences in VAS, ODI, postoperative VAS and ODI decline scores between the OLIF and MIS-TLIF groups before and after surgery (all P > 0.05) (Table 1).



Pre- and postoperative LL, FSL, ADH and PDH

No statistically significant difference was found between the pre- and postoperative LL and in MIS-TLIF group and the OLIF group (both P > 0.05). The LL correction was 5.8 ± 9.8 deg in the OLIF group and 4.0 ± 6.1 deg in the MIS-TLIF group (P > 0.05). The FSL correction was 4.8 ± 7.2 deg in the OLIF group and 4.9 ± 4.7 deg in the MIS-TLIF group (P > 0.05). The FSL correction was 4.1 ± 7.0 deg in the OLIF group and 5.2 ± 4.6 deg in the MIS-TLIF group (P > 0.05). There was no statistically significant difference in preoperative ADH and PDH between the OLIF group and MIS-TLIF group (P > 0.05). Nevertheless, the ADH and PDH increases were significantly higher in the OLIF group than in the MIS-TLIF group (both P < 0.001) (Table 1).

No statistically significant difference was found in LL and FSL correction between the two groups for single-segment fusion and double-segment fusion (all P > 0.05). For three- segment fusion, the preoperative and postoperative LL in the OLIF group was significantly smaller than that in the MIS- TLIF group (t = 1.831, 1.277, both P < 0.05), while the differences in the correction of LL and FSL were not statistically significant in both groups (t = 0.984, 0.088, both P > 0.05), while the differences in the correction of LL and FSL were not statistically significant in both groups (t = 0.186, 0.303, both P > 0.05). The OLIF group was significantly better than the MSI-TLIF group for the increase in ADH and PDH in single, dual or tri-segmental segments (all P < 0.05) (Table 2).



OLIF + PSF vs. OLIF standalone

The OLIF group was further divided into OLIF + PSF group and OLIF Standalone group based on whether posterior PSF was used, and it was found that the LL correction in OLIF + PSF group was significantly greater than that in the OLIF Standalone group (P < 0.05), while the FSL correction in OLIF + PSF group was also greater than the OLIF Standalone group, but the difference between the two groups was not statistically significant (P > 0.05). There were no statistical differences in ADH and PDH increase between OLIF + PSF and OLIF Standalone groups (P > 0.05) (Figure 5).
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FIGURE 5
Post-operative correction of LL, FSL, in OLIF+PSF, OLIF Standalone and MIS-TLIF. A. LL Correction. B. FSL Correction.




OLIF + PSF vs. MIS-TLIF

Comparing OLIF adding PSF with MIS-TLIF showed that the difference in preoperative LL was not statistically significant between the two groups (P > 0.05), but the correction of LL in the OLIF + PSF group was significantly greater than that in the MIS-TLIF group (P < 0.05). However, there was no statistically significant difference in the correction of FSL between the two groups (P > 0.05). The OLIF + PSF group showed a more significant increase in ADH and PDH compared to the MIS-TLIF group (both P < 0.001) (Figure 5).





Discussion

For lumbar interbody fusion (LIF), the anterior/lateral approach has a natural access advantage vs. the posterior approach (5). Differs from the posterior approach, which requires muscle stripping and access to the spinal canal, the anterior/lateral approach allows direct access to the target disc via the posterior peritoneal space, thus greatly reducing the damage caused by the operation and decreasing the risk of bleeding (4, 7). At the same time, the anterior/lateral approach can reach most of the lumbar intervertebral discs via the same anatomic space, which is particularly suitable for multi-segment fusion. As reflected in the results of this study, the OLIF operative time was significantly shorter than MIS-TLIF, which was particularly prominent in multi-segmental fusion. Regarding intraoperative bleeding, OLIF was superior to MIS-TLIF in both single and multi-segment fusions. Similar results have been reported by other authors (8–11). In terms of clinical outcomes, both OLIF and MIS-TLIF significantly reduced pain and improved dysfunctional conditions, but there were no significant differences between the two groups, reflecting the satisfactory short-term clinical efficacy of OLIF as a new technique. For radiological correction, both OLIF and MIS-TLIF can restore lumbosacral lordosis and disc height partly. Nevertheless, OLIF is more effective than MIS-TLIF in restoring anterior and posterior intervertebral disc heights (ADH and PDH). Whilst, OLIF combined with PSF can acquire a better correction effect for lumbosacral lordosis than MIS-TLIF. The OLIF group had higher overall fusion rates compared to those in the MIS-TLIF group. This is because the OLIF procedure uses a larger cage with a larger contact area with the endplate. The OLIF procedure has a slightly steeper learning curve and a theoretically higher complication rate than MIS-TLIF. Although the complication rate was somewhat higher in the OLIF group, in our study, the surgeon was proficient in both procedures. Therefore, both the OLIF group and MIS-TLIF group had low overall complication rates.

Despite some controversy, many studies have suggested that OLIF obtains similar clinical effects to MIS-TLIF (12). Different from MIS-TLIF, OLIF achieves neural decompression indirectly by implanting an enlarged cage from a window between the lateral border of major vessels and the psoas muscle (13). As OLIF does not interfere with the spinal canal and nerve roots, the procedure may further alleviate symptoms of nerve pain and low back pain by enlarging the dimension of the spinal canal and intervertebral foramen (14). On the contrary, the MIS-TLIF opens the spinal canal and intervertebral foramen directly for decompression, which is also effective in relieving pain caused by nerve compression (15). The present study showed that although there was no statistical difference between OLIF and MIS-TLIF, MIS-TLIF still showed an advantage in reducing neuropathic pain, which is generally consistent with the results of previous studies. Some surgeons have suggested that this advantage may be attributed to the direct and effective decompression of the nerve by MIS-TLIF (16). Regarding functional recovery, improvement of the ODI scores was also similar between OLIF and MIS-TLIF. Similar efficacy was confirmed through different evaluation indicators for example Japanese Orthopedic Association Back Pain Evaluation Questionnaire (JOABPEQ), Physical Function and Quality of Life (QOL) et al. by other researchers (17, 18).

Restoration of sagittal balance and correction of lumbosacral lordosis is crucial to the outcome of lumbar interbody fusion (19), and the most important factor affecting the outcome of lumbosacral lordosis correction is the restoration of disc height (3, 20). The anterior approach allows the implantation of a larger cage than the posterior approach, thus theoretically facilitating the recovery of the lordosis angle more (5). The literature reports that ALIF is superior to LLIF and TLIF in the correction of lumbar lordosis (21)), mainly due to the ability of ALIF to remove the anterior longitudinal ligament and the anterior fibrous annulus, thus providing relatively complete release of the anterior disc structures. However, due to the anatomical characteristics of the lumbar spine adjacent to major blood vessels, ALIF is only relatively applicable to the L4/5 and L5-S1 segments, and it is very difficult to expose in the L3/4 and higher segments, which can easily cause damage to macrovascular (22). Compared to ALIF, OLIF is more widely applicable to all discs between L1 and L5 (5). In addition, compared to XLIF/DLIF, OLIF has a much lower risk of injury to the psoas muscle muscles and lumbar plexus (6). Therefore, OLIF is our choice for performing anterior intervertebral fusion, even for the L5 to S1 segment (23).

Theoretically, OLIF is more effective than MIS-TLIF in restoring disc height. Several retrospectives and prospective comparative studies have shown that OLIF provides better restoration of disc height compared to MIS-TLIF (12, 17). Our results likewise showed that the increase in ADH and PDH in OLIF overall and OLIF with additional PSF group were greater than MIS-TLIF group, whereas there was no significant difference in ADH and PDH between OLIF with additional PSF and OLIF Standalone.

Furthermore, some studies have shown that TLIF does not restore anterior lumbar lordosis (2, 9, 11), but others have shown that the correction of lordosis by TLIF depends on the degree of posterior column shortening (10, 13). The results of the present study show that MIS-TLIF has some degree of correction effect for lumbosacral lordosis, which may be related to the fact that we performed MIS-TLIF with as large a cage as possible and with a considerable degree of pressurized shortening of the posterior column structure. Compared with TLIF, we expected a better performance of OLIF in terms of lumbosacral lordosis correction, because previous literature generally reported that LLIF was effective in restoring lumbar lordosis and the lordosis angle of the fused segment (9, 10, 14, 15). However, the results of the present study showed that OLIF did not have a significant advantage over MIS-TLIF in restoring global lumbosacral lordosis and fused segmental lordosis angles. We believe this may be related to the fact that posterior pedicle fixation was not used in about 50% of the OLIF cases in this study. Yson et al. (16) reported that posterior pedicle fixation could add about 1 deg of lordosis correction based on placement of the lateral interbody cage. The present study similarly found that OLIF combined with PSF restored more lordosis angle than OLIF Standalone. Thus, the placement of a large interbody cage anteriorly to distract the intervertebral space needs to be supplemented with PSF compression to achieve greater lumbosacral lordosis correction with OLIF.

The reasons for the results described in the previous section are that larger cages were used in OLIF (width up to 55 mm and height up to 14 mm), while MIS-TLIF cages are relatively small (width of 25–30 mm and height up to 10–12 mm)(Lin et al., 2018). During the OLIF procedure, the wide cage is placed on the solid epiphyseal ring around the vertebral body, rather than on the relatively vulnerable area of the bone cortical in the central concave of the endplate, so the distraction of intervertebral space is more effective (24). In addition, another important fact is that 6 deg or 12 deg cage is used in OLIF, but the 0 deg cage is used in MIS-TLIF (16, 25).

Because posterior pedicle screw fixation has a specific lordosis correction effect, comparing OLIF containing mostly OLIF Standalone with MIS-TLIF may underestimate the lordosis correction effect of OLIF produced by the cage. We then further compared the ability of the OLIF adding with PSF with the MIS-TLIF group in terms of lordosis correction and disc height increase. We found that greater lumbosacral lordosis correction was obtained with OLIF than MIS-TLIF with the same use of posterior pedicle screw fixation. However, the increase in intervertebral height (ADH and PDH) was similar in both OLIFs with PSF and OLIF alone. Consequently, OLIF has some inherent advantages over MIS-TLIF in terms of restoring the lumbosacral lordosis and disc height.

There are limitations to this study. Firstly, the selection of the procedure is subjective and cannot be completely standardized, and selection bias cannot be avoided. Secondly, this is a lack of long-term follow-up data. Thirdly, the procedure is not done by the same surgeon, and there is a learning curve early in the development of OLIF, which may cause differences in the outcome of the same procedure. Finally, the disease spectrum is wide, the dispersion of baseline imaging data indices is large, and the indications for surgery are not the same between the two groups.

In overview, both OLIF and TLIF can restore the lumbosacral lordosis angle to some extent, but OLIF has a significant advantage regarding operative time and intraoperative bleeding. With the addition of PSF, OLIF provided better results for lumbosacral lordosis correction than MIS-TLIF, and the higher and wider cage of OLIF may account for this difference. This implies that OLIF may be more suitable than MIS-TLIF for the treatment of degenerative scoliosis. In addition, the addition of posterior pedicle screw fixation has greatly improved the ability of OLIF to restore the lordosis angle, while the ability of OLIF Standalone to correct the lordosis is more limited. Therefore, the addition of posterior screw fixation or even shortening of the posterior column remains necessary in cases of degenerative scoliosis in which correction of the sagittal plane deformity is the primary treatment goal.
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Objective: Oblique lumbar interbody fusion (OLIF) has been used to treat lumbar spine spondylolisthesis. However, it usually needs posterior pedicle screws fixation for biomechanical stability and possible posterior direct decompression for relieving neurologic symptoms. We use percutaneous transforaminal endoscopic surgery (PTES) combined with mini-incision OLIF and anterolateral screws rod fixation for surgical treatment of lumbar spondylolisthesis. The purpose of study is to evaluate the feasibility, efficacy, and safety of this method compared with minimally invasive surgery-transforaminal lumbar interbody fusion (MIS-TLIF).



Methods: From July 2016 to May 2018, 65 patients of lumbar spondylolisthesis (L2–4) with neurologic symptoms were treated using PTES combined with mini-incision OLIF and anterolateral screws rod fixation (31 cases, group A) or MIS-TLIF (34 cases, group B) in this study. Operative duration, blood loss, incision length, fluoroscopy frequency, and hospital stay are compared. Preoperative and postoperative visual analog scale (VAS) pain scores of back and legs, Oswestry disability index (ODI), intervertebral space height, lumbar lordotic angle, operative segmental lordotic angle, and complications are recorded. The fusion status is assessed according to Bridwell's fusion grades.



Results: The VAS score of back and leg pain and ODI significantly dropped after surgery in both groups (p < 0.001). There was no statistical difference of back and leg VAS score and ODI between two groups except that back VAS scores in group A were significantly lower than that of group B immediately after surgery (p = 0.000). Group A had significantly more intervertebral space height and operative segmental lordotic angle than group B postoperatively (p = 0.022, p = 0.002). Twenty-three segments (74.2%) were grade I and 8 segments (25.8%) were grade II in group A; 20 segments (58.8%) were grade I and 14 segments (41.2%) were grade II in group B at a 2-year follow-up (p = 0.194). No difference was observed in the complication rate between the two groups (6.5% vs. 5.9%, p = 0.924).



Conclusion: The long-term clinical efficacy and complication rates of both groups are comparable. PTES combined with mini-incision OLIF and anterolateral screws rod fixation is a good choice of minimally invasive surgery for lumbar spondylolisthesis, which hardly destroys the paraspinal muscles and bone structures.
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Introduction

Lumbar degeneration and spondylolysis are the main reasons for lumbar spine spondylolisthesis to happen (1, 2). When conservative treatment fails, lumbar interbody fusion and neurologic decompression become the standard surgical treatment. Lumbar interbody fusion surgery was initially invented to treat spinal tuberculosis (3, 4). In 1948, Lane and Moore (5) first applied lumbar interbody fusion for the treatment of lumbar degenerative diseases and obtained encouraging result of relieving symptoms. Since then, the indication of lumbar interbody fusion has been widened. Nowadays, lumbar interbody fusion is applied to patients with lumbar disc herniation, spondylolisthesis, pseudoarthrosis, and spinal deformities (6).

In 1997, Mayer (7) reported an anterior to psoas surgical trajectory for lumbar interbody fusion. In 2012, Silvestre et al. (8) named the approach oblique lumbar interbody fusion (OLIF). OLIF has been used to treat lumbar spine spondylolisthesis, which has some advantages including less damage to paraspinal muscles and bone structures, less blood loss, and faster recovery. Compared with posterior lumbar interbody fusion (PLIF) or transforaminal lumbar interbody fusion (TLIF), OLIF uses a bigger cage to achieve higher fusion rate by getting more touch surface between endplate of vertebra and cage and implanting more graft bone (9, 10). In addition, bigger cage has better distraction ability of intervertebral space helpful for restoration of intervertebral space height and lumbar lordotic angle and reduction of spondylolisthesis.

However, posterior instrumentation is usually needed to enhance the biomechanical stability of OLIF (11). Sometimes there is no improvement of neurologic symptoms after surgery due to indirect and inadequate decompression of OLIF (10, 12). Further posterior surgery sharply reduces the advantages of OLIF resulting from longer operative time under general anesthesia and more invasiveness (13). In this study, OLIF and anterolateral screws rod fixation in the same mini-incision was combined with percutaneous transforaminal endoscopic surgery (PTES) (14, 15) under local anesthesia for the treatment of single level lumbar spine spondylolisthesis in order to obtain direct decompression, good reduction, rigid fixation, high fusion rate, and protect the paraspinal muscles and bone structures as much as possible. The purpose of study is to evaluate the feasibility, efficacy, and safety of this combination compared with minimally invasive surgery-transforaminal lumbar interbody fusion (MIS-TLIF).



Materials and methods


Patients

The clinical study proposal was approved by the Medical Ethics Committee of Zhongshan Hospital, Fudan University. Informed consent was obtained from all individual participants for using their imaging data and questionnaire scores. From July 2016 to May 2018, 65 patients of single lumbar spondylolisthesis from L1 to L4 with neurologic symptoms were treated using PTES combined with mini-incision OLIF and anterolateral screws rod fixation (31 cases, group A) or MIS-TLIF (34 cases, group B) in this study.

The inclusion criteria were as follows: (1) low back pain and unilateral or bilateral asymmetry leg pain or bilateral symmetry legs pain when rest, or intermittent claudication with no symptom of legs when rest and symmetry pain, numbness, discomfort, or tiredness of both legs after walking 50 m–100 m, unable to walk, relieved after rest; (2) image data of x-ray, MRI, and CT show single lumbar spondylolisthesis [Meyerding (16) I° or II°] from L2 to L4 (Figures 1A,B, 2A–C), which is consistent with neurologic symptoms; (3) outcome is poor after at least 3 months of regular conservative treatment, and symptoms severely affect work and daily life; (4) the systemic status is good, basic medical diseases such as heart disease, hypertension or diabetes are under control, and the mental state is normal; (5) with complete data and perioperative records, as well as radiographic follow-up data.
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FIGURE 1
(A) X-ray and (B) MRI showed L4 Spondylolisthesis (I°) caused by degeneration in a 76-year-old female patient. Metal rods were placed transversely across the center of the target disc on (C) posteroanterior C-arm view to draw transverse lines. (D) The aimed reference point of puncture at surface was identified by the intersection of transverse line and longitudinal midline, and the entrance point of puncture (Gu's point) was located at the corner of flat back turning to lateral side. During puncture, once resistance disappeared, the C-arm view was taken to ensure that the tip of puncture needle was in the intracanal area close to the posterior wall of disc on (E) lateral x-ray and near the lateral border of pedicle on (F) posteroanterior x-ray. During press-down enlargement of foramen, when resistance disappeared, the tip of reamer should exceed the medial border of pedicle on (G) posteroanterior C-arm view and reach close to the posterior wall target disc on (H) lateral C-arm view. Under (I) endoscopic view, the compressed nerve root was freed after the hypertrophic ligamentum flavum and herniated disc were removed. (J) The stab incision of about 8 mm for PTES was closed. (K) Patient was placed into right decubitus position for mini-incision OLIF and anterolateral screws rod fixation. The anterior line of L4/5 intervertebral space was positioned using (L) C-arm view. The spatula was inserted into L4/5 intervertebral space to cut the contralateral fibrous annulus, which was confirmed by (M) x-ray image. After the OLIF cage was placed into disc space parallel to the endplate and anterolateral screws rod fixation was performed, (N) lateral and (O) posteroanterior C-arm view confirmed good position of internal instruments. (P) The mini-incision of OLIF was sutured finally. PTES, percutaneous transforaminal endoscopic surgery; OLIF, oblique lumbar interbody fusion.
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FIGURE 2
(A) X-ray, (B) CT, and (C) MRI showed L4 spondylolisthesis (I°) caused by spondylolysis in a 44-year-old female patient. (D) An expandable tubular retractor was placed to undertake unilateral complete facetectomy and hemilaminectomy and expose dural sac nerve root. The cage was inserted into L4/5 intervertebral space on (E) lateral C-arm view and (F) 3D CT reconstruction showed the screws, cage, and neurologic decompression in MIS-TLIF. (G) The incision of MIS-TLIF was closed. MIS-TLIF, minimally invasive surgery-transforaminal lumbar interbody fusion.


The exclusionary criteria were the presence of more than two-level lumbar spondylolisthesis, previous lumbar interbody fusion, spinal tumor, spinal infection, other medical conditions making the patient intolerant to operation, inability to give informed consent, and a likelihood of noncompliance with follow-up.



Preoperative and postoperative imaging

All patients are evaluated before the procedure by CT and MRI imaging to determine lumbar spondylolisthesis, disc herniation, lateral recess stenosis, intervertebral foramen stenosis, or central spinal canal stenosis. Posteroanterior and lateral radiographs are obtained to assess the slip degree of vertebral body according to the Meyerding Classification System of Spondylolisthesis (16). Intervertebral space height (17), lumbar lordotic angle, and operative segmental lordotic angle are measured on lumbar spine x-rays at preoperative, postoperative, and 2-year follow-up. The intervertebral space height is the average of anterior and posterior spaces between two adjacent vertebrae on the lateral x-ray; the lumbar lordotic angle is the angle between the upper endplate of first lumbar vertebra and the upper endplate of sacrum; the operative segmental lordotic angle is the angle between the upper endplate of upper vertebra and the lower endplate of lower vertebra in the surgical segment. A loss of at least 2 mm of intervertebral space height is generally considered cage subsidence on x-ray (17). The fusion status is assessed according to Bridwell's fusion grades on CT (18). After the treatment, MRI images are obtained to assess neurologic decompression or exclude dural cyst, myelomeningocele, dural tears or spinal fluid leaks, and reherniation.



Surgical procedure

All the surgeries were undertaken by the same senior surgeon. C-arm was used for intraoperative fluoroscopic imaging.


Group A: PTES + mini-incision OLIF and anterolateral screws rod fixation

The patient is in a prone position on a radiolucent table for PTES under local anesthesia with conscious sedation. The intersection of posterior midline and the transverse line of surface marking of target disc is the aiming reference point of puncture (Figures 1C,D). The entrance point of puncture locates at the corner of flat back turning to lateral side at the height of target disc, or cranially or slightly caudally. This entrance point, named “Gu's point,” is easy to determine without the fluoroscopy regardless of different age, gender, and body size (14, 15) (Figure 1D). An 18-gauge puncture needle is inserted anteromedially at an angle of about 45°(25°–85°) to horizontal plane. After the success of puncture (Figures 1E,F) and dilating the puncture tract stepwise, an 8.8-mm diameter cannula with one-side opening is inserted over the guiding rod and docked at the superior facet. Then the cannula is pressed down to decrease the inclination angle, and a 7.5-mm diameter hand reamer is introduced through the cannula to remove the ventral bone of articular process to enlarge the foramen. When resistance disappears, the tip of the reamer should exceed the medial border of pedicle on posteroanterior view and reach close to the posterior wall target disc on lateral view. (Figures 1G,H) This procedure is named “press-down enlargement of foramen” (14, 15). For lumbar central spinal canal stenosis, it is repeated to remove more ventral bone of articular process. The 7.5-mm diameter working cannula is inserted over the guiding rod, and the hypertrophic ligamentum flavum and herniated disc are removed to enlarge the lateral recess, and the compressed ipsilateral nerve root, even the contralateral nerve root, are exposed for unilateral or bilateral decompression under the endoscope (Figure 1I). The dorsal dural sac is exposed to enlarge the central spinal canal. The patients can feel the symptomatic legs obviously relaxed after the culprit segment is treated, and the incision is closed (Figure 1J).

Then the patients are placed into a right lateral decubitus position under controlled general anesthesia with trachea cannula to undergo mini-incision OLIF and anterolateral screws rod fixation for spondylolisthesis segment (Figure 1K). The preoperative C-arm is used to position the surface mark of anterior edge of target intervertebral space (Figure 1L), and the mini-incision is located along the anterior edge of intervertebral space or iliac crest. After the skin and subcutaneous tissues are incised, the external oblique, internal oblique, and transverse abdominal muscles are bluntly separated in turn to enter the retroperitoneal space and expose the anterior border of psoas major muscle with two narrow long retractors. After fluoroscopic projection for confirming the surgical segment, the intervertebral fibrous annulus is opened from the lateral side along the anterior border of psoas major muscle, and the spatula is inserted into intervertebral space to cut the contralateral fibrous annulus (Figure 1M). The intervertebral tissue is removed, and upper and lower cartilage endplates are adequately scraped off, taking care to avoid damaging the bony endplates during the operation. After trial molding, the OLIF cage (Medtronic, Inc., Minneapolis, MN, United States) of appropriate size is filled with allograft bone and autograft obtained during PTES, and placed into disc space parallel to the endplate. Through the same approach, two pedicle screws (Medtronic, Inc., Minneapolis, MN, United States) are inserted into adjacent vertebrae from the anterolateral side close to the endplate. Finally, after the fluoroscopic view of cage and screws is satisfactory, the rod is fixed over the screws (Figures 1N,O), and the surgical incision is closed layer by layer with a thin drain tube (Figure 1P).



Group B: MIS-TLIF

The patients are in the prone position on a radiolucent operating table under general anesthesia. After localization with fluoroscopy, bilateral paraspinal muscle-splitting approaches through a 3.5-cm midline incision are performed to expose facet joints and transverse processes of the upper and lower vertebrae. The pedicle screws (DePuy, Inc., Warsaw, IN, United States) are placed at the junction between the lateral facet wall and the middle transverse process. After sequential dilation, an expandable tubular retractor (DePuy, Inc., Warsaw, IN, United States) is placed, and a unilateral complete facetectomy and hemilaminectomy are undertaken to expose the dura and nerve root involved (Figure 2D). Then, the disc material and cartilaginous endplate are removed, and sufficient autologous bone graft that was obtained is packed in the disc space before a cage (DePuy, Inc., Warsaw, IN, United States) filled with autograft bone obliquely inserted (Figure 2E). After removing the expandable retractor, two rods are fixed with pedicle screws (Figure 2F). The suction drain is placed, and the wound is closed in layers (Figure 2G). If there is dural tear, the lumbodorsal fascia must be sutured very tightly to prevent cerebrospinal fluid leakage from surgical incision.

Operative duration, blood loss, incision length, fluoroscopy frequency, and hospital stay are recorded. Patients could walk with a flexible brace after the drain tube is removed when the drainage fluid is less than 20 ml/24 h. If cerebrospinal fluid leakage from drain occurs, the drainage tube should be removed 7 days after surgery when the wound heals. After leaving hospital, patients are encouraged to return to daily life and followed up regularly.




Clinical follow-up

Back and leg pain are evaluated using the 10-point visual analog scale (VAS) preoperatively, immediately, 1, 2, 3, and 6 months, 1, and 2 years after surgery. The clinical outcomes are evaluated with Oswestry Disability Index (ODI) at a 2-year follow-up. During the follow-up, all complications are recorded including iatrogenic nerve damage, vascular injuries, infection, wound healing, thrombosis, or recurrence.



Statistical analysis

SPSS 25 software (SPSS Inc., Chicago, IL, United States) was used to perform statistical analysis, and a value of less than 0.05 was considered statistical significance. Normal distributed continuous variables such as age, operative duration, incision length, follow-up, ODI, intervertebral space height, lumbar lordotic angle, and operative segmental lordotic angle are presented as mean ± standard deviation (SD); discrete, rating, and continuous variables, which are not normally distributed, are presented as median (maximum–minimum) including fluoroscopy frequency, blood loss, drainage removal, hospital stay, and VAS; categorical variables such as gender, inducement, lumbar level, and complication rate are expressed as frequency or percentage. Student’s t-test is used for intergroup analysis of normal distributed continuous variables. The Mann–Whitney U test is used for intergroup analysis of discrete, rating, and continuous variables, which are not normally distributed. The χ2 test is used for intergroup analysis of categorical variables. The one-way ANOVA followed by the Tukey post hoc analysis is performed for intragroup comparison of VAS, intervertebral space height, lumbar lordotic angle, and operative segmental lordotic angle at different time points. The ODI score before the treatment and 2 years after surgery are compared using Student‘s t-test.




Results

Clinical data are summarized in Table 1. In group A, 31 patients were treated with PTES combined with mini-incision OLIF and anterolateral screws rod fixation. In group B, 34 patients obtained MIS-TLIF. There were no significant differences in age, gender, inducement, and lumbar level between the two groups. The patients in group A had significantly less operative duration under general anesthesia (75 ± 13 min vs. 104 ± 18 min, p = 0.000), less blood loss (30/15–110 ml vs. 80/50–310 ml, p = 0.000), earlier drainage removal (2/1–3 days vs. 4/3–7 days, p = 0.000), and shorter hospital stay (4/3–5 days vs. 7/6–10 days, p = 0.000) than group B did. There was a significant difference in the incision length (39 ± 3 mm vs. 41 ± 3 mm, p = 0.006) and no statistical difference in fluoroscopy frequency (7/5–10 times vs. 7/6–11 times, p = 0.176) between mini-incision OLIF of group A and MIS-TLIF of group B, but another incisions of 8 ± 1 mm, fluoroscopy of 6/5–8 times, and operative duration under local anesthesia of 50 ± 8 min were needed for PTES besides OLIF in group A.


TABLE 1 Comparison of clinical data between group A and B.
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The preoperative back VAS scores were 6 (4–10) in two groups, which obviously decreased to 1 (0–3) immediately after surgery and 0 (0–2) at 2-year follow-up in group A, whereas those in group B were significantly decreased to 3 (2–5) immediately after surgery and 1 (0–2) at 2-year follow-up. The leg VAS score significantly dropped from 9 (7–10) of group A and 8 (7–10) of group B preoperatively to 1 (0–3) immediately after surgery and 0 (0–2) at 2-year follow-up in both groups, respectively. There was no statistical difference of leg VAS scores in two groups after surgery. However, back VAS scores in group A was significantly lower than that of group B immediately after surgery (p = 0.000) (Tables 2 and 3). The preoperative ODI was 66.9% ± 8.8% in group A and 67.2% ± 9.0% in group B, which significantly decreased to 15.0% ± 5.3% in group A and 15.6% ± 4.7% in group B, and no statistical difference of ODI was found between the two groups (p = 0.643) (Table 4).


TABLE 2 VAS pain assessments of back between two groups.
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TABLE 3 VAS pain assessments of legs between two groups.
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TABLE 4 ODI of two groups (%).
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The postoperative x-ray and CT scans demonstrated good position of cage and screws (Figures 3A–E and 4A–E). The intervertebral space height, lumbar lordotic angle, and operative segmental lordotic angle significantly improved postoperatively in two groups, and no significant difference change was observed at 2-year follow-up. However, group A showed significantly more intervertebral space height and operative segmental lordotic angle than those of group B postoperatively (p = 0.022, p = 0.002) (Tables 5–7). At 2-year follow-up, fusion grades based on the Bridwell grading system were grade I for 23 segments (74.2%) (Figures 3F,G) and grade II for 8 segments (25.8%) in group A, and grade I for 20 segments (58.8%) and grade II for 14 segments (41.2%) (Figure 4F) in group B (p = 0.194).
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FIGURE 3
(A) Posteroanterior and (B) lateral x-ray image, and (C–E) axial CT images showed good position of cage and screws after operation. Fusion grade at 2-year follow-up was grade I on (F) sagittal and (G) coronal CT image.
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FIGURE 4
(A) Posteroanterior and (B) lateral x-ray image, and (C–E) axial CT image showed good position of cage and screws after operation. Fusion grade at 2-year follow-up was grade II on (F) sagittal CT image.



TABLE 5 Intervertebral space height of two groups (mm).
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TABLE 6 Lumbar lordotic angle of two groups (°).
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TABLE 7 Operative segmental lordotic angle of two groups (°).
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There were two cases of hip flexion pain and weakness, which was relieved during 1 week after surgery in group A. In group B, two patients encountered dural tear and cerebrospinal fluid leakage from drain without neurologic symptoms. Their wound healed after the drainage tube was removed 7 days postoperatively. No other complications such as wound infection, permanent nerve injury, ruptured large vessels, hardware failure, and cage subsidence were observed. There was no difference in complication rate between two groups (6.5% vs. 5.9%, p = 0.924).



Discussion

In OLIF, indirect neurologic decompression is achieved by placing the big cage into disc space to increase disc height, which can tighten the posterior longitudinal ligament, enlarge the cross-sectional area (CSA) of spinal canal, and intervertebral foramen to alleviate the pressure on neurologic elements, as Lin et al. (19) indicated in their study. In the radiographic study of Limthongkul et al. (20), the CSA of thecal sac increased from 93.1 mm ± 43.0 mm to 127.3 mm ± 52.5 mm (50.8%; p value < 0.00625) after OLIF. Beng et al. (21) divided the patients into three groups based on their preoperative lumbar lordosis: group A, <0°; group B, 0°–20°; and group C, >20°. The mean CSA enlargement ratios were 27.5%, 32.1%, and 60.4% in groups A, B, and C, respectively. To some extent, this can relieve the patient's symptoms (22). However, sometimes OLIF alone had no improvement of neurologic symptoms because of the inadequate decompression (10, 23). The study of Li et al. (23) showed that the overall posterior direct decompression rate after OLIF was 29.97%, and extreme severe lumbar central canal stenosis is the greatest determinant to perform the second-stage posterior direct decompression procedure after OLIF. Lim et al. (24) and Yingsakmongkol et al. (25) found that persistent pain despite resting in a supine position suggests the presence of severe spinal canal stenosis with significant static nerve compression that would only be sufficiently relieved with a direct decompression after extreme lateral interbody fusion. The segment is too rigid to be restored, which indicates that it is difficult to obtain a greater postoperative disc height and more indirect decompression effect (24). Some studies showed that bony lateral recess stenosis is an independent predictor for failure to achieve adequate spinal decompression via indirect decompression with lateral lumbar interbody fusion (25–27). Additionally, the free herniated disc migrating into spinal canal or head, or tail of the involved segment could not be treated by indirect decompression of OLIF. Further posterior direct decompression after OLIF needs another general anesthesia and increases the aggressiveness and medical expenses.

Most patients with lumbar spondylolisthesis have symptoms of nerve root compression, such as one-leg pain or numbness, asymmetric pain, or numbness in both legs or symmetric pain of both legs when rest, which results from lumbar disc herniation, lateral recess stenosis, or intervertebral foramen stenosis. Few patients have both-leg symmetric pain, numbness, discomfort, and/or tiredness occurring after walking for 50–100 m, which could be relieved after a few minutes of rest. This is intermittent claudication of both legs resulting from cauda equina compression and should be diagnosed as lumbar central spinal canal stenosis. In 2017, we first introduced our PTES (14) with reduced steps, simple orientation and easy puncture, which can significantly decrease the times of fluoroscopy projection and shorten the operation time. We used PTES to successfully treat lumbar degenerative diseases with neurologic symptoms including lumbar spondylolisthesis (14, 15). During the procedure, we performed press-down enlargement of foramen to saw off the ventral bone of articular process. In addition, the hypertrophic ligamentum flavum and the protruding nucleus pulposus were removed to expand the lateral recess and reduce the pressure of nerve root. The ipsilateral and contralateral nerve roots can be exposed, and the bilateral nerve roots can be decompressed from one side through a small incision. When there is lumbar central spinal canal stenosis, press-down enlargement of foramen was repeated to remove more ventral bone of articular process and expose dural sac for almost 180° enlargement of central spinal canal. In this study, we performed PTES under local anesthesia for direct decompression before OLIF, which could guarantee the relief of neurologic symptoms and avoid another entrance into operation room. If the indirect decompression of OLIF has no effect, the reoperation, even PTES under local anesthesia, could put more psychological pressure on the patients and the surgeons, especially in China due to the complicated doctor–patient relationship. The results confirm that the VAS score of leg pain and ODI significantly dropped after surgery in both groups (p < 0.001). The clinical efficacy of PTES combined with mini-incision OLIF and anterolateral screws rod fixation is similar to that of MIS-TLIF.

According to Soriano-Baron et al. (11), OLIF alone maintained axial compressive stiffness when comparing with the intact condition, and the surgeon should consider the biomechanical and patient-specific factors for selecting the appropriate supplement fixation technique for any interbody spacers. The study of Guo et al. (28) showed that OLIF alone could not provide sufficient stability and need additional fixation. Bilateral pedicle screws (BPS) fixation has the most rigid structure but requires paraspinal muscle dissection and retraction during instrumentation, has neurologic risk, vascular injury, and increased operative time. Unilateral pedicle screw (UPS) fixation involves less damage to the paravertebral muscles, less perioperative bleeding, and low instrument expense, but it offers significantly less stability than the BPS. Compared with BPS and UPS, lateral rod-screw fixation may be appropriate for patients with good bone quality, normal body mass index, and nonspondylolisthetic lumbar fusion (28). The additional posterior surgery of pedicle screws fixation enlarges the aggressiveness, prolongs the time of general anesthesia, or furthermore requires another general anesthesia. In this study, we inserted the pedicle screws into vertebral bodies and fixed the rod over screws from the anterolateral side after the placement of cage in the same mini-incision of OLIF. The results of our study showed that all patients of PTES combined with mini-incision OLIF and anterolateral screws rod fixation got fusion at 2-year follow-up, and no failure of instruments was observed. These confirmed that anterolateral screws rod fixation and OLIF can supply good biomechanical property for intervertebral fusion. Attention should be paid to insertion point of vertebral screw close to the adjacent endplate of involved disc in order to avoid the damage of segmental vessels and iliac lumbar vein.

The cage used in OLIF is much bigger than that in MIS-TLIF, which is beneficial for restoration of lumbar anatomy sequence. Postoperative intervertebral space height, lumbar lordotic angle, and operative segmental lordotic angle significantly improved in both groups; there were no significant changes 2 years after operation, and OLIF had significantly more intervertebral space height and operative segmental lordotic angle than MIS-TLIF postoperatively in this study. A bigger cage of OLIF has more touch surface between endplate of vertebra and cage and more graft bone than that of MIS-TLIF (Figure 5), which results in better fusion of OLIF compared with MIS-TLIF. OLIF achieved higher fusion grade than MIS-TLIF in this study, although there was no significant difference between two groups (p = 0.194). No subsidence of cage into vertebral body was found in group of OLIF and MIS-TLIF, which was related to protection of cortical endplate during preparation of intervertebral space. In addition, it is very important to place the cage completely parallel with three directions of sagittal, axial, and coronal planes of intervertebral space especially in OLIF; otherwise, the tip of cage may be put into vertebral body through endplate and the subsidence of cage would happen.
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FIGURE 5
The bigger cage of OLIF has more graft bone and more touch surface than that of MIS-TLIF. OLIF, oblique lumbar interbody fusion; MIS-TLIF, minimally invasive surgery-transforaminal lumbar interbody fusion.


We combined PTES under local anesthesia with OLIF and anterolateral screws rod fixation in the same mini-incision for the treatment of single level lumbar spine spondylolisthesis. Posterolateral approach of PTES and anterolateral approach of OLIF meet with each other at posterior longitudinal ligament and annulus fibrosus of disc (Figure 6). In PTES, the length of incision was 8.0 mm ± 1.2 mm (Figure 1J) and only ventral bone of articular process was removed, which can be filled into the cage of OLIF. The natural corridor was utilized to place the cage, screws, and rod through the incision of 39.4 mm ± 3.1 mm (Figure 1P) for OLIF and anterolateral screws rod fixation. This combination of two minimally invasive surgeries protects the paraspinal muscles and bone structures as much as possible. MIS-TLIF does not destroy the attachment of paraspinal muscles to bone, supraspinal, and interspinal ligaments, but splits the paraspinal muscles and removes lamina and facet joint. The blood loss of 80 (50–310) ml in MIS-TLIF was significantly more than 30 (15–110) ml in PTES combined with mini-incision OLIF and anterolateral screws rod fixation (p < 0.001). The preoperative back VAS score significantly improved postoperatively in both groups (p < 0.001), and the back VAS score of group A was statistically lower than that of group B immediately after surgery (p < 0.001), which indicates that PTES combined with mini-incision OLIF and anterolateral screws rod fixation has quicker postoperative back pain relief than MIS-TLIF. There was no statistical difference in fluoroscopy frequency (7/5–10 times vs. 7/6–11 times) between mini-incision OLIF and MIS-TLIF, and another fluoroscopy of 6 (5–8) times were needed for PTES besides OLIF in group A, but which had limited influence. Compared with general anesthesia, local anesthesia had little influence on physical status. PTES performed under local anesthesia only needed 49.6 ± 7.8 min and did not prolong the operative duration of general anesthesia for OLIF and anterolateral screws rod fixation in group A, which (74.5 ± 13.5 min vs. 103.9 ± 17.8 min, p < 0.001) was significantly less than that for MIS-TLIF in group B. The natural corridor for OLIF and anterolateral screws rod fixation made postoperative drainage fluid little, and when less than 20 ml/24 h the drain tube was removed 2 (1–3) days after surgery and the patients could leave the hospital as soon as possible with the hospital stay of 4 (3–5) days. MIS-TLIF through paraspinal muscle-splitting approaches and open of spinal canal had more drainage fluid, significantly more drain removal time of 4 (3–7) days (p < 0.001), and longer hospital stay of 7 (6–10) days (p < 0.001).
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FIGURE 6
Posterolateral approach of PTES and anterolateral approach of OLIF meet with each other at posterior longitudinal ligament and annulus fibrosus of disc. PTES, percutaneous transforaminal endoscopic surgery; OLIF, oblique lumbar interbody fusion.


In MIS-TLIF, dural sac and nerve root should be exposed for neurologic decompression and they must be retracted to insert the cage, sometimes there is the dural tear. In group B, two cases of dural tear occurred, and the lumbodorsal fascia was sutured very tightly to prevent cerebrospinal fluid leakage from surgical incision. There was cerebrospinal fluid leakage from drain in these two patients; the drainage tubes were removed 7 days after surgery when the wound healed and no other abnormal symptoms were found. In group A, two cases had hip flexion pain and weakness possibly related with traction of iliopsoas muscles during OLIF and anterolateral screws rod fixation, which improved during 1 week after surgery. Postoperative radiographs and CT scans showed that the position of cage and screws was good, and no failure of instruments was observed during the 2-year follow-up. No patients had any form of permanent iatrogenic nerve damage and a major complication. All these confirmed the safety of PTES combined with OLIF and anterolateral screws rod fixation for the treatment of lumbar spondylolisthesis, and its complications rate was similar to MIS-TLIF.

There are also some limitations in this study. It is a single-center retrospective study with a relatively small number of patients. This study only includes OLIF25 from L2–5 for the treatment of L2–4 spondylolisthesis because OLIF51 of L5/S1 for L5 spondylolisthesis has different approach and cage. Therefore, we will perform a multicenter prospective controlled study and further study of OLIF for the treatment of L5 spondylolisthesis.



Conclusion

PTES combined with mini-incision OLIF and anterolateral screws rod fixation has some advantages over MIS-TLIF including smaller aggression, less blood loss, less operative duration under general anesthesia, quicker postoperative back pain relief, better restoration of sagittal lumbar parameter, and better fusion. For both methods, the long-term clinical efficacy and complications rate are comparable. PTES combined with mini-incision OLIF and anterolateral screws rod fixation is a good choice of minimally invasive surgery for lumbar spondylolisthesis, which hardly destroys the paraspinal muscles and bone structures.
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Objective: Percutaneous transforaminal endoscopic surgery (PTES) is a novel, minimally invasive technique used to treat lumbar degenerative diseases (LDDs). PTES under local anesthesia was performed to treat the culprit segment of LDDs predicted by radiologic images or clinical symptoms, and the efficacy, security, and feasibility were evaluated.



Methods: Eighty-seven cases of LDDs with nerve root symptoms, which were not consistent with lumbar degenerative levels and degrees on MRI and CT, were treated with PTES under local anesthesia in a day surgery ward from January 2015 to December 2019. Forty-two patients, whose culprit segments were predicted by radiologic images, were included in group A. The other 45 patients, whose culprit segments were predicted by clinical symptoms, were included in group B. Leg pain VAS and ODI scores before and after PTES were recorded. The outcome was defined according to the MacNab grade at the 2-year follow-up. Postoperative complications were recorded.



Results: In group A, 2 patients underwent PTES for one segment, 37 patients underwent PTES for two segments, and 3 patients underwent PTES for three segments. One of the one-segment PTES patients had no relief from symptoms and underwent another PTES for other culprit segments 3 months after surgery. In group B, 44 of 45 patients were treated using PTES for one segment and 1 patient was treated for two segments. Group B showed significantly less operative duration, less blood loss, and less fluoroscopy frequency than group A (p < 0.001). The leg pain VAS score and the ODI score significantly decreased after the operation in both groups (p < 0.001), and the excellent and good rates were 97.6% (41/42) in group A and 100% (45/45) in group B at the 2-year follow-up. The leg pain VAS score of group B was significantly lower than that of group A immediately and 1 week, 1 month, 2 months, and 3 months after surgery (p < 0.001). There was no statistical difference in ODI scores and the excellent and good rates between the two groups. No complications, such as wound infection or permanent nerve injury, were observed.



Conclusion: It is much more accurate to predict the culprit segment according to clinical symptoms than radiologic images in PTES under local anesthesia for surgical treatment of LDDs.
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lumbar degenerative disease, culprit segment, radiologic images, clinical symptoms, transforaminal endoscopic discectomy, minimally invasive surgery





Introduction

With the extension of life, lumbar degenerative diseases (LDDs) are becoming more prevalent (1, 2). The neurologic symptoms of LDDs include leg pain, numbness and other discomforts, intermittent claudication, and so on caused by lumbar disc herniation and lumbar spinal canal stenosis (lateral recess stenosis, intervertebral foramen stenosis, central spinal canal stenosis). Surgical treatment is needed for LDDs if the effects of conservative treatment are poor and the quality of life is seriously affected. Conventional open surgery has extensive soft tissue dissection, large trauma, much bleeding, a long postoperative recovery time, and a high incidence of complications (3–7). Moreover, the patients with LDDs are generally older, their tolerance of open surgery is poor, and the surgical risk is extremely high (8–12). How to reduce the surgical trauma of LDDs has become very important.

Minimally invasive spine surgery for treating LDDs is gradually being accepted, and spinal endoscopic surgery is one of the most minimally invasive techniques (13–15). In 2017, we first introduced our PTES (percutaneous transforaminal endoscopic surgery) technique (16) under local anesthesia with reduced steps, simple orientation, and easy puncture, which can significantly decrease the fluoroscopy projection time and shorten the operation time (17). It can effectively treat almost all kinds of LDDs. Additionally, different compressed lumbar nerve roots can lead to pain in the special place of the buttock and leg (14,18,19). Therefore, the involved nerve roots could be determined by the clinical symptoms, which might predict the culprit segment of LDDs (14,19,20). However, if the pain position of the buttock and leg is inconsistent with the levels and degrees of lumbar degeneration such as disc herniation, lateral recess stenosis, or intervertebral foramen stenosis on MRI and CT, should surgical treatment be performed according to radiologic images or nerve root symptoms? In this study, PTES under local anesthesia was performed to treat the culprit segment of LDDs predicted by radiologic images or clinical symptoms, and the efficacy, security, and feasibility were evaluated.



Materials and methods


Patients

Eighty-seven cases of LDDs with nerve root symptoms, which were not consistent with lumbar degeneration levels and degrees on radiologic images (Figures 1A, 2A–D, 3A–D), were treated with PTES under local anesthesia in a day surgery ward from January 2015 to December 2019. They were followed up for more than 2 years. Forty-two patients, whose culprit segment was predicted by radiologic images, were included in group A. The other 45 patients, whose culprit segment was predicted by clinical symptoms, were included in group B. The patients enrolling depended on the surgeon's experience and the patient's selection. The detailed data are shown in Table 1. This retrospective cohort study was approved by the Ethics Committee of Zhongshan Hospital Fudan University.


[image: Figure 1]
FIGURE 1
Male patient aged 76 years in group A had pain in the left part of the buttock and the posterior part of the thigh, calf and plantar preoperatively, which suggests that the S1 nerve root is involved and the culprit segment is generally L5/S1, but there were L4/5 massive disc herniation and lateral recess stenosis on (A) MRI. PTES was performed for L4/5, and the culprit segment was predicted according to radiologic images. A transverse line bisecting the disc was drawn along the metal rod, which was placed transversely across the center of the target disc on (B) posteroanterior C-arm view. (C) Photograph showing the surface marking of the anatomic disc center identified by the intersection of the transverse line and longitudinal midline and the entrance point of the puncture (“Gu's Point”) located at the corner of the flat back turning to the lateral side. After a successful puncture, the C-arm view was taken to ensure that the tip of the puncture needle was in the intracanal area close to the posterior wall of the disc on (D) lateral x-ray and near the lateral border of the pedicle on (E) posteroanterior x-ray. During press-down enlargement of the foramen, when resistance disappears, the tip of the reamer should exceed the medial border of the pedicle on (F) posteroanterior C-arm view and reach close to the posterior wall of the target disc on (G) lateral C-arm view. Under (H) endoscopic view, the nerve root was exposed after the ligamentum flavum and herniated disc were removed. During the operation, the patient gave a misleading response of involved leg relaxation and we did not undertake PTES for L5/S1. He had no relief from symptoms after surgery, and L4/5 degeneration improved on (I) MRI. The patient underwent another PTES for L5/S1 3 months after surgery. On (J) posteroanterior x-ray, the lower plate of the L4 vertebral body was not higher than the line between the highest points of the bilateral iliac crest, which is a high iliac crest. (K) Posteroanterior C-arm view was used to confirm the operation segment. (L) Photograph showing “Gu's Point” locating at the corner of the flat back turning to the lateral side. After a successful puncture, the tip of the puncture needle should be in the intracanal area close to the posterior wall of the disc on (M) lateral x-ray and near the lateral border of the pedicle on (N) posteroanterior x-ray. After the enlargement of the foramen, the tip of the reamer should exceed the medial border of the pedicle on (O) posteroanterior C-arm view and reach close to the posterior wall of the target disc on (P) lateral C-arm view. Under (Q) endoscopic view, the compressed nerve root was freed, and the patient had an obvious sense of relaxation in the left leg. He achieved a satisfying result after surgery.



[image: Figure 2]
FIGURE 2
Female 50-year-old patient in group B had right leg pain from the posterolateral part of the buttock and thigh to the lateral part of the calf and the dorsal part of the foot, which indicates that the L5 nerve root is involved and the culprit segment is L4/5 (traversing nerve root) or L5/S1 (exiting nerve root). (A) Sagittal MRI, (B,C) axial MRI, and (D) axial CT showing L5/S1 huge disc herniation, which does not involve the right intervertebral foramen. We planned to perform PTES for L4/5. A transverse line bisecting the disc was drawn along the metal rod that was placed transversely across the center of the target disc on (E) posteroanterior C-arm view. (F) Photograph showing the surface marking of the anatomic disc center identified by the intersection of the transverse line and longitudinal midline, and Gu's Point located at the corner of the flat back turning to the lateral side. After a successful puncture, the tip of the puncture needle should be in the intracanal area close to the posterior wall of the disc on (G) lateral x-ray and near the lateral border of the pedicle on (H) posteroanterior x-ray. During press-down enlargement of the foramen, when resistance disappears, the tip of the reamer should exceed the medial border of the pedicle on (I) posteroanterior C-arm view and reach close to the posterior wall of the target disc on (J) lateral C-arm view. Under (K) endoscopic view, the nerve root was freed after the hypertrophic ligamentum flavum and herniated disc were removed. The patient had obvious relaxation in the right leg, and (L) the incision was closed. She achieved a satisfying result after surgery.



[image: Figure 3]
FIGURE 3
Female 74-year-old patient in group B underwent an open surgery of posterior decompress and fusion 13 years ago, which was shown on the (A,B) x-ray. She had pain in the left part of buttock and the posterior part of thigh, calf and plantar 12 years later, which suggests that the S1 nerve root is involved and the culprit segment is generally L5/S1. However, on (C) sagittal MRI and (D) L5/S1 axial MRI, the neurologic compression at L1/2, L2/3 with disc herniation, and lateral recess stenosis was more severe than that at L3/4 and L5/S1. The PTES procedure was undertaken for L5/S1. The transverse line bisecting the disc was drawn along the metal rod that was placed transversely across the center of the target disc on (E) posteroanterior C-arm view. (F) Photograph showing the surface marking of the anatomic disc center identified by the intersection of the transverse line and longitudinal midline, which was the aiming reference point of the puncture, and Gu's Point located at the corner of the flat back turning to the lateral side. After a successful puncture, the tip of the puncture needle should be in the intracanal area close to the posterior wall of the disc on (G) lateral x-ray and near the lateral border of the pedicle on (H) posteroanterior x-ray. After press-down enlargement of the foramen, the tip of the reamer should exceed the medial border of the pedicle on (I) posteroanterior C-arm view and reach close to the posterior wall of the target disc on (J) lateral C-arm view. Under (K) endoscopic view, the compressed nerve root was freed after the hyperplastic scars and osteophytes were removed. A satisfying result was achieved after surgery.



TABLE 1 Demographic data of LDD patients whose culprit segments were predicted by radiologic images (A) or clinical symptoms (B).

[image: Table 1]

Inclusion criteria are as follows: (1) The nerve root symptoms are unilateral leg pain, bilateral asymmetric leg pain, or bilateral symmetric leg pain when at rest; (2) image data such as MRI and CT show lumbar degeneration from L1 to S1 including lumbar disc herniation, intervertebral foramen stenosis, or lateral recess stenosis (Figures 1A, 2A–D, and 3C,D), which are not consistent with the nerve root symptoms; (3) regular conservative treatment of at least 3 months has failed; (4) the systemic status is good, basic medical diseases such as heart disease, hypertension, or diabetes are under control, and the mental state is normal with independent understanding, thinking ability, and normal compliance; and (5) the patient can be followed up for at least 2 years.

Exclusion criteria are as follows: (1) intermittent claudication with no symptoms of legs when at rest and symmetric pain, numbness, discomfort, or tiredness of both legs after walking 50–100 m, unable to walk, relieved after rest, which is diagnosed as lumbar central spinal canal stenosis; (2) imaging examination showing lumbar spondylolisthesis and lumbarization of S1; (3) lumbar spine inflammation, tumors, and other lesions; (4) mental illness, coagulation dysfunction, and infection in the surgical area.



Pre- and postoperative imaging

All patients were evaluated before the procedure by CT and MRI imaging to determine the involved segment or whether there was calcification. Posteroanterior and lateral radiographs were obtained to detect lumbar instability, scoliosis, lumbarization of S1, or high iliac crest when the lower plate of the L4 vertebral body was not higher than the line between the highest points of the bilateral iliac crest. After the treatment, MRI images were obtained to assess neurologic decompression or exclude dural cyst, myelomeningocele, dural tears or spinal fluid leaks, and reherniation.



Surgical procedure

For group A, the culprit segment was predicted by radiologic images of MRI and CT.

For group B, the culprit segment was predicted according to the position of patient's leg pain. The central buttock, posterior thigh, posterior calf, lateral malleolus, or plantar: S1 nerve root is involved, and the culprit segment is generally L5/S1. The lateral buttock, posterolateral thigh, lateral calf, or dorsal foot: L5 nerve root is involved, and the culprit segment is generally L4/5 (traversing nerve root) or L5/S1 (exiting nerve root). The lateral buttock, anterolateral thigh, knee, medial calf, or medial malleolus: L4 nerve root is involved, and the culprit segment is generally L3/4 (traversing nerve root) or L4/5 (exiting nerve root). The distal one-third of the anterior thigh or the medial part of the condyle: L3 nerve root is involved, and the culprit segment is generally L2/3 (traversing nerve root) or L3/4 (exiting nerve root). The middle one-third of the anterior aspect of the thigh: L2 nerve root is involved, and the culprit segment is generally L1/2 (traversing nerve root) or L2/3 (exiting nerve root). The proximal one-third of the anterior aspect of the thigh: L1 nerve root is involved, and the culprit segment is generally T12/L1 (traversing nerve root) or L1/2 (exiting nerve root) (18–20). The first target is the segment involving traversing nerve root because the proportion of far lateral lumbar disc herniation or intervertebral foramen stenosis involving exiting nerve root in LDDs is relatively lower.

PTES was performed under local anesthesia with 1% lidocaine supplemented with conscious sedation for the culprit segment. The patient was placed in a prone position with hyperkyphotic bolsters placed under the abdomen on a radiolucent table, especially in the cases of L5/S1 with a high iliac crest. The location of the culprit segment was determined by posteroanterior C-arm fluoroscopy (Figures 1B, 2E, 3E). The puncture point was located at the corner of the flat back turning to the lateral side according to “Gu's Point" (16, 17) (Figures 1C, 2F, 3F). The vertical line of the back surface was aimed through the intersection of the location line and midline and the puncture needle was inserted at 25°–85° to the horizontal plane (Figure 4). After a successful puncture, lateral C-arm fluoroscopy was performed to confirm that the tip of the puncture needle should reach the posterior one-third or near the posterior wall of the culprit intervertebral disc (Figures 1D, 2G, and 3G) and the posteroanterior film should be near the outer edge of the pedicle (Figures 1E, 2H, and 3F). If the puncture is not good, minor adjustment of needle position could be achieved based on the principle that the needle moves forward in the opposite direction to the needle tip bevel, which is a “minor adjustment of the puncture technique” (Figure 5). When the puncture trajectory was very difficult to adjust, a stiff guiding rod of 6.3 mm diameter could be used to adjust the direction more easily than the soft puncture needle. We termed it as the “guiding rod technique” (Figure 6). After the soft tissue was expanded step by step, an 8.8-mm protective cannula was inserted over the guiding rod, docked at the facet, and pressed down further to make the angle of the cannula to the horizontal plane smaller and a 7.5-mm reamer was introduced to remove the ventral bone of the articular process for enlarging the intervertebral foramen, which is “press-down enlargement of the foramen” (16, 17) (Figure 7). When resistance disappears, posteroanterior fluoroscopy shows that the tip of the reamer should exceed the inner edge of the pedicle and reach near the posterior wall of the target intervertebral disc on the lateral film (Figures 1F,G, 2I,J, and 3I,J). For lumbar central spinal canal stenosis, press-down enlargement of the foramen was repeated to enlarge the central spinal canal. The 7.5-mm working channel was placed along the guiding rod. Under the endoscopic vision, the hypertrophic ligamentum flavum and the protruding intervertebral disc tissue were removed to enlarge the lateral recess, and the ipsilateral traversing nerve root, exiting nerve root, or epidural sac were exposed and decompressed (Figures 1H, 2K, 3K). For the patient with bilateral asymmetric leg pain, we performed PTES from the side of more severe leg pain to achieve bilateral decompression. The “press-down enlargement of the foramen” technique made it easy to remove the herniated disc underneath the ipsilateral nerve root, the central dura, and even the contralateral nerve root. The operation of two adjacent segments could be completed through one surgical incision (Figure 2L).


[image: Figure 4]
FIGURE 4
Perpendicular line through the surface projection of the anatomical center of intervertebral space is the target of the puncture. The entrance point of the puncture is located at the corner of the flat back turning to the lateral side, which is named “Gu's Point.” The puncture needle is inserted at a 25°–85° angle to the horizontal plane anteromedially.
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FIGURE 5
Minor adjustment of the puncture technique. Due to the principle that the needle moves forward in the opposite direction to the needle tip bevel, changing the direction of the needle tip bevel can adjust the puncture trajectory or even bypass the obstacle and reach the target segment.
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FIGURE 6
Guiding rod technique. After the puncture needle was inserted at 55° to the horizontal plane until the resistance disappeared, the C-arm view was taken to ensure that the tip of the puncture needle was in the posterior one-third of intervertebral space on (A) lateral x-ray and near the lateral border of the pedicle on (B) posteroanterior x-ray. (C) Over the guiding wire, stepwise-dilating cannulas were introduced to the anulus fibrosus beside the foramen. (D) Thick guiding rod of 6.3 mm diameter was inserted over the guiding wire and then adjusted into the foramen by moving the tip dorsally and cephalad after removing the guiding wire. (E) An 8.8-mm protective cannula was pushed over the rod to the facet joint area, docked at the facet, and pressed down. (F) A 7.5-mm reamer was introduced to remove the ventral bone of the articular process for enlarging the intervertebral foramen. When resistance disappears, the tip of reamer should exceed the medial border of the pedicle on (G) posteroanterior C-arm view and reach close to the posterior wall of the target disc on (H) lateral C-arm view. (I) Picture showing the stiff thick guiding rod of 6.3 mm diameter, which is easier to adjust the puncture trajectory than the soft puncture needle.
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FIGURE 7
Cannula docked at the facet was pressed down further to remove more ventral parts of the upper articular process with a 7.5 mm reamer for further enlargement of the foramen and makes it easy to place the working cannula into the spinal canal between the dural sac and disc, which is press-down enlargement of the foramen.


During the operation under local anesthesia, communication with the patients was made to confirm the efficacy. When the patient was placed in a prone position, there were generally no symptoms of leg pain and numbness, but the involved legs had an obvious sense of relaxation after neurologic decompression was achieved. We used the visual analogue scale (VAS) to evaluate the relaxation sensation of the involved leg. Preoperative status of no relaxation is 10, and complete relaxation is 0: 0–3, obvious relaxation, good outcome, the treated segment is the culprit one, and the operation can be finished; 4–6, moderate relaxation, partially effective, the treated segment is the culprit one, and other culprit segments need treatment; 7–10, mild relaxation or no relaxation, no efficacy, the treated segment is not the culprit one, and the culprit segment needs treatment.

The blood loss is calculated as follows. The blood absorption capacity in one piece of dry gauze is about 30 ml. The blood loss is calculated by the proportion of red area in the total area of gauze. The blood loss under endoscopy is calculated as the difference in the outflow and inflow volumes of the irrigation solution. The sum of the above two is total blood loss during PTES.



Postoperative care

After the operation, the patients rested in bed until the next day and then walked with a flexible back brace for 2 weeks. The functional exercise began on the third day after the operation, and the patients went to work 1 week after the operation.



Clinical follow-up

VAS was used to score the leg pain before the operation and immediately, 1 month, 2 months, 3 months, 6 months, 1 year, and 2 years after the operation. ODI scores before PTES and 2 years after PTES were recorded. At a 2-year follow-up, the MacNab grade was used to evaluate the results: excellent, good, moderate, or poor.



Statistical analysis

SPSS 25 software (SPSS Inc., Chicago, IL, USA) was used to perform statistical analysis. Normal distributed continuous variables such as age, BMI, incision length, follow-up, and ODI score were presented as mean ± standard deviation (SD); discrete, rating, and continuous variables, including operative duration, fluoroscopy frequency, blood loss, hospital stay, and VAS, which are not normally distributed, were presented as median (maximum−minimum); categorical variables such as gender, lumbar level, and rates of calcified herniation, scoliosis, lumbarization of S1, high iliac crest, and rates of excellent and good outcomes were expressed as frequency or percentage. Student’s t-test was used for the intergroup analysis of normally distributed continuous variables. The Mann–Whitney U test was used for the intergroup analysis of discrete variables, rating variables, and continuous variables, which are not normally distributed. Pearson's chi-squared test was used for the intergroup analysis of unordered categorical variables, and Fisher's exact test was used for ordered categorical variables. Intragroup comparison of leg pain VAS at different time points was conducted using a linear mixed-effects model for group A and the Kruskal–Wallis test followed by the Dunn procedure with Bonferroni correction for group B. Preoperative and postoperative ODI scores were compared using Student’s t-test. p < 0.05 was considered a significant difference.




Results

Table 1 summarizes the baseline data of two groups. There is no statistical significance in age, gender, BMI, preoperative involved segments on MRI and CT, and follow-up time between the two groups. There are four patients with calcified herniation, three with scoliosis, and two with a high iliac crest (L5/S1) in group A, and three patients with calcified herniation, three with scoliosis, three with a high iliac crest (L5/S1), and one with lumbar fusion surgery history in group B. The operation-related data are shown in Table 2. In group A, 2 patients underwent PTES for one segment, 37 patients underwent PTES for two segments, and 3 patients underwent PTES for three segments. One of the one-segment PTES patients had no relief from symptoms and underwent another PTES for other segments 3 months after surgery (Figures 1I–Q). In group B, 44 of 45 patients were treated using PTES for one segment and 1 patient were treated for two segments. Group B showed significantly less operative duration from the body position to incision closure (108.5/52–164 min vs. 55/46–101 min, p < 0.001), less blood loss (14/4–35 ml vs. 6/3–12 ml, p < 0.001), and low fluoroscopy frequency (13/5–21 times vs. 6/5–11 times, p < 0.001) than group A. All procedures were performed through the unilateral approach and only one incision was needed for two segments adjacent to each other.


TABLE 2 Operation-related data of both two groups.
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The leg pain VAS scores of groups A and B decreased from 8 (7–10) before surgery to 1 (0–7) and 1 (0–2) (p < 0.001) immediately after surgery, further decreasing to 0 (0–1) and 0 (0–1) (p < 0.001) 2 years after surgery, respectively. The leg pain VAS score of group B was significantly lower than that of group A immediately, 1 week, 1 month, 2 months, and 3 months after surgery (p < 0.001), but there was no statistical difference between the two groups 6 months, 1 year, and 2 years after surgery. Five patients (11.9%, 5/42) in group A and one patient (2.2%, 1/45) in group B had a rebound effect of leg pain (16, 17, 21). VAS scores of these patients increased 1 week after surgery, and the pain got relieved within 2 months. The preoperative ODI scores of groups A and B significantly decreased from 72.1 ± 9.7% and 66.7 ± 8.7% to 15.5 ± 5.0% and 13.2 ± 4.6% (p < 0.001) at 2-year follow-up, respectively (Table 3). According to the MacNab classification, the excellent and good rate was 97.6% (41/42) for group A and 100% (45/45) for group B 2 years after surgery (Table 4). There was no statistical difference in ODI scores and the excellent and good rates between the two groups. No complications such as wound infection, permanent nerve injury, abdominal organ injury, large vessel rupture, and recurrence were observed.


TABLE 3 Leg pain VAS and ODI scores of both groups.
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TABLE 4 MacNab classification data at 24 months after surgery.
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Discussion

In practice, we found that most patients with LDDs have unilateral leg pain or asymmetric pain in both legs and few have symmetric pain in both legs when at rest, all of which are symptoms of nerve root compression and should be diagnosed as lumbar disc herniation, lateral recess stenosis, or intervertebral foramen stenosis, although radiological imaging showed lumbar central spinal canal stenosis in some cases. When we used PTES to treat LDDs with nerve root symptoms, press-down enlargement of the foramen was performed to remove the ventral bone of the facet joint and made the working channel enter into the spinal canal between the traversing nerve root and disc (16, 17). In addition, the hypertrophic ligamentum flavum and the protruding nucleus pulposus were removed to enlarge the lateral recess and decompress the nerve root. The ipsilateral and contralateral traversing nerve roots could be exposed, and the bilateral nerve roots could be decompressed from one side through a small incision. During the PTES procedure under local anesthesia, we used VAS to evaluate the relaxation sensation of the involved leg after neurologic decompression. A VAS score of 0–3 means obvious relaxation and good efficacy, the treated segment is the culprit one, and the operation can be finished. A VAS score of 4–6 indicates moderate relaxation, the treatment is partially effective, and the treated segment is the culprit one, but other culprit segments need treatment. A VAS score of 7–10 shows mild or no relaxation and no efficacy, the treated segment is not the culprit one, and the culprit segment needs treatment until the VAS score decreases to 0–3. This method can guarantee surgical efficacy. The results of this study showed that the leg pain VAS score and ODI score significantly decreased after the operation (p < 0.001) in both groups, and the excellent and good rate was 97.6% in group A and 100% in group B at the 2-year follow-up. Interestingly, a 74-year-old female patient in group B underwent an open surgery of L3–S1 posterior decompression and fusion (Figures 3A,B) 13 years ago, and 12 years later, she felt left leg pain again without lumbar instability and cage migration. After the PTES procedure for L5/S1 (Figures 3E–K), a satisfying result was achieved, which indicates that the nerve root might have been compressed by the hyperplastic scars and osteophytes, although the spinal canal and lateral recess were opened, and the facet joint and disc were removed for the insertion of the cage.

It is very important to predict the culprit segment in the surgical treatment of LDDs, especially multilevel (≥2 levels) lumbar degenerations on MRI or CT, and the culprit segment leading to symptoms is often only one of them (22–27). In general, we predict the culprit segment according to lumbar degeneration and neurologic compression on MRI and CT. Additionally, the culprit segment can be predicted according to the position of leg pain (14, 18–20). If radiologic images of MRI and CT show the segments of lumbar disc herniation, intervertebral foramen stenosis, and lateral recess stenosis, which is consistent with the nerve root symptoms, there is no controversy for the culprit segment.How to predict the culprit segment when radiologic images are not in accordance with neurologic symptoms? Some scholars suggest that the nerve root block test is helpful (28, 29). The nerve root block imparts effect through local anesthesia medicine, so it is not sure that the injection site must be the level of neurologic compression. Sometimes, it is difficult for the nerve root block test to determine the culprit segments when both traversing and exiting nerve roots are blocked at the same segment or the blocked nerve root is compressed at another segment. In group B of this study, 44 of 45 patients after PTES for one segment achieved satisfying results, which confirms that the prediction of the culprit segment according to the position of leg pain is relatively accurate. Only one patient was treated using PTES for two segments because two nerve roots were involved. In group A, PTES was performed for the segment showing the most severe degeneration on MRI and CT, 40 of 42 patients had no significant relief from symptoms or obvious relaxation of involved legs during the operation, another segment was treated in 37 patients, and other two segments were treated in 3 patients until the efficacy was achieved. These indicate that radiologic images are not reliable in predicting culprit segments. Only two patients of group A underwent PTES for one segment, and they had pain in the posterior part of the buttock, thigh, calf and plantar preoperatively, which suggests that the S1 nerve root is involved and the culprit segment is generally L5/S1, but there were L4/5 massive disc herniation and lateral recess stenosis on MRI and CT. Of them, the male patient aged 76 years had no relief from symptoms after PTES for L4/5 and underwent another PTES for L5/S1 3 months after surgery and achieved a good result. This maybe because he gave a misleading response of involved leg relaxation due to dysaudia, influencing the communication, and we did not undertake PTES for L5/S1 during the first operation. The other male 40-year-old patient had leg pain relief after PTES for L4/5, possibly due to the huge disc herniation compressing the next traversing nerve root of S1, which is rare in our experience. The results of this study showed that group B of culprit segment prediction according to neurologic symptoms had significantly less operative duration, less blood loss, and low fluoroscopy frequency than group A of culprit segment prediction according to radiologic images. In addition, the rebound effect of leg pain (16, 17, 21) occurred in five patients (11.9%, 5/42) of group A and one patient (2.2%, 1/45) of group B, which indicates that the stimulation on the nerve elements might induce the neurologic symptoms, especially at the segment of severe degeneration on MRI and CT without clinical symptoms before surgery.

In our PTES technique, orientation was simple, we only needed to perform posteroanterior fluoroscopy to determine the horizontal line of the culprit segment (Figures 1B, 2E, and 3E). The vertical line through the intersection point of the horizontal line and midline of the back (anatomical center of the intervertebral disc) was the target of the puncture (Figure 4). The entrance point of the puncture was located at the corner of the flat back turning to the lateral side, which does not need to measure the distance lateral to the midline. We named it “Gu's Point” (16, 17) (Figures 1C, 2F, and 3F), which is closer to the midline than that in other posterolateral endoscopic surgeries such as TESS, and there are four advantages. (1) It avoids the exiting nerve root. If the entrance point locates laterally, the exiting nerve root may be more possibly met. (2) It avoids blockage by the high iliac crest for the L5/S1 level. The height of the iliac crest at “Gu's Point” is relatively shorter, reducing the difficulty of puncture and subsequent operation (Figures 1J,L). (3) It shortens the manipulation path in obese patients. The more lateral from the midline the entrance point, the longer the path for the surgical target. Especially more subcutaneous adipose tissue of obese patients makes the puncture point more distal from the surgical target, which needs a very long working channel for transforaminal endoscopic surgery. (4) It avoids abdominal viscera and main blood vessels. Puncture from “Gu's Point” is much safer, and the tip of the needle could be blocked by the bony structure of the spine. In PTES, the puncture is easy, and it is acceptable that the tip of the needle is in the posterior one-third of the intervertebral space on the lateral C-arm view once the needle reaches the target. Simple orientation and easy puncture are achievable because of three crucial techniques in PTES, including the “minor adjustment of the puncture technique,” “guiding rod technique,” and “press-down enlargement of the foramen” technique. Due to the principle that the needle moves forward in the opposite direction to the needle tip bevel, changing the direction of the needle tip bevel can adjust the puncture trajectory or even bypass the obstacle and reach the target segment. This is the “minor adjustment of the puncture technique” (Figure 5). It is easier for the stiff guiding rod to adjust the puncture trajectory than the soft puncture needle, which is the “guiding rod technique” (Figure 6). Sometimes the facet joint is very hard and the reamer skids during the foramen enlargement, which can be solved by rotating the reamer along the guiding rod inserted into the intervertebral foramen. Although the puncture needle enters the intervertebral disc, we press down the protective cannula anchored against the facet joint and make its angle to the horizontal plane smaller for enlarging the foramen, which can let the reamer remove the ventral side of the facet joint and makes it easy to place the working cannula into the spinal canal between the dural sac and disc. It is called “press-down enlargement of the foramen” (16, 17) (Figure 7). In PTES, a 7.5-mm reamer is used to enlarge the foramen in one step instead of step by step. This reduced steps, simple orientation, and easy puncture can significantly decrease the frequency of fluoroscopy projection and shorten the operation time (Figure 8).


[image: Figure 8]
FIGURE 8
Simple orientation and easy puncture are achievable because of three crucial techniques in PTES including “minor adjustment of puncture technique,” “guiding rod technique,” and “press-down enlargement of foramen,” which could significantly decrease the exposure of x-ray and the operation time.


There are also some limitations of this study. It is a single-center retrospective study with a relatively small number of patients. There is no comparison of PTES with other techniques, such as MIS-TLIF. Therefore, we will perform a multicenter prospective controlled study.



Conclusion

It is much more accurate to predict the culprit segment according to clinical symptoms than radiologic images in PTES under local anesthesia for surgical treatment of LDDs, which can decrease the operative duration, blood loss, fluoroscopy frequency, and postoperative rebound effect of leg pain. The entrance point of PTES (Gu's Point) is located at the corner of the flat back turning to the lateral side, and in PTES, there are three crucial techniques of “minor adjustment of the puncture technique,” “guiding rod technique,” and “press-down enlargement of the foramen.” PTES is not only a minimally invasive surgical technique but also includes a preoperative and intraoperative assessment system for guaranteeing operative efficacy.
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Objective: This study aims to investigate the effectiveness and feasibility of biportal endoscopic decompression, debridement, and interbody fusion, combined with percutaneous screw fixation for lumbar brucellosis spondylitis (LBS).



Methods: The data of 13 patients with LBS were retrospectively analyzed, who underwent biportal endoscopic decompression, debridement, and interbody fusion, combined with percutaneous screw fixation from May 2020 to June 2022. The patients’ clinical data, the duration of operation, the estimated blood loss (including postoperative drainage), and complications were recorded. Clinical outcomes include serum agglutination test (SAT) measures Brucella antibody titer, erythrocyte sedimentation rate (ESR), C-reactive protein (CRP), the visual analog scale (VAS) scores of low back and leg, Japanese Orthopaedic Association (JOA) score, Oswestry Disability Index (ODI), American Spinal Injury Association neurological classification, and lordotic angle were analyzed. All patients were assessed using the modified Macnab criteria at the final follow-up. The intervertebral bone graft fusion was assessed using the Bridwell grading criteria.



Results: The mean operation duration was 177.31 ± 19.54 min, and the estimated blood loss was 176.15 ± 43.79 ml (including postoperative drainage was 41.15 ± 10.44 ml). The mean follow-up period was 13.92 ± 1.5 months. SAT showed that the antibody titers of 13 patients were normal 3 months after the operation and at the final follow-up. ESR and CRP levels returned to normal by the end of the 3-month follow-up. VAS scores of low back and leg, JOA score, and ODI significantly improved after the operation throughout the follow-up period (P < 0.05). Based on the modified Macnab criteria, 92.3% showed excellent to good outcomes. One patient had only a percutaneous screw internal fixation on the decompression side due to severe osteoporosis. One case suffered a superficial incision infection postoperatively that healed with dressing change and effective antibiotic treatment. Bony fusion was obtained in all patients at the last follow-up, including 12 cases with grade I and 1 case with grade II, with a fusion rate of 92.31%.



Conclusion: Biportal endoscopic decompression, debridement, and interbody fusion, combined with percutaneous screw fixation is an effective, safe, and viable surgical procedure for the treatment of LBS.
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Introduction

Brucellosis is a zoonotic disease caused by Brucella that can affect multiple systems of the entire body, most commonly involving the musculoskeletal system (1). Osteoarticular infections occur mostly in the spine, and their prevalence has been reported in the literature to be approximately 6%–58% (2, 3), with the lumbar spine being the most frequent, followed by the thoracic and cervical spine (4, 5). The treatment of lumbar brucellosis spondylitis (LBS) remains controversial, and antibiotic chemotherapy is still considered to be the main treatment for the disease, usually with a good prognosis (6). Nevertheless, surgical intervention may be required for patients with progressive kyphotic deformity, neurological dysfunction, spinal instability, abscess formation, intractable low back pain, and failure to respond to conservative treatment (7, 8).

The biportal endoscopic technique is an emerging minimally invasive spine surgery that adopts two independent portals (viewing and working). An endoscope is placed in the viewing portal to monitor the surgical field, and instruments are placed in the working portal to perform the procedure. Several studies have shown excellent clinical results in the treatment of lumbar degenerative diseases with the biportal endoscopic technique (9–11). With the wide application of this technique in clinical practice recently, its surgical indications have gradually expanded and are not limited to lumbar degenerative diseases. Currently, some scholars have also attempted to apply this technique to treat spinal infectious lesions, such as epidural abscess (12), suppurative spondylitis (13), and spinal tuberculosis (14). To our knowledge, the biportal endoscopic technique for LBS has not been reported. Therefore, this study was conducted by retrospectively analyzing this group of cases and evaluating the clinical outcomes. This study aims to investigate the effectiveness and feasibility of biportal endoscopic decompression, debridement, and interbody fusion, combined with percutaneous screw fixation in the treatment of LBS and to summarize the surgical points and precautions.



Materials and methods


General information

The study protocol was approved by the Ethics Committee of the First Affiliated Hospital of Xinjiang Medical University and performed according to the Declaration of Helsinki. A total of 13 patients (10 males and 3 females) who were diagnosed with LBS who underwent biportal endoscopic decompression, debridement, and interbody fusion, combined with percutaneous screw fixation from May 2020 to June 2022 in our institution were included in this study (Table 1). The initial diagnosis of LBS was based on the presence of findings consistent with infection in the lumbar spine region on x-ray, computed tomography (CT), and magnetic resonance imaging (MRI) (15) (Figure 1 and Table 2), and confirmed diagnosis was done by positive blood culture, positive bacterial culture of a biopsy specimen, or serum agglutination test (SAT) revealing a titer of antibodies to Brucella of ≥1/160 (6). All patients were informed of all potential risks of the surgery and signed written consent preoperatively.
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FIGURE 1
A 57-year-old male, whose complaint was intractable low back pain for 1 year and lower limb pain for 1 month. (A,B) Sagittal CT and MRI showed an epidural abscess compressing the thecal sac at L4–5. (C,D) Axial CT and MRI showed the epidural abscess.



TABLE 1 Demographic characteristic of all patients.
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TABLE 2 Radiological data of all patients.
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The inclusion criteria were as follows: (1) confirmed diagnosis of LBS combined with epidemiological history, clinical feature, laboratory, and imaging examinations; (2) the presence of intractable low back pain, severe or progressive neurological dysfunction, and imaging revealed massive epidural abscess; (3) ineffective conservative treatment (symptoms continued to worsen and/or infection could not be controlled); (4) the surgical approach was adopted with biportal endoscopic decompression, debridement, and interbody fusion, combined with percutaneous screw fixation; (5) postoperative follow-up ≥12 months. The exclusion criteria included (1) unclear diagnosis of LBS, or with other spinal infectious or neoplastic diseases; (2) lesions involving two or more segments; (3) patient unable to tolerate surgery; (4) those treated with other surgical modalities.



Preoperative preparation

All patients received antibrucellosis chemotherapy orally in the form of doxycycline (200 mg/day) and rifampicin (600 mg/day) for at least 2 weeks preoperatively. Surgery was performed when the patient's temperature significantly decreased or was normal.



Surgical methods

All procedures were performed under general anesthesia, with the patients in the prone position on a radiolucent table. These portals were checked under C-arm fluoroscopy guidance and marked, and then the skin of the surgical area was sterilized and the waterproof sterile surgical draping was used.

Two Kirschner needles were inserted into the marked portals used to precisely locate the intervertebral space in the anteroposterior and lateral views under fluoroscopy. Two portals were made for this procedure. The two holes were located 1 cm above and 1 cm below the center where the two needles’ junction points were located and placed close to the outer edge of the pedicle. The distance between the two channels may vary depending on the level and height of the patient, but the proximal channel is located approximately 2 cm above the distal channel. Two longitudinal incisions of about 1.5 cm were made to introduce the arthroscope and surgical instruments. For the left-sided approach, the cranial portal was used as the viewing portal to insert the arthroscope, and the caudal portal was used as the working portal to insert various instruments. The opposite was true on the right-sided approach. The fascia was incised perpendicular to the skin to prevent obstruction of water flow during the procedure. To facilitate the smooth flow of the flushing fluid, this can be achieved by extending the fascial incision or cutting across and manually placing a semitubular retractor. After making two small incisions in the fascia and skin, serial dilators were inserted under the guidance of C-arm fluoroscopy to create two holes. Then, a lamina dissector was used to dissect the lamina under the guidance of fluoroscopy (Figures 2A,B). The arthroscope system and instruments were inserted into two portals, and the irrigation fluid was drained naturally through the viewing portal toward the working portal without the assistance of a distractor or cannula.
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FIGURE 2
Intraoperative photographs during biportal endoscopic decompression, debridement, and interbody fusion, combined with percutaneous screw fixation. (A,B) The position of the two portals under the guidance of C-arm fluoroscopy. (C) The endoscopic image of light red inflammatory granulation tissue. (D) Endoscopic image of separated and exposed granulation tissue. (E) Endoscopic showed implantation of a cage filled with rifampin mixed with autologous bone. (F) Photograph of the incision after completion of surgery.


When triangulation was established between the arthroscope and instrument, the soft tissue around the interlaminar space was cleared with an arthroscopic shaver. This revealed the lower margin of superior lamina, the upper margin of inferior lamina, the inferior articular process (IAP), and the facet joint. Ipsilateral laminectomy and facetectomy were performed first. An osteotome, Kerrison punch, and high-speed burr were used to remove the IAP, and part of the lower margin of superior lamina to the beginning of ligamentum flavum (LF) was exposed. Removed part of the upper margin of inferior lamina to the end of LF was exposed. Then, the apical and medial margins of the superior articular process (SAP) of the inferior vertebral body were removed to create a space between the traversing nerve root and the exiting nerve root. Concomitant contralateral decompression is performed for those with bilateral neurogenic symptoms or a high number of epidural abscesses. Local autologous bone harvested during the procedure was set aside for later use as interbody bone grafting. After completion of the ipsilateral decompression and contralateral decompression, as well as facetectomy. The LF overlying the dura and nerve roots were safely dissected, released, and completely removed intact using a rongeur and pulposus forceps for full exposure of the inflammatory lesion tissue, dura, and nerve release. After carefully dissecting the dura margin and nerve root, it could be safely protected with a specific retractor. It can be seen that the light red inflammatory granulation tissue compressed the dura and nerve root, carefully separated, and exposed the granulation tissue with a hook probe (Figures 2C,D). Enlarged vessels required a radiofrequency coagulator to coagulate. The inflammatory granulation tissue biopsy and removal were accomplished using various instruments such as pulposus forceps and Kerrison punch.

After protecting the dura and nerve roots with a special retractor, annulotomy was performed on the disc using a sharp knife. A group of reamers, a curette, and two pulposus forceps were used to perform the discectomy. Then, the lesioned nucleus pulposus was removed for a histopathological biopsy. The arthroscope was introduced into the intervertebral space to monitor the preparation of the endplate. The residual diseased tissue and nucleus pulposus were completely removed, the pus in the spinal canal and around the vertebral body was cleaned, the destroyed and sclerotic bone was curetted, and the cartilaginous endplate was removed cleanly with a curette to expose the subchondral bone until it seeped blood slightly. If the destruction of the endplate is obvious and the vertebral body is severely collapsed, only the removed bone is bitten into small pieces, mixed with rifampin, and implanted into the vertebral space. When the bones are insufficient, artificial bone or allogeneic bone can be taken. For those with intact upper and lower endplates and mild destruction, a cage can be implanted. A cage trial implant was inserted into the disc space to realign the height of the intervertebral disc while avoiding subchondral bone injury and to determine the size of the real cage. A special cannula was used to fill the anterior part of the disc space with rifampicin mixed with autologous bone collected from the lamina and facet owing to the concern of bone loss caused by continuous irrigation. After the nerve roots were protected with a retractor, the cage packed with rifampin autologous bone was carefully inserted under arthroscopic surveillance to avoid injury to the nerve root (Figure 2E). The cage was inserted deeper into the intervertebral space with the help of a hammer and demonstrated its position and size under fluoroscopy.

Finally, two percutaneous pedicle screws on the ipsilateral side were inserted through two previously described skin incisions, and two percutaneous pedicle screws were then contralaterally inserted after making two new skin incisions. Each of the screws was connected by the percutaneous insertion of a rod and the nuts were fixed. A drainage catheter was inserted to drain small bony debris or prevent epidural hematoma (Figure 2F).



Postoperative management

Intravenous antibiotic (ceftriaxone, 2.0 g, Q12 h) was administered for 24 h postoperatively. Nonsteroidal anti-inflammatory drugs were used to reduce postoperative pain. The drainage tube was removed when the drainage flow was <30 ml/24 h. The patients were allowed to start walking with a lumbar brace 1 day postoperatively. All patients received the WHO-recommended oral regimen, consisting of doxycycline (200 mg/day) and rifampicin (600 mg/day) for a minimum of 3 months after the operation. X-ray and CT were performed on all patients before discharge to evaluate the location of the graft and instrumentation (Figures 3A–C). The decompression and abscess clear were assessed by sagittal and axial MRI (Figures 3D,E). Lumbar brace protection continued for 3 months.
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FIGURE 3
Postoperative imaging and pathological findings. (A) The lateral radiograph showed intervertebral bone grafting and instrumentation. (B) Sagittal CT showed that sufficient bone was planted. (C) Axial CT showed a good position of the Cage. (D,E) Sagittal and axial MRI showed sufficient decompression and abscess debridement. (F) Hematoxylin and eosin staining showed lymphocyte and monocyte infiltration in the samples biopsied.




Main observation indicators

The mean operative time, estimated blood loss (including postoperative drainage), and complications were recorded. Clinical outcomes include SAT measures Brucella antibody titer, erythrocyte sedimentation rate (ESR), C-reactive protein (CRP), the visual analog scale (VAS) scores of low back and leg, Japanese Orthopaedic Association (JOA) score, Oswestry Disability Index (ODI), American Spinal Injury Association (ASIA) neurological classification, and lordotic angle. All patients were examined clinically and radiologically at 1, 3, 6, and 12 months postoperatively and were assessed using the modified Macnab criteria at the final follow-up. The intervertebral bone graft fusion was assessed using the Bridwell grading criteria (16). When there was uncertainty on x-ray, further evaluation was done by CT.



Statistical methods

The data were statistically analyzed by using SPSS 26.0 software. The measurement data are expressed as the mean ± standard deviation (SD), significant differences in quantitative scores (VAS, JOA, and ODI) were determined using repeated-measures analysis of variance, and Student's t-test was used to evaluate changes in lordotic angle and laboratory (ESR and CRP). Any discrepancy in normal distribution was analyzed using the rank sum test. P < 0.05 was considered to be statistically significant.




Results


General results and complications

A total of 13 patients [10 males and 3 females, mean age ( ± SD) was 52 ± 9.77 years] who met the criteria were included in our study. The mean length of hospital stay was 9.69 ± 3.52 days, and the average follow-up time was 13.92 ± 1.5 months. The infectious levels included L1–2 in one patient, L2–3 in one patient, L3–4 in two patients, L4–5 in four patients, and L5–S1 in five patients (Table 1). All the patients completed the operation successfully. The mean operation duration was 177.31 ± 19.54 min, the estimated blood loss was 176.15 ± 43.79 ml (including postoperative drainage was 41.15 ± 10.44 ml), the average postoperative hospitalization time was 5 ± 2.31 days, and the time to ambulation was 1–2 days (Table 3).


TABLE 3 Results related to surgery.
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One patient underwent percutaneous screw internal fixation on the decompression side only due to severe osteoporosis. The time of bed rest and wearing a lumbar brace were prolonged after the operation and were treated with regular oral medication against osteoporosis. A superficial incision infection, which may be caused by the poor general condition of the patient, was observed in one patient postoperatively that healed with dressing change and intravenous antibiotic treatment. No perioperative complications related to decompression or instrumentation.



Symptom function

The clinical symptoms are summarized in Table 4. All cases had significant improvement in constitutional symptoms and lower back pain after the procedure. The VAS scores of lower back and leg, JOA score, and ODI significantly improved before discharge, 1, 3, 6 months, and the last follow-up compared with those before the operation, and the differences were statistically significant (P < 0.05) (Table 5). Based on the modified Macnab criteria, the outcomes were excellent in 10 cases (76.92%), good in 2 cases (15.38%), acceptable in 1 case (7.7%), and none of the patients showed poor outcomes. 92.3% showed excellent to good outcomes. In eight cases ASIA was E, and in five cases ASIA was D preoperatively. Two patients recovered to E before discharge and three patients improved to E at the last follow-up (Table 4).


TABLE 4 Clinical features of all patients.
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TABLE 5 Clinical outcomes (VAS, JOA, and ODI) of pre- and postsurgery.
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Laboratory indicators

Postoperatively all histopathological biopsies showed noncaseating granulomatous inflammation, with a large number of lymphocytes and monocytes (Figure 3F), all consistent with the diagnosis of brucellosis spondylitis. SAT showed that the antibody titers of 13 patients were normal 3 months after the operation and at the final follow-up. The preoperative, before discharge, postoperative 1, 3, 6 months, and the last follow-up ESR were 38.69 ± 18.98, 36.23 ± 11.39, 24.85 ± 9.17, 8.77 ± 3.72, 8.46 ± 2.73, and 5.92 ± 2.81 mm/h, respectively. However, there was no significant difference between preoperative ESR and before discharge (from 38.69 ± 18.98 to 36.23 ± 11.39 mm/h, t = 1.413, P > 0.05). Compared with preoperative ESR, it significantly decreased at postoperative 1 month (from 38.69 ± 18.98 to 24.85 ± 9.17, t = 3.705, P < 0.05). Compared with preoperative ESR, it significantly decreased at postoperative 3 months (from 38.69 ± 18.98 to 8.77 ± 3.72, t = 7.630, P < 0.05). Compared with preoperative ESR, it significantly decreased at postoperative 6 months (from 38.69 ± 18.98 to 8.46 ± 2.73, t = 7.787, P < 0.05). Compared with preoperative ESR, it significantly decreased at the last follow-up (from 38.69 ± 18.98 to 5.92 ± 2.81, t = 6.158, P < 0.05). The preoperative, before discharge, postoperative 1, 3, 6 months, and the last follow-up CRP were 26.82 ± 19.87, 29.56 ± 14.32, 13.72 ± 6.03, 5.45 ± 1.84, 5.13 ± 1.75, and 4.25 ± 1.91 mg/L, respectively. However, there was no significant difference between preoperative CRP and before discharge (from 26.82 ± 19.87 to 29.56 ± 14.32 mg/L, t = −0.404, P > 0.05). Compared with preoperative CRP, it significantly decreased at postoperative 1 month (from 26.82 ± 19.87 to 13.72 ± 6.03, t = 2.275, P < 0.05). Compared with preoperative CRP, it significantly decreased at postoperative 3 months (from 26.82 ± 19.87 to 5.45 ± 1.84, t = 3.862, P < 0.05). Compared with preoperative CRP, it significantly decreased at postoperative 6 months (from 26.82 ± 19.87 to 5.13 ± 1.75, t = 3.921, P < 0.05). Compared with preoperative CRP, it significantly decreased at the last follow-up (from 26.82 ± 19.87 to 4.25 ± 1.91, t = 4.077, P < 0.05).



Radiographic results

The preoperative, before discharge, and the final follow-up lordotic angle were 47.18 ± 6.88°, 40.83 ± 6.71°, and 42.26 ± 6.92°, respectively. Compared with preoperative lordotic angle, it significantly decreased before discharge (from 47.18 ± 6.88° to 40.83 ± 6.71°, t = 2.384, P < 0.05). However, there was no significant difference between the preoperative lordotic angle and the final follow-up (from 47.18 ± 6.88° to 42.26 ± 6.92°, t = 1.819, P > 0.05). Lordotic angle decreased postoperatively and there was no significant loss of angle at the last follow-up. The x-ray or CT (Figures 4A,B) at 6 months after the operation showed that seven cases (53.85%) had a segmental fusion, five cases (38.46%) had fusion trends but not fused, and one case (7.69%) showed no segmental fusion, in which bony fusion was obtained in all patients at the last follow-up (Figures 4C,D), including 12 cases with grade I and 1 case with grade II, with a fusion rate was 92.31%. Lumbar flexion and extension radiographs as well as CT were performed on this patient, and no pseudarthrosis was found. No loosening or fracture of the internal fixation occurred in all patients.
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FIGURE 4
Imaging findings during postoperative follow-up. (A,B) Coronal and sagittal CT showed that the cage was well positioned and high-density bone fusion between vertebral bodies at 6 months postoperatively. (C,D) A 14-month postoperative x-ray showed bony fusion and the instrumentation was in a good position.





Discussion

The incidence rate of brucellosis is very high, with more than half a million new cases annually, which has become a world public health problem and has brought a huge burden to society and the economy, especially in underdeveloped regions (17). Osteoarticular infections are one of the common manifestations of brucellosis, especially the lumbar spine is the predilection site of brucellosis, accounting for 6%–12% of all sites, which is the foremost cause of the debilitating and disabling complications (18). Combinations of antimicrobial chemotherapy remain the mainstay of treatment for LBS and are curative in most cases with conservative drug therapy (19), but residual kyphosis and spinal instability are found in certain patients at the end of treatment. The diagnosis and treatment of the disease pose great challenges to physicians. Due to delayed diagnosis and treatment, some patients suffer from neurological dysfunction by compressing effects from inflammatory granulation tissue or abscesses, intractable or progressive low back pain due to spinal instability, or massive paravertebral abscess formation; antibiotic therapy is also ineffective. For such patients, surgical treatment is frequently imperative (7, 8). Nevertheless, there is no consensus on the optimal surgical approach to the disease and the role of surgical intervention. In this study, the main goals of the surgery were to completely remove the infected lesion, relieve or eliminate pain, relieve compression, improve function, rebuild spinal stability, and restore normal spinal sequence.

There are few reports in the literature related to the surgical treatment of LBS, and the main surgical approaches include anterior debridement, traditional posterior opening surgery, and combined anterior and posterior approaches. Nontuberculous spinal infections were successfully treated through anterior debridement, fusion, and fixation by Redfern et al. (20). Anterior debridement, interbody fusion, and internal fixation were performed for LBS in 2018 by Yin et al. (21), with excellent clinical outcomes. Anatomically, brucellosis spondylitis usually begins at the superior endplate of the anterior margin due to the rich blood supply in this region (15). Thus, anterior surgery achieves adequate debridement and neurological decompression without compromising posterior spinal stability. However, there are still many shortcomings in the anterior approach. The anterior approach takes longer and may have complications such as vascular injury, ureteral injury, postoperative ileus, and bone graft failure compared with posterior open surgery (22–24). For cases with inflammatory granulation tissue or abscesses in the spinal canal, posterior open surgery can be directly performed to remove the compression, and with spinal instability or kyphotic deformity, pedicle screw internal fixation can also be performed to maintain or reconstruct spinal stability, correct deformity, and promote bone graft fusion, thus effectively treating LBS. Although conventional posterior open surgery compensates for the anterior approach, its disruption of the posterior musculoligamentous structures can lead to complications such as chronic low back pain and muscle atrophy after the procedure (25).

The distribution of abscess in brucellosis spondylitis is relatively limited, mainly involving the endplate and intervertebral space of the affected segment, and most of the bone destruction is dominated by sclerotic bone, unlike tuberculous spondylitis. The complete removal of the diseased tissue should not be overemphasized when debridement of the lesion is performed, as this may cause loss of residual bone and result in spinal instability. For this reason, biportal endoscopic decompression, debridement, and interbody fusion, combined with percutaneous screw fixation was adopted by us for patients with LBS, which has less injury to the posterior musculoligamentous and bony structures. Decompression and debridement under endoscopic surveillance are safer and more efficient, which can ensure adequate decompression and effective lesion removal while preserving more normal musculoligamentous and bony structures, thereby reducing the complications such as postoperative low back pain, muscle atrophy, and spinal instability. Moreover, percutaneous screw fixation can effectively maintain or reconstruct spinal stability and promote bony healing. The patients with epidural abscesses were successfully treated using the biportal endoscopic technique by Kang et al. (12). The unilateral biportal endoscopic discectomy and debridement were performed on salmonella spondylitis with epidural abscess by Hsu et al. (13), with an excellent outcome. In 2021, Kim et al. (14) applied the first biportal endoscopic debridement and percutaneous screw fixation technique for spinal tuberculosis. A total of 13 patients with LBS included in this study achieved satisfactory clinical outcomes and met the criteria for clinical cure after surgery. Through the above series of literature reports and the results of our study, it is feasible to treat LBS with biportal endoscopic decompression, debridement, and interbody fusion, combined with percutaneous screw fixation under strict control of the indications for the procedure.

With the widespread clinical application of biportal endoscopic technique in recent years, its surgical indications have been extended from lumbar disc herniation (9) and lumbar spinal stenosis (26) to lumbar interbody fusion (27), spinal infectious diseases (12–14), and even epidural tumor (28), and the therapeutic effect is comparable to that of convention open surgery. Decompression and debridement were performed by the biportal endoscopic technique under visualization resulting in more adequate decompression and lesion removal complete; handling the intervertebral space and bone graft fusion under endoscopic surveillance makes endplate preparation more complete and implantation of bone graft and cage safer. The technique has the advantages of clear vision, large working space, and freedom of operation and can be decompressed using traditional spinal surgical instruments. It combines the features of endoscopic and open surgery and truly embodies the minimally invasive concept of endoscopic operation.

The surgical points and precautions of biportal endoscopic decompression, debridement, and interbody fusion, combined with percutaneous screw fixation were summarized as follows: (1) the order of decompression: after determination of the interlaminar space, first decompressed the bony structures, followed by the LF. After the IAP and the inferior margin of superior lamina were removed, then the upper edge of inferior lamina was resected, and subsequently, the medial edge and apex of the SAP were removed. Unilateral laminectomy and bilateral decompression should be performed for bilateral neurogenic symptoms or massive abscesses in the spinal canal. (2) When spinal infectious diseases are treated, it is recommended that the ipsilateral LF be preserved first, which reduces the risk of injury to the dura and ipsilateral nerve root from surgical instruments during contralateral decompression. (3) In patients with LBS, there is significant vascular proliferation, rich blood supply, and easy bleeding. If the ligamentum flavum is removed first, the surgical field is blurred due to hemorrhage, which increases the risk of nerve injury. Especially for epidural abscess or diseased tissue compressing the dura mater and nerve roots, dura mater dilatation significantly causes difficulty in “overtopping” and increased the risk of injury. (4) In the case of LBS, there may be inflammatory tissue adhering LF to the dura densely. In such cases, frequent gentle tractions of LF from the dura with punch and pituitary forceps are helpful for spontaneous detachment and gentle separation of the inflammatory tissue from the dura using a separator. The careful insertion of a blunt hook over the dura will prevent tears in the dura, which leads to adhesiolysis by saline irrigation into the epidural space between the inflammatory tissue, dura, and the overlying LF. (5) The rifampicin mixed with autologous bone implanted can provide an effective local anti-infection effect. Careful hemostasis and clear visualization should be maintained intraoperatively, and it is not advisable to maintain clear visualization by increasing water pressure to prevent the development of spinal cord hypertension syndrome.

The indications for this procedure are similar to those for conventional open surgery: (1) severe disc destruction or vertebral infection resulting in intractable low back pain that cannot be relieved by medication treatment. (2) Severe or progressive neurological dysfunction due to compression of the spinal cord or cauda equina and nerve roots by inflammatory granulation tissue in the spinal canal or epidural abscesses. (3) Spinal instability due to vertebral was destroyed. (4) Drug antibrucellosis therapy was ineffective. Limitations of this operation: (1) the anterior column (anterior longitudinal ligament, anterior two-thirds of the vertebral body, and fibrous ring) was severely destroyed, or massive abscess formation at the anterior margin required for anterior debridement and interbody fusion fixation via a retroperitoneal approach, or the formation of a massive paravertebral abscess. (2) Incomplete debridement and decompression may occur because of unclear vision. (3) The retroperitoneum may rupture and enter the abdominal cavity leading to peritoneal effusion and infection due to the continuous flow of large amounts of irrigation fluid (29).

Posterior debridement and decompression were performed by biportal endoscopic technique. Surgeons are concerned that they could cause intraspinal and central nervous system infections. Chen et al. (30) reported 24 cases of posterior debridement, bone grafting, and internal fixation for brucellosis spondylitis with significant improvement in VAS scores and neurological function after surgery, and no recurrent cases were found during follow-up. Sixty-two patients with LBS treated with posterior debridement and bone grafting combined with internal fixation were reported by another study (31), and all cases were clinically cured at the final follow-up. Surgeons have also expressed concern about the possibility of an increased risk of recurrence due to the spread of the lesion by flowing saline during resection of the lesion. However, it is worth noting that the biportal endoscopic technique for spinal infectious diseases has been previously reported in the literature (12–14) and achieved excellent outcomes. Furthermore, the use of the percutaneous endoscopic technique for spinal infectious diseases such as pyogenic spondylitis and spinal tuberculosis has also been reported with good results (32, 33). In addition, some scholars have expressed concern about the risk of infection with the use of implants because this may decrease the effectiveness of antibiotics while increasing bacterial adherence and glycocalyx formation. Notably, the adherence properties of Staphylococcus epidermidis to stainless steel were investigated by Oga et al. (34) and found that the bacteria colonized the rods in large numbers. Nevertheless, Chang and Merritt (35) concluded that titanium is less prone to bacterial colonization than polymethyl-methacrylate and stainless steel materials. The safety and efficacy of the titanium alloy screw-rod system in the treatment of spinal infectious diseases were confirmed by relevant studies, but it is necessary to perform effective debridement for the infected lesions, as well as take antibacterial drugs regularly and fully after the operation (35–37). In our study, the results were consistent with the aforementioned literature, with no cases of intraspinal and central nervous system infection, no recurrence found, and no instrumentation-related complications during follow-up, which may be related to regular antibrucellosis treatment before and after the procedure, continuous saline irrigation intraoperatively, and administered intravenous antibiotics perioperatively. Furthermore, local antibiotics and percutaneous screw fixation play an important role in the treatment of spinal infection, which is conducive to inhibiting infection, providing a relatively stable internal environment, and preventing recurrence (38).

Interbody fusion using autologous bone graft has been shown to be good practice for spinal infections. Several academics have apprehension about the use of cages in the treatment of spinal infections. For these reasons, Zhao et al. (39) adopted polyetheretherketone (PEEK) cages in combination with one-stage posterior debridement and instrumentation for 61 cases with LBS in 2020, which all patients had a successful outcome in terms of clinical and radiological findings after the operation, particularly no recurrence was detected at the 12-month follow-up. In this study, the reasons why we chose the cage instead of the autologous ilium to promote fusion are as follows: (1) Most of the bone destruction in brucellosis spondylitis is predominantly sclerotic bone, with the majority of patients having intact upper and lower endplates and lesser destruction (15). A total of 13 patients included in this study have intact endplates. (2) Ilium grafts have complications at the donor site, such as high levels of infection and hematoma, as well as limited iliac bone material in elderly patients (40), which is more invasive, bleeds more, takes longer to operate, and may result in prolonged bed rest due to intractable pain in the bone extraction area after surgery (41). (3) Autologous bone implants alone may have insufficient support, prolonged fusion time, and resorption of a small amount of bone, which may result in weaker recovery of the intervertebral space and foraminal height than cage fusion (42). (4) A cage as a carrier for bone grafting, based on the “brace-compression” principle, has a strong support effect, better biomechanical stability, facilitates early fusion, maintains the height of the spinal space, reduces the possibility of other pathologies due to pressure changes in the spine, and reduces the fatigue stress on the posterior nail bar system (43). (5) Because of the risk of bacterial biofilm formation, insertion of implants in infected areas is generally contraindicated. However, for spinal tuberculosis, some authors deem that there is less risk of such bond formation as Mycobacterium tuberculosis proliferated slowly with minimal glycocalyx slime production and existed in a planktonic form, which responded well to chemotherapy (44). Based on the above reports in the literature and considering that brucellosis is less aggressive than spinal tuberculosis (45), we tried to apply autogenous bone with a cage for intervertebral fusion and obtained a satisfactory fusion rate after the surgery, and no graft-related complications, such as cage subsidence and infection. Thus, interbody fusion with cage plus autologous bone is safe and feasible for those with intact endplates in LBS, and it has been reported that local bone graft with a cage is as beneficial as that without a cage (46).

In our research, 13 patients with LBS had significant relief of low back pain and radiating leg pain after the surgery, and VAS scores of low back and leg, JOA score, and ODI were significantly improved compared with those before the surgery, which further improved with time. The modified Macnab criteria showed excellent to good outcomes of 92.3%. Patients with neurological dysfunction improved after the operation, and all returned to normal at the final follow-up. The reason for this is that, on the one hand, biportal endoscopic decompression and debridement can relieve the compression of the spinal cord or cauda equina and nerve roots by inflammatory granulation tissue or abscess, and large amounts of saline continuous intraoperative flushing can remove most of the inflammatory factors, pus, and pathogenic bacteria and discharge them in time, eliminating the stimulation of inflammatory pain-causing factors, and effectively reducing intervertebral space pressure, thus significantly reducing pain. On the other hand, interbody fusion and percutaneous screw fixation can reconstruct or maintain spinal stability and improve severe low back pain caused by spinal instability owing to the lesion invading the vertebral body. Even if there was no significant improvement in ESR before discharge compared to before operation and CRP was elevated than before the procedure, the number of patients with ESR and CRP returning to normal increased continuously as time progressed. Possible reasons for this were analyzed were inflammation stimulation due to surgical trauma and the normal course of the disease. Moreover, though some patients in this study had spinal instability because of vertebral destruction, most of them had no significant kyphotic deformity. Hence, this may explain why the postoperative lordosis angle did not change significantly from the preoperative one. All patients showed bony fusion by reexamination of x-ray or CT at the final follow-up, including 12 cases with grade I and 1 case with grade II, with a fusion rate was 92.31%. The authors considered that the patient's fusion was grade II might be related to the following reasons: (1) the patient has severe osteoporosis; (2) the PEEK cage has a smooth surface and low bioactivity, which affects bone conductivity (47); (3) local use of rifampicin may inhibit the growth and mineralization of osteoblasts (48, 49); (4) prolonged and continuous saline irrigation has an effect on bone healing, but the exact mechanism is not known. Flexion and extension radiographs as well as CT were performed on this patient, and no pseudoarthrosis formation was detected, and no loosening or fracture of the internal fixation occurred in all patients. One case had percutaneous screw fixation on the decompression side only as a result of severe osteoporosis and was treated with postoperative antiosteoporosis medication. One patient developed a superficial incision infection postoperatively, which was considered due to the patient's obesity and history of diabetes, which healed with dressing change and effective antibiotic treatment.

Our research has some limitations such as it being a small sample size retrospective study with a lack of control groups, and to our knowledge, the biportal endoscopic technique was first utilized for LBS in this study, and its safety and efficacy need to be confirmed by the results of more clinical studies. Additionally, the follow-up period was short, and further evidence is needed for the certainty of long-term efficacy and the impact on spinal stability. Nonetheless, the symptoms, signs, laboratory, and imaging results of the patients included in this study were significantly improved postoperatively, indicating that biportal endoscopic decompression, debridement, and interbody fusion, combined with percutaneous screw fixation is feasible and effective in the treatment of LBS.



Conclusion

Pharmacological antimicrobial chemotherapy is the basis of treatment for LBS, and surgery is inevitable when the patient has intractable low back pain, severe or progressive neurological dysfunction, and spinal instability and conservative treatment is ineffective. Biportal endoscopic decompression, debridement, and interbody fusion, combined with percutaneous screw fixation is an effective, safe, and viable surgical procedure that should be considered a choice for the treatment of LBS.
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Shirashi's double door laminoplasty method was a popular decompression procedure for cervical myelopathy. In this paper, we introduced a modified double door laminoplasty based on Shirashi's method with preliminary results. This study retrospectively analyzed 22 patients who underwent modified double door laminoplasty. During procedure, a single segment of the unilateral lamina was separated from the cervical semispinalis muscle and the multifidus muscle space for the preparation of lamina groove. A self-developed mini titanium plate was used to fix the inner side of the spinous process to complete the fixation after open-door process. The VAS, JOA scores and QoL scale were recorded for pain assessment, neurological and functional recovery. The overall curvature and range of motion of C2–C7 were measured with x-ray images. Changes in sagittal diameter of spinal canal were measured by CT scans. MRI was used to measure the cross-sectional area of cervical paravertebral muscles. All 22 patients successfully recovered with this procedure. The mean operation time, blood loss and follow-up durations were 117 ± 25 min, 149 ± 32 ml and 16.1 ± 3.6 months respectively. The preoperative, 3-month postoperative and 12-month postoperative JOA scores were 9.35 ± 3.25, 13.74 ± 4.86 and 15.73 ± 5.19 respectively. with improvement rates of 57.4% and 83.4%. Mean VAS scores before, 3 months after and 12 months after surgery were 1.81 ± 0.79, 2.82 ± 1.56 and 2.18 ± 1.34 respectively. The C2–7 lordotic angle and overall range of motion shows no statistical difference preoperatively and 12 post-surgery. The average sagittal diameter of the cervical spinal canal was enlarged from 9.15 ± 1.55 mm to 14.25 ± 1.46 mm. The average area of cervical paravertebral volume measured preoperatively and 3 months post operation was 84% of pre-operative value respectively. This value was improved to 93% of the preoperative value at 12 months post-surgery. This paper introduced initial experience on a modified posterior cervical double-door laminoplasty that was based on Shirashi's method, featuring creating bilateral laminar grooves on both sides and fixing central gap with self-developed mini plates. This procedure prevented obvious axial symptoms and improved patients' quality of life, which provided a baseline for further research with larger cohorts.
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Introduction

Posterior cervical laminoplasty is a common procedure for treatment of patients with extensive spinal cord compression (1). Today, there are two main types of procedures—the open-door laminoplasty proposed by Hirabayashi (2), and the double-door laminoplasty proposed by Kurokawa (3)—that are similar in terms of neurological recovery and postoperative range of motion. On the other hand, both procedures have a certain probability of postoperative axial symptoms, —persistent neck and shoulder girdle pain—which have a significant impact on patients' postoperative life (4–8).

In order to improve axial symptoms and better preserve the curvature of the cervical spine, Shirashi proposed a double door laminoplasty-based improvement that preserved deep extensor muscles, through exposing the central structure by splitting the spinous process—so as to avoid stripping all the muscle attachment from the spinous process—and exposing the lamina by separating the muscle space on both sides (7, 9). The postoperative cervical spine function and quality of life scores of these patients were significantly better than those of the traditional surgery group, throughout the minimum 2-year follow-up period. The better postoperative recovery of this new double-door laminoplasty was corroborated by subsequent surgical studies (4, 5). Furthermore, double-door laminoplasty has proven more advantageous than single-door laminoplasty (10). Yet in the Shirashi method, muscle is stripped on both sides after the spinous process is split, creating a certain degree of muscle atrophy after surgery.

The maintenance of opened lamina originated from suture fixation in the earlier reports of laminoplasty, which had a certain probability of lamina re-closure. To better maintain the decompression effect, spacers from autologous bone and hydroxyapatite (11), lateral mass suture anchors (12), as well as titanium plates (13) have been used in clinical practice with corresponding technical features. Most methods attained an effective long-term stabilization effect, yet the early firmness of internal fixation titanium plates was better than that of spacers fixed by suture.

In this paper, we improved the Shirashi double door laminoplasty method by preparing bilateral laminar grooves through the posterior cervical muscle spaces and fixing the opened middle space with self-developed titanium plates. The preliminary patient cohort showed that the posterior muscles were well preserved resulting in minimal axial symptoms as well as a good quality of life.



Materials and methods

This study retrospectively analyzed 22 patients who underwent posterior modified double door laminoplasty at the Spine Surgery Department of Qilu Hospital of Shandong University from January 2018 to December 2020. Patients were included if they had cervical spondylotic myelopathy (CSM) caused by cervical disc herniation, cervical spinal stenosis and ossification of posterior longitudinal ligament. Patients with cervical spine fractures, cervical spinal cord injuries, spinal cord tumors, and patients who underwent anterior cervical spine fusion at the same time or earlier were excluded. All patients were followed up for at least 1 year, and CT images were reviewed at three and 12 months after surgery, whereas MRI images were reviewed at 12 months after surgery.

The surgical procedure was modified on the Shirashi method. Under general anesthesia, the patient was placed in prone position, and a median incision was made at the back of the neck. The deep fascia was incised longitudinally. After median separation of the nuchal ligament, a single segment of the unilateral lamina was separated from the cervical semispinalis muscle and the multifidus muscle space. Two mini retractors were used to maintain the operating window of the muscle space. An extended high-speed drill was used to cut the laminar at the medial side of the lateral mass joint (transitional area). The outer cortex of the lamina was removed, retaining the inner plate to form a hinge structure. In the same way, similar grooves were created on both sides. Then, the spinous process bifurcation at the central division of the nuchal ligament was identified and using a drill the spinous process was split in the middle from the bifurcation. The spinous process with semispinous muscles attached to them on both sides was spread. The bilateral grooves were used to form a hinge for the door. A mini titanium plate with holes for screw-fixing that could adjust the width of the central spaces had been developed (Figure 1). Two different models of plate were prepared with two or three screw holes in the central part, making the length of central part as 1.0–1.5 cm. The length of plate could also be reduced by cutting off one screw hole on either or both ends. The screws were designed with diameter of 2.5 mm and various length of 5, 6, 7 and 8 mm. According to the width of the door, mini plate with two or three central holes was selected, and the bilateral titanium plate wings were fixed on the inner side of the spinous process to complete the fixation (Figure 2). For most circumstances, two screws were recommended on both wings. The ventral screw could be implanted with longer length as 7 mm or 8 mm. The dorsal screw was recommended with length of 5 or 6 mm. For C3 and C4 with small spinous process, the ventral screw of bilateral wings of the plate be implanted along the direction of lamina, providing enough strength for the effective fixation. With the effective strength of this screw, the dorsal screw is not essential in case of insufficient remaining spinous process.


[image: Figure 1]
FIGURE 1
The schematic and photo images of self-developed mini titanium plate. (A) the transverse schematic image of mini plate showing the bending angle and the design of the nail holes; (B) the upper-view of the plate showing the length; (C,D) different views of the plate in photo.
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FIGURE 2
Schematic diagram of surgery and intraoperative photos. (A) a single segment of the unilateral lamina was separated from the cervical semispinalis muscle and the multifidus muscle space. Two mini retractors were used to maintain the operating window of the muscle space to create the laminar groove with extended high-speed drill; (B) the spinous process with semispinous muscles attached to them on both sides was spread and the bilateral titanium plate wings were fixed on the inner side of the spinous process to complete the fixation. (C) schematic diagram of surgery showing the creation of bilateral laminar grooves from muscle spaces, as well as the central fixation of separated spinous process.


All patients could sit up 48 h after the operations. Cervical collars were required for two weeks. The VAS scores of the patients were recorded postoperatively, two weeks, four weeks, 3 months and 12 months post operation. The JOA score was used to record the severity and recovery of spinal cord lesions in patients before, 3 months after and 12 months after surgery. The recovery was calculated by (Postoperative – preoperative score)/(17 – preoperative score)*100. The QoL scale (4) was used to evaluate the quality of life of the patients at 3 months and 12 months after surgery.

The x-ray examination was performed at 3 months and 12 months after operation, and the overall curvature and range of motion of C2–C7 in neutral position, hyperextension and hyperflexion position were recorded. CT scans and MRI were performed before, 3 months and 12 months after surgery. Changes in sagittal diameter of spinal canal before and after operation were measured by CT scans. MRI was used to measure the cross-sectional area of cervical paravertebral muscles before and after operation for assessment of the muscle atrophy.

Statistical analysis was performed using SPSS 22 statistical software. Paired T tests were used to test whether differences between corresponding continuous variables pre-op and post-operation. F test was used to test the homogeneity of variance. Difference were significant at a level of p < 0.05.



Results

All 22 patients successfully underwent the operation. The mean operation time, blood loss and follow-up durations were 117 ± 25 min (SD), 149 ± 32 ml (SD) and 16.1 ± 3.6 months (SD) respectively. There were no complications such as dural sac tear nor nerve root injury during the operation. Surgical level of cervical spine mainly involved from C3-C7, while C2 was also involved in one patent. Two patients had incision exudate after surgery, which was cured after prolonged dressing change with no postoperative infection occurred. One patient developed C5 palsy and recovered after one month of neurotrophic treatment without revision surgery. All patients were immobilized for 48 h on the bed with muscle exercises. Drainage was removed 48 h post-surgery and the patients were encouraged to off-bed rehabilitation with cervical collar for two weeks. Then cervical spine mobility training was encouraged after four weeks post-surgery (Table 1).


TABLE 1 Patient demographics in this study.

[image: Table 1]

There was no postoperative neurological deterioration in any patient. The preoperative, 3-month postoperative and 12-month postoperative JOA scores were 9.35 ± 3.25, 13.74 ± 4.86 and 15.73 ± 5.19 respectively. The 3-month and 12-month improvement rate RR were 57.4% and 83.4% respectively. The VAS score was used to evaluate the postoperative incision pain and axial pain. Mean VAS scores before, 3 months after and 12 months after surgery were 1.81 ± 0.79, 2.82 ± 1.56 and 2.18 ± 1.34 respectively. The QoL scale was used to evaluate the quality of life of the patients and was 62.25 ± 12.45 and 64.95 ± 14.50 at 3 months and 12 months after surgery respectively.

The patients' cervical lordosis loss was assessed by x-ray. The C2–7 lordotic angle was 15.45 ± 9.15° and 13.75 ± 10.65° before and 12 months after surgery respectively. The C2–7 overall range of motion was 38.25 ± 14.35° and 32.15 ± 13.08° preoperatively and 12 months postoperatively respectively. The average sagittal diameter of the cervical spinal canal measured by CT before operation and 12 months after operation was 9.15 ± 1.55 and 14.25 ± 1.46 mm respectively, and this difference was statistically significant (p < 0.05). At three and 12 months after the operation, there was no change in positions of plates and screws. The average area of cervical paravertebral volume measured preoperatively and 3 months post operation was 409.73 ± 97.05 and 346.41 ± 83.38 mm2 (84% of pre-operative value) respectively, and this difference was statistically significant (p < 0.05). This average area measured was 381.07 ± 91.92 mm2 at 12 months post-surgery (Figure 3), which was 93% of the preoperative value with no significant difference (p > 0.05) (Table 2).


[image: Figure 3]
FIGURE 3
The pre-operative and post-operative images of the procedure. The patient was a 50-year-old female suffering CSM and OPLL. (A1,A2) the preoperative transverse and sagittal T2 images; (B1,B2) the postoperative images at 3 months post operation with transverse and sagittal T2 images; (C1,C2) the postoperative images at 12 months post operation with transverse and sagittal T2 images showing an obvious muscle recovery; (C3,C4) the 3D reconstruction CT images and coronal image of MRI at 12 months post operation; (D1,D2) the preoperative and postoperative standing lateral x-ray films at 12months follow-up.



TABLE 2 The neurological and functional results of patients recorded during 12 months follow-up.
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Discussion

In recent years, numerous modifications have been made to classical posterior cervical double-door laminoplasty. New exposure methods to preserve the posterior muscles, the mini titanium plate and the advent of various new spacers, have made this operation less invasive (14). Here, we introduced a satisfactory double-door laminoplasty technique modification, in which bilateral grooves were created through muscle spaces and a bespoke titanium plate was used to fix the spinous process as spacer.

In Asia, posterior cervical laminoplasty, both single-door and double-door laminoplasty, is now commonly used by a large number of surgeons. Early applications required full dissection of the posterior cervical muscle from spinous process and removal of the spinous process, resulting in more obvious axial symptoms (15). Although re-suturing the muscles relieved axial symptoms, the re-sutured muscles tended to have necrosis due to ischemia. The modified exposure method for preserving the posterior cervical muscles was proposed by Shirashi in 2002 (9). The method initially focused on preserving five groups of muscles connecting the top of the C2 spinous processes which was later extended to cover other cervical spinous processes (C3–7) (6). The most important muscles are the semispinalis and multifidus, and the rotator. The semispinalis and multifidus muscles are longer and more vertical in the coronal position. They form a larger moment arm for the spinous process when exerting force, which plays an important role in completing the neck extension and stabilizing the cervical spine.

These muscle preserving effects were confirmed in in numerous studies (3, 4, 16, 17) studies. In Kotani's study (4), the mean VAS scores at final follow-up were 2.2 in muscle preserving group compared to 4.3 in conventional group. The deep muscle area on MRI was significantly higher in muscle preserving group than conventional group (102% vs. 58%). After that, several paper reported the adaptation of this improved exposure techniques in unilateral open-door laminoplasty, not double door laminoplasty. In Chen's study (18), the cervical curvature and ROM were significantly better in modified group compared to control group, while there were still decrease compared to pre-op values. The preservation of cervical muscle was significant in hinge side, with no difference in open side. This was due to the fact that during unilateral open-door laminectomy the laminar door was created in the longitudinal multi-segment continuous space on one side of the spinous process, while the hinge was created on the other side (10). However, the attachment of multifidus is still segmental, making complete preservation of the whole group of multifidus difficult. Double-door laminectomy avoids the excision of spinous process, which not only preserves the central attachment site of muscles but also completes the spinal cord decompression in the space created by splitting spinous process (16). A multi-segment continuous space is not required for preservation of the shape and function of muscles (17). The preservation of muscles could be bilateral in double-door laminoplasty, while mainly in hinge side in unilateral open-door laminoplasty. Therefore, we believe that Shirashi's method is especially suitable for double-door laminectomy. In our patients, postoperative MRI showed that the muscle shape and volume were maintained at good levels at 12 months, corroborating the muscle preserving possibility of double-door laminectomy. Indeed, there were still decrease in cervical lordosis and ROM after operation, indicating that this modified exposure technique could reduce the loss of function of muscles and tension band in the neck, not eliminate that. This was also comparable to the above previous studies.

The spacers in double-door surgery could maintain the width of the door and the sagittal diameter of the spinal canal after the door is opened. The autologous bone and hydroxyapatite spacers are a possible bridge for growth of the bilateral lamina (19). However, all spacers take time to fuse with the bilateral lamina, and have the risk of dissolution and rupture. Loosening of spacers may lead to displacement of the spacer, causing serious neurological complications (11). Therefore, mini titanium plates were recommended as substitutes for spacers in fixing bilateral lamina (13). Our self-designed mini titanium plate adjusted the length on both sides and central width of the plate during the operation, to adjust to the width of the central slot of each segment (Figure 1). The screws could immediately stabilize the lamina. At 12-month follow-up post-surgery, no patient had any displacement of their plates, corroborating titanium plates completely stabilize the lamina. This rigid stabilization improves the tension of the ligamentum flavum-lamina complex, thereby reducing incidences of postoperative axial pain (19). Few paper reported the experience of spacers in double-door laminoplasty with the modified muscle-preserving technique. Noguchi (19) reported use of hydroxyapatite spacers in double-door laminoplasty with traditional exposure technique. Guo (20) reported use of titanium plates in unilateral open-door laminoplasty with modified expose technique. As a supplement to these studies, it is our aim was to provide some experience with spacers in double-door laminoplasty using modified exposure techniques.

Currently, atrophy of the lumbar back after lumbar spine surgery, is a highly researched topic (21), while more attention is required in the muscled of cervical region. In this study, we compared cross-sectional MRI data of muscle groups of the neck before and after surgery, which confirmed the protective effect on the muscles. The preservation of muscle function after surgery is possibly dependent upon splitting of the spinous process, retaining the muscle insertion point, and completing the groove on both sides through the muscle spaces to reduce muscle dissection and ischemia. Moreover, after the lamina is firmly fixed with the titanium plate, the patient needs no cervical collar and this ultimately better maintains the patient's muscle function and shape (22). However, more research on concrete associations of muscle changes with axial pain in needed.

This study had limitations. First, due to the use of self-developed titanium plates, few patients were enrolled in this study for safety concern. Second, there was no comparative analysis between patients using titanium plates and patients using spacers to determine which was superior. Third, long-term follow-ups (2–5 years) are required observe the final survival of titanium plates in patients.

In this paper, we introduced a modified posterior cervical double-door laminoplasty based on Shirashi's method. The spinous process was split while retaining the muscle attach point, and laminar grooves were made on both sides through the segmental muscle space. After opening the door, the central gap was fixed with a self-developed titanium mini plate. Patients who underwent this surgical approach had preserved posterior muscles and this prevented obvious axial symptoms and improved their quality of life. Our findings provide a baseline for further research with larger cohorts.
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Study design: Retrospective study of clinical and radiological parameters.



Objective: To investigate the clinical efficacy and long-term stability of bone cement of the bilateral pedicle anchoring technique with percutaneous vertebroplasty (PVP) in the treatment of Kümmell's disease (KD).



Summary of background data: The optimal treatment regimen for KD remains controversial. With the development of minimally invasive orthopedic techniques, PVP has been widely recognized for its advantages, such as less surgical trauma, shorter operation time, less blood loss, quick recovery, and pain relief. Previous reports indicate that in patients who undergo PVP for KD, bone cement may be displaced, causing pain recurrence, or it may enter the spinal canal and cause spinal cord compression, especially in the long term. Theoretically, the bilateral pedicle anchoring technique can enhance the stability of the bone cement in the vertebral body and reduce the occurrence of long-term bone cement displacement. However, there are few reports on the use of this technique to treat KD. This study reports the mid- and long-term follow-up of the clinical and radiological outcomes of the bilateral pedicle anchoring technique with PVP for the treatment of KD.



Methods: From January 2016 to January 2019, 41 patients with KD treated using the bilateral pedicle anchoring technique with PVP in our hospital were enrolled. There were 10 men and 31 women with an average age of 76.5 ± 8.0 years (range: 55–92 years). The average follow-up duration was 19.3 ± 8.0 months (range: 12–38 months). Visual analog scale (VAS) scores, Oswestry disability index (ODI), anterior vertebral height, kyphotic angle, and wedge angle were recorded before surgery, 1 day after surgery, and at the last follow-up. Clinical efficacy, vertebral height recovery, and bone cement displacement were analyzed in combination using plain radiographs, computed tomography, magnetic resonance imaging, and other imaging data.



Results: All the patients successfully underwent the procedure without serious complications. No obvious displacement of bone cement was found in the imaging data obtained 1 day after the operation and at the last follow-up. VAS scores, ODI scores, anterior vertebral height, kyphotic angle, and wedge angle of the injured vertebrae significantly improved after surgery. There was no significant difference between the anterior vertebral height, kyphotic angle, and wedge angle of the vertebral body obtained 1 day after surgery and those obtained at the last follow-up. Bone cement leakage occurred in seven patients, with no abnormal clinical symptoms.



Conclusion: The bilateral pedicle anchoring technique with PVP integrates the use of bone cement in both the vertebral body and the bone cement in the pedicle, enhances the stability of the bone cement, and effectively prevents the displacement of the intravertebral bone cement. The postoperative bone cement stability was high, the clinical effect was obvious, and the long-term follow-up results were satisfactory. Hence, this is a safe and effective surgical method for the treatment of KD.
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Introduction

Kümmell's disease (KD), a complication of osteoporotic vertebral compression fractures (OVCFs), is becoming more common worldwide (1). OVCFs typically respond well to conservative treatment, but KD still affects 7%–37% of the patients (2). KD, also known as delayed osteonecrosis of the vertebral body, has a broad spectrum of clinical manifestations. Therefore, multiple synonymous terms have been used to describe this pathology: posttraumatic vertebral osteonecrosis or avascular necrosis, vertebral pseudarthrosis, intravertebral vacuum cleft or gas, delayed vertebral collapse, and vertebral compression fracture nonunion (1). In addition to pain, intravertebral instability can result from vertebral compression fractures (3). Particularly in KD, intravertebral instability from nonunion of the vertebral fracture can cause persistent severe pain and dysfunction (4). The intravertebral cleft formed through osteonecrosis absorption is an important radiographic feature for diagnosing KD (5). Conservative treatments, such as bed rest and narcotic analgesics, are ineffective in treating patients with KD (6). The relief of back pain, prevention of further collapse of the affected vertebra, and prevention of kyphosis are the objectives of surgical interventions. However, the disadvantages of open surgery, including severe trauma and longer recovery times, are concerning for patients and doctors. Percutaneous vertebroplasty (PVP) is a good treatment option for symptomatic KD (7–10). Although PVP has the potential to alleviate pain, stabilize the vertebral body, and restore vertebral height, it is associated with a greater risk of bone cement leakage and long-term loosening (11, 12). Once bone cement displacement occurs, the vertebral body collapses, and the bone mass at the posterior edge of the vertebral body may enter the spinal canal, cause compression, and induce a series of neurological symptoms (13). We used the bilateral pedicle anchoring technique with PVP to ensure the stability of the bone cement within the vertebral body. We injected bone cement into the vertebral puncture tunnel and pedicle, make bone cement as a whole can get stress support in the pedicle, effectively strengthen the cement in the vertebra fixation. Postoperative follow-up to monitor changes in clinical efficacy-related indicators and explore the surgical treatment of long-term clinical effects of KD was also conducted.



Materials and methods


Patient population

This study was approved by the Ethics Committee of The Second Affiliated Hospital of Chongqing Medical University. Written informed consent was obtained for each participant. Forty-one patients were enrolled in this study between January 2016 and January 2019. KD was confirmed in all patients, with segmental lesions at the thoracic (T) or lumbar (L) vertebrae: T7 (2 patients), T8 (3 patients), T9 (2 patients), T10 (1 patient), T11 (6 patients), T12 (7 patients), L1 (11 patients), L2 (4 patients), L3 (4 patients), and L4 (1 patient). Twelve patients had a history of minor trauma, such as trauma from carrying heavy objects or falling on the foot, and the remaining patients had no obvious history of trauma. All patients underwent radiography, computed tomography (CT), and magnetic resonance imaging (MRI). Preoperative bone mineral density measurements of the lumbar spine and femoral neck confirmed osteoporosis. The baseline characteristics of the patients are given in Table 1.


TABLE 1 Baseline characteristics of the patients.
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Inclusion and exclusion criteria

The inclusion criteria were as follows: (1) patients with a history of minor trauma or no obvious history of trauma; (2) patients with symptoms lasting more than 3 months or symptoms lasting less than 3 months but with a history of similar symptoms; (3) patients without neurological deficits; (4) patients with CT showing the intravertebral cleft (or vacuum sign) with or without sclerotic margins; (5) patients with a low signal intensity in the cleft on T1-weighted images and either a high or low signal intensity on T2-weighted MRI; (6) patients with osteoporosis; and (7) patients with at least 1 year of follow-up.

Exclusion criteria were as follows: (1) patients with neurological deficit; (2) patients with a history of thoracolumbar surgery; (3) patients with infective lesions on the puncture path; (4) patients with underlying malignancy; (5) patients with serious physical illnesses, abnormal blood coagulation function, or mental disorder; and (6) patients who were unable to tolerate the PVP procedure under local anesthesia.



Surgical procedures

The surgery was performed under local anesthesia, and the neurological symptoms of the patients were observed in real time. If the patient had any discomfort, they could communicate with the surgeon, who might stop the operation on time and actively resolve the problem. The patient was placed in the prone position; the chest and iliac area were properly cushioned to place them in a slightly extended position; the towel was sterilized; the preoperative and positioning preparations were made; and the projection points of the pedicle surface of both pedicles of the surgical segment were marked. During the operation, the C-arm x-ray machine was used to locate the affected vertebral body and mark the needle insertion points on both sides. After local anesthesia took effect, bilateral pedicle puncture was performed. Based on the preoperative imaging data and x-ray positioning, a point at approximately 10 o'clock on the left pedicle and approximately 2 o'clock on the right pedicle of the injured vertebra, 3–5 mm laterally and at a slightly vertical angle, was selected as the puncture point (the puncture needle point and angle were the same as those of conventional PVP). Under C-arm x-ray machine guidance, the needle channel was adjusted so that it entered from the pedicle and approximately one-third of the needle was inserted proximal to the vertebral fissure. Bone tissue was collected for pathological examination as needed. Bone cement was prepared at the early stage of the wire drawing period, and injected into the center of the vertebral body at the same time under fluoroscopic guidance so that it was evenly distributed in the anterior part of the vertebral body in the form of a mass (the target bone cement could be in the vertebral body fissure and normal bone). After upper and lower support and good distribution of the bone cement were achieved in the anterior and middle columns, the puncture working cannula was retracted to 1 cm from the posterior edge of the vertebral body, and the push rod was injected from the scale of 1 cm and retracted at the same time. A small amount (<0.3 ml each time) of bone cement was injected at the postdrawing stage until the scale was 0 cm; then, this procedure was repeated. Under the monitoring of the anteroposterior and lateral positions, the puncture working cannula was retracted 1 cm from the middle and posterior parts of the pedicle, and the push rod was injected from the scale of 1 cm. At the same time, a small amount (<0.2 ml each time) of bone cement was injected in the late drawing stage or early stage of the globular stage, until the scale was 0 cm, the push rod was rotated, and an empty push rod was used to block the working sleeve to reduce the leakage behind the bone cement. The process of bone cement injection and intraoperative diffusion is shown in Figure 1. Communication with the patients during the operation confirmed that they had no symptoms of nerve irritation, and the large mass of bone cement in front of the vertebral fissure, the bone cement in both puncture passages, and the bone cement in the pedicle were connected to form a triangular overall structure. After the bone cement solidified, the working cannula was pulled out and sterilized and the puncture port was sutured. Typical patients are shown in Figures 2, 3.


[image: Figure 1]
FIGURE 1
(A–I) The intraoperative process of bone cement injection and diffusion.



[image: Figure 2]
FIGURE 2
An 81-year-old male patient with KD at L3 treated using bilateral pedicle anchoring technique with PVP: (A,B) preoperative radiographic images; (C) the sagittal T2-weighted MR image showing high signal intensity in the cleft; (D) the sagittal T1-weighted MR image showing low signal intensity in the cleft; (E–G) CT scans showing the intravertebral vacuum sign; (H,I) CT scans after operation showing the bone-cement-filled cleft and vertebrae; (J–L) bone cement dispersion was observed in both pedicles. KD, Kümmell's disease; PVP, percutaneous vertebroplasty.



[image: Figure 3]
FIGURE 3
A 76-year-old woman with KD at L1 treated using the bilateral pedicle anchoring technique with PVP: (A) preoperative radiographic images; (B,C) coronal and sagittal T2-weighted MR image showing low signal intensity at L1; (D) the sagittal T1-weighted MR image showing low signal intensity at the same location; (E,F) CT scans showing the intravertebral vacuum sign; (G–J) CT scans after operation showing the bone-cement-filled cleft and vertebrae; bone cement dispersion was observed in both pedicles; (J–L) x-ray at 14 months after operation showing no delayed displacement of bone cement or adjacent vertebral fracture. KD, Kümmell's disease; PVP, percutaneous vertebroplasty.




Efficacy evaluation

The visual analog scale (VAS) scores, Oswestry disability index (ODI) scores, anterior vertebral height, kyphotic angle, and wedge angle were recorded before operation, 1 day after the operation, and at the last follow-up to evaluate the effectiveness of the bilateral pedicle anchoring technique with PVP treatment in patients with KD. VAS and ODI analyses were performed using outpatient reexamination or telephone follow-up 1 day after the operation and at the last follow-up. Anterior vertebral height, kyphotic angle, and wedge angle data were collected radiographically before surgery, 1 day after operation, and at the last follow-up. Clinical efficacy, vertebral height recovery, and bone cement displacement were analyzed in combination using preoperative and postoperative plain radiographs, CT, MRI, and other imaging data.



Statistical analysis

Data were statistically analyzed using the SPSS software (version 26.0; IBM, United States). Normally distributed continuous data were expressed as mean ± SD (x ± s), and the comparison of data at different time points before and after treatment was carried out using paired t-test; p < 0.05 was considered statistically significant.




Results

All 41 patients with KD successfully underwent PVP with the bilateral pedicle anchoring technique. The mean operation time was 38 ± 11 min. The follow-up period of all patients ranged from 12 to 38 months (mean 19.3 ± 8.0 months). The VAS score reduced from 7.37 ± 0.97 preoperatively to 2.39 ± 0.92 and 2.27 ± 0.84 1 day after surgery and at the last follow-up, respectively. The ODI score also decreased from 72.27 ± 7.76 preoperatively to 26.96 ± 7.11 and 25.34 ± 7.23 1 day after operation and at the last follow-up, respectively. Significant statistical differences were observed in both VAS and ODI scores at each time point of follow-up when compared with the preoperative condition (P < 0.05, Table 2, Figures 4, 5). In addition, statistically significant improvements in radiographic measurements, such as anterior vertebral height, kyphotic angle, and wedge angle of the involved vertebral body between the preoperative and postoperative assessments, were also observed (P < 0.05, Table 3, Figure 6). There was no significant difference in the anterior vertebral height, kyphotic angle, and wedge angle of the vertebral body 1 day after surgery and at the last follow-up (P > 0.05). Cement leakage was assessed using immediate postoperative radiography and CT scan. Leakage of bone cement occurred in 7 of the 41 patients (17.07%), including 3 patients of paravertebral soft tissue leakage and 4 patients of intradiscal leakage, and no leakage was found in the spinal canal. Furthermore, no surgical complications, such as neurological deficit, pulmonary embolism, thermal injury, infection, delayed displacement of bone cement, or adjacent vertebral fractures, were observed. No obvious displacement or deformation of the bone cement was observed at the last follow-up compared to 1 day after the operation.


[image: Figure 4]
FIGURE 4
Histograms for VAS scores (n = 41).
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FIGURE 5
Histograms for ODI (n = 41).
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FIGURE 6
Line charts for radiographic measurements (n = 41).



TABLE 2 The VAS and ODI score preoperatively and at each time point postoperatively (n = 41).
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TABLE 3 Radiographic measurements of anterior vertebral height, wedge angle, and kyphotic angle (n = 41).
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Discussion

KD is a delayed complication of OVCFs and was first described by Hermann Kümmell in 1895 (14,15). To date, the pathogenesis remains controversial, and two theories have been proposed in the literature. According to the first theory, vertebral osteonecrosis creates the intravertebral vacuum cleft (6, 16), and the second theory indicates that vertebral nonunion and pseudoarthrosis are responsible for the intravertebral vacuum cleft (17, 18). It is possible that a number of factors combine to cause KD. An intravertebral cleft precipitated by trauma is considered the most dominant feature in diagnosing KD, with an incidence rate of 79% (19–21). As a vertebral fracture occurs, gas enters the subchondral cleft and produces a specific gas phenomenon, emitting a lower intravertebral signal visible on MRI (22). Extensive fluid builds up in the cleft over a short period of time as a result of avascular necrosis of the vertebral bodies, which causes intravertebral high signal intensity visible on T2-weighted MRI (23, 24). The cleft may lead to vertebral collapse and spinal canal stenosis, aggravating clinical symptoms (14). At present, surgical treatment of KD is the consensus, and surgery generally does not need to overemphasize the recovery of vertebral height (25), and mainly focuses on pain relief. With the development of minimally invasive technology in orthopedics, PVP and percutaneous kyphoplasty (PKP) are the main surgical methods for treating KD without spinal cord or nerve compression symptoms (26) and have been widely recognized for their advantages, such as less surgical trauma, short operation time, less blood loss, fast recovery, effective recovery of the injured vertebral height, and pain relief (27, 28). However, solving the complication of bone cement displacement and enhancing the stability of bone cement in the vertebral body are difficult problems. Bone cement displacement may occur due to vertebral fissure formation from bone nonunion, the surrounding sclerotic bone disrupting the anchoring of bone cement in the vertebral body, and the incomplete anterior edge of the vertebral body providing the path and space for bone cement displacement and falling off. In recent years, many methods have been proposed to reduce the incidence of bone cement leakage and displacement and increase stability and reliability. Hoppe et al. (29) used the fractional perfusion method to effectively reduce the leakage rate of bone cement. Park et al. (30) used short-segment percutaneous nail placement combined with PVP to effectively stabilize injured vertebrae. Piao et al. (31) used less bone cement and a lower radiation dose to achieve good biological strength of injured vertebrae through unilateral percutaneous bone capsule filling and enhanced vertebroplasty, and they reduced bone cement leakage. Some teams have also used high-viscosity bone cement to strengthen the injured vertebrae and effectively reduce the leakage rate of bone cement (32). PVP with a bilateral pedicle anchoring technique has been used in the treatment of KD at our hospital. The advantages of this technique are as follows: (1) the operation is performed under local anesthesia, the patient is awake, and any discomfort can be timely communicated with the surgeon in a timely manner for adjustment; (2) bilateral perforating cement perfusion can make the bone cement evenly spread in the trabecular bone and vertebral fissure, which improves the stability and support of the injured vertebra; (3) bone cement can form the entire injured vertebra and the pedicle, which further enhances the stability. The VAS, ODI, vertebral anterior height, wedge angle, and kyphotic angle before and after the operation were compared to determine whether the operation was effective, whether it could relieve the pain and discomfort of the patient, and the situation of vertebral compression and collapse. From the results of this study, the relevant indicators have been significantly improved, which proves that the operation can effectively improve the patient's symptoms, improve the quality of life, and stabilize the collapsed vertebral body. In this procedure, the bone cement in the vertebral body was made into a complete whole by bilateral puncture, and then the bone cement was anchored by pedicle shaping of bone cement, so that the bone cement formed a stable structure like a triangle in the vertebral body. The stable distribution of bone cement in the vertebral body was confirmed by clinical and imaging follow-ups. These findings also support the efficacy and advantages of PVP with bilateral pedicle anchoring in the treatment of KD.

This is closely related to the characteristics and advantages of PVP. First, bone cement can be used to fill cracks to stabilize the spine (14), and the high temperature during condensation can burn nerve ends in the vertebral body, thereby relieving pain (33). Second, compared with unilateral puncture, bilateral puncture has slightly lesser requirements for puncture angle, is a relatively easy operation, and achieves a more uniform distribution of bone cement. Compared with the traditional PVP surgery, there are some areas that necessarily require special attention during the operation, mainly focusing on the pedicle anchoring process: (1) avoid selecting patients with incomplete pedicle cortex, so as to reduce the risk of bone cement leakage during intraoperative pedicle formation. (2) In the process of pedicle formation, the bone cement selected should be in the late drawing stage or early dough stage. (3) Standard fluoroscopy should be adjusted during the operation, especially in lateral fluoroscopy; the distribution of bone cement should be even throughout the pedicle. Once the distribution is nonuniform, the operation should be suspended. (4) Standardized use of zoledronic acid, calcitriol, and other antiosteoporosis treatments for patients postoperatively, especially zoledronic acid, can inhibit the activity of osteoclasts and reduce bone conversion and absorption, which can significantly improve osteoporosis in patients (34).

In our study, the postoperative VAS and ODI scores of the patients were lower than the preoperative scores (P < 0.05). Postoperative anterior vertebral height, wedge angle, and kyphotic angle significantly (P < 0.05) improved compared to preoperative values. The results of the long-term follow-up showed that the imaging parameters did not change significantly compared to 1 day after the operation. We believe that the operation is dependent on the PVP; through bilateral vertebral puncture, the bone cement is more stable, and the distribution is even more stable. It can effectively enhance the fixation and supporting effect of bone cement in the vertebral body, reduce the risk of bone cement displacement, improve the patient's symptoms, and improve the quality of life. This is a safe and effective surgical method for the treatment of KD.

Our study had certain limitations. First, this study lacked direct proof of biomechanics in vitro and in vivo. Second, the duration of follow-up varied, which might have effected our results. Third, the distribution of injured vertebral segments was relatively large. Differences in the effects of treatment for different vertebral segments were not analyzed. Finally, as the goal of PVP is mainly to strengthen the collapsed vertebrae without aiming for neurological decompression, this minimally invasive technique is not a preferred option in patients with neurological deficits.



Conclusion

The bilateral pedicle anchoring technique with PVP achieved satisfactory clinical and radiological outcomes, and we believe that this minimally invasive procedure could provide an effective and safe alternative for the treatment of patients with KD. We hope to draw more convincing conclusions with a larger sample size and a longer follow-up duration in the future.
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Background: Augmented reality (AR) is an emerging technology that can overlay computer graphics onto the real world and enhance visual feedback from information systems. Within the past several decades, innovations related to AR have been integrated into our daily lives; however, its application in medicine, specifically in minimally invasive spine surgery (MISS), may be most important to understand. AR navigation provides auditory and haptic feedback, which can further enhance surgeons’ capabilities and improve safety.



Purpose: The purpose of this article is to address previous and current applications of AR, AR in MISS, limitations of today's technology, and future areas of innovation.



Methods: A literature review related to applications of AR technology in previous and current generations was conducted.



Results: AR systems have been implemented for treatments related to spinal surgeries in recent years, and AR may be an alternative to current approaches such as traditional navigation, robotically assisted navigation, fluoroscopic guidance, and free hand. As AR is capable of projecting patient anatomy directly on the surgical field, it can eliminate concern for surgeon attention shift from the surgical field to navigated remote screens, line-of-sight interruption, and cumulative radiation exposure as the demand for MISS increases.



Conclusion: AR is a novel technology that can improve spinal surgery, and limitations will likely have a great impact on future technology.



KEYWORDS
AR, MISS, fusion, pedicle screw, robotic-assisted navigation





Introduction

Augmented reality (AR) is an emerging technology that can overlay computer graphics onto the real world and enhance visual feedback from information systems (1). Based on advancements in optics, sensing, and computer systems, AR allows researchers to expand its applications (1). Modern-day AR systems have been integrated into our daily lives, including but not limited to social media, video games, retail, television broadcasting, wearable accessories, education, and in medicine, specifically in minimally invasive spine surgery (MISS) (Figure 1).


[image: Figure 1]
FIGURE 1
PRISMA flow diagram for the systematic review detailing the database search.


Over the past several decades, AR has grown to be an area of interest across many surgical fields, especially with its role in spinal surgery. Recently, AR systems have been implemented in treatment of degenerative cervical, thoracic, and lumbar spine diseases (2, 3). Studies have described AR as an alternative to current approaches such as traditional navigation, robotically assisted navigation (RAN), fluoroscopic guidance, and free hand, as it is capable of projecting patient anatomy directly onto the surgical field (2, 4–10). Therefore, it eliminates surgeon attention shift from the patient to the monitor for guidance (11, 12), line-of-sight interruption on live computer navigation, which may result in the loss of live navigation (13), and cumulative exposure to ionizing radiation as patients’ demand for MISS continues to grow (14).

Although AR is a novel technology that may distinguish itself from other state-of-the-art navigation systems, it is still in its nascency, and several limitations are important to recognize, such as mechanical and visual discomfort (15) and delays in the surgical learning curve, as it may be dependent on a generation of surgeons who grew up playing video games (16–18). Lastly, this is still a new field in research, and while pedicle screw insertion can be guided with AR, there has still yet to be an established system for pedicle screw accuracy (19).

The purpose of this article is to address previous and current applications of AR, AR navigation in MISS, limitations of today's technology, and future areas of innovation.



Methods

A systematic review was conducted using the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) guidelines.


Search strategy and data inclusion

Scientific evidence published from May 1997 to August 2022 in PubMed, Medline, and Google Scholar scientific databases was recorded. Keywords augmented reality, robotics-assisted surgery, navigation, heads-up display, minimally invasive surgery, spine surgery, pedicle screw, and accuracy were used and combined by means of Boolean operators AND and OR under English search. Categories were developed to classify studies as either clinical trial (cadaveric, clinical, and learning curve/technical notes), meta-analysis, randomized controlled trials, review articles, systematic review, and additional sources. The criterion for selecting the articles was published or supported by an indexed scientific database (Figure 1).

After performing each search, potentially relevant articles were identified after reading the title and the abstract. The following information was extracted from each included source: authors, year of publication, historical background, supported significant findings in AR and RAN, and possible limitations. At last, the risk of bias and study quality were assessed by both authors (FA and DRL) by eliminating selection bias, detection bias, reporting bias, and other biases. Ethical approval was not applicable for conducting this systematic review and meta-analysis.




AR: past and current applications

AR has become a point of interest in multidisciplinary research fields over the last few decades as it has been used in different applications to enhance visual feedback from information systems (1). Modern-day AR systems have been integrated into our daily lives based on previous systems created decades before (Figure 2). In 1968, the world's first head-mounted display (HMD), known as the “Sword of Damocles,” was created by Ivan Sutherland, a Harvard professor and computer engineer (20). The purpose of an HMD was to track the user’s head via an ultrasonic position sensor or mechanical linkage and create three-dimensional (3D) lines that appear stationary in the room (21). This allowed users to experience computer-generated graphics that enhanced their sensory perception of the world, which paved the road for AR systems that we currently use today (21). In 1974, a laboratory solely dedicated to AR was created at the University of Connecticut by Myron Kruger, a computer researcher and artist (20, 21). Within the laboratory walls, projections and camera technology were used to emit onscreen silhouettes surrounding users for an interactive experience (20, 21).


[image: Figure 2]
FIGURE 2
Timeline of AR technology (1960s–present). AR, augmented reality.



AR in flight

Throughout the 1970s and 1980s, Myron Krueger, Dan Sandin, Scott Fisher, and others experimented with many concepts of mixing human interaction with computer-generated overlays on video for interactive art experiences (22). In 1990, the term “Augmented Reality” was coined by Thomas Caudell and David Mizell, Boeing researchers (20, 22). Their technology assisted airplane factory workers as AR managed to display wire bundle assembly schematics in a see-through HMD (22). Around the same time, AR was implemented into different fields of independent research, which led to the creation of one the first fully functioning AR systems known as the “Virtual Fixture” by Louis Rosenburg, a researcher in the U.S. Air Force Armstrong's Research Lab (20). This system permitted military personnel to virtually control and guide machinery to perform tasks like training their U.S. Air Force pilots on safer flying practices. In 1999, the first hybrid synthetic vision system was created by NASA for their X-38 spacecraft. This form of AR technology displayed map data on the pilot's screen, which aided with better navigation during flights (20).



AR released to the public

Components of AR were then later introduced to the public, particularly in entertainment, television, games, social media, and wearable devices. AR made its first debut in the entertainment industry in 1994 by writer and producer Julie Martin. Martin brought AR to her theater production titled “Dancing in Cyberspace,” which featured acrobats dancing alongside projected virtual objects on the physical stage (20). In 1998, AR was introduced to Sportsvision broadcasts to draw the First and Ten Yard line in an NFL game (20, 21). By the dawn of the new century, the first open-source software library was created to help build an AR software program known as “ARTool Kit,” and the first AR game AR Quake was launched (20, 23, 24). The player users wore an HMD and backpack containing a computer and gyroscopes to be able to walk around in the real world and play Quake against virtual monsters (24).

By 2003, the first handheld AR system running autonomously on a “personal digital assistant” was created and became the precursor for today's smartphones (22). In 2005, one of the first face-to-face collaborative AR applications developed for mobile phones was created, known as “AR tennis,” by Nokia (23, 25). By 2016, Niantic and Nintendo launched Pokémon Go, which became a popular location-based AR game (20). This put AR on the map for the general masses leading to the development of similar games (20). Not only has AR been implemented into technology but it also has managed to have a grip on print media. In 2009, Esquire Magazine used AR for the first time; when readers scanned the cover, the AR-equipped magazine featured a celebrity speaking to readers (20).

By 2013, AR was introduced to the automotive industry as Volkswagen introduced the Mobile Augmented Reality Technical Assistance application (20). This was a groundbreaking adaption of AR because this system gave technicians step-by-step repair instructions within the service manual and would be applied to many different industries to align and streamline processes (20). That following year, Google released Google Glass to the public, a pair of AR glasses that users could wear for an immersive experience, where users wore the AR technology and communicated with the Internet via natural language processing commands and could access applications like Google Maps, Google+, Gmail, and more (20). Two years later, Microsoft created its own version of wearable AR technology known as HoloLens, which is more advanced than Google Glass as the headset runs on Windows 10 and is essentially a wearable computer. It also allows users to scan their surroundings and create AR experiences (20). Later on, a newer iteration known as the HoloLens 2 headset was created to target business and medicine (20).

Social media and retail industry started to later apply AR software to their products targeting everyday consumers. In 2015, Snapchat introduced its “Lenses” feature by overlaying various filters onto the camera's field of view to alter the perception of the user—Instagram and Facebook followed suit in 2017, applying similar software (20, 26, 27). In the same year, AR was introduced into the retail industry by IKEA, when it launched its AR app called IKEA Place, ultimately allowing customers to virtually preview their home decor options before actually making a purchase (20). By 2021, Meta, otherwise known as Facebook, released the first hyper-real alternative online virtual world that incorporates AR, virtual reality, and 3D holographic avatars, video, and other means of communication known as the “Metaverse” (28).



Applications of AR in surgery

One of the first AR adopters in medicine implemented AR in cranial neurosurgeries in the 1980s (15). Attempts to merge image injection systems in operating microscopes led to microscope-based implementations with integrated HMD and navigation systems in the mid-1990s (29). In 1997, Peuchot et al. first described a system known as “Vertebral Vision with Virtual Reality,” which allowed for fluoroscopy-generated 3D transparent visions of the vertebra to be superimposed onto the operative field (30, 31). From there, many generations were developed throughout the years as AR was able to blend intraoperative imaging or models with the surgical scene (31). At the time, this was an innovative approach as it aided in watching vertebral displacements occur without the distraction of referring to a monitor and had the potential to lower exposure to ionizing radiation (31). Studies such as Theocharopoulos et al. reported that levels of ionizing radiation in intraoperative fluoroscopy in spinal surgery are considerably higher than those in other subspecialties, and AR systems report a significantly lower dosage of radiation (31, 32).

In 2012, Leven et al. and later Schneider et al. proposed “flashlight” visualization to overlay the intraoperative ultrasound image onto a 3D representation of the imaging plane in the stereo view of the console, which then led to a drop-in tool for registering transrectal ultrasound images with laparoscopic video (21). Throughout the years, as AR technology was made available to the public and with the release of HoloLens in 2016, a newer iteration known as the HoloLens 2 headset was created where surgeons can implement this technology in the operation field (20, 33). This headset fits over the surgeon's head and displays transparent images that hover in the surgeon's field of vision. The application aligned images of the patient's anatomy with the real-life view. The surgeon then can walk around the patient, viewing three-dimensional holographic images of internal structures from different vantage points (33). Surgeons may also use voice commands or hand gestures to enlarge images or move information around. Even the patient's vital signs can be projected onto the field of vision (33).

By 2020, the first AR-guided spine surgery in a living person was performed with the Xvision system by Augmedics at John Hopkins University by Dr. Timothy Witham (34, 35). The first procedure was performed on June 8, 2020, where six screws were used during a spinal fusion surgery to fuse three vertebrae to relieve the patient from chronic back pain (34). The second surgery was performed on June 10, 2020, where surgeons removed a cancerous tumor from the spine of a patient (34). However, the first proof-of-concept study with AR-assisted pedicle screw insertion and cadavers was published in 2019 by Dr. Frank Phillips at Rush University. Within that following year, Phillips performed the first AR-guided MISS by implementing the same Augmedics system (19, 36). Phillips was able to perform a lumbar fusion with spinal implants on a patient with spinal instability (36). During the MISS procedure, the headset projected a 3D visualization of the navigation data onto the surgeon's retina. This allows the surgeon to see a 3D image of the patient's spine with the skin intact and two-dimensional (2D) computed tomography (CT) images of the instruments’ path and trajectory while looking directly at the surgical field (36) (Figure 3).


[image: Figure 3]
FIGURE 3
(A) HMD projects a 3D visualization of the surgeon's retina. (B) Surgeon sees a 3D image of the patient's spine with two-dimensional CT images of the instruments’ path and trajectory while looking directly at the surgical field. HMD. head-mounted display; 3D, three-dimensional; CT, computed tomography. Courtesy of Augmedics.


Currently, wearable devices, such as HMD, have been commonly used to display AR views for ease and speed and to accomplish feasibility, accuracy, and safety in workflows from open cases to MISS (14, 19). Current platforms include key features such as reducing attention shift from the surgical field to monitors, line-of-sight interruption, and cumulative exposure to ionizing radiation. Newer generations of AR systems, such as Augmedics and VisAR, have the capability to overlay virtual bony structures and preplanned screw trajectories on patients in the OR, enabling real-time feedback of all instruments in space in relation to anatomical structures (36) (Figures 3, 4). This removes the need for surgeons to avert their eyes to a screen and the traditional utilization of markers and tracking cameras, as AR systems are designed to align the hands and eyes of the surgeon (37, 38). Thus, real-time 3D capabilities allow the surgeon to “augment” the quantity of information that can be inferred by the sole surgeon's eyes (3, 39) (Figures 3, 4).


[image: Figure 4]
FIGURE 4
MISS navigation procedure utilizing VisAR technology. (A). The green ray (usually not seen) continuously monitors the centrum of each AprilTag for ongoing adjustment of the registration, if required. AprilTags are adhered to the skin and also placed on platforms stabilized by bone pins. The Jamshidi needle is aligned with the virtual needle/pathway and has been inserted percutaneously. (B). Lateral view of a MISS procedure in progress under VisAR navigation. Note the Jamshidi needle that has successfully penetrated the underlying pedicle. The center of the needle has been extracted, and a K-wire has been inserted for guidance of a cannulated screw. An optical fiducial (AprilTag) appears below the vertebrae. MISS, minimally invasive spine surgery. Courtesy of VisAR.




Pedicle screw accuracy in current AR platforms

Since accomplishing the first AR-guided surgeries in MISS surgeries, current platforms are assessing pedicle screw accuracy in MISS procedures. Studies have reported that Xvision by Augmedics has pedicle screw accuracies greater than at least 97.7% (40). Felix et al. compared pedicle screw accuracies between open and MISS procedures as both were guided by the AR system, VisAR (14). A total of 124 pedicle screws were inserted with VisAR navigation with 96% accuracy (Gertzbein–Robbins grades A and B), reporting that AR is an emerging technology can be highly accurate for both surgeries (14).




Discussion


The additive value of AR in RAN

With the emergence of AR and its multidisciplinary applications, AR is reported to assist RAN in more complex surgeries (41). Miller et al. reported prior AR work done on the DaVinci robot to show a 3D model of the patient's prostate superimposed on the intraoperative view (41, 42). Forte et al. explored alternative uses and interaction methods of AR and RAN and presented a robot-independent hardware and software system that provides four intuitive AR functions through computer graphics and vision (41). These functions can bring additional visual information into the surgeon's view, and the other functions leverage computer vision to provide more sophisticated computational capabilities (41). This relies only on vision rather than robotics to provide precise visual alignment between AR markers and the instrument and to avoid lengthy calibration procedures that are challenging for nontechnical personnel to perform (41, 43).

Although AR may bring an additive value to RAN, established RAN workflow for pedicle screw instrumentation may be subject to concern. Over the past decade, RAN has been implemented in surgeries as a practical tool to advance the field of MISS (44, 45). The first robotic-assisted system for adult spine surgery received U.S. Food and Drug Administration (FDA) clearance in 2004 (37). Robotic systems with integrated surgical navigation have the potential for improved accuracy, shorter time-per-screw placement, less fluoroscopy/radiation time, and shorter hospital stay than freehand (FH) techniques (46). Since then, newer robotic devices have been developed and cleared by the FDA for use in spine surgery (28). The RAN workflow for pedicle screw instrumentation can be simplified into three steps: preoperative planning, intraoperative registration, and robot-guided screw placement (47).

First, preoperative CT imaging is loaded onto the robotic planning software (48). Preoperative planning for screw insertion is carried out on robotic software, including the determination of the screw entry point, the size of screws, and the trajectories planned in axial and sagittal views preoperatively. Next, intraoperative registration is performed as a robotic mount is attached to the reference posterior superior iliac spine (PSIS) or spinous process reference clamp and ends with confirmation of fluoroscopic imaging, which is colocalized with the software planning template. During this step, all required surgical instrumentation can be registered and verified via 3Define cameras (Figure 5). At last, robotic-guided screw placements are initiated when a robotic arm is positioned over a single planned pedicle and end when the robotic arm is retracted following screw insertion (48) (Figure 6).


[image: Figure 5]
FIGURE 5
Ran registration process, all required surgical instrumentation was registered and verified via 3Define cameras. RAN, robotically assisted navigation.
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FIGURE 6
RAN surgeries incorporating registered navigated instrumentation, drill guides, and surgical monitors. Drill guide during surgical procedure combined with real-time visual feedback from the surgical navigation monitors. The navigation monitor shows real-time visual feedback based on the positioning of the navigated instrument. RAN, robotically assisted navigation.


However, concerns related to RAN include surgeon attention shift from the surgical field to navigated remote screens, line-of-sight interruption, and cumulative radiation exposure as the demand for MISS increases.



Surgeon attention shift from the surgical field to navigated remote screens

Conventional navigated methods include a shift in surgeons’ attention from the surgical field to a navigated remote screen. Similar to manual navigated systems, RAN requires the surgeon to observe the navigated screw insertion trajectory on a remote screen, making RAN just as susceptible to similar attention shift errors (19). Molina et al. reported issues that arose with attention shift, including preoperative errors caused by errors in preoperative planning, soft tissue pressure on instrumentation, a shift in the entry point and instrument positioning, and morphology of the starting point causing skive (19, 48).

Attention shifts have been shown to negatively impact both cognitive and motor tasks and add time to performing the task (11, 12). Goodell et al. evaluated laparoscopic surgical simulation tasks designed to replicate the levels of cognitive and motor demands in surgical procedures and found a 30%–40% increase in task completion time in the distracted vs. undistracted condition (49). In addition to that, Léger et al. reported the number of attention shifts needed to perform a simple surgical planning task using both AR and conventional navigation and found that AR systems (mobile and desktop) were statistically different from the conventional navigation systems but were not statistically different from one another (11). The errors associated with attention shift can be removed by directly projecting the navigation guidance onto the surgical field, allowing surgeons to keep their attention on the surgical field (19).

Furthermore, Léger et al. described that when AR is utilized for procedures, the attention of the subject remains almost the whole time (90%–95%) on the guidance images; however, other guidance systems split the attention almost 50/50 between the patient and the monitor (11). Additionally, the ratio of time based on looking at the screen to total time taken may give an estimate of the user's confidence in what one is doing; therefore, the higher ratios obtained for AR systems may indicate that AR gives users more confidence that they are correct with respect to the data presented (11).



Line-of-sight interruption

Aside from attention shift, another common limitation of RNA guidance is line-of-sight interruption (19). During procedures, live computer navigation is interrupted by an obstacle that blocks the visualization of tracking markers by a remote tracking camera, resulting in the loss of live navigation until the obstruction is resolved (19). This is a common limitation as it may increase the operative time and decrease the accuracy (14). To combat such barriers, newer AR systems have developed an adjustable headset, a built-in tracking system, and an integrated headlight that projects AR onto a small optical display or directly onto the surgeon's retina. This form of AR is known as AR-HMD (Figures 3A, 4A) (14).

Patient anatomy is obtained by automated segmentation of the intraoperative cone beam CT scan. The surgeon is also able to see 2D sagittal and axial projections within the headset (Figures 3B, 4B). The headset projects holograms directly to the surgeon's retina, allowing for 3D superimposition of the anatomy over the real spine, and clinical accuracy is then measured shortly after (19). Studies such as Molina et al. reported the first cadaveric experience employing an AR-HMD that provides the ability to insert 120 pedicle screws and found overall insertion accuracies of 96.7% and 94.6% using the Heary–Gertzbein and Gertzbein–Robbins grading scales, respectively (19). Similarly, Liu et al. published a study with 205 consecutive pedicle screw placements recorded in 28 patients (49). Screw placement accuracy was graded only with the Gertzbein–Robbins scale and reported a 98.0% accuracy, in line with the reported accuracy of navigation (49, 50). Although AR navigation may present high accuracy based on nonstandardized grading scales, the initial use of the system may result in sensory overload, and a learning curve is to be expected (14). Nonetheless, AR-HMD maintains a major advantage of minimizing line-of-sight interruption, as it can be used for both open surgery and MISS (14, 35, 51).



Cumulative radiation exposure as the demand for MISS increases

Radiation exposure for spine surgeons, OR staff, and patients has been a concern for many years (14). According to Bratschitsch et al., there has been a more than 600% increase in the use of radiation for diagnostic procedures in the United States since the 1980s (52). A 2014 report published an increased risk of cancer by up to 13% among members of the Scoliosis Research Society, advising robust safety measures for staff and spine surgeons (53).

Over the years, intraoperative imaging and surgical approaches have evolved with spine surgery. This generally guided surgeons to less invasive approaches, such as MISS techniques. Stanford Medicine reported that MISS techniques and RAN integration have shown shorter operating times and reduced pain and discomfort in patients (54). Furthermore, a meta-analysis comparing percutaneous and open pedicle screw placement for thoracic and lumbar spine fractures suggested that MISS is a superior treatment approach for pedicle screw placement (55). However, this technique calls for more imaging guidance and ultimately increases radiation exposure because fluoroscopy remains necessary to confirm vertebral levels, check spinal alignment, and guide implant placement (56, 57).

Technologies to reduce intraoperative radiation have real potential to impact long-term risks. As wearable and independent of navigation monitors, AR guidance can avoid attention shift, decrease OR clutter, and does not use or require ionizing radiation for surgical guidance. Studies such as Felix et al. have documented recent advancements in AR as a “paradigm shift” in its application in a variety of surgical fields, including orthopedics, neurosurgery, and spine surgery (14).




Technical pearls associated with AR

Although AR is a novel technology that may distinguish itself from other state-of-the-art navigation systems, it is still in its nascency and several technical limitations are important to recognize. First, mechanical and visual discomfort may arise from AR devices such as AR headwear (AR-HMD) (15). Furthermore, visual discomfort, visual obstruction of anatomy by holographic images, and the need for intraoperative, rather than preoperative, CT scans for registration limit its applications (15). The surgeons’ initial experience with an AR system may be disorienting mostly due to factors such as mixing real visual input with holographic data projected onto the surgeons’ retina, resulting in sensory overload, and a learning curve is to be expected (50).

Delays in the surgical learning curve associated with AR may be attributed to a surgeon's ability to adapt and may depend on a generation of surgeons who grew up playing video games (16–18). Spine surgery learning curves can replicate in-line maneuvers while placing instrumentation, as well as adopting and developing proper technique while using image-guided technology. Rosser et al. described a correlation between faster completion and reduced errors in laparoscopic surgeries when the surgeons' background consists of more than 3 h per week of video game play (16, 58).

Lastly, there is a limited amount of literature in regard to AR assistance with workflow related to pedicle screw placement and no universally accepted standard method to grade screw accuracy and/or safety (14). Common systems such as Gertzbein and Robbins classification are typically utilized; however, they only measure medial, superior, and inferior cortical pedicle breaches and partial lateral breaches (such as in the in/out technique) (14). Heary et al. recognized thoracic pedicle screw accuracy grading without considering the direction of the breach being inadequate, specifically in the case of deliberate thoracic pedicle screw in–out–in trajectories (59). Thus, further studies need to be reported to find a standardized approach as AR technology is developing rapidly.



Future perspectives

With current advancements in the last several years, the use of AR in spinal surgery promises an exciting future. Future updates/versions of AR technology and wearable devices may improve the ability to manipulate display and radiographic scans, enhance surgeon's alertness when approaching critical structures via hepatic feedback, and reduce intraoperative complications (15). In addition to that, it has the potential to serve as a critical tool for preoperative planning and an educational tool for future medical students, residents, and fellows.

Furthermore, several RAN and AR systems for spine surgery have been released and tested in numerous clinical studies (42). Although RAN does have many advantages, such as lower risk of neurovascular damage, reoperation rates, postoperative infections, time for ambulation, and length of stay, and is typically studied for its pedicle screw accuracy rates compared to FH, many limitations are of concern (42). Currently, there are several limitations, such as complications with hardware or software failure, a demanding learning curve, no uniform consensus regarding operative time, cannula misplacements, and skiving off the drilling tip onto the pedicle surface due to the morphology of the starting point (48). Therefore, newer technologies such as AR systems have been reported to be more competitive in terms of an easier approach, setup, and real-time patient positioning monitoring for correction of surgical plans (42), as well as having the ability to address concerns associated with RAN as previously mentioned.

The role of AR in spine surgery is a rapidly evolving field where new technology and surgical techniques can help maximize surgical efficiency, precision, and accuracy. With collaborations from clinicians, engineers, and video game designers, this technology can profoundly improve components of MISS. Thus, it is conceivable that within the next few years surgeons will be wearing AR glasses during patient consultation, rehabilitation, training, and surgery. Such advancements, among others, will continue to drive the value of AR 3D navigation in MISS.
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Objective: Patients with osteoporotic vertebral fractures (OVFs) often suffer from residual low back pain (LBP) after percutaneous kyphoplasty (PKP). The purpose of this study was to identify risk factors for postoperative residual LBP and to develop a nomogram to predict the occurrence of residual LBP.



Methods: We retrospectively reviewed 236 patients who underwent PKP for OVFs and had a minimum follow-up of 12 months. The mean age was 72.1 ± 6.3, 74.3% were female and 25.7% were male. Patients with LBP VAS scores ≥ 3.5 at the 12th month postoperatively were considered to have residual LBP. Risk factors for residual LBP were identified by univariate and multifactorial logistic regression analysis. Then, a predictive nomogram was constructed and validated using the bootstrap method. The discrimination, calibration, and clinical utility of the nomogram were assessed using a receiver operating characteristic curve (ROC), a calibration curve, and a decision curve analysis (DCA).



Results: univariate and multifactorial logistic regression analysis identified depression (P = 0.02), intravertebral vacuum cleft (P = 0.01), no anti-osteoporosis treatment (P < 0.001), cement volume <3 ml (P = 0.02), and cement distrubution (P = 0.01) as independent risk factors for residual LBP. The area under the ROC was 0.83 (0.74–0.93) and further validated by bootstrap method was 0.83 (0.73–0.92). The calibration curve illustrated the consistency between the predicted probability and the observed results. DCA showed that nomogram exhibits clinical utility and net benefit when the threshold probability is between 6% and 73%.



Conclusions: Our study found that depression, intravertebral vacuum cleft, no anti-osteoporosis treatment, cement volume <3 ml and cement distribution represent independent risk factors for residual LBP. The nomogram containing the above five predictors can accurately predict the risk of residual LBP after surgery.
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Introduction

Osteoporotic vertebral fractures (OVFs) result from decreased bone density and bone strength (1). OVFs mainly cause chronic and persistent low back pain, secondary kyphosis, and even cardiopulmonary complications, which seriously affect the quality of life of middle-aged and older adults (2, 3). Percutaneous balloon kyphoplasty (PKP) is performed by expanding the compressed vertebral body with a balloon and injecting polymethyl methacrylate (PMMA) bone cement into the expanded cavity. This method can provide pain alleviation and kyphosis correction and is considered to be the current preferred minimally invasive surgical treatment (4). However, some patients still have persistent moderate to severe low back pain after PKP with an incidence ranging from 1.8% to 15.6% (5, 6). The presence of postoperative residual low back pain may weaken the outcomes of the PKP procedure, decrease the patients' quality of life and increase their financial burden. Therefore, it is crucial to explore the baseline risk factors for residual LBP in patients with OVFs following PKP.

Studies have examined various potential risk factors for residual LBP, such as bone mineral density, intravertebral vacuum cleft, posterior fascia edema, fracture of adjacent vertebral bodies, and vertebral compression ratio (5, 7, 8). However, preoperative mental status and intraoperative factors, such as cement volume and distribution, were not analyzed as risk factors (9, 10). More importantly, shorter follow-up periods (1 month) and higher pain thresholds (VAS ≥ 4) may not accurately identify patients with residual LBP (10) because we cannot be certain whether early postoperative residual pain will be resolved spontaneously during long-term follow-up. Therefore, a predictive model based on long-term follow-up and including mental status and intraoperative factors should be developed to guide therapeutic interventions for residual LBP.

Our study analyzed multiple baseline factors associated with residual LBP after PKP in OVFs. Furthermore, we developed and validated a nomogram to provide individualized guidance for the treatment of residual LBP.



Methods


Patients

We prospectively collected data from patients treated with PKP for osteoporotic vertebral fractures between May 2019 and June 2021 at a hospital in Tianjin, China. These patients were analyzed retrospectively. The details of the inclusion and exclusion criteria were as follows. Inclusion criteria: (1) The patient had a clear history of osteoporosis or was diagnosed with osteoporosis by DXA. (2) Vertebral fractures caused by low-energy injuries and further confirmed by spinal MRI (11). (3) Only patients with single-segment vertebral fractures were included in this study. (4) The patients had obvious low back pain symptoms because of the vertebral fractures (VAS > 3.5). (5) Patients were treated with PKP rather than conservative or other treatments. (6) Information on the clinical and demographic characteristics required for the study was complete and accessible. The exclusion criteria were as follows: (1) Pathological fractures caused by tumors, infections, tuberculosis or other diseases. (2) Spinal cord compression and obvious neural symptoms, such as numbness and/or muscle weakness. (3) Patients had chronic low back pain(VAS > 3.5) prior to the fractures, either due to osteoporosis, degenerative kyphosis or scoliosis, idiopathic pain, previous back surgery, or other diseases. (4) Patients with cognitive disorders who could not communicate independently. Figure 1 shows the screening process for enrolling patients. This study was approved by the Medical Ethics Committee of the Tianjin Union Medical Centre and conducted in accordance with the Declaration of Helsinki. Informed consent was waived because this is a retrospective study that does not involve personal privacy or commercial interests.


[image: Figure 1]
FIGURE 1
Patients selection flowchart.




Surgical technique

The patient was placed in a prone position, raised to make the abdomen hang, and routinely sterilized. The C-arm machine was used to locate the fractured vertebrae following local anesthesia or general anesthesia. Using pedicle approach, the puncture probe was inserted into the vertebrae. The tip in the lateral fluoroscopy was located in the front 1/3 of the vertebral body and close to or exceeded the midline of the spinous process in the front fluoroscopy. Then, the tube core of the guide needle was removed, and the working channel was established. The inflatable balloon was placed into the working channel, and the contrast medium was slowly injected into the balloon. The balloon was expanded to reposition the vertebral body. The vertebral body was filled with bone cement under continuous fluoroscopic guidance to eliminate the expansion gap. The procedure should be stopped immediately in cases with bone cement leakage. After curing the bone cement, the working channel was withdrawn. Then, the skin incision was sutured, and the cells were observed for 10–20 min. Radiographs and computed tomography (CT) scans of the spine were taken for all patients on the first postsurgical day. All patients were discharged 2 to 3 days after surgery.



Identification of residual low back pain

A visual analog scale was used to evaluate patients' low back pain intensity at the 12th month. Patients' low back pain intensity is the average intensity for the month. A VAS score <3.5 corresponds to mild pain, whereas a VAS score ≥3.5 corresponds to moderate to severe pain and is considered to indicate residual low back pain (12). Spine MRI should be performed at any time to exclude the suspicion of a refracture or a new fracture at another level.



Data collection

Baseline risk factors were extracted from the medical records, operative records, radiological image management system, and questionnaire surveys. Two independent spinal surgeons were involved in the radiographic evaluation. When a disagreement occurred between the surgeons, a consensus meeting was held.

Baseline demographic characteristics included age, sex, body mass index (BMI), bone mineral density (BMD), comorbidities [hypertension, diabetes, and chronic obstructive pulmonary disease (COPD)], smoking, and depression. The depression status of patients was determined based on the mental component summary of the Short Form-36 (SF-36 MCS) (13). SF-36 MCS > 50 indicates depression; otherwise, depression is not noted.

The following baseline clinical and radiological factors were assessed: (1) Time from pain to surgery; (2) Segment location—thoracic spine (T4–T9), thoracolumbar spine (T10-L2), and lumbar spine (L3–L5); (3) VAS score for low back pain; (4) Vertebral height ratio (VHR) and vertebral kyphosis angle (VKA)—The vertebral height ratio is the ratio of the anterior height of the fractured vertebral body to the average anterior height of the adjacent upper and lower segments (Figure 2), and the vertebral kyphosis angle is the angle between the upper and lower endplates of a fractured vertebral body (Figure 2); (5) Anti-osteoporosis therapy—there are two anti-osteoporosis protocols, intravenous zoledronic acid (5 mg/year) or oral alendronate sodium (70 mg/week). Given compliance issues with alendronate administration, we considered patients who had been taking alendronate for less than 6 months as not receiving regular anti-osteoporosis treatment; (6) Vitamin D (800–1,200 IU/d) and calcium supplements (1000 mg/d)—Given issues with medication adherence, we considered patients who did not receive or those who received vitamin D and calcium for less than 6 months as not receiving a standardized anti-osteoporosis basal supplement. (7) Intravertebral vacuum cleft (IVC; Figure 3); (8) Posterior fascia edema (Figure 4).


[image: Figure 2]
FIGURE 2
Radiographic evaluation of compressed vertebrae. Preoperative VHR (left,%):2b/a + c, VKA (left,°):∠d; Postoperative VHR (right,%):2B/A + C, VKA (right,°):∠D.
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FIGURE 3
MRI images of intravertebral vacuum cleft. Hypointense on T1-weighted images (A, arrows); hyperintensity or hypointensity on T2-weighted images (B) or STIR images (C), depending on fluid (dotted arrows) or gas (solid arrows) filling.
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FIGURE 4
Preoperative MRI images showed that the fracture area was located in the upper third of the vertebral body (A: T1, B: T2, C: STIR, red arrow); postoperative CT images showed insufficient cement filling in the vertebral fractured area (D: left in median sagittal section; E: median sagittal section; F: right in median sagittal section, red arrow). Posterior fascia edema:hypointense on T1-weighted images (A, yellow arrow); hyperintensity on T2-weighted images (B, yellow arrow) or STIR images (C, yellow arrow).


Intraoperative factors: (1) Anesthesia—local or general anesthesia; (2) Cement volume; (3) Cement distribution—Cement distribution was classified into two states of sufficient and insufficient based on whether the cement filled the majority of the fractured area of the vertebrae (Figure 4); (4) Cement leakage.



Statistical analysis

Univariate analysis was conducted to determine whether these factors were associated with residual LBP. The normal distribution of continuous data was assessed using the Shapiro‒Wilk test, and the between-group differences were evaluated using the Student's t test or the Mann‒Whitney U test according to the data distribution characteristics. Chi-squared or Fisher's exact test was used to investigate differences in categorical data between the two groups. Variables with P value less than 0.05 in the univariate analysis were included in further multifactorial analyses to identify independent risk factors. The nomogram was then developed using independent risk factors. SPSS 26 software (IBM, USA) was used for data analysis, and R software (version 4.1.1, Foundation for Statistical Computing, Vienna, Austria) was utilized for nomogram construction. The predictive ability and performance of the model were assessed based on the receiver operating characteristic (ROC) curve, the area under the ROC curve (AUC), the calibration curve, and decision curve analysis (DCA). In general, the AUC values between 0.5 and 1.0 indicate that the model can accurately predict and discriminate (14). The calibration curve was used to assess the consistency between the actual diagnosis of LBP and the projected likelihood of LBP. Furthermore, by estimating the net benefit and threshold probabilities of the nomogram, DCA was used to evaluate its usefulness in clinical practice. Finally, we performed internal validation using 1,000 bootstrap samples to assess the stability of the prognostic nomogram.




Results

A total of 236 patients were enrolled in this study and completed the 12-month follow-up according to the inclusion and exclusion criteria. Thirty patients were included in the LBP group (VAS ≥ 3.5), and the incidence of residual LBP following PKP was 12.7%. Another 206 patients with a low back pain VAS score <3.5 were included as the non-LBP group. Both groups experienced significant improvement in VAS scores compared with the preoperative scores at the end of follow-up (P < 0.01), but significant differences existed between the two groups (P < 0.01), as shown in Table 1.


TABLE 1 Low back pain VAS results at the 12th month.

[image: Table 1]


Univariate and multivariate analysis

Univariate analysis results of baseline demographic characteristics, baseline clinical and radiological factors, and intraoperative factors are shown in Tables 2. The two groups differed significantly in terms of depression (P = 0.01), intravertebral vacuum cleft (P < 0.01), anti-osteoporosis treatment (P < 0.01), cement volume (P = 0.01), and cement distribution (P = 0.01). None of the other variables differed significantly between the two groups. Multivariate analysis indicates that depression (OR = 3.56, 95% CI: 1.19–10.64, P = 0.02), intravertebral vacuum cleft (OR = 4.41, 95% CI: 1.57–12.36, P = 0.01), no anti-osteoporosis treatment (OR = 9.63, 95% CI: 3.50–28.33, P < 0.01), insufficient cement distribution in the fractured area (OR = 3.66, 95% CI: 1.36–9.86, P = 0.01), and cement volume <3 ml (OR = 4.62, 95% CI: 1.26–16.91, P = 0.02) were independent risk factors for residual LBP, as shown in Table 3.


TABLE 2 Demographic, clinical and radiological characteristics of the patients collected.
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TABLE 3 Multivariate logistic regression analysis of independent risk factors for residual low back pain.
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Development and validation of a nomogram for residual LBP

To predict residual LBP, we developed a nomogram using the predictive factors identified in multivariate analysis (Figure 5). The predictive score of each factor was added together in the nomogram to calculate the total score, from which the probability of residual LBP occurrence was calculated (Figure 5). The model has high predictive accuracy and discrimination with an AUC of 0.83 (0.74–0.93) and a corrected AUC of 0.83 (0.73–0.92) based on bootstrapping validation, as shown in Figure 6. Furthermore, the calibration curve of the nomogram demonstrated an excellent consistency between the actual diagnosis of residual LBP and the predicted likelihood (Figure 7). Similarly, the DCA curves indicate that the nomogram would provide a high net benefit when applied to the clinic (Figure 8).


[image: Figure 5]
FIGURE 5
Predictive nomogram for residual LBP.
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FIGURE 6
ROC curves of the nomogram for the assessment of capable of accurate prediction and discrimination.
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FIGURE 7
Calibration curve of the nomogram for the assessment of the consistency between the actual diagnosed residual LBP and the projected likelihood of residual LBP.
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FIGURE 8
DCA curve of the nomogram for the assessment of clinical practice based on the net benefit and threshold probabilities.





Discussion

In this study, we analyzed 236 patients with osteoporotic vertebral fractures to identify baseline impact factors for postoperative residual LBP and developed and validated a predictive model to predict the risk of LBP occurrence following PKP. We found that 12.7% of patients experienced residual LBP postoperatively, which is similar to that reported in previous studies (5, 9). Multifactorial logistic regression analysis identified depression, intravertebral vacuum cleft, no anti-osteoporosis treatment, insufficient cement distribution in the fractured area, and cement volume <3 ml as key predictive factors related to residual LBP. The above factors were included in the nomogram.

Several studies have shown that depression can affect pain and function following surgery for musculoskeletal disorders (15, 16). The Mental Component Score (MCS) of the Short Form-36 (SF-36) has been used in numerous studies as an indicator of depression or depressive tendencies to predict surgical outcomes for lumbar degenerative diseases (17–19). It was found that patients with depressive symptoms based on their MCS experienced worse performance postoperatively in health-care-related quality of life (HRQOL) than patients without depression (18). Kimura et al. (13) found that the presence of depression (SF-36 MCS < 50) was associated with persistent neck pain following cervical laminoplasty and significantly worse functional outcomes. According to this study, depressed patients may experience residual low back pain after PKP. These results suggest that the presence of depression affects not only clinical outcomes following spinal fusion surgery but also those following percutaneous kyphoplasty.

The pathogenesis of the intravertebral vacuum cleft is unclear. Most studies (20, 21) tend to indicate avascular necrosis of trabecular bone. On T2-weighted or STIR images, IVC typically showed high or low signal intensity, depending on whether fluid or gas fills the cleft (22, 23). Many scholars agree that a strong correlation exists between IVC and residual low back pain, vertebral recollapse, and instability (24). A retrospective study of at least two years (25) found that low back pain VAS scores in patients with IVC were higher than those without IVC, and the height loss of the vertebral body in the IVC group was greater than that noted in the non-IVC group at the final follow-up. A meta-analysis by Yu et al. (26) also found that improvement in VAS back pain scores was limited in patients with IVC. Similar to these earlier studies, our results revealed that IVC is a vital contributor to residual low back pain.

The pathological basis of OVCF is osteoporosis, and PKP can help patients relieve pain and regain self-care early. However, the procedure only treats fractured vertebrae and has no therapeutic effect on systemic osteoporosis. Previous reports (27) have noted a 19.2% incidence of new vertebral fractures in the year following treatment in those who had vertebral fractures. Several studies (28, 29) have found that the application of bisphosphonate anti-osteoporosis therapy after PKP reduced vertebral refractures or new fractures and reduced low back pain VAS scores. During the follow-up period of our study, we identified refractures or new fractures using spinal MR images in combination with physical examination, but we lacked an effective means to identify microfractures of the vertebral body. More importantly, because patients can tolerate this low level of chronic low back pain, they do not go to the hospital for treatment. Several studies (30, 31) have shown that postoperative anti-osteoporotic treatment can prevent height loss after vertebral PKP, and we believe that this finding may serve as indirect evidence indicating that anti-osteoporotic treatment can reduce vertebral microfractures because the most visual manifestation of microfractures is vertebral height loss. Therefore, standardized anti-osteoporosis drug therapy should be actively taken after surgery to relieve pain, inhibit acute bone loss, increase bone strength, improve bone quality, and reduce fractures or new fractures.

Cement volume and cement distribution in the fractured area are independent predictors of residual low back pain that may be related to the inadequate restoration of vertebral stiffness and strength (32). With at least 6 months of follow-up, Christoph (33) found only a 40% chance of attaining a minimum 41-point pain alleviation when the cement volumes were less than 4.5 ml, and the most suitable fill volume for PKP seems to be between 4.5–7.5 ml. Fu et al. (34) demonstrated that cement dosage is positively correlated with pain alleviation. Therefore, the authors recommended that the vertebral body should be injected with as much cement as possible when performing the PKP procedure. More importantly, the cement volume can be changed intraoperatively. Sufficient bone cement diffusion in the fractured area after PKP stabilizes micromotion in the fracture area, limiting local nerve ending stimulation and relieving fracture-induced pain (35, 36). Furthermore, we hypothesize that inadequate cement volume and insufficient distribution of cement in the fractured area were associated with vertebral deformity in the coming later. Although there was no significant difference in vertebral body height or kyphosis angle between the LBP and non-LBP groups measured 1 day after surgery, inadequate recovery of vertebral body strength and stiffness resulting from inadequate cement volume or insufficient distribution in the fracture area may result in progressive vertebral kyphosis deformity over time. Multiple studies have demonstrated that the presence of vertebral kyphosis is a critical risk factor for long-term persistent low back pain after osteoporotic vertebral fractures (37, 38). Future prospective studies are needed to clarify the relationship between cement volume, cement distribution, and progressive vertebral kyphosis following PKP.

After analyzing potential risk factors, such as demographic characteristics, clinical and radiological factors, and intraoperative factors, we developed a nomogram for predicting residual LBP. Intraoperative interventions can be performed to modify these risk factors in patients, such as the amount and distribution of cement. Additionally, this study emphasizes the need for standardized anti-osteoporosis treatment for OVCF patients after PKP.

Our research also has some limitations. (1). Although we collected mean VAS scores for low back pain in patients at the 12th month postoperatively, it is still possible that this low back pain is incidental; therefore, studies with long follow-up periods and multiple follow-up nodes are needed to further validate the findings. (2). Patients have different ranges of pain tolerance, leading to overestimating or underestimating the residual LBP rate. (3). As this was a retrospective study, some confounding factors were unavoidable, such as the patient's preoperative low back muscle mass, daily activities that may contribute to the sensation of low back pain, comorbidity with other underlying conditions, differences in philosophy and technique between surgeons, and the patient's socioeconomic status. (4). We exclusively administered bisphosphonates for anti-osteoporosis treatment, and the effects anti-osteoporosis drugs with different mechanisms of action (e.g., denosumab, teriparatide, estrogen replacement therapy) on postoperative residual low back pain remain unclear. (5). This study is a single-center study from China, and future multicenter studies in different hospitals, regions, or countries are needed to further validate the findings of this study.



Conclusion

Our study found that depression, intravertebral vacuum cleft, no anti-osteoporosis treatment, insufficient cement distribution in the fractured area, and cement volume <3 ml are independent risk factors for residual LBP after PKP treated for OVFs. The nomogram containing the above five predictors can accurately predict the risk of residual LBP after surgery.
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Spinal synovial cysts are rare entities for which standard surgical strategies are inconsistent. Here, we present an uncommon intraspinal gas-containing synovial cyst treated by percutaneous transforaminal endoscopic cystectomy. A 52-year-old man presented with radicular pain and intermittent claudication that had persisted for one month. Computed tomography revealed an intraspinal cystic lesion anteromedial to the left L4-L5 articular joint and the center of the lesion manifested gas contents. A transforaminal endoscopic procedure was performed and confirmed as a safe and minimally invasive technique for gas-containing lumbar synovial cysts. It provides a valuable substitution and supplementation to open surgery.
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synovial cyst, vacuum cleft, gas, endoscopic surgery, cystectomy





1 . Introduction

Spinal synovial cysts are uncommon lesions that predominantly occur within the lumbar spine. The underlying formative mechanisms of synovial cysts include spinal instability, degenerative spondylolisthesis, and facet joint arthritis (1). Most synovial cysts are asymptomatic and, hence, are incidentally found on magnetic resonance imaging (MRI). Intraspinal synovial cysts, however, may exhibit symptoms such as myelopathy and radiculopathy. Surgical resection with or without fusion and instrumentation is considered for patients who do not respond to ongoing conservative therapy. Generally, postoperative relief is prompt and sustainable; however, recurrence has been noted (2, 3).

Synovial cysts containing gas are even rarer in the clinic. To our knowledge, only 9 cases of gas-containing lumbar synovial cysts have been reported in the English literature thus far, most of which have been treated by open cystectomy (4–12). Here, we present a novel case of gas-containing lumbar synovial cysts treated percutaneously using transforaminal endoscopic technique. Further, we have reviewed the literature to provide a comprehensive understanding of this uncommon entity.



2 . Case presentation

A 52-year-old man referred to our department for radicular pain and intermittent claudication that had persisted for one month. The onset of the pain was insidious, and the patient denied a history of trauma. The pain radiated from the left hip to the posterolateral aspect of the left leg and ankle. The pain was exacerbated by walking, whereas it could be immediately relieved by bed rest or sitting down. The patient tried anti-inflammatory medications but the effect was unsatisfying.

On physical examination, flexion, extension, and lateral bending of the lumbar spine were not restricted. Mild L4-L5 interspinous tenderness was detected, and hypoesthesia was present over the left L5 nerve dermatome. Full muscle strength was recorded for the lower extremities, and both knee and ankle reflexes were symmetrical and active. Straight leg raising tests revealed negative results. Computed tomography (CT) found an intraspinal cystic lesion adjacent to the ligamentum flavum, anteromedial to the left L4-L5 articular joint, bulging to the lateral aspect of the canal, and leading to lateral recess stenosis (Figures 1A–F). Remarkably, the center of the lesion manifested a round shape (axial plane) or tadpole shapes (sagittal and coronal planes) with void density, which indicated gas contents. Osteoarthritis and vacuum cleft phenomenon was found at the bilateral L4-L5 facet joints. Nevertheless, the gas in the lesion was seemingly discontinued with the vacuum cleft in the facet joint. MRI revealed a hypointense lesion on T1-weighted image, but a hyperintense mass with a hypointense rim on both T2-weighted and fat suppression images (Figures 1G–J). The intervertebral disc showed minimal degenerative change, and no vacuum phenomenon was discovered. Based on the clinical and image findings, a primary diagnosis of synovial cyst was made.


[image: Figure 1]
FIGURE 1
Preoperative CT and MRI of the lesion. Sagittal, coronal, and axial CT scan (A-F) revealing a gas-containing intraspinal cystic lesion anteromedial to the left L4/5 articular joint and bulging to the lateral canal. Osteoarthritis and vacuum clefts (arrow) are observed at the bilateral L4/5 facet joints. MRI (G-I) revealed a hypointense lesion on T1-weighted image, but a hyperintense mass with a hypointense rim (arrow) on both T2-weighted and fat suppression images.


A transforaminal endoscopic procedure with local anesthesia was planned. After partial facetectomy with an endoscopic trephine, a cyst with a fistula connecting to the resected facet joint appeared in the endoscope field (Figure 2A). Bubbles extruding from the cyst confirmed the target, and the cyst, together with the surrounding ligamentum flavum, was resected piecemeal. Subsequently, the impinged L5 nerve root gradually arose (Figure 2B). Following complete cystectomy and clearance of the ligamentum flavum, the space beneath the nerve root appeared, and the annulus fibrosus was found to be intact and therefore fully preserved (Figure 2C). The patient experienced complete pain relief after surgery and no complication occurred. After six months, the patient maintained no signs of recurrence. Postoperative CT and MRI demonstrated a bony trajectory targeting the lesion and full decompression of the nerve root and dura sac (Figure 3).


[image: Figure 2]
FIGURE 2
Intraoperative endoscopic images. (A) After facetectomy with a trephine, the cyst (asterisk) with a fistula connecting to the resected facet joint is seen. An extruded bubble (arrow) indicates gas in the cyst. The medial ligamentum flavum is shown (arrowhead). (B) After gradual piecemeal resection of the cyst (asterisk), the impinged L5 nerve root (arrow) is seen. (C) The space beneath the nerve root (arrow) is shown and the annulus fibrosus (arrowhead) is shown to be intact.
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FIGURE 3
Postoperative CT (A-F) and MRI (G-J) demonstrating a bony trajectory (arrow) targeting the lesion and complete decompression of the nerve root and dura sac.




3 . Discussion

A more common intraspinal gas-containing lesion is the disc herniation or discal cyst, both of which are characterized by predominant disc degeneration and vacuum phenomenon of the disc. The lesion is usually connected to the annulus fibrosus and impinges on the dura sac or the nerve root from the ventral side. On the contrary, as showed in our patient, an intraspinal gas-containing synovial cyst generally manifests minimal degeneration of the disc but obvious arthritis and vacuum clefts of the facet joints. The neural structures commonly suffer from compression at the dorsolateral direction. Intraspinal synovial cyst should also be distinguished from neurogenic tumor, such as cystic schwannoma. An enhanced MRI is helpful in differentiation since the cystic schwannoma typically shows ring enhancement while no enhancement is seen for the synovial cyst. Moreover, the gas-containing feature strongly indicates a degenerative, rather than a neoplastic lesion. Thereafter, the patient was not required for an additional enhanced MRI preoperatively.

To our knowledge, only 9 cases of gas-containing spinal synovial cysts have been previously published in the English literature. The key characteristics of the previously published 9 cases and this present case are presented in Table 1. Most cases pertained to patients in their fifth to seventh decade of life and had a slight male predominance. The cysts tended to occur at L4-L5, the level of maximum mobility, which was speculated to be related to facet joint arthritis and segmental instability (1). A majority of the cases (8/10) showed an adjacent vacuum cleft of the facet joint. The formation of synovial cyst is postulated as a check valve mechanism, similar to that of gas-containing disc herniation (13, 14). A pathological study demonstrated that the synovial cyst communicates with the facet joint by a bursa-type channel within the ligamentum flavum (13). The progressive osteoarthritis of the facet joint releases bony and cartilaginous debris into the synovial fluid, which may escape into the channel and lodge in the wall where it induces granulation tissue formation. The pathological change further results in the check valve effect of the synovial cyst. Most gas-containing synovial cysts identified a concurrent vacuum cleft of the ipsilateral facet joint, which suggests that both the gas-containing and fluid-only contents share the similar formation mechanism. However, it is believed that the gas is unlikely to be spontaneously absorbed (11). This is evidenced by the fact that most of the patients enrolled in our review (Table 1) eventually underwent open or endoscopic surgeries.


TABLE 1 Literature review of spinal synovial cysts containing gas.

[image: Table 1]

Cystectomy, whether by open or endoscopic procedure, achieved satisfactory clinical results for patients resistant to conservative therapies. Percutaneous endoscopic technique provides a novel avenue for surgical intervention. A recent case series preliminarily elucidated the feasibility and effectiveness of this technique in the treatment of lumbar synovial cysts (15, 16). Compared to open surgery, endoscopic techniques show compelling advantages in terms of prompt recovery, minimal structural disturbance, and cost-effectiveness (16). Technically, either the transforaminal or translaminar approach can be chosen. For the resection of a L4-L5 lesion or above, we usually preferred a transforaminal approach considering the wide foramen space and small interlaminar window, especially for patients with local anesthesia. For the L5-S1 level, a translaminar approach is often the choice for the block of iliac crest on the trajectory of transforaminal approach, as well as the advantage of larger interlaminar window. Nevertheless, the approach should be decided individually according to various factors, such as surgeon's preference, type of anesthesia, imaging findings, and comorbidities (15).

In this case, we facilitated the cystectomy by the transforaminal approach and an additional facetectomy to directly target the lesion. Considering the close relationship between the cyst and the degenerative facet joint, limited removal of the adjacent ipsilateral facet joint and accessories may help reduce the risk of recurrence whilst preserving segmental stability. The water medium makes the gas-containing lesion more distinguishable and easier to identify since the gas in the cyst will be expelled when the cyst is cut open under monitoring. One of the limitations focuses on the concerns of segmental stability, which warrants long-term follow-up. Another limitation is that unlike open surgery, in which the specimen can be obtained en bloc, piecemeal resection of the cyst in the endoscopic surgery gets only tiny shreds, most of which is washed away by flushing saline. Thereafter, the sample for pathology was not deliberately collected. Emphasis shall be given for the importance of the definitive pathological diagnosis in future.

In conclusion, percutaneous endoscopic cystectomy is a safe and minimally invasive technique for gas-containing lumbar synovial cysts. It provides a valuable substitution and supplementation to open surgery. Long-term follow-up is warranted for evaluation of segmental stability and recurrence.
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Objectives: To evaluate the efficacy and safety of PTES for surgical treatment of lumbar degenerative disease (LDD) including lumbar disc herniation, lateral recess stenosis, intervertebral foraminal stenosis and central spinal canal stenosis in elderly patients compared with MIS-TLIF.



Methods: From November 2016 to December 2018, 84 elderly patients (>70 years old) of single-level LDD with neurologic symptoms underwent the surgical treatment. 45 patients were treated using PTES under local anesthesia in group 1 and 39 patients treated using MIS-TLIF in group 2. Preoperative, postoperative back and leg pain were evaluated using Visual analog scale (VAS) and the results were determined with Oswestry disability index (ODI) at 2-year follow-up. All complications were recorded.



Results: PTES group shows significantly less operation time (55.6 ± 9.7 min vs. 97.2 ± 14.3 min, P < 0.001), less blood loss [11(2–32) ml vs. 70(35–300) ml, P < 0.001], shorter incision length (8.4 ± 1.4 mm vs. 40.6 ± 2.7 mm, P < 0.001), less fluoroscopy frequency [5(5–10) times vs. 7(6–11) times, P < 0.001] and shorter hospital stay[3(2–4) days vs. 7(5–18) days, P < 0.001] than MIS-TLIF group does. Although there was no statistical difference of leg VAS scores between two groups, back VAS scores in PTES group were significantly lower than those in MIS-TLIF group during follow-ups after surgery (P < 0.001). ODI of PTES group was also significantly lower than that of MIS-TLIF group at 2-year follow-up (12.3 ± 3.6% vs. 15.7 ± 4.8%, P < 0.001).



Conclusion: Both PTES and MIS-TLIF show favorable clinical outcomes for LDD in elderly patients. Compared with MIS-TLIF, PTES has the advantages including less damage of paraspinal muscle and bone, less blood loss, faster recovery, lower complication rate, which can be performed under local anesthesia.
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lumbar degenerative disease, elderly patient, transforaminal, endoscopic surgery, transforaminal lumbar interbody fusion, minimally invasive spine surgery





1. Introduction

With the progression of society, the improvement of living standards and the development of medical technology, the life span of human beings is continuously prolonged, and the number of patients with lumbar degenerative disease (LDD) is also increasing (1–3). LDD refers to a series of syndromes such as lumbago, leg pain or intermittent claudication caused by lumbar degeneration, mainly including lumbar disc herniation, lumbar spinal stenosis (lateral recess stenosis, intervertebral foramen stenosis, central spinal stenosis), degenerative spondylolisthesis of lumbar spine, degenerative scoliosis of lumbar spine, etc. Surgical treatment is needed for LDD that have poor effects of conservative treatment and seriously affect the quality of life. Conventional open surgery such as posterior lumbar interbody fusion (PLIF) or transforaminal lumbar interbody fusion (TLIF) has satisfactory clinical outcomes for LDD (4, 5). However, there are some disadvantages including extensive soft tissue dissection, large trauma, heavy bleeding, long postoperative recovery time, and high incidence of complications. Moreover, the patients with LDD are generally older, for whom the tolerance of open surgery is poor and the surgical risk is extremely high (6–9). How to reduce the surgical trauma of LDD has become very important. In recent years, minimally invasive surgery-transforaminal lumbar interbody fusion (MIS-TLIF) has been widely used in order to improve open TLIF, which can protect the attachment of paraspinal muscles to bone, avoid the disruption of supraspinous and interspinous ligaments, and decreased the approach-related complications (10).

With the deepening of minimally invasive concept and the improvement of surgical instruments, the clinical application of minimally invasive spine surgery (MISS) technology for the treatment of LDD is gradually being accepted, and spinal endoscopic surgery is the most minimally invasive technique (11, 12). In 2017, we first introduced the PTES (percutaneous transforaminal endoscopic surgery) technique with reduced steps, simple orientation and easy puncture, which can significantly decrease the times of fluoroscopy projection and shorten the operation time (13). It can effectively treat LDD with neurologic symptoms of lower extremities mainly caused by lumbar disc herniation, lateral recess stenosis, intervertebral foramen stenosis or central spinal canal stenosis. This study used PTES technique to treat LDD of elderly patients, which was compared with MIS-TLIF to evaluate their clinical efficacy, security and feasibility.



2. Materials and methods


2.1. Patients

84 elderly patients (>70 years old) of single-level LDD underwent the surgical treatment from November 2016 to December 2018. They were followed up for more than 2 years. 45 patients were treated with PTES in group 1, 39 patients treated with MIS-TLIF in group 2. The patients enrolling depended on the surgeon's experience and the patient's selection. The detailed data is shown in Table 1. This retrospective cohort study was approved by the medical ethical committee of Zhongshan Hospital Fudan University.


TABLE 1 Characteristics of the patients.

[image: Table 1]

Inclusion criteria: (1) the clinical symptoms were unilateral leg pain, bilateral legs pain or intermittent claudication. (2) Image data such as MRI and CT showed a single-level LDD of lumbar disc herniation, intervertebral foramen stenosis, lateral recess stenosis or central spinal stenosis from L1 to S1, which was consistent with the clinical symptoms of corresponding neurologic compression (Figures 1A,B, 2A,B). (3) The outcome after at least 3 months of regular conservative treatment was poor. (4) The patient's age was over 70 years old, the systemic status was good with independent understanding and thinking ability, basic medical diseases were under control, (5) the patient can be followed up for at least 2 years.


[image: Figure 1]
FIGURE 1
Female patient of 89 seats with LDD aL4 5 had bilateral asymmetric leg pain and the right side is more seven preoperative (A) sagittal MR and (B) CT images showed L4/5 disc herniation, lateral recess stenosis and neurologic compression. The procedure of PIES was undertaken for the patient. A transverse line bisecting the disc was draw along the metal rod which was placed transversely across the center of the target disc on (C) posteoanterior C-arm view. (D) Photography showed the surface marking of anatomic disc center identified by the intersection of transve: line and longitudinal midline, which was the aiming reference point of puncture, and the entrance point of puncture (Gu's point) located at the corner of flat back turning to lateral side. During puncture, once resistance disappeared, the C-arm view was taken to ensure that the tip of puncture needle was in the intracanal area clot to the posterior wall of disc on (E) lateral x-ray and near the lateral border of pedicle on (F) posteoanterior x-ray. During press down enlargement of foramen, when resistance disappeared, the tip of reamer should exceed the medial border of pedicle on (G) posteroanterior C-arm view and reach clot to the posterior wall of target disc on (H) lateral C-arm view. Under (I,J) endoscopic view, the bilateral compressed nerve roots were freed after (K) the hypertrophic ligamentum flavum and herniated disc were removed. (L) The picture showed the mini incision for PIES 2 years after surgery. No new lumbar instability was found on postoperative (M) hyperextension and (N) hyperflexion lateral x-ray image. (O) CT images showed the resected articular process and enlargement of L4/5 right foramen.



[image: Figure 2]
FIGURE 2
Female patient of 72 years with LDD at L4/5 had right leg pain. Preoperative (A) sagittal, axial MR and (B) CT images showed L4/5 disc herniation, lateral recess stenosis and neurologic compression. In MB-TLIF, (C) through an expandable tubular retractor, the dun and nerve root involved were exposed after a unilateral complete facetectomy and hemilaminectomy. (D) The fluoroscopic image showed that a cage filled with autograft bone was inserted after the disc material and cartilaginous endplate were removed. Two rods were fixed over pedicle screws and (E) the wound was closed in layers with the drainage tube placed. (F,G) Postoperative x-ray confirmed that the position of pedicle screws and cage was good. Fusion grade based on the Bridwell grading system at 2 year follow-up WU Grade I on (H) sagittal CT.


Exclusion criteria: (1) imaging examination showed lumbar spondylolisthesis or intervertebral instability. (2) Lumbar spine inflammation, tumors and other lesions. (3) Coagulation dysfunction, infection in the surgical area.



2.2. Pre- and postoperative imaging

Peoperative MRI and CT imaging (Figures 1A,B) were used to determine the involved segment and to determine if there was calcification. Posteroanterior and lateral radiographs were obtained to detect spondylolisthesis, scoliosis or high iliac crest when the lower plate of L4 vertebral body was not higher than the line between highest points of bilateral iliac crest. Postoperative MRI images were used to assess neurologic decompression or exclude reherniation. Postoperative CT was obtained to assess the facet joint after press-down enlargement of foramen in PTES, and the position of pedicle screws and cage in MIS-TLIF. The fusion status was assessed on CT according to the Bridwell's fusion grades (14). The hyperextension and hyperflexion lateral x-ray were used to check intervertebral instability after surgery.



2.3. Surgical procedure

C-arm was used for intraoperative fluoroscopic imaging. Operative duration (PTES/from patient's position to closure of incision, MIS-TLIF/from cut to closure of incision), blood loss, intraoperative fluoroscopy frequency, incision length, and hospital stay were recorded for subsequent analysis.


2.3.1. Group 1: PTES

PTES was performed under local anesthesia with 1% lidocaine combined with appropriate intravenous analgesics. The patient was placed in a prone position with soft bolsters under the abdomen on a radiolucent table, making the hip joint flexion and keeping the back in a horizontal state. On the skin of back, draw the median line according to lumbar spine process, and the location line of surgical level determined by posteroanterior C-arm fluoroscopy (Figure 1C). The intersection of location line and midline was the surface projection of anatomical center of intervertebral disc. The puncture point was located at the corner of flat back turning to lateral side according to “Gu's point” (13, 15) (Figure 1D). The puncture needle was inserted at 25°- 85° to the horizontal plane aiming at the vertical line of body surface through the anatomical center of intervertebral disc. After the successful puncture, the needle should reach the posterior 1/3 of intervertebral space or around its posterior edge on the lateral C-arm fluoroscopy (Figure 1E), and near the outer edge of pedicle on the posteoanterior film (Figure 1F). The guiding wire was inserted through the puncture needle and a nearly 8 mm small incision was made. After stepwise dilation, the thick guiding rod of 6.3 mm in diameter was introduced over the guiding wire into the foramen. Then over the guiding rod, the 8.8-mm protective cannula was inserted, and docked at the facet and pressed down to make the angle of cannula to the horizontal plane smaller according to the inclination of puncture needle on the fluoroscopy. A 7.5 mm reamer was introduced to cut the outer and ventral bone of articular process, which was press-down enlargement of foramen (13, 15) (Figure 3). After resistant disappearing, the fluoroscopy showed that the top of reamer exceeded the inner edge of pedicle on the posteoanterior film (Figure 1G) and reached the posterior edge of target intervertebral space on the lateral film (Figure 1H). For lumbar central spinal canal stenosis, press-down enlargement of foramen was repeated to remove more bone of ventral part of articular process for enlargement of central spinal canal. A 7.5 mm working channel was placed along the guiding rod and the ipsilateral traversing and exiting nerve root, contralateral traversing nerve root, or epidural sac were exposed under direct vision (Figures 1I,J) after the hypertrophic ligamentum flavum and protruding disc tissue (Figure 1K) were removed for the open of lateral recess and central spinal canal. Sometimes the central and contralateral posterior longitudinal ligament, annulus fibrosus or nucleus pulposus need to be removed using flexible bipolar radiofrequency and angled nucleus pulposus forceps for clearer exposure of contralateral nerve root.
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FIGURE 3
Schematic diagram of “press-down enlargement of foramen” in FITS. The 8.8-mm protective cannula was docked at the facet joint and pressed down further to make the angle of cannula to horizontal plane smaller, and a 7.5-mm trephine was introduced to cut the ventral bone of articular process for the enlargement of intervertebral foramen, which made the working channel easily inserted into the spinal canal even if the puncaire angle was 85° to the horizontal plan.


After the procedure, the patients rested in bed except for going to toilet for 3 days. The functional exercise began 3 days after surgery, and they can go to work 1 week after surgery. External braces were used for 2 weeks.



2.3.2. Group 2: MIS-TLIF

The patient was placed in the prone position on a radiolucent operating table under general anesthesia. After orientation with fluoroscopy, the superior facet joints and transverse processes of upper and lower vertebrae were exposed through a 3.5 cm midline incision and bilateral paraspinal muscle-splitting approaches. The pedicle screws (DePuy, Inc., Warsaw, IN, United States) were inserted into the vertebrae on the junction between the lateral border of superior articular facet and midline of transverse process. Then, an expandable tubular retractor (DePuy, Inc., Warsaw, IN, United States) was placed along the stepwise dilation. The dura and nerve root involved were exposed after a unilateral complete facetectomy and hemilaminectomy (Figure 2C), and the disc material and cartilaginous endplate were almost totally removed. The autologous bone graft was packed into the disc space, and a cage (DePuy, Inc., Warsaw, IN, United States) filled with autograft bone was obliquely inserted (Figure 2D). Two rods were fixed over pedicle screws, the suction drain was placed and the wound was closed in layers (Figure 2E).

The drainage tube was removed when drainage volume was less than 20 ml/24 h, then the patients were mobilized as soon as feasible and encouraged to resume their daily routine after leaving the hospital. External braces were used for 3 months after the procedure.




2.4. Clinical follow-up

The patients were followed-up in the outpatient. Visual analogue scale (VAS) was used to score the pain of low back and lower limbs before and immediately after surgery, 1 month, 2 months, 3 months, 6 months, 1 year and 2 years. Oswestry disability index (ODI) was collected before and 2 years after surgery. All complications such as iatrogenic nerve injury, infection, myocardial infarction, cerebral infarction and recurrence were documented during the follow-up.



2.5. Statistical analysis

SPSS 25 software (SPSS Inc., Chicago, IL, United States) was used to perform statistical analysis, and a value of less than 0.05 was considered statistical significance. Normal distributed continuous variables such as age, operative duration, incision length, follow-up and ODI are presented as mean ± standard deviation (SD); Discrete, rating variables and continuous variables, which are not normally distributed, are presented as median (Maximum- Minimum) including fluoroscopy frequency, blood loss, drainage removal, hospital stay, VAS; Categorical variables such as gender, basic diseases, lumbar level, rates of LDD with calcification, scoliosis and L5/S1 LDD with high iliac crest are expressed as frequency or percentage. Student t-test is used for intergroup analysis of normal distributed continuous variables. The Mann–Whitney U-test is used for intergroup analysis of discrete variables, rating variables and continuous variables, which are not normally distributed. The chi-square test is used for intergroup analysis of categorical variables. The Kruskal–Wallis test followed by the Dunn procedure with Bonferroni correction is performed for intragroup comparison of VAS at different time points. The ODI score before surgery and 2 years after surgery are compared using student t-test.




3. Results

Clinical data are summarized in Table 1. There are no significant differences in age, gender, basic diseases, lumbar level and follow up between two groups. PTES group has 7 patients of LDD with calcification, 5 with lumbar degenerative scoliosis, 4 with high iliac crest (L5/S1) and MIS-TLIF group has 5 patients of LDD with calcification, 3 with lumbar degenerative scoliosis, 2 with high iliac crest (L5/S1). There are significantly less operative duration (55.6 ± 9.7 min vs. 97.2 ± 14.3 min, P < 0.001), less blood loss [11(2–32) ml vs. 70(35–300) ml, P < 0.001] (Figures 1L, 2), shorter incision length (8.4 ± 1.4 mm vs. 40.6 ± 2.7 mm, P < 0.001), less fluoroscopy frequency [5(5–10) times vs. 7(6–11) times, P < 0.001] and shorter hospital stay [3(2–4) days vs. 7(5–18) days, P < 0.001] in PTES group than those in MIS-TLIF group. The drainage tube was removed 4(3–7) days after surgery in MIS-TLIF group. (Table 2).


TABLE 2 Operation-related data in PTES and MIS-TLIF.
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The back VAS significantly decreased from 7(4–10) before surgery to 0(0–1) after surgery in PTES group (P < 0.001), while preoperative VAS scores of back pain was 6(4–10), which dropped to 3(2–5) immediately after surgery, 1(0–2) at 1-month and at 2-year follow-up in MIS-TLIF group (P < 0.001). The preoperative leg VAS scores significantly decreased after surgery in both groups (P < 0.001), and there was no statistical difference of leg VAS scores after surgery between two groups. However, back VAS scores in PTES group were significantly lower than those in MIS-TLIF group at any time point after surgery (P < 0.001). The preoperative ODI was 67.8 ± 9.1% and 68.7 ± 9.5% in PTES group and MIS-TLIF group, respectively. It significantly dropped in both groups (P < 0.001) but the ODI of PTES group was significantly lower than that of MIS-TLIF group at 2-year follow-up (12.3 ± 3.6% vs. 15.7 ± 4.8%, P < 0.001) (Table 3).


TABLE 3 VAS and ODI before and after operation.
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There was no new intervertebral instability after PTES on lumbar hyperextension and hyperflexion lateral radiographs (Figures 1M,N) although the facet joint was involved (Figure 1O) in some cases, and no recurrence was found in PTES group. No complications of wound infection, permanent nerve injury and rupture of large vessels occurred. However, 2 patients had cardiac infarction about 2 days after surgery and were cured after thrombolytic therapy in MIS-TLIF group. There was no hardware failure (Figures 2F,G), and fusion grades based on the Bridwell grading system at 2-year follow-up were grade I (Figure 2H) in 24 segments (61.5%, 24/39), grade II in 15 segments (38.5%, 15/39). One patient developed LDD at adjacent segment 4 years after surgery and received PTES with good outcomes in MIS-TLIF group.



4. Discussion

In China, the fastest growing population is projected to be persons >70 years old. LDD are associated with advancing age, and the number of patients experiencing LDD has significantly increased (16, 17). Patients with LDD typically present with pain, functional limitations, and neurologic deficits, and they often demand interventions that will improve their quality of life. However, in these aged patients who often harbor multiple medical comorbidities, such open surgeries of neurologic decompression and intervertebral fusion pose a technical challenge associated with a high risk of intraoperative and postoperative complications (6–9). Since Foley et al. introduced the MIS-TLIF procedure to reduce the approach related muscle damage (18, 19), many investigators have reported significant advantages on open PLIF and TLIF. Its advantages include, but are not limited to, less intraoperative blood loss, less postoperative pain, decreased postoperative narcotic usage, early ambulation, and decreased length of hospital stay (18–24). However, MIS-TLIF should be performed under general anesthesia, which needs sedative medication, muscular relaxant, endotracheal intubation and ventilator, and has comprehensive and adverse impact on the respiratory system, circulatory system, nervous system, urinary system and so on. These make the elderly patients of LDD undergoing MIS-TLIF in great danger. Additionally, the senile osteoporosis decreases the pull-out resistance of pedicle screws and increases the rate of hardware failure. Whereas, PTES under local anesthesia can avoid these shortcomings (13, 15), and PTES is of cost saving because local anesthesia is much cheaper than general anesthesia. The results of this study show that PTES has significantly less blood loss, shorter incision length and shorter hospital stay compared with MIS-TLIF. The cardiac infarction occurred in 2 patients after MIS-TLIF, and there was no complication in PTES group.

Most patients with LDD have the symptoms of nerve root compression, such as one leg pain, or bilateral symmetric or asymmetric legs pain. Some patients have intermittent claudication of lower limbs with no neurologic symptoms when rest and have pain, numbness, discomfort or tiredness of single or bilateral lower limbs after walking for 50 to 100 meters, which could be relieved after a few minutes of rest. We use PTES technique to treat LDD with neurologic symptoms. During the procedure, we perform press-down enlargement of foramen to saw off the ventral bone of articular process (13, 15) (Figure 3), and the hypertrophic ligamentum flavum and the protruding nucleus pulposus are removed to expand the lateral recess and reduce the pressure of nerve roots. When the patients of LDD has central spinal canal stenosis, press-down enlargement of foramen is repeated to remove more ventral bone of articular process and expose dural sac, ipsilateral and contralateral nerve roots (Figures 1I,J) for almost 180° enlargement of central spinal canal. The bilateral nerve roots can be decompressed from unilateral side through a small incision (Figure 1L). The results of this study show that preoperative leg pain of neurologic symptoms was significantly relieved after PTES, which was same as group 2 of MIS-TLIF, and there was no statistical difference of leg VAS scores after surgery between two groups. The preoperative ODI significantly dropped at 2-year follow-up in both PTES and MIS-TLIF group. These are in accordance with those studies of comparing endoscopic surgery with MIS-TLIF for LDD (25).

The orientation of PTES is simple, and it is only needed to take the posteroanterior fluoroscopy to determine the horizontal location line of surgical level (Figure 1C) The target of puncture is the vertical line through the intersection of location line and lumbar back midline (Figures 1D, 3) The entrance point of puncture is located at the corner of flat back turning to lateral side, which does not depend on age, gender, body size and fluoroscopic image. We named it “Gu's point” (13, 15) (Figure 1D), which is closer to the midline than that in other posterolateral endoscopic surgery, and there are four advantages: (1) Avoid injuring the exiting nerve root. Exiting nerve root leaves the foraminal in the direction from superomedial to inferolateral. If the entrance point locates laterally, the foraminotomy procedure may meet and injure the exiting nerve root more possibly and the patient may complain of pain in lower extremities during surgery. (2) Avoid blockage by the high iliac crest for the L5/S1 level. Peak of the iliac crest locates at the lateral side of waist and the height lowers down when getting closer to the midline. Height of iliac crest at “Gu”s Point” is relatively lower, reducing the difficulty of puncture and subsequent operation for L5/S1. (3) Shorten the surgical path. The entrance point is more lateral from the midline, which makes the path for surgical target longer. Especially in obesity patients, more subcutaneous adipose tissue makes the puncture point more distal from surgical target, which needs very long working channel for transforaminal endoscopic surgery. (4) Avoid injuring abdominal viscera and main blood vessels. Puncture from a lateral entrance point is easy to penetrate into the abdomen. Puncture from “Gu”s Point” is much safer, the tip of needle could be blocked by the bony structure of spine even if in a large angle of inclination. Once the needle gets the target, it is acceptable that the tip of needle is in the posterior one third of disc on the lateral x-ray, which makes the puncture of PTES easy. “Press-down enlargement of foramen” (13, 15) (Figure 3) can let reamer remove the ventral bone of articular process and make it easy to place the working cannula into spinal canal between dural sac and disc, although the puncture needle is in intervertebral space. Instead of stepwise manipulation, the one-step enlargement of foramen is performed using 7.5 mm reamer during PTES. This reduced steps, simple orientation and easy puncture can significantly decrease the frequency of fluoroscopy projection and shorten the operation time. This study shows that the fluoroscopy frequency is 5 (5–10) times and the operation time is 55.6 ± 9.7 min from body position to incision closure in PTES group, which are significantly less than those in MIS-TLIF group.

In this study, although press-down enlargement of foramen involved the facet joint in some cases, no new intervertebral instability was observed after PTES on lumbar hyperextension and hyperflexion lateral radiographs and internal fixation was not needed. There was no recurrence in PTES group, which is closely related to strict lumbar care after surgery. The protruded nucleus pulposus is removed under endoscope, and the remaining portion in the intervertebral space is healthy and relatively intact, which can keep stable and will not protrude again. If neglecting postoperative waist maintenance, the remaining nucleus pulposus may rupture and protrude again. It is very important to repeatedly remind the patients not to bend down, not to lift heavy objects, not to maintain a same posture for a long time, and not to focus strength on the waist when coughing and sneezing, which can effectively prevent LDD recurrence. In MIS-TLIF group, LDD at adjacent segment occurred 4 years after surgery in one patient, which also correlates with bad postoperative care and concentration of stress on the adjacent segment. This adjacent segment disease can still be treated with PTES under local anesthesia.

There are also some limitations in this study. It is a single-center retrospective study with a relatively small number of patients. There is no comparison of PTES with other spinal endoscopic techniques. Therefore, we will perform a multicenter prospective controlled study to compare PTES with Yeung Endoscopic Spine Surgery (YESS), Thomas Hoogland Endoscopic Spine Surgery (TESS), Full Endoscopic Discectomy (FED), Unilateral Biportal Endoscopy (UBE) for the treatment of LDD.

In conclusion, both PTES and MIS-TLIF show favorable clinical outcomes for LDD in elderly patients. Compared with MIS-TLIF, PTES has the advantages including less damage of paraspinal muscle and bone, less blood loss, faster recovery, lower complication rate, and can be conducted under local anesthesia.
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A modified percutaneous transforaminal endoscopic surgery for central calcified thoracic disc herniation at the T11/T12 level using foraminoplasty and decompression: A case report
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Background: Thoracic disc herniation (TDH) is uncommon. Central calcified TDH (CCTDH) is even rare. Traditional open surgery was considered a gold standard to treat CCTDH, but it was accompanied by a high risk of complications. Recently, a technique called percutaneous transforaminal endoscopic decompression (PTED) was adopted to treat TDH. Gu et al. designed a simplified PTED technique and named it percutaneous transforaminal endoscopic surgery (PTES) to treat various types of lumbar disc herniation; it offered the advantages of simple orientation, easy puncture, reduced steps, and little x-ray exposure. However, PTES to treat CCTDH has not been reported in the literature.



Methods: Here, we describe the case of a patient with CCTDH treated with a modified PTES through the unilateral posterolateral approach under local anesthesia and conscious sedation by using a flexible power diamond drill. First, we report that the patient was treated with PTES with later-stage endoscopic foraminoplasty, with an inside-out technique employed at the initial endoscopic decompression stage.



Results: A 50-year-old male with progressive gait disturbance and bilateral leg rigidity with paresis and numbness was diagnosed with CCTDH at the T11/T12 level on MRI and CT examinations. A modified PTES was performed on November 22, 2019. The total mJOA (modified Japanese Orthopedic Association) score preoperatively was 12. The method of the determination of incision and the soft tissue trajectory establishment process were the same as those in the original PTES technique. The foraminoplasty process was divided into initial fluoroscopic and final endoscopic stages. At the fluoroscopic stage, the hand trephine's saw teeth were just rotated into the lateral portion of the ventral bone from the superior articular process (SAP) to seize the SAP firmly, while at the endoscopic stage, in order to remove the ventral bone from the SAP safely under direct endoscopic visualization, adequate foramen enlargement was achieved without causing any risk of damage to the neural structures in the spinal canal. During the endoscopic decompression process, the soft disc fragments ventral to the calcified shell were undermined to form a cavity using an inside-out technique. Then, a flexible endoscopic diamond burr was introduced to degrade the calcified shell, and a curved dissector or a flexible radiofrequency probe was used to dissect the thin bony shell from the dural sac. Eventually, the shell was fractured within the cavity piece by piece to remove the whole CCTDH and achieve adequate dural sac decompression, resulting in minimal blood loss and no complications. The symptoms were gradually alleviated and the patient almost completely recovered at the 3-month follow-up, with no symptom recurrence found at the 2-year follow-up. The mJOA score improved to 17 at the 3-month follow-up and to 18 at the 2-year follow-up compared with 12 points preoperatively.



Conclusions: A modified PTES may be an alternative minimally invasive technique for the treatment of CCTDH and provide similar or better outcomes over traditional open surgery. However, this procedure requires good endoscopic experience on the part of the surgeon and is beset with technical challenges and therefore should be performed with utmost care.
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modified PTES (percutaneous transforaminal endoscopic surgery), central calcified thoracic disc herniation, flexible endoscopic power drill, fluoroscopic foraminoplasty, endoscopic foraminoplasty, minimally invasive decompression, case report





Introduction

Thoracic disc herniation (TDH) is uncommon, accounting for 0.25%–0.75% of all disc herniations (1). Surgical treatment is indicated for those suffering from myelopathy and/or intractable neurological deficit (2), which constitutes approximately 0.15%–1.8% of all surgically treated disc herniations (3). Due to the anatomical characteristics of the thoracic spine, conventional open TDH surgery comes with great challenges and significant hazards with regard to a possible surgical access , which may result in serious complications (4). TDH may be soft or calcified (5). Calcified TDH (CTDH) is seen in approximately 40% of the TDH cases, and central CTDH (CCTDH) is even rare (6). An anterior or anterolateral transthoracic approach may be essential for CCTDH because it provides an excellent exposure of calcified discs with minimal or no manipulation of the dural sac (7, 8). However, these approaches are associated with significant morbidity and mortality rates relating to intercostal neuralgia, postoperative atelectasis, pneumothorax, pneumonia, and severe post-thoracotomy pain (9). A posterolateral approach is seldom performed for CCTDH because of inadequate ventral exposure in traditional open surgery. However, with the emergence and progress of minimally invasive spinal surgery (MISS), especially with the emergence and development of endoscopic spine surgery (ESS), a posterolateral approach has become acceptable (3, 10).

Smith initiated the ‘real’ MISS in 1963 by injecting chymopapain intradiscally, and this process was called ‘chemonucleolysis' (11). Encouraged by Smith's results, Kambin in 1970 initiated a feasibility study of mechanical nuclear debulking by inserting a Craig cannula via a posterolateral approach. In 1975, Hijikata inserted a cannula transforaminally into the disc space under the C-arm and successfully removed the nucleus pulposus, and this procedure was termed percutaneous nucleotomy (PN) (12). These minimally invasive access studies to the disc were rare (13). In 1997, Yeung designed the Yeung Endoscopic Spine System (YESS), a decompression procedure under direct endoscopic visualization, signaling the formal beginning of the modern era of ESS (14). This procedure was named “percutaneous endoscopic discectomy (PED)” by Japanese surgeons (10). Later in Europe, this procedure was further developed and was renamed “full-endoscopic discectomy (FED)” (15). The traditional approach in the PED technique was transforaminal, which we called PTED (percutaneous transforaminal endoscopic decompression); the other is the interlaminar approach (10). The transforaminal endoscopic spine system (TESSYS) technique advocated by Hoogland et al. made the PTED technique possible to operate the intracanal by foraminoplasty to enlarge the intervertebral foramen with special reamers (16). There are also other techniques in FED or PED, while YESS and TESSYS are considered by most as representing different concepts of FED: intradisc (inside-out) and intracanal (outside-in). Recently, some surgeons suggested to name the procedure “FED” to replace “PED or PTED” since the term “percutaneous” may cause confusion in that the procedure is similar to the C-arm-based non-endoscopic one (10, 17). But to date, “percutaneous” is used frequently in the ESS field, and it may take some more time for FED to gain complete acceptance (18, 19). FED or PED techniques differ from traditional arthroscopes in that they have an additional working channel port to allow instruments to be passed under direct endoscopic visualization with continuous saline irrigation (20).

YESS is initially centered around the lumbar regions for very limited disc herniations. Since the emergence of TESSYS, PTED evolved from an intradiscal procedure to a true foraminal epidural procedure through which both a targeted discectomy and a foraminal decompression can be performed. Nearly all kinds of lumbar disc herniations are accessible by TESSYS with the outside-in technique (18), but the complexity of the C-arm guiding orientation, the difficulty in finding the optimal trajectory for the target, and the large number of steps involved in surgical manipulation all lead to a greater exposure of x-ray, longer duration of the operation, and a steep learning curve (18).With advances in surgical techniques and technology in recent years, ESS techniques have been utilized for determining pathology in the cervical, thoracic, and lumbar spines (20).

Endoscopic transpedicular thoracic discectomy was first reported in 1999 (21). Recently, PTED was introduced to treat noncalcified TDH (1) and lateralized CTDH (22), and endoscope-assisted spinal surgery was found acceptable to treat CTDH (4). In 2017, Gu et al. reported a new PTED technique called “PTES” (percutaneous transforaminal endoscopic surgery) to treat lumbar disc herniation (LDH), which offered the advantages of simple orientation, easy puncture, reduced steps, and little x-ray exposure (18). In 2016, Wagner et al. reported about the use of PTED to treat TDH by employing a straight electric burr (23). In 2019, Liu et al. reported about the use of PTED to deal with a migrated TDH by employing an endoscopic reamer in the procedure of foramino-laminaplasty (24). Zhang et al. reported about the use of PTED to treat CTDH through bilateral approaches by employing a novel T rigid bendable burr (25). Houra and Saftic reported about the use of PTED for two-level CTDHs with straight and angled electric burrs for bone removal but with cannulated TomShidi needles to establish a decompression trajectory (26).

We adopted the PTES technique of Gu et al. to deal with lumbar disc herniations since early 2018 and made some modifications later that year with encouraging results. Then, we expanded the indications to deal with a lateralized soft TDH, again meeting with success. In this study, we present the case of a patient with CCTDH at the T11/12 level who underwent a unilateral modified PTES with a combination of endoscopic foraminoplasty using a hand trephine at the later foraminoplasty stage and a flexible endoscopic power diamond drill in the decompression process, resulting in a positive outcome.



Case report

A 50-year-old male presented to our department on October 25, 2019, with a complaint of progressive gait disturbance and bilateral leg rigidity with paresis and numbness for 2 months. The onset of symptoms was insidious and developed progressively. No history of obvious trauma was recalled. A neurological examination showed a motor deficit of the bilateral legs (muscle strength: grade 3/5 for the left leg and grade 4/5 for the right leg) and an impaired superficial and deep sensation below the L1 dermatome. Patellar and ankle clonus and Babinski's signs were bilaterally positive.

An MR examination done on the same consulting day revealed a giant central TDH that severely compressed the spinal cord from the ventral side at the T11–12 level. Further, a CT examination done on November 14, almost 1 month later, revealed that the central TDH was calcified, following which the patient was formally diagnosed with CCTDH (Figure 1). On the day of admission, he could move his legs but was unable to walk by himself and had a slight difficulty with micturition. The total preoperative modified Japanese Orthopedic Association (mJOA) score was 12 (27). He was admitted to our hospital for decompression surgery on November 20, 2019, after a digital radiograph of the thoracic spinal region was obtained.


[image: Figure 1]
FIGURE 1
Preoperative image examinations (A–G). MR examination done on October 25, 2019, showed a giant TDH at the T11–12 levels: (A) Right sagittal T2WI, (B) middle sagittal T2WI, and (C) left sagittal T2WI. (D–G) CT examination recorded on November 14, 2019, confirmed CCTDH at T11/12: sagittal CT images [(D) soft tissue window; (E) bone window]. Transverse CT images [(F) soft tissue window; (G) bone window]. (H,I) Digital radiograph obtained on November 20, 2019, showed a normal thoracic sequence with no scoliosis. TDH, thoracic disc herniation; T2WI, T2-weighted image; CCTDH, central calcified TDH.




Methods

A modified PTES technique was introduced to perform the decompression procedure (18). The patient was placed in a prone position on a radiolucent table. The target disc was identified under the C-arm. Gu's point (the point on the marked transverse line bisecting the index disc space where the flat back turns to the lateral side) was chosen as the skin entrance point on the left side (we measured the distance between Gu's point and the midline and found that it was 6 cm) (Figure 2A). Following the administration of local anesthesia with 0.5% lidocaine under conscious sedation, which allowed continuous feedback to be obtained from the patient, a soft tissue trajectory was established according to Gu's description (18). Foraminoplasty was performed using a hand trephine, and the procedure was divided into early and later stages. The early-stage foraminoplasty was performed purely under C-arm guidance using a 7.5 mm diameter trephine, which we called fluoroscopic foraminoplasty; the later-stage foraminoplasty was performed under full endoscopic visualization, which we termed endoscopic foraminoplasty.


[image: Figure 2]
FIGURE 2
Modified PTES (PTED) to decompress CCTDH on November 22, 2019 (A–I). (A) Skin mark of the index disc's center guided under C-arm fluoroscopy and skin entrance point determination (Gu's point, the point on the marked transverse line where the flat back turns to the lateral side). (B) Subsequently, dilator cannulas were advanced to the anterolateral side of the SAP over the guidewire, which was finally confirmed under AP C-arm fluoroscopy. (C) The protection cannula was inserted over the guide rod (which had replaced the dilator cannulas) to kiss the anterolateral side of the SAP which was confirmed under AP C-arm fluoroscopy. (D) The beveled end of the protection cannula touched closely to the anterior side of the SAP, which was confirmed under lateral C-arm fluoroscopy. (E) The hand trephine firmly caught the lateral portion of the ventral bone from the SAP at the fluoroscopic foraminoplasty step. (F) The bone chunk isolated from the ventral portion of the SAP by the trephine. (G) The trephine's saw teeth under endoscopic visualization when performing endoscopic foraminoplasty. (H) Soft herniated disc fragments ventral to the calcified shell were removed using forceps. (I) Calcified shell was thinned using an electric diamond drill at the flexible position. (J) Ventral surface of the dural sac on the left side was exposed after the removal of the bony disc shell. (K) Dural sac with visible pulsation following complete decompression. (L) Isolated disc fragments with scattered calcification. Pentagram, soft fragments of the herniated disc; Triangle, calcified disc shell; Polyhedrosis, hinge of an electric diamond drill; Arrow, dural sac. PTED, percutaneous transforaminal endoscopic decompression; PTES, posterolateral transforaminal endoscopic surgery; CCTDH, central calcified TDH; AP, anteroposterior; SAP, superior articular process.


Fluoroscopic foraminoplasty was done as follows: following the establishment of the soft tissue trajectory (Figure 2B), the dilating cannula was removed and replaced by a 6.3 mm guiding rod (GD) over the guiding wire till the GD's tip touched the lateral edge of the superior articular process (SAP); the GD was then slid into the foramen but with a depth less of than 1.0 cm, touching closely against the anterior edge of the SAP after the removal of the guiding wire. An 8.8-mm outer diameter beveled cannula (protection cannula) was pushed over the GD to dock at the anterolateral edge of the SAP (Figures 2C,D). After the GD was removed, the protection cannula was pressed down slightly horizontally to cover more portions of the ventral aspect of the SAP, with its beveled end touching the ventral aspect of the SAP closely (the so-called pressdown enlargement of the foramen). A hand trephine was then introduced into the protection cannula's cavity to touch the lateral portion of the ventral bone from the SAP firmly. At this point, a forceps was introduced into the reamer's cavity to ensure that a major part of the cavity in the posterior direction was occupied by the bone structure from the SAP, while leaving little free space from the foramen to ensure that the anterior edge of SAP was contained within the reamer's cavity. Then, the trephine was rotated into the SAP with a depth of 5–8 mm to ensure that the trephine’s saw teeth penetrated into the lateral portion of the ventral SAP firmly, while keeping the medial cortex of the SAP intact. Then, a posteroanterior and lateral C-arm view was imaged to identify the direction and location of the trephine. This marked the culmination of fluoroscopic foraminoplasty (Figure 2E).

The later-stage foraminoplasty was done under full endoscopic visualization: A 30° endoscope was inserted via the trephine's cavity; the soft tissues adhering to the lateral edge of the SAP that obstructed the observation or confirmation of relative bony landmarks were stripped off just about enough to identify the bony structures under endoscopic visualization with constant saline irritation. The trephine was rotated deep into the desired direction determined by previous C-arm identification till the bone inside the trephine's cavity began to rotate at the same pace with the reamer. Meanwhile, the bony resistance had faded, indicating that the medial cortex could be penetrated, the bone chunk inside the reamer's cavity could be isolated completely from the residual SAP, and the isolated bone chunk could be extracted along with the trephine (Figure 2F). Additional ventral bone from the SAP was further resected as desired in the same fashion to achieve adequate enlargement of the foramen (Figure 2G). The new isolated bones became smaller and could be removed directly with a forceps, while keeping the trephine in the protection canal. Finally, ligamentous flavum lateral to the dural sac and CCTDH was adequately exposed, which signaled the completion of endoscopic foraminoplasty (18).

Then, decompression under endoscopic visualization was started: The trephine and the protection cannula were replaced by a working cannula, and the endoscope was inserted into the working cannula. The inside-out technique was performed initially, that is, decompression via the intradisc instead of the intracanal (3). The soft disc fragments ventral to the calcified disc shell was undermined with straight or curved microforceps to form a cavity (Figure 2H). Then, a flexible endoscopic diamond burr (Chongqing Xishan Technology Co., Ltd, Chongqing, China) was inserted to thin the calcified shell (Figure 2I). The direction of the diamond burr was changeable as desired through a hinge at the control handle's distal end, which was linked to the rotatory control button at the handle's proximal end. The maximal flexible angle was 30°. The highest rotation speed was 25,000 r/min. The mechanism of the burr was the same as described by Zhang et al. (25) (Figure 3). The no-touch technique was used to ensure that the fragile dural sac was shielded from even minor disturbance (4). When the bony shell was thinned to a point where it became semitransparent or totally transparent, the diamond drill was removed, and a curved dissector or a flexible radiofrequency probe was used to dissect the thin bony shell from the dura cautiously. The caudal and cephalic bony protrusions were also grinded off by rotating the diamond drill up and down. The combination of the displacement of the working cannula and endoscope in various directions and depths, coupled with the angled endoscopic view with the rotation of the endoscope, fix-angled instruments, and flexible power drill, termed the “joystick technique”, provided sufficient decompression area in all directions. Eventually, the shell was fractured within the cavity piece by piece. It was intraoperatively found that not all dorsal surfaces were occupied by the calcified shell. Some part of the central region was still occupied by soft fragments but containing scattered calcified tissue. These fragments were also removed with microforceps. The patient felt a progressive relief of his legs during the removal of the fragments, initially on the left side and slowly spreading to the right side intraoperatively. Finally, a space could be seen underneath the dura sac, and the dural sac with visible pulsation could be seen, which indicated sufficient decompression (Figures 2J,K). Intraoperative bleeding was minimal and almost negligible, and no drainage was used.


[image: Figure 3]
FIGURE 3
Illustration of the manipulation of a flexible power drill (A–D). (A) Calcified disc on the left side was removed using a power diamond drill, while the control handle was in the straight position. (B) Control handle approached anteromedially in a straight position avoiding dural sac disturbance. (C) The distal end of the control handle angled dorsally to remove the calcified shell on the right side (the no-touch technique). (D) Endoscope-assisted resection of CCTDH using a curved dissector from another trajectory (not performed in our patient). CCTDH, central calcified TDH.


The operation time was 100 min. No antibiotics or pain-killer drugs were administrated postoperatively. The patient could walk with a cane 2 days later. The feeling of numbness in his bilateral legs gave way to a welcome relief of tightness. The mJOA score increased to 13. The patient gradually regained a better control of his lower limbs with improved gait and increased muscle strength. A CT re-examination a few days later revealed a complete removal of the herniated disc. The posterior portion of the normal bone structure of the inferior T11 level and the superior T12 level on the contralateral side were unintentionally excessively removed, but thankfully, this did not affect spinal stability (Figure 4).


[image: Figure 4]
FIGURE 4
Postoperative CT scans taken on November 23, 2019, revealed that the calcified herniated disc was completely removed with some normal bone excessively removed (A,B). (A,B) Transverse CT images of T11/12.


At 3-month’ follow-up, the muscle strength in both legs returned to almost normal. The patient experienced slight instability but could walk back and forth smoothly unaided; also he had normal micturition. His mJOA score improved to 17. At a 2-year telephonic follow-up, he stated that he could walk freely without any discomfort. The mJOA score improved to 18.



Discussion

Surgery for CCTDH in the spine is performed extremely rarely, and both its incidence rate and its percentage are very low (1, 2, 3, 6). Traditional approaches have been questioned because of the possibility of a high risk of serious complications, high in-hospital morbidity, and mortality rates, especially when the anterior approaches were chosen (9, 28). The overall trend in the spine surgery technique has been toward less invasiveness, while maintaining similar or better effectiveness and safety (1, 3). PTED has been used to treat noncalcified TDH (1, 2). The central noncalcified disc could be resected using curved microforceps under the angled endoscopic vision (1). Ruetten et al. performed the full-endoscopic uniportal extraforaminal technique under general anesthesia in 15 patients with TDH with calcified intraspinal disc herniations (15). Li et al. performed PTED for soft and paracentral CTDH (22). Paolini et al. reported the use of an endoscope-assisted procedure of CCTDH with a curved dissector from a second trajectory (4). Zhang et al. performed the whole foraminoplasty procedure under endoscopic visualization with a flexible power burr, which we thought would require some time to strip off the soft tissue adhered to the lateral cortex of the SAP, which obstructed the identification of bony landmarks. Meanwhile, to remove the ventral part of the SAP using an endoscopic power burr was considered less fruitful as well as involving a potential displacement of the working cannula, which might result in the surgeon losing sight of the location (25). Compared with a power burr, a hand trephine could help achieve bone removal very quickly.

The original PTES was limited to dealing with lumbar disc herniation (20) including the calcified type successfully (29). We found in our practice that the technique could be expanded to deal with pathology in the lower thoracic spinal region. In our patient, we used the modified PTES technique under local anesthesia, reaping the full advantages of the original PTES technique such as simple orientation, easy puncture, reduced steps, and little x-ray exposure. During the performance of our foraminoplasty procedure, we used a hand trephine instead of a cannulated TomShidi needle and sequential trephines, as the latter was open to frequent x-ray exposure and therefore entailed heightened risk (26).

Our modified technique divided foraminoplasty into fluoroscopic and endoscopic stages. Fluoroscopic foraminoplasty saved precious time as only an insertion of the trephine into the lateral portion of the ventral bone from the SAP was required with an almost precise direction and depth under C-arm confirmation. Endoscopic foraminoplasty ensured safe and adequate foramen enlargement as it prevented iatrogenic damage to the neural structures in the spinal canal, which may cause a puncture of the dura or injury to the traversing nerve. Also, x-ray exposure was reduced. In the endoscopic decompression process, different from the original PTES technique, an inside-out technique was introduced initially, where the cannula is first inserted into the disc just underneath the calcified shell to form a cavity. In the light of the use of the flexible power drill, decompression was performed under full-endoscopic visualization with constant saline irritation. The noncalcified tissues underneath the calcified shell were first removed and then the calcified shell was thinned using the diamond burr. The no-touch technique ensured the safety of the spinal cord by taking into account the patient's feedback under local anesthesia. Thus, by using an endoscopic diamond burr, a modified PTES may prove to be an alternative for CCTDH treatment. It is worth mentioning here that during the follow-up, the patient's condition saw satisfactory improvement, which indicated that our preoperative plan was successful.

However, it should be recognized that this procedure is technically demanding and invariably associated with learning curves. Therefore, it must be performed with utmost care, with the awareness and realization that some normal bone is being excessively removed somewhere intraoperatively (Figure 4).
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Objective: The oblique lateral interbody fusion (OLIF) technique is a promising interbody fusion technique. This study summarizes the technical aspects of OLIF as a salvage surgery and the preliminary outcomes of a series of cases.



Patients and methods: A retrospective review of patients with leg or back pain induced by pseudoarthrosis or adjacent segment disease after posterior lumbar interbody fusion/transforaminal lumbar interbody fusion was done. These patients underwent salvage OLIF surgeries in our institution from January 2021 to March 2022. Variables such as the demographic, clinical, surgical, and radiological characteristics of the enrolled patients were recorded and analyzed.



Results: Eight patients (five females and three males; mean age 69.1 ± 5.7 years, range 63–80 years) were enrolled in this study. The mean operative time was 286.25 min (range: 230–440 min), and the estimated blood loss was 90 ml (range: 50–150 ml). Only one of the eight patients experienced a complication of lower limb motor weakness, which disappeared within 5 days after surgery. The latest data showed that the mean intervertebral space height increased from 8.36 mm preoperatively to 12.70 mm and the mean segmentary lordosis increased from 8.92° preoperatively to 15.05°. Bone fusion was achieved in all but one patient, who was followed up for only 3 months. The JOA scores Japanese Orthopaedic Association (JOA) Scores for low back pain of all patients significantly improved at the final follow-up.



Conclusion: OLIF provides a safe and effective salvage strategy for patients with failed posterior intervertebral fusion surgery. Patients effectively recovered intervertebral and foraminal height with no additional posterior direct decompression.
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failed posterior interbody fusion surgery, adjacent vertebral disease, salvage surgery, oblique lateral interbody fusion, OLIF51, OLIF25, technical note





Introduction

Spinal diseases have become the leading cause of global labor losses because of their high disability rate, slow recovery rate, and youth-targeted characteristics (1). Lumbar interbody fusion (LIF) is a classic and effective procedure for treating degenerative, infectious, traumatic, and neoplastic lumbar diseases. Over the decades, a variety of surgical approaches have been developed to achieve LIF, among which posterior lumbar interbody fusion (PLIF) and transforaminal lumbar interbody fusion (TLIF) have been used as representatives until now (2). With their wide application, the number of patients experiencing failed posterior intervertebral fusion surgery, such as internal fixation fracture, intervertebral space infection, and cage migration, is increasing. In addition, fixation and fusion lead to biomechanical changes, and there is also an alarming increase in the occurrence of adjacent segment disease (ASD). If the patient experiences a recurrence of severe symptoms after primary surgery, salvage surgery should be performed immediately (3). However, the loss of the posterior bone-ligament structure, the extensive scar hyperplasia, and the adhesion of the dural and neural tissues make it extremely difficult to deal with the intervertebral space, and even a small surgical error will lead to irreparable and serious consequences, which poses great challenges and is difficult to revise.

The lateral lumbar interbody fusion (LLIF) technique, which includes oblique lateral interbody fusion (OLIF) and extreme lateral interbody fusion (XLIF), was developed to gain lateral access to the intervertebral space by bypassing the posterior structures, to achieve indirect decompression and interbody fusion (4). Among them, the recently developed OLIF, which is proving beneficial because of its retroperitoneal physiological space approach, dispenses with the need to divide the psoas major muscle, which has attracted the attention of surgeons (5). Therefore, OLIF may be an excellent method to perform salvage surgery in patients with failed posterior fusion surgery.

At present, there are a few reports on the application of OLIF in salvage surgery. In particular, different technical specifications are recommended for the treatment of failures of different segments (L2-5 or L5/S1) and characters during the performance of OLIF. In this study, we systematically summarize the technical notes of the OLIF salvage procedure and analyze the outcomes of the case series for a professional reference.



Materials and methods

This study retrospectively reviewed patients who underwent salvage OLIF surgery at our institution from January 2021 to March 2022. The final decision on the surgical strategy to be adopted was agreed upon by the medical team, which included anesthesiologists and spine surgeons. All surgeries were performed by the same experienced physician. The procedures are described in detail in the next section. The demographic, clinical, surgical, and radiological characteristics of the enrolled patients were recorded and analyzed, mainly including the following variables: sex, age, type of lesion, segment, JOA score, JOA recovery rate, follow-up period, operative time, estimated blood loss, segmental lordosis, disc space height, and intervertebral fusion. All data were obtained through the extraction of inpatient medical records and regular follow-ups. The study was approved by the Ethics Committee (approval number: QYFY WZLL 27203) of the Affiliated Hospital of Qingdao University, and informed consent was obtained from the patients.



Surgical technique

Salvage OLIF surgeries were divided into OLIF25 and OLIF51, corresponding to L2-5 and L5/S1 intervertebral discs, respectively. The main difference between these is that the surgical window of the former is located between the psoas major and the abdominal aorta, while the latter is located at the bifurcation point of the iliac vessels (Figure 1).


[image: Figure 1]
FIGURE 1
Schematic of a surgical window for OLIF2/5 and OLIF5/1.



Preoperative assessment

Anatomical evaluation of the patient before surgery is necessary to ensure a smooth procedure and avoid vascular and nerve damage.

First, it must be determined whether the patient has had any prior surgery involving the retroperitoneum, as retroperitoneal tissue adhesion will seriously hinder the performance of the surgical procedure. Here, emphasis must be placed on the evaluation of the anatomy of the anterior great vessels through MRI and enhanced 3D CT, which will help eliminate surgical contraindications and allow the provision of a choice of specific procedures. Ideally, the left common iliac vessel will emerge from the L5 vertebral portion without straddling the L4/5 or L5/S1 intervertebral spaces, allowing for a comfortable OLIF25 or OLIF51. If the left common iliac vessel originates at the level of the target intervertebral space, the procedure will cause excessive interference, and the surgeon should carefully consider whether OLIF is a reasonable option in this situation.

The pelvis should also be considered when performing this procedure. The high iliac crest affects OLIF25 at the L4/5 level but does not significantly influence OLIF51. Conversely, the relative position of the symphysis pubis to the parallel line of the L5/S1 intervertebral space may hinder surgery in the L5/S1 intervertebral space.



Anesthesia and position

The surgery was performed under general anesthesia. When performing revision surgery, it is generally necessary to make a position switch between the right lateral decubitus and the prone decubitus, and the surgeon should choose the first position from the perspective of the case characteristics, surgical strategy, and lumbar stability. It is important that the coronal plane of the body, whether the right lateral decubitus or the prone decubitus, lies perpendicular or parallel to the floor to provide the best reference axis for perspective and manipulation. The OLIF51 procedure slightly differs from that of OLIF25 in that it requires the left leg to be extended, otherwise, it becomes difficult to expose the incision site. Pelvic fixation can be performed by using an oblique fixation band, ignoring the pubic symphysis to avoid covering the surgical instruments and incisions.



Incision design

Before designing the incision in OLIF25, the 12th rib and the iliac crest were outlined on the skin to ensure that they would not cover the incision. Then, the surface projection of the target intervertebral space was marked, and its center point was determined under vertical fluoroscopy. An incision parallel to the anterior superior iliac crest was made 4–5 cm anterior to the central point, which was approximately 4–7 cm in length (Figure 2A).


[image: Figure 2]
FIGURE 2
Schematic diagram of an OLIF2/5 surgical incision design, separation approach, and pull hook placement (A, C, E). Schematic diagram of an OLIF5/1 surgical incision design, separation approach, and pull hook placement (B, D, F).


The incision in OLIF51 was done more ventrally to provide a more oblique surgical approach to the bifurcation of the iliac vessels. The lateral body surface projection of the iliac crest and the L5/S1 intervertebral space were marked by fluoroscopy. From the central point of the target disc, two identical lines were drawn: a vertical line projected perpendicular to the floor, and another one extending on the abdomen in the direction of the disc. A 5 cm incision should be made along the pelvis at two fingers’ breadth from the anterior superior iliac spine. In this case, a longer and more ventrally incision was made because of the excessive pelvic incidence angle (Figure 2B).



Retroperitoneal approach for disc repair

A blunt dissection of the abdominal external oblique, internal oblique, transversalis muscle, and transversalis fascia was performed. After exposing the retroperitoneal fat, a circumferential sweep was performed below the transversalis fascia with the fingers parallel to the abdominal wall to first separate the posterior peritoneum. The separation was then continued posteriorly along the inner abdominal wall or the inner pelvis until the psoas major muscle was palpated.

The next exposure procedure was slightly different between the two techniques. OLIF25 was advanced along the anterior margin of the psoas to the anterior disc space. The retractor was placed after the anterior disc space was widened by pushing the psoas and the pulsating abdominal aorta beneath it laterally (Figures 2C–E). For OLIF51, the pulsating common iliac artery and its deep common iliac vein were first palpated along the anterior margin of the psoas. The retractor was placed at the anterior disc space, which was exposed by blunt dissection of the bifurcated iliac vessels (Figures 2D–F). The entire procedure should be performed with maximum direct visualization.



Preparation of the intervertebral space

After the ideal exposure of the target disc, the annulus fibrosus was cut close to the endplate to prepare the intervertebral space. The cage was loosened using Cobb’s torque-limiting shaft and removed with a clamp. If necessary, this step can be completed by using a power tool, such as a high-speed drill. Then, a curette and reamer were used to thoroughly clean the scar tissue in the intervertebral space and expose the endplate, taking care not to induce additional endplate injury. The intervertebral space was sequentially distracted by using different-sized trials until a satisfactory intervertebral height was obtained. An appropriate cage (10–20 mm, 6°–24°) loaded with an autogenous or allogenic bone was implanted into the intervertebral space.

The differences between the OLIF25 technology and the OLIF51 technology mainly lie in the annulotomy position and surgery direction. The former was placed more lateral to the disc and the cage was implanted parallel to the coronal plane of the body, while the latter was placed on the ventral side of the disc and the cage was implanted in a sagittal plane parallel to the body. In practice, frequent perspective positioning is necessary because the surgeon is prone to disorientation.




Results


Patients’ demographics

We identified eight patients who underwent salvage OLIF surgery. Table 1 summarizes the patients’ baseline demographics. Among the eight subjects, there were five women and three men, with a mean age of 69 years. The types of lesions that led to revision surgery in these patients included adjacent vertebral disease (three patients), pseudoarthrosis (two patients), cage protrusion (three patients), and an internal fixation fracture (one patient). The surgical levels were L3/4 in two patients, L4/5 in four patients, L5/S1 in one patient, and L2/4 in one patient.


TABLE 1 Demographic data.

[image: Table 1]



Surgical data and clinical outcomes

Perioperative data and clinical outcomes are summarized in Table 2. The mean follow-up was 9 months (range: 6–12 m), mean operative time was 286.25 min (range: 230–440 min), and the estimated blood loss was 90 ml (range: 50–150 ml). The mean JOA score improved significantly from 11.37 (range: 8–14) preoperatively to 21.87 (range: 18–26) at the last follow-up. Only one of the eight patients experienced a complication of lower limb motor weakness, which resolved within 5 days of surgery.


TABLE 2 Surgical data and clinical outcomes.
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Radiographic evaluation

Standing lumbar spine radiographs and lumber CT were the regular follow-up re-examinations. The most recent data revealed that the mean intervertebral space height increased from 8.36 mm preoperatively to 12.70 mm, and the mean segmental lordosis increased from 7.05° preoperatively to 13.30°. Bone fusion was achieved in all but one patient, who was followed up for only 3 months (Table 3).


TABLE 3 Radiographic results.
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Illustrative cases


Case 1

A 72-year-old woman underwent an L5/S1 TLIF for low back pain and neurogenic claudication caused by L5/S1 spondylolisthesis with secondary spinal stenosis. Symptoms resolved postoperatively until 5 months after surgery, when the patient complained of recurrent low back pain and radicular pain in the right lower extremity. A radiologic assessment revealed that the L5 pedicle screw had become loose and the cage at L5/S1 had migrated beyond the anterior edge of the S1 vertebral body. In addition, dual X-ray absorptiometry indicated the presence of severe osteoporosis (T = −3.7). Given the requirements of removing the migration cage in the presence of posterior scar adhesions and providing strong fixation in this case, we performed anterior removal of the cage and OLIF51 and replaced the loose screws with cement-augmentation of pedicle screws after confirming the accessibility of the oblique corridor (Figure 3). The procedure was successful, with no postoperative complications. Follow-up imaging 6 months after the revision surgery showed that the L5/S1 intervertebral space had formed a bony fusion and the patient’s chief complaint was fully resolved (Figure 4).


[image: Figure 3]
FIGURE 3
Exposure of a displaced cage from an oblique anterior view (A). Successful removal of the displaced cage was (B).



[image: Figure 4]
FIGURE 4
Preoperative frontal and lateral x-rays and CT, screw extraction, anterior slippage of a vertebral body, and cage displacement (A–C). Satisfactory repositioning of the vertebral body at 6 months postoperatively (D, E), with bone bridging seen on CT (F).




Case 2

A 64-year-old man underwent vertebral excision, intervertebral bone grafting, and posterior fixation for vertebral infection following L3 percutaneous vertebroplasty. However, the patient experienced severe low back pain for 3 years after surgery. Plain radiographs and CT images showed bone resorption in the spaces between L2 and L4 with vertebral endplate osteosclerosis with bilateral rod fractures, and pseudoarthrosis formation at L2/4. After careful consideration, we decided to use the OLIF25 technique to thoroughly clean the vertebral space and implant a wide OLIF cage (6°, 14 mm × 55 mm) to restore its height through an anterolateral approach. Then, the posterior program was to simply replace the fracture-connecting rod. Postoperative imaging confirmed that the revision surgery successfully restored lumbar curvature and height, and the patient achieved great relief from low back pain (Figure 5).


[image: Figure 5]
FIGURE 5
Preoperative frontal and lateral x-rays and CT showed bone resorption with bilateral rod fractures and pseudarthrosis formation (A–D). Postoperative images show a satisfactory reconstruction of lumbar curvature and height (E–G). A restored coronal balance (H).





Discussion

Failed posterior fusion surgery is not uncommon in the clinic, for which timely and appropriate salvage surgery is recommended (6). Here, we report a series of cases of patients in whom the salvage OLIF technique was applied to treat failed posterior intervertebral fusion surgery, and initial follow-up data demonstrated that the protocol was effective.

The most common reasons for failed posterior interbody fusion are endplate injury, inadequate space opening, inappropriate cage shape, small cage size, inadequate depth of cage implantation, poor cage fit to the bony endplate of the spinal canal, and inadequate internal fixation strength. These are also always accompanied by many unfavorable factors, such as, for example, advanced age and severe osteoporosis (7–9). Unfortunately, posterior reinvasion is extremely challenging and risky. The loss of the posterior bone-ligament structure makes dissection and exposure difficult, and scar formations and adhesion of the dural and neural tissues greatly increase the risk of bleeding and nerve injury during dissection (10, 11). Moreover, it is difficult to obtain a sufficient surgical field to remove the original cage and clear the intervertebral space by pulling the dural sac and nerve root. In addition, removal of the cage during salvage surgery sometimes results in endplate destruction and even fractures, making it difficult to ensure effective intervertebral height restoration and fusion by reinsertion of a small cage.

In 1997, Mayer reported the technique of lumbar interbody fusion from the space between the abdominal vascular sheath and the anterior border of the psoas muscle, which provided a new perspective for the approach to lumbar fusion (12). In 2012, Silvestre improved and developed the OLIF-specific cage and corresponding channel system based on the original approach, thus representing the OLIF technique and concept, which was rapidly popularized and applied worldwide (4). The OLIF procedure helps the surgeon approach the target disc through the physiologic space between the retroperitoneal abdominal vascular sheath and the anterior border of the psoas muscle, with no damage to the posterior structures. At the same time, the oblique lateral corridor provides a wide window for intervertebral space manipulation, which makes it possible to utilize a large cage bridge for bridging the bilateral edge of the apophyseal ring, thus meeting the demand for revision surgery to restore intervertebral height and achieve rigid fusion. Previous reports suggest that the OLIF technique is suitable for the treatment of various kinds of lumbar diseases, as it restores intervertebral stability and intervertebral space height, achieves indirect decompression, and corrects the lumbar sequence (13). Therefore, it is reasonable to believe that it will also help avoid revision surgery after a failed posterior intervertebral fusion surgery.

Phan and Mobbs reported a case of salvage OLIF for non-union following posterior surgery at the L2/3 level, demonstrating the acceptable OLIF approach to achieve satisfactory interbody fusion (14). In the study by Orita et al., a follow-up based on the JOA score demonstrated the high clinical efficacy of salvage OLIF in the treatment of failed spinal surgery with a mean recovery rate of 65.0% and more effective interbody fusion (15). In addition, compared with the traditional posterior revision surgery, salvage OLIF technology also helped to achieve effective control of blood loss, which was also demonstrated in our study (mean blood loss of 90 ml). In our study, the illustrative cases of patients were more complex because their condition was accompanied by severe intervertebral height loss or osteoporosis. Due to technical and instrumental deficiencies, it may be difficult to achieve satisfactory efficacy for this condition by using the posterior approach. However, our preliminary follow-up results show that the oblique lateral approach, the large OLIF cage, and the complementary anterior fixation can perfectly solve the aforementioned problems. The most common complications of OLIF surgery reported in the literature are vascular, ureteral, and nerve damage, in addition to lower-extremity weakness. In our case series, only one patient developed postoperative lower-extremity weakness but recovered quickly. We suggest that the above complications can be effectively avoided by performing blunt dissection with maximum visualization.

The potential shortcomings of OLIF as a salvage surgery are as follows: there was no significant increase in the complication rates of OLIF as a salvage surgery, but the presence of postoperative scarring or adhesions around the spinal root may reduce the indirect decompressive effect (16). This may result in poor clinical outcomes for salvage surgery compared to primary surgery.

This study had several limitations. First, this was a single-center retrospective study with a small sample size. Second, the follow-up period was short, and no control group was established. Therefore, more prospective, controlled studies with large samples are necessary to overcome these drawbacks.



Conclusions

OLIF can effectively restore intervertebral and foraminal height in patients with failed posterior interbody fusion surgery with no additional posterior direct decompression. A lower risk of bleeding and nerve damage gives OLIF great potential and application prospects in the field of lumbar salvage surgery.
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Objective: To retrospectively evaluate the feasibility and effectiveness of vertebroplasty using Spinejack implantation for the treatment and stabilization of painful vertebral compression fractures, in patients diagnosed with Multiple Myeloma (MM), to allow both an effective pain reduction and a global structural spine stabilization.



Materials and Methods: From July 2017 and May 2022 thirty-nine patients diagnosed MM, with forty-nine vertebral compression fractures underwent percutaneous Vertebroplasty using Spinejack Implants. We analyzed the feasibility and complications of the procedure, the decrease in pain using visual analogue scale (VAS) and Functional Mobility Scale (FMS).



Results: The technical success rate was 100%. No procedure-related major complications or death occurred. In the 6-month follow-up, the mean VAS score decreased from 5.4 ± 1.0 to 0.2 ± 0.5 with a mean reduction of 96.3%. FMS decreased from 2.3 ± 0.5 vs. 1.2 ± 0.4 with a mean reduction of −47.8%. There were no major complications related to incorrect positioning of the Expandable Titanium SpineJack Implants. In five patients, a cement leak was observed with no associated clinical manifestations. The average length of hospital stay was 6–8 Hours6.6 ± 1.2 h. No new bone fractures or local disease recurrence occurred during a median contrast-enhanced CT follow-up of 6 months.



Conclusions: Our results suggest that vertebroplasty, using Spinejack implantation for the treatment and stabilization of painful vertebral compression fractures, secondary to Multiple Myeloma is a safe and effective procedure with long - term pain relief and restoration of vertebral height.
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expandable titanium spineJack implants, interventional radiology, percutaneous therapies, multiple myeloma, vertebroplasty





 Introduction

Multiple myeloma (MM) is a clonal plasma cell proliferative disorder characterized by the abnormal increase of monoclonal immunoglobulins that can ultimately evolve to specific end-organ damage.

MM represents about 1.8% of all new cancer cases diagnosed in the United States each year with a median age of about 70 years and is slightly more commonly seen in males than females (1.4:1).

Bone lesions are seen in 80% of patients with MM which are complicated frequently by skeletal-related events (SRE) such as hypercalcemia, bone pain, pathological fractures, vertebral collapse, and spinal deformities.

The most commonly used therapies in treatment of MM are radiotherapy (RT), antiresorptive therapies (bisphosphonates, denosumab) and Systemic Anti-Myeloma Treatments (Proteasome Inhibitors, Immunomodulatory Drugs (IMiDs).

Pharmacological treatment options for vertebral fractures include bisphosphonates, denosumab, teriparatide, and estrogen therapy. These medications have been shown to increase bone density and reduce the risk of subsequent fractures. In addition, bisphosphonates and denosumab have been shown to reduce the risk of vertebral fractures in patients with multiple myeloma.

Non-invasive treatments for vertebral fractures include bracing, physical therapy, and pain management. Bracing has been shown to improve pain and reduce the risk of further fractures in patients with acute vertebral fractures. Physical therapy can improve mobility and reduce pain in patients with chronic vertebral fractures. Pain management can be achieved through a variety of methods, including non-steroidal anti-inflammatory drugs (NSAIDs), opioids, and nerve blocks (1).

Interventional radiology plays a fundamental role in this pathology, especially in the treatment of pain associated with secondary vertebral fractures, mainly with the use of percutaneous kyphoplasty (KPT) and vertebroplasty (VPT) as indicated in 2017 CIRSE guidelines (1, 2).

Vertebral deformity and the development of adjacent level fractures at and above these osteoporotic fractures are significant long-term complications related to VPT and KPT (3, 4).

Although VPT allows a good reduction of pain both in the short and long term, normally does not allow an adequate restoration of the vertebral height and the kyphotic angle, often determining a vertebral deformity and alteration of the kyphotic angle which predisposes to adjacent vertebral fractures (5, 6).

Various Percutaneous Implant Techniques (PITs) were introduced in order to reduce the secondary loss of vertebral body height associated with PKP after balloon deﬂation and till cementation and to allow persistent restoration of vertebral height and restoration of a normal kyphotic angle (7).

Despite the literature supporting the efficacy of SpineJack [SJ] implant for treatment of vertebral post-traumatic compression fractures (8), no reports exist documenting its use in the treatment of compression fractures in multiple myeloma patients.

Our goal was to evaluate, for the first time, the feasibility and technical effectiveness of vertebroplasty with SJ implantation for the treatment of painful vertebral compression fracture, secondary to MM, to allow both an effective and prolonged pain reduction, restoration of vertebral height and ensure the biomechanical stability of the spine.



Materials and methods

In this retrospective study, thirty- nine patients (19 women and 20 men; mean age, 64 with a range of 39–85 years) with MM who underwent VPT with SJ implantation between July 2017 and May 2022 were included (Table 1).


TABLE 1 Demographic characteristics of patients.
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A total of 49 vertebrae were treated with the implantation of 98 SJs.

The inclusion criteria were: back pain associated with the presence of a vertebral compressive fracture diagnosticated by a Computed Tomography (CT) scan or a Magnetic Resonance Imaging (MRI) scan.

The exclusion criteria were: extensive epidural and spinal canal infiltration (more than a third of the extension of the circumference of the epidural space), severe canal stenosis and moderate and severe neurologic deficits.

A systemic chemo-immunotherapy was previously performed to treat the neoplastic malignancy, and the vertebral augmentation was considered as a supportive therapy to reach a rapid relief of the pain.

All patients were previously treated with radiotherapy with persistent pain.

The pre-operative evaluation consisted of a combined oncological-radiological interventional clinical visit and the severity of pain was measured using the visual analog scale (VAS) and Functional Mobility Scale (FMS).

VAS score was evaluated at 1-week and 1- 3- 6-month follow-up.

FMS was recorded 1 month after the treatment to assess the effect of treatment on level of mobility and ability to walk. A 4-point FMS classification was used: 4, bedridden; 3, use of wheelchair; 2, limited painful ambulation; 1, normal ambulation.


Technique

Vertebroplasty with SpineJack Implants was performed under dual CT (system: SOMATOM Sensation, Siemens, AG, Forchheim, Germany) and fluoroscopy guidance to monitor the correct visualization, advancement, and expansion of the implants, control potential posterior wall protrusion and monitor any leaks during cement injection.

All interventions were performed under conscious sedation with continuous intravenous infusion of fentanyl citrate (0.1 mg/2 ml diluted 1:10 with saline) and received local anesthesia with subcutaneous injection of lidocaine hydrochloride at 2% anesthesia.

Antibiotic prophylaxis (single dose of cefazolin, 2 g, intravenously) was performed in all patients.

Two 10-gauge bone trocars (Stryker) were inserted into the vertebral body via a bilateral transpedicular approach in the lumbar spine or via a costotransverse approach in the thoracic spine.

A blunt guide wire was placed bilaterally and through these a designed drill, mounted on a working cannula, was gently advanced manually and coaxially into the vertebral body, until the desired position of the implant to create the vertebral space for the implants.

After preparation of both sides, the two SpineJack® (Stryker Corp, Kalamazoo, MI) implants were inserted into the vertebral body and were gradually and simultaneously deployed until height restoration and kyphosis reduction were judged satisfactory.

After implant detachment Poly-Methyl-Methacrylate (PMMA) bone cement (SpinePlex® radiopaque bone cement - Stryker Corp, Kalamazoo, MI) was slowly injected, under real time fluoroscopy, through the same working cannula used to insert the implants into the vertebral body until satisfactory vertebral filling was obtained.

If leaks of cement appear, the procedure has been interrupted.

An immediate post-procedure no contrast-enhanced CT was performed to evaluate the results and any complications (Figures 1–3).


[image: Figure 1]
FIGURE 1
62-year-old male with a diagnosed MM with lumbar pain. A-B: Sagittal (A) and axial (B) CT scan showing L3 vertebra compression fracture, with significant reduction in the height of the posterior wall, with lytic lesion which also extends to the right pedicle [white circle in (A,B)]. (C–E): CT MPR (Multiplanar) in sagittal (C–E) and coronal (D) planes images; after preparation of both sides, two SpineJack® (white arrows), were inserted into the vertebral body and were gradually and simultaneously deployed [yellow arrow in (E)]. (F–G): CT MPR in coronal (F) and sagittal (G)plane images; Post procedure control images showed a correct expansion of the vertebra with a homogeneous distribution of the vertebral cementum. Minimum right lateral cement leak was observed [red arrow in (F)].
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FIGURE 2
63-year-old male with a diagnosed MM with lumbar pain. (A) Sagittal CT scan in sagittal plane showing L2 vertebra compression fracture, with significant reduction in the height of the middle portion of vertebral body (white arrow). (B) CT MPR (Multiplanar) in sagittal, axial and coronal planes images; after preparation of both sides, two SpineJack® implants were inserted into the vertebral body and were gradually and simultaneously deployed (green arrows). (C) CT MPR in sagittal plane image; Post procedure control images showed a correct expansion of the vertebra with a homogeneous distribution of the vertebral cementum (red arrow). No cement leaks or complications.
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FIGURE 3
70-year-old female with a diagnosed MM with dorsal pain. (A) CT scan in axial and sagittal planes showing T6 vertebral compression fracture, with significant reduction in the height of the anterior wall (white arrows). (B) CT scan in axial and sagittal planes; after preparation of both sides, two SpineJack® implants were inserted into the vertebral body and were gradually and simultaneously deployed (green arrows). (C) CT scan using MIP (Maximum Intensity projection) reconstruction in axial and sagittal planes; Post-procedure control images showed a correct expansion of the vertebra with a homogeneous distribution of the vertebral cementum. No cement leaks or complications.


According to clinical follow-up, contrast-enhanced CT scans were acquired 6 months after the procedure.



Statistical analysis

For the purposes of this study, continuous variables were shown as mean ± standard deviation (SD). Differences between the average VAS score at 1 week, 1, 3 and 6 months and FMS at 1 month after the procedure were evaluated by means of Student'st test or Fisher's exact test as appropriate. A p value less than 0.05 was taken as significant. Statistical analysis was performed using OpenStat software.




Results

A total of 98 expandable Titanium SpineJack Implants were inserted into 49 vertebrae (49 bilateral procedures).

In 6 patients the Spinejack implants were implanted bilaterally in two vertebrae in the same operative session due to the presence of a double active fracture (Patients 2-4-7-20-21-34 in Table 2).


TABLE 2 Levels of the treated vertebrae, vertebral height variations,changes in VAS score and complications.
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The technical success rate was 100% (98/98) without major complications.

Minimal leakage of cement occurred in 5 procedures (10%), 2 anterior venous leakages, 1 posterolateral, and 2 intradiscal leakages, without clinical repercussions.

Four patients developed a secondary vertebral fracture in a caudal segment respectively 7,14,22 and 37 days after procedure.

The SJ procedure had a mean procedure duration of 23 ± 4 min.

Adjacent fractures were successfully treated with implantation of SpineJack implants (Patient 6,19,20 and 21 Table 2).

Vertebral height restoration was observed in 30 vertebrae (61%), with a mean anterior column height restoration of 2.0 mm (baseline 16.9 ± 4.3 mm vs. immediately postoperative 19.1 ± 3.6 mm p < 0.001); a mean middle column height restoration of 4.2 mm (baseline 14.9 ± 3.5 mm vs. immediately postoperative 19.1 ± 3.6 mm p < 0.001).

All patients were discharged 6–8 h after treatment in stable and uncomplicated conditions.

No patients were lost to follow-up at 6 months.

Mean VAS score of pain evaluation on the day before treatment was 5.4 ± 1.0 (range 4–8).

One week after treatment the median VAS score of pain was 1.5 ± 1.2 (range, 0–6) with a mean reduction of 72.2% (5.4 ± 1.0 vs. 1.5 ± 1.2; p < 0.000; Figure 4).
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FIGURE 4
Median VAS score follow-up evaluated before and prospectively after 1 week, and 1, 3, and 6 months from the treatment. Orange line indicates patients’ changes in pain.


One month after treatment the median VAS score of pain was 0.6 ± 0.8 (range, 0–3) with a mean reduction of 88.89% (5.4 ± 1.0 vs. 0.6 ± 0.8; p < 0.000; Figure 4) compared with baseline evaluation.

At the 3-month evaluation, the median VAS score for pain was 0.3 ± 0.5 (range 0–2) with a mean reduction of 94.44% (5.4 ± 1.0 vs. 0.6 ± 0.8; p < 0.000;Figure 4) compared with baseline evaluation.

At the 6-month evaluation, the median VAS score for pain was 0.2 ± 0.5 (range 0–2) with a mean reduction of 96.3% (5.4 ± 1.0 vs. 0.2 ± 0.5; p < 0.000;Figure 4) compared with baseline evaluation.

The levels of the treated vertebrae, vertebral height variations, VAS scores and complications are described in Table 2.

Mean FMS on the day before treatment was 2.3 ± 0.5. (range 2–4).

One month after treatment the median FMS of disability was 1.2 ± 0.4 (range, 1–3) with a mean reduction of −47.8% (2.3 ± 0.5 vs 1.2 ± 0.4; p < 0.000;) compared with baseline evaluation.

During follow-up, no infectious complications were observed.

Contrast-enhanced CT or MRI scans performed 6 months after the procedure showed no local recurrence, implant displacement or new fractures in the treated site.



Discussion

Our study demonstrates that SpineJack implant followed by VPT is a feasible and safe procedure that allows to reduce back pain due to vertebral involvement in MM and at the same time allows to re-establish vertebral height, allowing persistent spinal stability.

MM in 90% of cases presents bone involvement and frequently affects the vertebral column and causes vertebral fractures and collapses, acute pain and possible associated secondary neurological deficit (9).

Although it is a highly radiosensitive tumor and radiotherapy often allows a significant reduction of pain, it does not allow the restoration of the vertebral height and the correct kyphotic angle, and the consequent deformity of the spine can increase mortality and morbidity associated with this disease (10).

Stereotactic radiotherapy (SR) is also associated with up to 18% of adjacent post-treatment vertebral fractures (11).

Kado et al. showed that in older women with vertebral fractures, hyperkyphosis predicts increased risk of death, independent of underlying spinal osteoporosis and the extent and severity of vertebral fractures (12).

As evidenced on human specimen models, endplate depression after associated with an osteoporotic vertebral fracture, impairs the ability of the disc to distribute load evenly to the adjacent segments.

Load concentration on the anterior portion of the adjacent vertebrae may contribute to increased subsequent fracture risk after an osteoporotic vertebral fracture which may be associated with increased morbidity and mortality in these patients (13).

This secondary alteration of the biomechanics of the spine can be reduced by a realignment of the vertebral endplates, restoring normal disk mechanics and load sharing, through KPT or PITs (14).

Since 1996 percutaneous VPT (15) and since 2002 KPT (16) have been used in the treatment of vertebral fractures associated with MM with good results in terms of pain reduction and with greater efficacy of KPT in the prevention of early adjacent fractures.

In a recent systematic review and meta-analysis, which retrospectively evaluated about 2 million patients, it was confirmed that the execution of VPT and KPT reduced by at least 22% the 10-year mortality after compression fracture.

KPT provided mortality benefits over VPT, with reported hazard ratios of 0.77 (95% CI: 0.77, 0.78; p < .001) and 0.87 (95% CI: 0.87, 0.88; p < .001), respectively (17).

Consensus statement from the International Myeloma Working Group (IMWG) concluded that “Cement augmentation is a very effective way of stabilizing the anterior and middle spinal columns without the need for metalwork fixation” (18).

In 2017 CIRSE guidelines, VPT, KPT and percutaneous implant techniques (PIT) are indicated in the treatment of painful vertebrae with extensive osteolysis due to malignant infiltration by multiple myeloma, lymphoma and metastasis (2).

Despite the good short-term efficacy, various studies have highlighted two main problems in the follow-up of KPT: loss of the initial vertebral height correction with subsequent angulation and an increased incidence of fractures, mostly at the superior adjacent vertebra (19–21).

For this reason it appears necessary to evaluate the use of vertebral implants as a therapeutic option since they allow an effective and persistent reduction of the deformity.

SpineJack (Stryker, Kalamazoo, Michigan) is an expandable titanium intravertebral implant that restores vertebral height and maintains a correct kyphotic angle of the spine resulting in a more balanced distribution of axial load on fractured vertebrae, a restoration of intervertebral disc function, both in the pathological segment and throughout the spine (22).

Its use has been mainly studied in the treatment of acute vertebral compression fractures with good results in terms of pain reduction and preservation of spine stability in short and long-term follow-up (23–27).

Comparative studies between SJ and KPT have shown that the use of SJ is associated with less spinal deformity; the incidence of adjacent fractures consequently is significantly lower when using the SJ (3% to 5%) than 15%–20% with KPT (28, 29).

While SpineJack has been shown to be effective in the treatment of vertebral compression fractures, there are potential complications associated with the procedure.

One potential complication is cement leakage, which occurs when the bone cement used to stabilize the fracture leaks into surrounding tissues.

However, studies have shown that the incidence of cement leakage with SpineJack is relatively low compared to other vertebral augmentation procedures (23–27).

Another potential complication of SpineJack is vertebral refracture, which can occur when the treated vertebrae are subjected to additional stress and fracture again. The risk of refracture can be reduced with appropriate patient selection criteria and post-procedure rehabilitation.

In addition, there is a risk of infection with any invasive procedure, including SpineJack.

Other potential complications associated with SpineJack include bleeding, nerve injury, and device failure. However, these complications are rare and can usually be managed through appropriate monitoring and intervention (23–29).

Only one study has been published that evaluated the use of the SJ in the treatment of vertebral pathological compression fractures secondary to bone metastases, with good results in terms of pain relief and reduction of complications (30).

To date, this is the first study analyzing the efficacy of SJ in the treatment of vertebral fractures secondary to MM.

Our preliminary experience coincides with the study by Cornelis et al. (30) highlighting a good reduction in pain associated up to 6 months with an excellent recovery of physical activity.

Furthermore, vertebral height was significantly increased both anteriorly and centrally a homogeneous cement distribution with a small and not clinically significant percentage of cement leaks.

We believe that the advantage of using the combined CT-Fluoroscopy technique is especially evident in patients in whom the spine has significant pre-existing deformity and the CT guide has allowed us easier access to the vertebra and greater precision in positioning the implants.

The fluoroscopic guidance allowed us a real-time synchronous opening of the implants, with excellent control of the restoration of the vertebral height, the preservation of the posterior wall and finally the correct distribution of the cement (Supplementary Video S1).

An important factor was the use of mild sedation which allowed a rapid postoperative recovery of the patient, control of vital functions and a consequent rapid discharge, significantly reducing hospitalization times.

We also believe that this innovative methodology could represent a further therapeutic option to be taken into consideration in some cases, selected in a multidisciplinary context, even before radiotherapy, in order to prevent post-irradiation fractures.

Our study has limitations, being a single-center, retrospective study based on a small cohort of patients and short follow-up.

Prospective comparative studies with long follow-up between the use of KPT and SJ in patients with MM are also needed to highlight the effective superiority of SJ in terms of reduction of complications secondary to spine instability.

Nevertheless, our preliminary study shows that this technique is feasible and safe also in the treatment of vertebral compression fractures secondary to MM with a good reduction of pain, restoration of mobility and increase of spinal stability.



Conclusions

This preliminary study highlights that the use of bilateral expandable titanium SpineJack implants, followed by vertebroplasty, is a safe and effective procedure for the treatment of vertebral fracture from pathological compression secondary to MM, allowing an adequate restoration of the vertebral height and a correct distribution of the craniocaudal load forces on the vertebral column.

We observed a rapid and persistent improvement from the pain, resulting in a rapid improvement in the patient's mobility and ambulation.
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Case report: Shock after percutaneous vertebroplasty of the 5th thoracic vertebra
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Background: Percutaneous vertebroplasty (PVP) is a common treatment for osteoporotic vertebral compression fracture (OVCF). Perioperative bleeding is usually rare, so there are few reports of shock. However, we developed shock after treating a case of OVCF of the 5th thoracic vertebra with PVP.



Case presentation: An 80 years old female patient received PVP due to OVCF of the 5th thoracic vertebra. The operation was successfully completed and the patient returned to the ward safely after the operation. At 90 min after operation, she developed shock, which was induced by subcutaneous hemorrhage up to 1500 ml at the puncture site. Before using vascular embolization, transfusion and blood transfusion were used to maintain blood pressure, and local ice bag compression was used to reduce swelling and stop bleeding, which achieved successful hemostasis. She recovered and discharged after 15 days, with the hematoma having absorbed. There was no recurrence during the 17-month follow-up.



Conclusion: Although PVP is considered to be a safe and effective method to treat OVCF, the possible hemorrhagic shock still needs to arouse the vigilance of surgeons.
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Introduction

Osteoporotic vertebral compression fracture (OVCF) is the most common fracture injury caused by osteoporosis in the elderly (1). Percutaneous vertebroplasty (PVP) is one of the most commonly recommended methods for treatment of OVCFs (2, 3). It can quickly and efficiently relieve pain, fix fractured vertebra and strength spinal stability (4–7). Meanwhile, it is also a minimally invasive operation with simple operation, small trauma and fast recovery.

Generally, the common complications of PVP include bone cement leakage, cement embolism, intraoperative puncture injury and new fractures (8–11). Bone cement leakage and embolism may cause serious adverse complications, such as pulmonary cement embolism (12–15), spinal compression (16, 17), neurological deficit (18, 19), atrial mass cement embolism (20), and iatrogenic venous compression (21), which have attracted a lot of attention. However, there are few reports about the hemorrhage caused by vascular injury, although the bleeding may lead to shock or other serious and terrible complications.

We developed shock after treatment of OVCF of the 5th thoracic spine with PVP. In view of its rarity, we reviewed the literature and found that only two cases of massive hemorrhage after PVP were reported (22, 23). Moreover, both cases occurred in the lumbar spine and were treated by arterial embolization. In our case, she was well treated by non-surgical intervention. However, there is no report of massive hemorrhage of thoracic vertebrae after PVP. Given the danger of shock, we report this case. We have two purposes. One is to discuss the possible causes and treatment of postoperative bleeding. The other is to remind surgeons to be alert to the possibility of shock caused by postoperative hemorrhage.



Case presentation

An 80-year-old female, height 155 cm, weight 45 kg, was admitted to our department with chief complaint of “lower back pain and limited mobility for more than 10 days”. The patient had lower restricted movement and back pain for unobvious reasons. The pain aggravated while she was turning over or waking up, but it was not relieved after conservative treatment. The patient had a history of pulmonary tuberculosis healed after regular anti-tuberculosis treatment, and had not taken medicine for a long time. Besides, the patient had no history of blood system disease or long-term anticoagulation therapy. She had a history of osteoporosis and multiple old spinal fractures. In recent years, the patient gradually appeared hunchback. Physical examination revealed slight kyphosis of the thoracolumbar spine and restricted range of motion. There was tenderness and percussion pain in the back. Both Lasegue's signs and Babinski's signs were negative. No edema was in the lower limbs and the peripheral blood supply was normal. Magnetic resonance imaging (MRI) revealed OVCFs in the 5th and 12th thoracic vertebrae and the 1st and 4th lumbar vertebrae, with multiple old vertebral fractures. Besides, radiographies illustrated compression of spinal vertebrae (Figures 1A,B). Laboratory examinations showed that white blood cell (WBC) was 8.02 × 109/L, red blood cell (RBC) 3.78 × 1012/L, hemoglobin (HB) 115 g/L, platelet (PLT) 205 × 109/L, erythrocyte sedimentation rate (ESR) 28 mm/h, C-reactive protein (CRP) 55.00 mg/L. Thromboelastography results showed that coagulation factor level, fibrinogen function, platelet function and fibrinolysis system were normal, with R value at 5.8 min, K value at 1.6 min, Angle value at 67.8 degree, MA value at 61.5 mm, LY30 value at 0%, EPL value at 0% and CI value at 0.5. These suggested that the coagulation function were normal. Bence-Jones protein qualitative test result was negative. T-SPOT (tuberculosis) test result was negative. Our initial diagnosis included 1. OVCF (T5/T12/L1/L4), 2. Old spinal fracture, and 3. A history of pulmonary tuberculosis.


[image: Figure 1]
FIGURE 1
Preoperative (panels A and B) and postoperative (panels C and D) radiographs. Panels A and B correspond to the preoperative anterior and lateral positions, respectively, indicating compression changes in the 5th thoracic vertebra. Panels C and D correspond to the 12th day postoperatively demonstrating anterior and lateral positions respectively, showing the cemented 5th thoracic vertebra.


The patient received anti-inflammatory treatment due to the high inflammatory index before operation. There were 4 OVCF requiring surgical treatment, and they were divided into two operations. The first surgical plan including three OVCFs (T12/L1/L4) was successfully completed, and the postoperative vital signs were stable. A symptomatic treatment was conducted, including infection prevention, analgesia, local ice bag compression and so on. There was no swelling or hematoma at the surgical sites. PVP for the OVCF (T5) was performed on the 2nd day after the initial surgery before postoperative radiographies were taken (Figures 1C,D). During the operation, a mild local swelling was found at the operation site, with minor bleeding. Therefore, an local ice bag compression was applied to stop the bleeding for 30 min, and the bleeding was successfully stopped, with blood pressure at 98/60 mmHg. However, about 90 min after surgery, the patient developed shock. She fainted for a few seconds, and the blood pressure gradually dropped to 62/36 mmHg, accompanied by obvious swelling of his back. She was immediately given a rapid infusion of liquid to raise her blood pressure, and at the same time, 400 ml of blood including 2 units of red blood cells was transfused. Meanwhile, local ice bag compression was applied to stop the bleeding and detumescence. The emergency blood tests indicated that WBC was 11.26 × 109/L, RBC 2.95 × 1012/L, HB 84 g/L, PLT 262 × 109/L, CRP 11.00 mg/L, prothrombin time (PT) 12.00 s, activated partial thromboplastin time (APTT) 31.20 s, thrombin time (TT) 20.07 s, fibrin/fibrinogen degradation products (FDP) 12.67 µg/ml, potassium (K+) 3.20 mmol/L, sodium (Na+) 138 mmol/L, and chloride (Cl−) 106 mmol/L. Additionally, an emergency computed tomography (CT) scan revealed that an irregular soft tissue mass with uneven density on the left chest wall, with a subcutaneous hemorrhage amounted to approximately 1500 ml, and without evidence of bone destruction or hematoma in ribs adjacent to the 5th thoracic vertebra (Figure 2).
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FIGURE 2
Emergency CT scans (panels A and B). Panel A depicts the position (horizontal line) of the CT scan shown in B, at the level of the 5th thoracic vertebra. Panel B shows that there is a large hematoma near the 5th thoracic vertebra and adjacent ribs.


The patient was in hemorrhagic shock. After the emergency consultation, a symptomatic treatment was given, which including 400 ml of blood transfusion (containing 2 units of red blood cells), 500 ml of glucose and sodium chloride rehydration (containing 25 g glucose and 4.5 g sodium chloride) and 30 ml of oral potassium chloride supplement (containing 3 g potassium chloride). Meanwhile, patient's vital signs were monitored by electrocardiography. After 800 ml of blood were transfused, the blood pressure increased to 110/70 mmHg. The blood tests (5 h after the first tests) showed that WBC was 7.93 × 109/L, RBC 3.19 × 1012/L, HB 93 g/L, PLT 214 × 109/L, and CRP 10.00 mg/L. On the 2nd day, besides the same volume of glucose and sodium chloride rehydration, antibiotics and analgesics, the patient was given infusion with 500 ml of multiple electrolytes rehydration (containing 2.63 g sodium chloride, 2.51 g sodium gluconate, 1.84 g sodium acetate, 0.185 g potassium chloride and 0.15 g magnesium chloride) and 100 ml of oral potassium chloride supplementation (containing 10 g potassium chloride). The 2nd day blood tests showed that WBC was 9.92 × 109/L, RBC 3.43 × 1012/L, HB 106 g/L, PLT 192 × 109/L, CRP 5.00 mg/L, K+ 3.90 mmol/L, Na+ 141 mmol/L, Cl− 105 mmol/L. The 3rd day blood tests showed that WBC was 10.57 × 109/L, RBC 3.22 × 1012/L, HB 102 g/L, PLT 212 × 109/L, CRP 4.00 mg/L, K+ 4.70 mmol/L, Na+ 141 mmol/L, Cl− 106 mmol/L. After about 2 weeks of treatment, the swelling of the patient's back obviously subsided and the ecchymosis area faded. Therefore, the treatment was effective and confirmed by CT examination on the 12th day after operation (Figure 3).


[image: Figure 3]
FIGURE 3
CT scan taken on 12th day postoperatively (panels A and B). Panel A depicts the position (horizontal line) of the CT scan shown in B, at the level of the 5th thoracic vertebra. Panel B shows there is little remaining hematoma near the 5th thoracic vertebra and adjacent ribs.


An OVCF of the 3rd lumbar vertebra happened without visible reasons, on the 16th day after the 2nd surgery. PVP was performed again smoothly without any complications. Therefore, she was discharged on the next day. A follow-up of chest CT showed that there was no residual hematoma at 12th and 17th months postoperatively (Figures 4, 5). There was no recurrence during the follow-up.
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FIGURE 4
CT scan taken at 12th month postoperatively (panels A and B). Panel A depicts the position (horizontal line) of the CT scan shown in B, at the level of the 5th thoracic vertebra. Panel B shows there is no hematoma near the 5th thoracic vertebra and adjacent ribs.
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FIGURE 5
CT scan taken at 17th month postoperatively (panels A and B). Panel A depicts the position (horizontal line) of the CT scan shown in B, at the level of the 5th thoracic vertebra. Panel B shows there is no hematoma near the 5th thoracic vertebra and adjacent ribs.




Discussion

Shock caused by massive hemorrhage after PVP is very rare. We found only two case reports by reviewing the literature of the past over 40 years, which detailed the treatment of vascular injury after PVP (22, 23). they both involved the lumbar spine, confirmed by angiography, and were treated by arterial embolization of uncontrolled vertebral artery bleeding. One case, an 84-year-old female, was re-hospitalized for pulsatile bleeding 10 days postoperatively following kyphoplasty of the 4th lumbar vertebra using a transpedicular approach (23). The other, a 73-year-old female, developed radiating pain and a tingling sensation in her left leg 2 h following PVP of the 2nd lumbar vertebra using an extrapedicular approach. Ultimately, the cause was attributed to bleeding, and 40 days postoperatively, 500 ml of liquified hematoma was aspirated from the retroperitoneum using ultrasound guidance (22).

In the present case, when formulating the surgical plan, it was considered that the patient had 4 OVCFs that needed surgical treatment. If all PVP were completed in one surgery, the operation time would become very long. This would greatly increase the risk of surgery, which was an adverse risk for patients. Therefore, we made a plan to complete all PVP in two times, which was approved by the patient and her family. First of all, the three OVCFs (T12/L1/L4) that were relatively easy to operate and had great influence on activities should be completed in the first operation. Then, the OVCF (T5) that was difficult to operate was completed in the second operation.

When shock occurred following PVP of the 5th thoracic vertebra, an emergency consultation was conducted. The chief physician participating in the consultation believed that there was a large amount of blood loss in the operation area, but the bleeding might be relatively limited. Therefore, a conservative treatment plan was adopted. Neither angiography nor vascular embolization was undertaken. She underwent rapid resuscitation with fluid and blood infusions, and an local ice bag was used to compress the hematoma. The local ice bag compressed the swollen part of back bleeding, aiming to enhance the effect of detumescence and hemostasis. The rationale for use of the local ice compression was to promote vasoconstriction, thereby reducing both bleeding and local swelling. Additionally, it could reduce the inflammatory reaction and provide an analgesic effect. Fortunately, the bleeding was successfully stopped, which avoided the need for vascular embolization. In addition, it was worth noting that, the effectiveness of local ice bag compression after surgery was usually limited to 48 to 72 h, and the compression range and duration of each ice bag could be appropriately adjusted according to the amount of blood exudation and the degree of swelling. Of course, local ice bag compression was only a part of the whole treatment process, and the treatment of shock cannot be separated from comprehensive treatment.

We analyzed the possible causes of massive hemorrhage after PVP in this case, and the explanations were as follows. First, although this was rarely encountered in the process of carefully guided needle insertion, needle puncture might cause potential vascular damage. The force applied during puncture might cause slight deviation of the path, or the patient's blood vessels might be in an abnormal position, which might lead to bleeding. Since angiography was not performed, the bleeding vessels were not clearly identified. Second, the patient's soft tissue around the 5th thoracic vertebra is relatively loose due to his thin body and old age. The retroperitoneal space could be greatly expanded, in which case it could hold a large amount of blood until the patient's vital signs, local pain or external evidence of bleeding were confirmed. Third, the patient had a slight hunchback and cannot lie flat for a long time, which limited the effectiveness of local ice bag compression. In addition, the effect of the ice bag on vasoconstriction might be weakened by the towel placed between the ice bag and the skin to reduce the freezing sensation.

When bleeding after PVP, we recommend the following measures that might be helpful. The vital signs and hematoma of the patient should be noticed in time to assess the severity of the bleeding. Infusion and blood transfusion should be carried out immediately to maintain effective blood pressure. Local ice bag compression should be carried out, which could play a certain role in hemostasis and detumescence. At the same time, maintaining communication with patients and their families was very important to prevent panic and obtain their cooperation. As shown in the previous case reports of lumbar hemorrhage, under the condition of continuous monitoring, if massive or continuous bleeding was diagnosed, emergency angiography should be performed and vascular embolization should be selected.



Conclusion

PVP has been used by most doctors to treat OVCF because of its definite effect. Although the shock caused by massive hemorrhage after PVP of the 5th thoracic spine is very rare, it may endanger the patient's life and needs timely treatment.
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Data are mean + standard deviation or number. DHA, disc height anterior; DHP.
disc height posterior. Pre-op vs. post-op and post-op vs. final fu change
percentage represented in parentheses.
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Characteristics Pre-op  Post Post Post
3d-op 3m-op 1y-op

VAS neck 56+12°  16+06% L1£07% 06+05%
VAS upper limb 62+12°  17+07% 11+06" 06+05%
NDI 36735 98224 39:15" 18=1.0"
Macnab
Excellent 9
Good 5
Fair o
Poor 0
E and G Rate 100%

VAS indicates Visual Analogue Scale; NDI indicates Neck Disabilitv Index; E
indicates Excellent; G indicates Good; pre-op indicates preoperative; post-
op indicates postoperative.

P<0.001 f ¥ is compared with *, P< 0.001f % is compared with *, P<0.001f
* is compared with S,
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Patients underwent PKP procedure fol
OVFs from2019-2021(n=367)

-

89 excluded:

* Multilevel vertebral fractures(n=54)

* Inability to accurately describe pain(n=5)

* Refracture or new fracture(n=11)

* With history of chronic low back pain(n=19)

Il

Patients who met inclusion and
exclusion criteria (n=278)

-

42 excluded:
* Incomplete follow-up data

|

Patients completed the 6 months
follow-up(n=236)

The cut-off value of the VAS score for low
back pain was 3.5 at the end of follow-up

|

Low back pain VAS score 23.5
(LBP group=30)
Low back pain VAS score<3.5
(non-LBP group=206)
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Patient No.  Gender Age Location Pathology
1 M 37 T2-T3lefiright  Hemangioma
2 F 74 TI2-12, lefiright  Epidural cyst
3 F 63 Las5, left Fact joint cys
4 F 79 Las5, left Cyst

M 40 L5S1, left B et
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Post-op 1 month 2 months 3 months 6 months 1 year PATE
Back pain VAS. PTES 7 (4-10) 0 (0-2)*" 0 (0-1)>" 0 (0-1)" 0 (0-1)" 0 (0-1)" 0 (0-1)~" 0 (0-1)"
MIS-TLIF | 6 (4-10) 325" 1(0-2)° 1(0-2)° 1(0-2)" 1(0-2)° 1(0-2)° 1(0-2)°
Leg pain VAS PTES 8 (6-10) 1(0-3)° 0(0-2)" 0(0-2)" 0(0-2)° 0(0-2)" 0 (0-2)" 0(0-2)"
MIS-TLIF 8 (7-10) 1(0-3)° 0(0-2)° 0(0-2)° 0(0-2) 0(0-2)° 0(0-2)° 0(0-2)°
Pre-op 2 years
ODL(e) EIES; 67.8+9.1 [125BE3I6KE
A 687+95 157+48"

VAS is expressed as the median (minimum-maximum). ODI is expressed as the mean + SD,
*P <0,001, significant difference between two groups at the same time point after surgery.
#p <0.001, significant difference between preoperatively and postoperatively in the same group.
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PTES MIS-TLIF
(45 cases) (39 cases)

Operative duration(minutes) 55.6+9.7 972143

Blood loss (ml) 11 (2-32) 0 (35-300)

Incision length (mm) 8414 40627

fluoroscopy frequency (times) 5(5-10) 7 (6-11)"

Removal of drainage tube (days) / 4(3-7)

7 (5-18)"

hospital stay (days)

Operative duration and incision length is expressed as the mean + SD. Blood
loss, fluoroscopy frequency, removal of drainage tube and hospital stay is
expressed as the median (minimum-maximum).

*p < 0.001, significant difference between two groups.
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PTES MIS-
(45 TLIF (39
cases) cases)

Age (years) 77459

Gender (F/M) 20125

LDD level (cases)

Calcification
(cases)

Degenerative
scoliosis (cases)

High iliac crest
(cases)

Comorbidities Hypertension
(cases)

‘Type I1 diabetes

Anticoagulant therapy

Coronary heart disease

Cerebral infarction

Hyperplasia of prostate
gland

Cataract

Hepatitis

History of humeral
fracture

Asthma

Agitans paralysis

History of rib fracture

Nephritis or nephrotic
syndrome

Gout

Myocardial infarction

Rheumatoid arthritis

Lung cancer

Corticosteroid treatment

History of tuberculosis

History of appendectomy

History of
cholecystectomy

History of hysterectomy

History of cardiac
ablation

History of thyroid surgery

History of gastrectomy

History of Cesarean
section

History of total knee
arthroplasty

History of radical
cystectomy

Insertion of permanent
pacemaker

History of liver
transplantation

History of local
mastectomy

History of lienectomy

History of colonic
neostomy

History of renal
carcinomas surgery

History of pelvic
malignant tumor surgery

History of lung surgery

History of hemiorrhaphy

History of percutaneous
vertebroplasty for lumbar
fracture

Follow-up 449247

Mk el Rl e B i TR S
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press-down enlargement of foramen

Surface marking of
anatomic disc center
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Direction of motion Model INT (°)

Model A (°)/[ROM

Model B (*)/[ROM

Model C (°)/IROM

ratio] ratio] ratio]
FL 332 079 (76.20%) 094 (71.69%) 070 (78.92%)
EX 243 0.06 (97.53%) 0.08 (96.71%) 0.16 (93.42%)
LLB 266 051 (80.83%) 050 (81.20%) 039 (85.34%)
RLB 242 048 (80.17%) 066 (72.73%) 048 (80.17%)
LR 262 038 (85.50%) 046 (82.44%) 028 (89.31%)
RR 159 043 (72.96%) 046 (71.07%) 028 (82.39%)

FL, lumbar flexion; EX, extension; LLB, left lateral bending: RLB, right lateral bending; LR, left rotation; RR, right rotation. ROM ratio = (Model INT — Model A/B/C/D) +

Model INT x 100%
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Material Young's Poisson’s Cross-

properties modulus,  ratio,m  sectional
MPa area, mm®
Endplate 12,000 03 =
Posterior bone 3500 025 =
Articular cartilage 2 025
Annulus fibrosus 6 0.40 7
Nucleus pulposus 1 050 -
Cortical bone 12,000 03 -
Cancellous bone 100 02 -
ALL 7.8 - 24
PLL 1 - 70
L 17 . 141
ITL 1 = 06
cL - 105
ISL 1 - 14.1
SsL 8 = 105

Pedicle screws and 110,000 03
rods (titanium
alloy material)

Cage (PEEK 3,500 03
material)

ALL. anterior longitudinal ligament; PLL, posterior longitudinal ligament; LF
i flavurm; 1SL, ligament; SSL, ligament;
ITL, intertransverse ligament: CL, joint capsule ligament.
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Case No. | Year & Authors

Major complaints

Non-surgical therapy

Facet joint

Surgery

1983, Spencer et al.

LBP and RP

vacuum cleft

Open cystectomy

¥
1984, Schulz et al. 57 | M | Lus LBP N/A Yes Open cystectomy
1987, Beaty 7 | M | Las RP N/A No Open cystectomy
1987, Fardonetal. | 74 | F | L4i5 LBP and RP Medication N/A Open cystectomy
1992, Tobback et al. 70 M L4/5 LBP and RP N/A Yes N/A
2000, Firth 0 | M | Lus RP Chiropractic and medication Yes Open cystectomy
2013, El Beltagi et al. | 51 F | L4 LBP and RP Medication Yes No
2016, Cebeci et al. 55 | F | Las LBP and RP N/A Yes N/A
2020, Sugishima etal. | 68 | M | L4/5 RP Medication and nerve block Yes Open cystectomy
10 Current case 22 | M | Lus RP Medication Yes Endoscopic cystectomy

LBP, low back pain: RP, radicular pain.
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Risk factors

Depression

Odds ratio

95% Cl

1.19-10.64

P value

Intravertebral vacuum cleft

157-12.36

No anti-osteoporosis treatment

350-28.33

Cement volume

3-4mlvs. >4 ml

085-11.67

<3ml vs. >4 ml

1.26-16.91

Insufficient cement distribution

1.36-9.86
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Variables VAS Value Power calculatio

Age (years) 127 0.26 007
<75 157 (76.2) 20 (66.7)
>75 49 (238) 10 (33.3)

Sex 055 046 005
Female 167 (81.1) 26 (867)
Male 39 (189) 4(133)

BMI (kg/m2) 0.80 031 0.06
<2 72(35) 8 (267)
> 134 (65) 2 (733)

BMD (T score) 251 021 010
<25 53 (257) 11(367)
2-25 153 (74.3) 19 (633)

Hypertension 192 017 009
Yes 82 (398) 8 (267)
No 124 (602) 22 (733)

Diabetes 002 089 001
Yes 39 (189) 6 (20)
No 167 (81.1) 24 (80)

COPD 101 031 007
Yes 1(53) 3(10)
No 195 (94.7) 27 90)

Smoking 117 031 007
Yes 27 (13.) 6(20)
No 179 (86.9) 24 (80)

Depression 610 001 016
Yes 31(15) 10 (33.3)
No 175 (85) 20 (667)

‘Time from pain to surgery 146 023 008
<6 weeks 170 (82.5) 2 (733)
26 weeks 36 (17.5) § (267)

Segments location 047 079 004
T 14 (68) 2(67)
™ 170 (82.5) 26 (867)
L 22 (107) 2(67)

Intravertebral vacuum cleft 1412 <001 024
Yes 19 92) 10 (333)
No 187 (90.8) 20 (667)

Posterior fascia oedema 104 031 007
Yes 27 6.20)
No 179 24 (80)

Preoperative
VAS 7207 75519 061 054 032
VHR (%) 632£85 619+79 079 043 026
VKA () 240£7.0 258471 -137 017 002

1 day after surgery

VAS 49506 50206 -137 016 0.02
VHR (%) 78689 767484 112 026 o1
VKA () 118275 13676 -123 022 004

Anti-osteoporosis 1532 <0.01° 025
Yes 177 (859) 17 (56.7)

No 29 (14.1) 13 (43.3)

Vitamin D and calcium 219 013 0.09
Yes 189 91.7) 25 (83.3)

No 17 (83) 5(167)

Anesthesia 031 058 004
Local 197 (956) 28 (93.3)

General 9 (44) 2(67)

Cement volume (ml) 980 001" 020
>4 172 (835) 19 (63.3)

3-4 23 (112) 5(167)
<3 11(53) 6 (20)

Cement distribution 636 001 017
Sufficient 167 (81.1) 18 (60)

Insufficient 39 (18.9) 12 (40)

Cement leakage 009 076 002
Yes 30 (146) 5(167)

No 176 (854) 25 (83.3)

Continuous variables are presented as mean + standard deviation and categorical variables are presented as number (%)
*Results are statistically significant.
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Characteristic

VAS <35

VAS>3.5

P Value
(n=206)
Preoperative 7.1+06 72404 054
1 day after surgery 49407 50406 017
12th month 22+06 38404 <001
P Value* <001 <001

“Mean low back pain VAS score at month 12 postoperatively compared 1o

sonssesithally:
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Predicted Probability

B= 1000 repetitions, boot ‘Mean absolute error=0.027 =236
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Patient | Vertebra | Anterior column | Anterior column | Middle column | Middle column VAS VAS 1 VAS 1 VAS 3 VAS 6 Complications
height baseline height post height baseline height post baseline | week month months months

L3 vertebra fracture 7 days after L2
vertebra treatment

Anterior venous cement leak

13 vertebra fracture 14 days after L1
vertebra treatment

L2 vertebra fracture 22 days after L3-
D7 vertebrae treatment

DI vertebra fracture 37 days after
D7-D9vertebra treatment

Intradiscal cement leak

Anterior venous cement leak

Posterolateral leak

Intradiscal cement leak
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Patients’ characteristics
Total Patients

n (%)
39

Female

19 (48.7)

Male

20 (513)

Age (in years)

Mean

64+11.82

Range

[

39-85

Disease duration from initial diagnosis (in months)

Mean

89.17 £19.11

Median

96.2

Range

3204

Level of treated vertebrae

23 (499)

11 (224)

15 (30.6)





OPS/images/fsurg-09-1061566/fsurg-09-1061566-g001.jpg





OPS/images/fsurg-10-1121981/fsurg-10-1121981-g004.jpg
VAS score

Baseline 1 week post 1 month post 3 months post 6 months post

- \/AS sCOTE





OPS/images/fsurg-09-1061566/crossmark.jpg
(®) Check for updates.





OPS/images/fsurg-10-1121981/fsurg-10-1121981-g003.jpg





OPS/images/fsurg-09-1072444/fsurg-09-1072444-t004.jpg
Last follow-up

Pre-op t-op 3 months
VAS (low back) 7.82:1.14 136+ 1.14* 152 +£1.20* 1.85+1.36" 251+ 174"
VAS (leg) 6.01£0.77 1.76 £ 0.63* 1.54£0.61% 1.45+0.56" 206+ 1.13*
ODI (%) 78.96 +4.83 18.75+8.17% 19.13 +7.70" 21.34 + 5.46" 23.58 +16.07"
MacNab Rate of excellent or good: 94.03%

*» < 0.05 compared with preoperative data.
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No. of cases

Total Typel Typell Stage A Stage B
L4
Inferior endplate 3 1 2 2 1
Superior endplate 23 15 8 12 1
Inferior endplate 2 1 1 1 1
S1
Superior endplate 39 2 13 20 19
Total 67 43 24 35 37
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Type and Description

stage

Type 1 ‘The bone fragment is still articulated to the vertebral body, and
the bone fragment adjacent to the disc is partially separated
from the posterior edge of the vertebral body.

Type II ‘The bone fragment is completely separated from the posterior
margin of the vertebral body.

Stage A The disc is displaced to the posterior margin of the bone
fragment.

Stage B is displaced beyond the posterior margin of the bone
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'atient characteristics

Number

Gender (males/females)

Age (year)

No. of patients with an injury as the cause of the discase
Follow-up time (month)

Segments

Operation duration (min)

Blood loss (m])

Outcom

67
40127
4031739
16
3115+14.17

Lus 29
Ls-S 38

118.04+1931
2284 +1589
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Case No. Segmental lordosis (°) Disc space height (mm) Interbody fusion

Preoperative Postoperative Preoperative Postoperative

96 143 542 956
-52 112 15.08 18.96

96 18 7.93 10.94
106 125 7.75 1157
132 163 595 1293
158 233 837 13.27
18 165 10.13 13.65

6 145 624 10.73

892639 15.05= 3.86 836=3.11 1274289
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Case No. | Salvage | Estimated | Operative Perioperative Follow-up JOA score for low back pain
surgery blood time (min) complications (max: 29)
loss (ml)
Preop Postop
(recovery rate)
1 18 (47.6%)
2 OLIF 25 100 300 - 3 13 22 (56.2%)
3 OLIF 25 70 240 - 12 12 21 (529%)
4 OLIF 25 50 270 - 12 14 24 (66.7%)
5 OLIF 25 50 270 - 6 14 26 (80%)
6 OLIF 51 100 440 — 8 10 22 (63%)
7 OLIF 25 150 280 Lower extremities 8 i 21 (56%)
motor weakness
8 OLIF 25 50 260 — 6 9 21 (60%)
Mean +SD 90+4242 | 28625+6589 7.87+3.04 1137 £226 21874236

postoperative score — baseline score]/[29 - baseline score] x 100 (%).





OPS/images/fsurg-10-1144699/fsurg-10-1144699-t001.jpg
Case No.| Gender/ Lesion type Primary Primary surgery Symptom

Age diagnosis
1 FI63 Psendarthrosis + cage protrusion 14/5 | Scoliosis + spinal stenosis TLIF Low back pain + leg
pain
2 M/64 Fixation fracture + psendarthrosis 12-4 | Vertebral infection Total en bloc Low back pain
3 M/64 Cage protrusion 13/4 | Spondylolisthesis + spinal TLIF Low back pain + leg
stenosis pain
4 FI68 ASD 14/5 | Spondylolisthesis PLIF Low back pain + leg
pain
5 F/69 ASD 14/5 | Spinal stenosis PLIF Low back pain + leg
pain
6 F72 Fixation loosening + cage 15/S1 | Spondylolisthesis + spinal TLIF Low back pain + leg
protrusion stenosis pain
7 FI73 ASD L13/4 | Spinal stenosis PLIF Low back pain
8 M/80 Cage protrusion 14/5 | Spinal stenosis PLIF Low back pain

M, male patient; , female patient; ASD, adjacent segment disease; TLIF, transforaminal lumbar interbody fusion; PLIF, posterior lumbar interbody fusion; pseudoarthrosis,
rine:thian % mim of trarslstional molion or mase than 5° of angulsr motion on feion and exsnsion radiograsis:
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Surgeons Growth stage

Development stage

t Value
Patient number =~ Mean time of foraminoplasty = Patient number ~ Mean time of foraminoplasty
Dr. Fan 5 1543.05 15 53129 7.170*
Dr. Pu 9 182499 11 58+147 7200
Dr. Wang 13 211533 7 64+127 9423
F Value 2621 1.608"
“Independent-samples t-test, P< 0.05.

*ANOVA P> 0.05.
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vV I8 9 14 5 3 8 3 4 9 3
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Distribution
pattern

Gender

12/25
1021
13/22
9120
8120
0570

0966

Age
(years)
68.19 +7.84
69.74 + 8.50
69.43 £ 7.06
7038 = 7.49
69.96 + 6.34
0.417
0.79

BMI
(kg/m?)

22.09+232

73375
2318396
22.93+290
23.01+369
0556
0.695

BMD
(T score)
-3.12£035
-3.17£019
~3.26+035
3232033
~3.30+029

1763

0139

Operation time
(mins)
44592573
4668+ 6.18
45912504
44722486
4518610
0.785
0.536

Follow-up time
(months)
18.89=5.12
17392495
18.03 = 480
18.07=5.08
17212482

0593
0.668
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1 n VAS Obl

perative 3 d postoperative 1 year postop perative 3 d postoperative 1 year postop
I 37 7324094 235:054" 1.41£0.50° 3770254 20.19+284° 12,97 +3.03°
it 31 7.55+0.89 242:067" 145+057 3729237 20.68+2.53 11.94£3.13°
i 35 7.14%055 2.60+0.69 1512051 3757+ 240 19.94=2.67° 13.40£2.79"
v 29 734+ 114 2.66+0.55" 197 £0.63*" 37.28+278 21.10+324° 1672+3.23*°
4 28 7214057 254069 207 +0.66* 3814311 2043 +287° 17.89 3.05*°
t 1.057 1313 9217 0539 0795 21598
P 0380 0.268 <0.001 0708 0530 <0.001

Note: Compared with preoperative.

°P <0.05; compared with type I, II, and Ill.

bp <005
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98 consecutive patients who underwent
single to three-segments OLIF or MIS-
TLIF surgery from 2016 to 2018.

83 patients included in the study

Excluded (n=15)
-intraoperative endplate injury (n=9)
-osteotomy was performed for severe

spinal deformity (n=6)

According to the surgical procedure

OLIF (n=44)

MIS-TLIF (n=39)

Adding with/without PSF

OLIF + PSF (n=20) OLIF Standalone (n=24)
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UBE

DSCA (mm?)

Preoperative

Postoperative

Schizas grades (i)

Preoperative (A/B/C/D)

Postoperative (A/B/C/D)

Mean resection angle of facet joint (°)
Ipsilateral

Contralateral

Osseous lateral recess decompression rate (%)
Ipsilateral

Contralateral

4474+9.85
12686 = 14.81

0/0/16/34
40/10/0/0

7087 £5.68
65.07+4.98

7081 +4.43
7122+3.68

DSCA dural sac cross-sectional area.
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VAS score for

VAS score for OoDI
back pain legs pain (%)
Preoperative 7222095 788069
Postoperative 1 3.00 %064 3282078
day
Postoperative 1 2562058 218056 3096+
month 357
Final follow-up 126044 118039 1496 =
275
F value 489913 1153332 1703927
P value 0000 0000 0.000

VAS, visual analog scale; ODI, oswestry disability index. P<0.05 considered as

significant.
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N=50

Sex (males/females) 2030
Age (years) 6852+7.03
Lesion segment [n (%)]

13-4 16
L4-5 31
L5-51 3
Operation time (min) 60.16 750

Blood loss (ml) 34241513

Surgical complications (n)

Dural tear 3
Nerve rool injury 0
Infection 0
Transfusion [ (%)] 0(0)
Time in bed (day) 162+075

Hospital stays (day) 276+ 1.02
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Group A Group B p-Value

Operative duration (min)
Frequency of fluoroscopy (times)
Blood loss (ml)

Incision length (mm)

One incision (case)

Two incisions (case)

Hospital stay (days)

108.5 (52-164) 55 (46-101)

13 (5-21) 6 (5-11)
14 (4-35) 6(3-12)
9519 96+17
38 4
4 0
324 3(2-3)

<0.001*
<0001*
<0.001*
<0.001°

0.687"

*Exhibited as ‘median (min-max)” and tested by the Mann-Whitney U test.
°Exhibited as “mean + standard deviation” and tested by Student’s t-test.
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A(n=42)

B (n=45)

p-Value

Age 67.05+11.96
Gender

M 2

F 20
BMI 22352270

Radiologic involved segment

L1/2 0
12/3 10
L3/4 28
14/5 41
L5/S1 35
1-Level 1
2-Leve 21
3-Level 11
4-Level 9

Accompanied degeneration

Calcification 4
Scoliosis 3
High iliac crest (L5/S1) 2
Lumbar fusion surgery history 0
Surgical segment
L1/2 0
L2/3 o
L3/4 14
L4/5 41
L5/S1 33
1-Level 2
2 Level 37
3-Level 3
Follow-up time (months) 49791777

67.24%13.47

24
21
2329281

0
49.33% 1647

0258
0.948"

0372°

0478"

0578"

0741°

0.863°

*Exhibited as “mean + standard deviation” and tested by Student’s t-test.

®Pearson’s chi-squared test.
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Minor Adjustment of
Puncture Technique

‘Guiding Rod
Technique
Press-down
Enlargement of Foramen

Decrease Times of X-ray Projection
Shorten Operation Time
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Parameter OLIF stand-alone  OLIF + PPSF
(n=23) (n=17)

VAS (LBP)

Pre-op 5.78 +1.20 6.00+1.32 0592

Post-op 1 1.61 £ 0.89 294+125 <0.001*
month

Post-op 3 0.78 + 0.60 2.35+0.79 <0.001*
month

Post-op 12 0.65+0.71 1.06 +0.90 0.119
month

final follow-up 1.0+1.0 0.65 +0.61 0.206
ODI

Pre-op 60.00 * 14.14 5835+13.23 0.710

Post-op 1 15.65+6.73 2447 832 0.001
month

Post-op 3 11.26+3.99 1124 +4.48 0985
month

Post-op 12 7.391+3.69 6.9413.01 0.683
month

last follow-up 8.696 + 3.60 5.41+3.14 0.004
Creatinine kinase

Pre-op 85.35 + 34.94 84.82 +38.43 0.964

Post-op 1 day 257.70 + 71.68 340.00 + 104.50 0.005"

Post-op 5 day 100.17 + 3593 110.35 £ 49.47 0.455

“Seatistically sionificant (P-valie <0.05).
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Parameter OLIF stand- OLIF + PPSF

alone (n=23) (n=17)

Fusion rate at 1 year n=25 n=17

Grade I 19 (76%) 15 (88.24%)

Grade IT 4 (16%) 1 (5.88%)

Grade 11T 2 (8%) 1(5.88%)

Grade IV 0 0
Total fusion rate 23 (92.00%) 16 (94.12%) 0999
Fusion rate at last n=25 n=17
follow-up

Grade [ 22 (88%) 17 (100%)

Grade IT 2 (8%) 0

Grade 11l 1.(4%) 0

Grade IV 0 0
Total fusion rate 24 (96%) 17 (100%) >0.999
Cage subsidence at last n=25 n=17
follow-up

Grade 0 4 (16%) 2 (11.76%)

Grade I 2 (8%) 0

Grade I 1.(4%) 0

Grade 11T 0 0
Total rate 7 (28.00%) 2(11.76%) 0271

ASD 0 2 (11.76%) 0.158
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Parameter

F stand-alone  OLIF + PPSF 4
(n=23) (n=17)

Endplate damage 0 2 (11.76%) 0174
Leg weakness 3 (13.04%) 2 (11.76%) 50999
Abdominal 2 (8.70%) 1(5.88%) 50999
distension

Sympathetic chain 1(435%) 0 50,999
damage

total 6 (26.09%) 5 (29.41%) 50.999
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Characteristics ~ OLIF stand-alone OLIF + PPSF P
(n=23) (n=17)

Mean age, years, 5181+1361 5024+925 0672

=SD

Men, n (%) 6 (26.09%) 6(35.29%) 0530

BMI 25.36+2.79 2665+3.12 0751

Levels of OLIF, n (%) n=25 =17 0861

L2/3 2(8%) 0

L3/4 5 (20%) 3 (17.65%)

14/5 17 (68%) 13 (76.47%)

L5/S1 1 (4%) 1 (5.88%)

Osteoporosis, # (%) 0 2 (11.76%)
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arameter OLIF stand- =
alone (n=23) (n=17)
Blood loss (ml) 68.65+23.25 111522185 <0.0001°
Surgery duration 75.65 £ 3005 115292896 00002
(min)
Hospitalization time 522223 529131 0443
(day)

vStatistically significarit (P-value <0.05).
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roup Preoperative Postoperative 2 years

A 158429 18328
B 154+34 169+ 33
p value 0.679 0.060
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roup Preoperative Postoperative 2 years

A 401297 48585 45887
B 40.0+9.1 46289 435:87

p value 0974 0302 0302
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roup Preoperative Postoperative 2 years

A 95+17 129415 123%15
B 96+20 120£17 111£17
p value 0.840 0022 0.006





OPS/images/fsurg-09-1049448/fsurg-09-1049448-t004.jpg
Group Preoperative

2 years

A 669+88
B 672+90
p value 0911

150+5.3
15647
0643

0D, Oswestry dissbility indas.
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roup  Preoperative ~ Postoperative 1 month 2 months 3 months 6 months  1year 2 years

A 9 (7-10) 1(0-3) 0(0-2) 0(0-2) 0(0-2) 0(0-2) 0(0-2) 0(0-2)
B 8 (7-10) 1(0-3) 0(0-2) 0(0-2) 0(0-2) 0(0-2) 0(0-2) 0(0-2)
p value 0.468 0.760 0.628 0728 0927 0721 0721 0721

VAR visiial aralog scale:
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roup  Preoperative  Postoperative 1 month 2 months 3 months 6 months  1year 2 years

A 6 (4-10) 1(0-3) 0(0-2) 0(0-2) 0(0-2) 0(0-2) 0(0-2) 0(0-2)
B 6 (4-10) 3(2-5) 1(0-2) 1(0-2) 1(0-2) 1(0-2) 1(0-2) 1(0-2)
p value 0536 0.000 0.001 0.197 0197 0.133 0133 0133

VAS, visual analog scale:
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Age (years)
Gender

Female

Male
Inducement

Degeneration

Spondylolysis
Level

L3

L4

Operative duration (min)

Fluoroscopy (times)

Incision length (mm)

Blood loss (ml)
Hospital stay (days)
Drainage removal (days)

Follow-up (months)

OLIF 75+13

OLIF 7/5-10

OLIF 393

30/15-110
4/3-5
21-3
32:3

30

10418
PTES 50+ 8

7/6-11
PTES 6/5-8

4123
PTES 8+1

80/50-310
716-10
4137
32:4

p value

0527

0417

0.786

0.000°
0176
0.006°

0.000
0.000
0.000
0.632

OLIF, oblique lumbar interbody fusion; MIS-TLIF, minimally invasive surgery-
transforaminal lumbar interbody fusion
3Comparison between OLIF and MIS-TLIF,
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Characteristics

CKH-UBO (n = 14)

Age (years)
Sex M/F
Duration of symptoms (months)
Surgical location
Ca/5
C5/6
cor7
Operating time (min)
Blood loss (ml)
Incision length (cm)

Hospital stay (d)

511+84
13
169+75

3
7
4
422+57
32741
20+0.1
56%12

CKH-UBO indicates Cervical

Key Hole-Ultrasonic Bone Osteotome:
n indicates the total number of patients.
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Characteristics Pre-op Post 3m-op  Post ly-op

ROM 513%3.1% 50.1+26% 512+35°

ROM indicates Range of motion
The scoring system is used to assess lumbar spine stability. P=0.387 if ¥ is
compared with *, P=0.833 if * is compared with *.
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AIPA JTPA P value

PCS

Post-op (1m”) 214%+3.4% 20.1% +3.8% 0379

Latest follow-up 492%£3.2% 448%£10.7% 0223
MCS

Post-op (1m*) 49.0% =595 43.7% + 8.8% 0015

Latest follow-up 55.5% +5.8% 542%+53 0475
ODI

Pre-op 96.0% +3.6% 96.7%+3.1 0618

Post-op (1m*) 434%£7.7% 60.8% + 8.7% 0.000

Last follow-up 14.7% % 7.4% 17.2% = 11.8% 0.567

PCS, physical component score; MCS, mental component score; ODI
Oswestry Disability Indesc I -one rionth: Sianificance wais set at P<0.05.
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ASIA Impairment  ASIA Impairment Grade at Time of
Grade (Admission) Latest Follow-up

AIPA Group LTPA Group
A B CDEABTCDE

A 1 1 1 2

B 1 1

C 2 6 2 4
D 110 8
E 13 15

The values are given as the number of patients

ASIA. Amatican Swinal Inkiry Assaciation
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Complications

Hip flexor weakness
Thigh numbness

Thigh pain

Groin dysesthesia

knee extension weakness
Vascular injuries
Urinary injury

Spinal nerve injury

Total

AIPA

©c o oo o o

1 (2.9%)

LTPA

3(9.1%)

4 (12.1%)

1(3.03%)

1(3.03%)
0

0
0
0
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AIPA LTPA P value® x2 value

Number of patients 35 3
Age 4895113 482:96 085
Sex ratio (M/F) 23012 258 0.364 0825
Mechanism of injury 0724 0647
Fall from height 18 20
Motor accidents 11 9
Other mechanism 6 4
Levels of fracture 0912 0531
L1 8 6
L2 14 12
L3 8 9
L4 & 6
AO Type 0917 0954
A3 4 3
A4 6 8
Bl 18 15
B2 5 4
c 2 k]
TLICs score 5415 5614 0.65
Loading Sharing score 812098 7912 055

AIPA, anteroinferior psoas approach; LTPA, lateral trans-psoas approach;
TLICS, Thoraco-Lumbar Injury Classification and Severity score.

“Significance was set at P<0.05. The values are given as the mean + the
cstandard deviation.
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riance AIPA LTPA P value

Surgery time (min) 1922934 23047+ 49 0.02
Blood loss (ml) 4683 %201 524+197.4 0456
Duration of hospitalization 17647 18062 0844
Cobb angle
Pre-operative 18712684 1655794 0411
Post-operative 398611 249+6.09 0525
Latest follow-up 391+776 193532 0542
Final loss of correction 0.74+187 0514287 0807

Two independent samples t test or Mann-Whitney U test, Significance was set
2t P<0 05
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Fre- Post- Post-
P perati peration 12
months months

JOA score (improve 935+ 13.74 = 486" 1573 %519
rate) (57.4%) (83.4%)
VAS score 1812079 2822156 218+134
QoL scale 57831607  6225+1245 64.95+14.50
C2-7 lordotic angle 1545+ 9.15°  135729.02° 1375+ 10.65°
The C2-7 overall 382541435 3484+ 1246° 32151308
range of motion
Sagittal diameter of .15+ 147 133421917 13292183
canal (mm)
Paravertebral muscle  409.73%97.05  346.41+8338" 381079192

volume (mm?)

The cervical lordotic angle, range of motion and sagittal diameter of canal was
evaluated by CT. The average area of cervical paravertebral muscle volume was
measured on MRI images. *p<0.05 with statistical difference compared to

pre-operative value.
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Demographics

Patients Number =

Male/Female
Age (years)

Operation time (min)
Blood loss (ml)

Ballow-up pexiod (onths)

1012
61.6%8.6 (52-78)
17225
14932
16.1+3.6
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Ch: 1811 igati igati f o
(n=21) (n=23) value
Age (years) 57.71+878 6039+9.14 0329
Sex 0599
Male 7 6
Female 14 17
Body mass index (kg/m?) 2609+1.72
Diagnosis
Lumbar central canal 14 17
stenosis with
spondylolisthesis or
instability
Lumbar nerve root canal 7 6
stenosis with
spondylolisthesis or
instability
Surgical levels 0770
L34 1 3
145 16 17
1551 4 3
Operation time (mins) 15404 %1117 17091+ 1201 <0001
Radiation exposure duration  6.90 2.30 3155+588 <0001
(sec)
Radiation dose (mGy) 318102 1438326 <0001
postoperative hospital stay 447103 4952087 0.103
Intraoperative Estimated 93231588 953421628 0.666
blood loss (ml)
Postoperative drainage (ml) 6952+ 19.61 7782+19.05 0162
Complications (1) 0 2 0489

Values are presented as number or mean + standard deviation.
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Date VAS score of low back VAS score of leg JOA score ODI score (%)
Preoperative 585128 3692202 1346=3.18 55.57 21099
Before discharge 31508 192+ 119 = -
Post

1 month 192:064" 1312075 20.85+291° 3709999

3 months 138051 108 064" 2477 £192° 2654 696"

6 months 08508 0.69 = 0.48" 2592104 1063 =291
Final follow-up 0.23+0.44" .08 + 095" 6.14+338"
P value P<005 P<005 P<005

VAS, visual analog scales; JOA, Japanese Orthopaedic Association; ODI, Oswestry Disability Index

8 rficantly diffsrent from the precperative valie-(P< 0.05).
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Number of  Bone cement  Surgery
penetrations injection time
(times) volume (ml) (min)
Observation group 37047 4332097 398+44
Control group 471247 4542076 448253
Tvalue ~10.060 -1L116 —484
P-value 0.000" 0267 0.000*

*Showed significant differences between the two groups (P < 0.05).
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Variable

Value

Operative time (minutes)
Estimated blood loss (ml)

Postoperative drainage (ml)
Time to ambulation (days)

Postoperative hospitalization time (days)

17731 = 19.54
176.15 +43.79
4115+ 1044
12
5+231
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Radiological studies No. of patients (%)

X-ray
Narrowing of disc space 7 (5385)
Endplate lysis/sclerosis 5 (38.46)
Osteophyte formation 6 (46.15)
Destruction of vertebral body 4(3077)
Segmental instability 3(23.08)

cr
Narrowing of disc space 9 (6923)
Endplate lysis/sclerosis 10 (76.92)
Osteophyte formation 7 (53.85)
Destruction of vertebral body 9 (69.23)
Spinal canal stenosis 10 (76.92)
Sequestrum 2(1538)
Segmental instability 4(30.77)

MRI
Disc involvement 4(30.77)
Endplate involvement 11 (84.62)
Destruction of vertebral body 10 (76.92)
Epidural granulation tissue or abscess 12 (9231)
Spinal canal stenosis 13 (100)
Segmental instability 3 (23.08)

CT. computed tomoorashy: MRL misanetic resonance imaging.
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Level  Duration of symptoms  SAT  Blood Hospitalization Follow-up

No. (years) (months) culture (days) (months)

54 1273 3 17320
37 L5/S1 9 1/640
56 L4/5 1 17160
52 L5/S1 1 17160
L3/4 4 17320
59 L4/5 7 1/640
44 L5/S1 4 17320
59 L5/S1 3 17320
48 L5/S1 3 17160
34 L4/5 7 1/640
50 L3/4 12 1/640
57 L4/5 13 17200
7 L172 4 17160
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Mean 52+9.77 546389 969352 1392+15
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Excellent

Good

Fair

Poor

Excellent or good rate
p-Value

2 39

9 6

0 0

1 0
97.6% 100%
0597

*Excellent or good rate is tested by Fisher's exact test.
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Group  Before After surgery
SUTBETY  Immediately 1 week 1month 2 months 3 months 6 months 12 months 24 months
VAS score A 8 (7-10) 1(0-7)° 1(0-8)° 1(0-8)" 1(0-8)" 1(0-8)" 0 (0-1)4 0 (0-1)4¢ 0 (0-1)>%
B 8 (7-10) 102 LO® 07 002" 0@-D®* o@D 0@ 0 (O-1)**
ODI score A 721297 155+50°
B 667287 132546

°p<0.001, compared with group A
°p<0.001, compared with preoperatively.

“p<0.001, compared with immediately after surgery.
p<0.05 compared with 1 week after surgery.

°n < 0.05 compared with 1 month after surgery.
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Characteristics PCLE-LIF (n=62)

Degree of fusion rate

Level 1 o
Level 2 o
Level 3 4
Level 4 2
Level 5 32
Rate (%) 93.5%
Complication
Numbness of lower limbs 2
Pain due to nerve edema 2
Cage immigration A
Pedicle screw loosening 1
Dural sac tear 0
Infect 0

Rate (%) 9.6%
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Clinical features

No. of patients (%)

Spinal symptoms
Low back pain
Leg pain
Constitutional symptoms
Fever
Sweating
Loss of appetite or weakness or fatigue
Weight loss
Arthralgia
ASIA classification
D
E

13 (100)
11 (84.62)

3(23.08)
4(3077)
13 (100)
7 (53.85)
2(15.38)

5 (38.46)
8 (61.54)

ASIA Ametican Spirial Iy ASSocintion
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Characteristics

PCLE-LIF (n =62)

Age (years)
Sex M/F
Duration of symptoms (months)
Surgical location
Lai5
L5/S1
Operating time (min)
Hispltal siay (dave)

545120
35127
192131

12824197
77+14
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Characteristics  Pre-op  Post 3d-  Post 3m- t 1y-
op op op
VAS leg pain 5.58 + 0.98" 091 = 019+
058 0.40%
VAS low back pain 448+ 084+ 040+056° 039+
1.06™ 081% 069%
ODI 60.01 + 1558 + 882+
6217 284% 2159

VAS indicates Visual Analogue Scale; ODI indicates Oswestry Disability Index;
pre-op indicates preoperative; post-op indicates postoperative.

*P<0.001if & is compared with.
**P<0.001 if % is compared with.
++*p < 0.001 if @ is compared with.
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Clinical Data

VAS scores of low back
Preoperative
Postoperative 3 Day
3 Months
12 Months

VAS scores of leg
Preoperative
Postoperative 3 Day
3 Months
12 Months

ODI scores
Preoperative
Postoperative 3 Day
3 Months
12 Months
Fusion rate (%)

MacNab criteria (1)
Excellent
Good
Fair

Poor

Navigation

609133
2712078
152051
071063

5472220
171161
138+ 1.49
0.76+0.88

5504935
21524750
1057 +358
7.80=3.62
85.7%

Nonnavigation

591+141
304087
160 %058
095+0.70

6132.02
204177
1172093
082+0.65

5226786
2330905
1217+478
669 = 2.60
82.6%

P-value

0.690
0.663
0.198
0.612

0242

VS, 'visizal anstooue scale: OD] Oswestry Disability index.





