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Editorial on the Research Topic
MISS innovations: Approaches, predictive outcomes, and risk avoidance





Introduction

Since its inception, minimally invasive spine surgery (MISS) has divided the community of spinal surgeons into firm supporters and outspoken opponents. After several decades, the field has accumulated a significant body of research confirming the effectiveness of MISS techniques (1). However, MISS has long been subjected to considerable criticism and comprehensive analysis. Though criticism towards the minimally invasive field continues, we must admit that the techniques employed have stood the test of time and continue to conquer more areas of neurosurgery.

After analyzing various experiences with spinal interventions and data from the current literature, four criteria for compliance of the intervention with the MISS category were identified: anatomical, technical, human, and instrumental. Modern MISS has ample opportunities for medical imaging of the pathology and pre-operative planning of approach trajectory, which allows us to limit iatrogenic damage to the surrounding tissues. These interventions are realized with the help of modern specialized equipment: x-ray-transparent tables, electron-optical converters, neuron navigators, illumination and optical magnification systems, power equipment, robotic systems, complex retractor systems, and specialized instrumentation allowing work at any operative depth (2).

MISS has a long learning curve and requires diverse staffing and educational approaches from various fields including orthopedics, vascular surgery, and radiology. The need for these skills accounts for the increasing role of cadaver and simulation courses in minimally invasive techniques. The variety of integrated systems and their installation can add complexity to MISS. The changing technology requires additional education and training not only for the tools themselves, but also the most appropriate approach for a patient's unique anatomy while utilizing the tools. Additionally, the expanding selection of implants and materials, particularly bioactive materials, contribute to technique modification as well.



Results

In this issue of Frontiers of Surgery: “MISS innovations: Approaches, Predictive Outcomes, and Risk Avoidance,” we are honored to present a collection of 14 publications that describe cutting-edge advances in MISS research and practice. These articles were selected through an open peer review process that brought together experts in spinal surgery, including 80 authors, 20 reviewers, and three editors.

In preparing this volume, the editorial team sought to highlight the ever-expanding field of applicational MISS techniques. Beginning as a separate set of techniques for the surgical treatment of degenerative diseases, MISS now tackles some of the most complex treatments, such as spinal oncology and severe spinal cord injury.

The first series of articles describes the results of minimally invasive techniques in the surgery of degenerative spinal lesions. The use of percutaneous transforaminal endoscopy under local anesthesia (3) demonstrates the technique's capabilities for patients with degenerative diseases of the lumbar spine to prevent nerve root damage and postoperative side effects.

In a cohort of patients with degenerative diseases of the cervical spine, Chen et al. (2022) studied the preliminary results of screwless cage placement. The satisfactory long-term clinical and radiological results can be summarized in future meta-studies (4).

Liang et al. (2022) investigated clinical outcomes and efficacy differences between paraspinal mini tubular lumbar decompression and minimally invasive transforaminal lumbar interbody fusion. The study considers the difference between the two concerning the treatment of degenerative grade I lumbar spondylolisthesis combined with spinal canal stenosis. The study shows that less extensive and costly treatment could be a viable primary surgical option for most patients.

Comparative studies are becoming increasingly important because of the variety of approaches to stabilizing intervention in patients with degenerative lumbar pathology. For example, Bokov et al. (2022) analyzed the potential effect of transforaminal lumbar interbody fusion (TLIF) vs. direct lateral interbody fusion (DLIF) on pedicle screw stability. The study demonstrated the advantage of DLIF technology in ensuring stability and reducing the frequency of revision interventions.

In contrast to the traditional transpedicular screw fixation technique, the cortical bone trajectory technique offers certain advantages. The reliability of screw placement along such a trajectory and prediction of screw loosening after single-level posterior lumbar interbody fusion using a nomogram was performed by Zhang et al. (2022).

While preparing this collection, we aimed to show an understanding of the significance and peculiarities throughout the lifetime of degenerative diseases of the spine in patients of older age. A systematic review, as seen in Techens et al. (2022) reflects the status of the increasingly popular lumbar cemented discoplasty technique. This technique can be used in elderly and high-risk polymorbid patients as a minimally invasive alternative to traditional spondylodesis.

In turn, a series of cases by Klimov et al. (2022) identified the main predictors of complications and adverse outcomes of minimally invasive surgical treatment in elderly patients with lumbar spine pathology.

The second block of articles is devoted to spinal neurooncology. Using minimally invasive approaches with tubular retractors can be used to optimize the surgical treatment of extramedullary tumors. For example, Kerimbayev et al. (2022) demonstrated the results of MISS for the treatment of dumbbell tumors with extra vertebral spread. The article shows a significant decrease in hospitalization time and postoperative pain syndrome compared to traditional open surgery. In addition, the long-term results of MISS techniques in the treatment of these types of tumors are studied by Pan et al. (2022).

To illustrate the possibilities of endoscopic techniques in spinal neurooncology surgery, the collection includes a case in Kravtsov et al. (2022) of successful percutaneous transforaminal endoscopic removal of neurinoma of the fifth lumbar spinal nerve using intraoperative neuromonitoring.

The neurooncology block concludes with a series by Yamada et al. (2022) emphasizing the importance of multimodal neurophysiological monitoring on the long-term outcomes of motor function after microsurgical resection for spinal cord tumors.

The block devoted to applying MISS technologies in patients with spinal cord injury presents a rare series, in Kravtsov et al. (2022) of three cases of lumbar and thoracic spinal bullet wounds sustained from firearms and traumatic weapons. Percutaneous endoscopic techniques were successfully used for bullet extraction from the spinal canal.

The collection concludes with two unique papers: a rare case of Crowned Dens Syndrome treatment with occipital-cervical fixation technology by Haas et al. (2022) and a literature review and the results of robotic technology in combination with MISS [Minimally Invasive Assisted Robotic Spine Surgery (MARSS)] seen in Pérez de la Torre et al. (2022).



Summary

As MISS continues to face new challenges, the ever-expanding possibility of this technology requires further efficacy studies in new fields of spinal surgery. The current trend of modern spine surgery is the use of minimally invasive approaches, specialized retractors, and endoscopes combined with imaging and navigation systems (2). MISS will continue developing in new areas previously available only to traditional open surgery. We are proud to present our compendium reflecting these advances in spine surgery, delivered in the least invasive manner and accompanied by the best clinical outcomes and minimal surgical complications.
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Minimally invasive spine surgery (MISS) has many advantages over traditional open surgical procedures that can be conducted for the therapy of different diseases of the spine. MISS provide many prospective advantages such as, for example, small incisions, less damage to soft tissues, early activation of patients, and a shorter postoperative hospital stay. The aim of the study was to evaluate institutional experience with Dumbbell tumors and metastatic lesions of the lumbar spine and compare it with traditional open surgical resection of this type of tumors. Fourteen patients underwent the surgery with minimally invasive posterolateral approach in experimental group, and 10 patients of the control group were operated using the traditional open surgery procedure at the Department of spinal neurosurgery and pathology of peripheral nervous system of JSC “National Center for Neurosurgery.” The intraoperative neuro monitoring system (ISIS IOM System Compact, Inomed, Germany) was used in both groups. Sensory and motor evoked potentials were intraoperatively recorded. The present study was approved by the local Ethics Committee of the National Center for Neurosurgery. Patients signed informed consent before the surgical procedure. The experimental group included 14 patients, that underwent the surgery during the period from January 2020 till March 2021. And the control group included 10 patients that was operated from January 2018 to December 2019. The results of the treatment in both groups were assessed according to the generally accepted visual analog scale (VAS) and the Oswestry scales before, on the third day, and 3 months after the surgery. In experimental group, average reduction of the pain syndrome of 3.36 points (from 3 to 0 points) was observed in patients postoperatively according to the VAS 3 days, and of 4.0 points (from 2 to 0 points) 3 months after surgical procedures. Improvement by 23.86% (36–16%) was also observed using the Oswestry Disease Index (ODI) 3 days after the surgery, and then reduced to 21.00% (16–34%) in average in 3 months. All patients were revived 3 h after transfer to the specialist department. The average stay in the hospital was 6.5 (9–4) days in both groups. In control group, average reduction of the pain syndrome of 2.60 points (from 4 to 1 points) was observed postoperatively according to the VAS 3 days after the operation, and of 3.9 points (from 2 to 0 points) 3 months after the surgery. The ODI of patients was also improved by an average of 35.40% (50–20%) 3 days after the surgical procedure, and reduced to 24.20% (16–32%) in average 3 months after the surgery.

Keywords: lumbar spine, dumbbell tumor, minimally invasive, posterolateral approach, resection


INTRODUCTION

Minimally invasive spine surgery (MISS) is an alternative to traditional open surgical procedures performed for the treatment of various diseases of the spine, such as osteochondrosis, herniated disc, scoliosis, spinal stenosis, and tumors. MISS offer many potential benefits, such as small incisions, less damage to soft tissues (ligaments, muscles), early activation of patients, and a shorter postoperative hospital stay (1, 2). Nowadays, there is a possibility (if necessary) to stabilize the functional spinal unit (FSU) using the percutaneous technique of introducing transpedicular screws.

Among spinal neoplasms, the incidence of dumbbell tumors is 13–14% of those occupying the perforaminal location, while in 41% of cases, tumors are observed in the cervical spine. The traditional surgical approach for the removal of such type of tumors involves an extended skin incision with dissection of soft tissues and extensive skeletonization of the muscle layer; resection of the arches and facet joints of the vertebrae. This, in turn, potentially cause instability in the involved FSU.

In 1941, Eden proposed a classification in which tumors are systematized depending on their topographic and anatomical interrelation with the nerve and bone structures of the spine. However, it does not provide an answer regarding the size of neoplasms. According to the literature, the most common type of tumors is type III tumors with extradural and paravertebral components according to the Eden's classification (Figure 1) (3). Metastatic lesions of the spinal cord and the spine can also occur in the perforaminal location—a common complication of cancer disease. Damage of the spine and roots of the spinal cord can significantly reduce the quality of life of patients, potentially causing persistent pain (4). Due to the early detection and an increase in the life expectancy of patients with malignant tumors, the number of patients at risk of developing metastases is increasing every year (5, 6). According to the statistics, the spine is the third most frequent region of cancer cell metastasis after the lungs and liver. And it is expected, that nearly 70% of cancer patients will have metastases to the spine. In the case of symptomatic lesions, the majority of metastases (60–70%) are found in the thoracic region, while the remaining 20% are in the lumbar region and 10% in the cervical spine. More than 50% of patients with spinal metastases have more than one lesion level (7, 8).


[image: Figure 1]
FIGURE 1. Eden's classification of spinal dumbbell tumors, from left to right: type I–rumors with intra- and extradural components; type II–with intra-, extradural, and paravertebral components, type III–with extradural and paravertebral components, type IV–with foraminal and paravertebral components.


The goal of surgical intervention for spinal metastases is palliative care in the form of pain reduction and improvement of the quality of life in patients with pain syndrome. In some cases, if necessary, stabilization of the spinal motion segments is performed. Moreover, one of the goals of the surgery is the collection of biopsy material for subsequent histological and immunohistochemical studies. In order to reduce postoperative complications and speed up postoperative recovery of patients, minimally invasive approaches may be the best technique of surgical intervention. Satisfactory decompression and minor surgical aggression are critical for patients with concomitant conditions and untreated accompanying decompensated disease that prevents comprehensive surgery (9). Recent advances in microsurgical techniques have led to the development of minimally invasive approaches for the treatment of primary and metastatic spinal lesions. This, in turn, results in reduced postoperative pain, shorter overall hospital stay, reduced blood loss during surgery, improved neurological status, and earlier initiation of adjuvant therapy (10, 11). These benefits are particularly crucial for maintaining and improving the quality of life of cancer patients with a short life expectancy (12, 13). The MISS methodology aims to perform: a minimally invasive posterolateral tubular access to remove the tumor and decompress the spinal cord, reducing intraoperative blood loss and postoperative pain.

Yet, there is some criticism of this technique in the form of difficulties in achieving sufficient decompression of the spinal cord. This is the result of the mistaken belief that the greater the surgical exposure, the better the results are achieved. On the contrary, in fact, MISS techniques provide facilitated access to the spinal canal and complete decompression of the spinal cord and its roots (14, 15).



MATERIALS AND METHODS

The present study is a consistent retrospective single-center case control series study. Cases of dumbbell tumors and metastatic lesions of the lumbar spine were included in this study. In the experimental group, 14 patients underwent surgery with minimally invasive posterolateral approach (Table 1), and 10 patients in control group were operated using the traditional open surgery technique (Table 2) at the Department of spinal neurosurgery and pathology of peripheral nervous system of JSC “National Center for Neurosurgery.” Intraoperative neuro-monitoring system (ISIS IOM System Compact, Inomed, Germany) was used in both groups. Sensory and motor evoked potentials were intraoperatively recorded. The present study was approved by the local Ethics Committee of the National Center for Neurosurgery. Patients signed informed consent before surgical procedure. Experimental group included 14 patients, that underwent the surgery during the period from January 2020 till March 2021. And the control group included 10 patients that was operated from January 2018 to December 2019. Two groups was consecutive case series. Data on the experimental group are highlighted in Table 1, and data on the control group are presented in Table 2. Diagnosis and preoperative assessment were performed using magnetic resonance imaging (MRI) with contrast enhancement of the lumbar spine. Patients with tumor sizes >8.0 cm in the largest diameter according to MRI data were excluded from this study in two groups. Evaluation of the stability of FSU was performed using functional X-ray images. The results of the treatment in both groups were assessed according to the generally accepted the VAS and the ODI scales before the surgery, on the third day, and 3 months after the surgerical procedures. Before the surgical operation, all patients underwent hormonal preoperative preparation with intravenous dexamethasone according to the scheme of 16 mg per day for 2 days. All patients were administered non-steroidal anti-inflammatory drug after the surgical procedure 8–16 mg intramuscularly daily depending on the VAS of a patient. We used standard surgical technique that is described below in the chapter “Description of the surgical procedure” to reduce inter- or intra-operation variations, ensure the quality, and maintain consistency between cases. The follow-up period after the surgery of all patients was 3–12 months (6.5 months on the average) with contrast MRI of the lumbar spine 3 days and 3 months after surgical procedures.


Table 1. Results of performed surgery on 14 patients (Experimental group).

[image: Table 1]


Table 2. Results of performed surgery on 10 patients (Control group).
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Description of the Surgical Procedure


Intervention Details

All surgical manipulations on removing tumors and metastatic lesions were performed via minimally invasive posterolateral access using the Mast Quadrant Tubular Retractor System (Medtronic Sofamor Danek, Memphis, TN, USA). All patients underwent the surgery with IONM with recording of sensory and motor signals from the lower limbs. Patients were administered general anesthesia before the surgical procedure, and then laid on a multifunctional operating table, in a supine position with pelvic rollers under the shoulders and with the arms brought forward. Intraoperative fluoroscopy was used to determine the level of surgical intervention. All 24 surgical procedures in two groups (the experimental group and the control group) were performed by three senior neurosurgeons, with the experience more than 15 years in the spine surgery. A minimally invasive posterolateral tubular approach was performed through a linear skin incision about 2.0 cm long (1.5–2.5 cm), extending from the supraspinous line (paraspinally) to the width of the paraspinal muscles (5.0–8.0 cm) at a sufficient angle to expose the ipsolateral extraforaminal space of the affected region. The subcutaneous fatty tissue and muscle layer were “dilated” using a tubular system, under fluoroscopic control (straight and lateral spondylograms). The handle of the tubular dilator was rigidly attached to the operating table using a holder. Further imaging was performed under an operating microscope (HS 5–1,000, Haag-Streit Surgical, Germany) at up to 24-x magnification. The space between the transverse processes of the adjacent vertebral segments was found and partially resected with Kerrison-type 2.0 bone excisors, when it was necessary. The extraforaminal components of the tumor were isolated using microinstrumentation, and when it was necessary, removal was performed using an ultrasound aspirator. The exiting nerve root was completely exposed, and the dura mater was identified. During the surgical operation the nerve root was protected using a “holder.” The foraminal opening was completely cleared of the tumor and decompression was performed. Tumor tissue was sent for the histological analysis. Thorough hemostasis was performed at all stages of the surgery. Fascia and aponeurosis were sutured in layers with interrupted sutures. The tubular retractor was removed. Then, a cosmetic, atraumatic, continuous suture was applied to the skin. A drainage tube was installed into the wound cavity when it was necessary. Figures 2–6 illustrate case examples of the surgical removal of a tumor with every stage of the surgery.


[image: Figure 2]
FIGURE 2. Preoperative contrast-enhanced MRI of the lumbar spine.



[image: Figure 3]
FIGURE 3. Direct and lateral X-ray control during the surgery.
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FIGURE 4. Left side–Intraoperative picture; right side–postoperative scar (2 cm).



[image: Figure 5]
FIGURE 5. (A) The rumor and compressed emerging nerve root (picture obtained from the operating microscope); (B) lntraoperative photograph: removal of the tumor; (C) After the removal of the tumor, the dura mater and root are visualized (photograph from the operating microscope).
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FIGURE 6. MRI of the lumbar spine with contrast after the surgery.





Statistical Analysis of Variables Between Two Groups Is Presented in Table 3

*p-values had been calculated using chi-square test or Fisher's exact test for categorical variables, while Mann-Whitney U-test had been used for numeric variables. Comparison of variables between two groups.


Table 3. Comparison of variables between two groups.
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RESULTS

All 14 patients in the experimental group underwent single-stage minimally invasive posterolateral approach with the follow-up period from 3 to 12 months (6.5 months on the average). Other characteristics of patients related to gender, age, diagnosis, and comorbidities are highlighted in Table 1. According to Eden's classification, 5 (35.7%) patients had type III of spinal dumbbell tumor, and 9 (64.3%) patients had type IV of the tumor. The most patients (5 patients, 35.7%) of the experimental group underwent surgical resection of L2–L3 vertebrae. Total tumor removal was achieved in 12 patients (85.7%), and subtotal tumor removal was performed in 2 patients (14.3%) with cases of comprehensive metastatic lesions. In the experimental group, radiological assessment of the stability of the involved FSU was performed postoperatively (X-ray with functional tests of the lumbar spine), and stabilization was not required in this group. The surgical operation lasted 80–150 min (mean−105.36 min) with blood loss of 30–110 ml (mean−45.0 ml). Histological analysis revealed schwannomas in 11 (78.6%) patients, while undifferentiated carcinoma metastases was observed in 3 (21.4%) patients. No recurrence was observed in schwannomas during the follow-up period. The main preoperative indicators such as the VAS and the ODI scores in both groups were 4.60 and 4.36, 51.60 and 52.29% on average, respectively. There were no significant intraoperative or postoperative complications in our series of all 24 patients in both groups. The neurological status of all patients in the postoperative period remained without worsening of sensory and motor responses in the extremities compared to the preoperative state (as indicated by IONM). It could be due to the adequate visualization of the nerve structures and the use of IONM. In experimental group, the average reduction of the pain syndrome of 3.36 points (from 3 to 0 points) was observed according to the VAS 3 days in the postoperative period, and of 4.0 points (from 2 to 0 points) 3 month after the surgical operation. The same picture was also observed using the ODI on the third day after the surgery [23.86% on the average (36–16%)]. Moreover, this score reduced to 21.00% (16–34%) on the average in 3 months. All patients were revived 3 h after transfer to the specialist department. The average hospital stay was 6.5 (9–4) days on the average. Regarding the control group, reduction of the pain syndrome was also observed in patients postoperatively: the VAS was 2.60 points (from 4 to 1 points) on the average 3 days after the surgical procedure, and 3.9 points (from 2 to 0 points) 3 months after the surgery. Enhancement was also observed in ODI [35.40% (50–20%) on average] in 3 days, and reduced to 24.20% (16–32%) on the average 3 months after the operation. The results of the performed surgery in control group are shown in Table 2.



DISCUSSION

This study produced promising findings concerning minimally invasive posterolateral approach for tumors of the spinal cord and its roots, comparing to the traditional laminectomy with resection of the arches and facet joints of the vertebrae. As an example, in one of the cases of the study in a control group, the surgical procedure on stabilization of the spinal motion segment on the level of L3–L4 vertebrae was performed in a patient. The patient had the pain syndrome in the lumbar region as a result of instability that was confirmed on control radiographs with functional tests. This procedure was carried out to stabilize the functional spinal unit using percutaneous technique of introducing transpedicular screws. As a result of the stabilization, the pain syndrome totally regressed during 3 months postoperatively.

On the contrary, patients of the experimental group did not require additional stabilizing surgery, that contribute to the preservation of the arch and the facet joint in the stability of the spinal motion segment postoperatively in patients with this kind of spinal cord tumors.

There is a conviction that surgical resection of dumbbell tumors of the spinal cord and its roots is always challenging. Yet, based on our own experience, we can still claim that minimally invasive posterolateral approach is a worthy alternative to the traditional surgical procedures in resection of such types of tumors in the spinal cord and its roots. For example, nowadays, minimally invasive decompression and stabilization methods are widely used by spinal surgeons and linked to more optimistic clinical results due to reduced paravertebral tissue injury, minimum postoperative pain syndrome, and shorter patient's recovery time after the operation (1, 2). The minimally invasive posterolateral approach for tumors of the spinal cord and its roots has many advantages in contrast to the traditional laminectomy. Firstly, there is no traction on nerve structures, which in turn contribute to prevention of post-operative neurological complications. Secondly, it facilitates to preservation of the ligamentary apparatus further maintaining movement ability in the functional segment. Moreover, the most important benefit of the MISS is the complete removal of the spinal cord tumor. Lastly, minimally invasive posterolateral approach promotes early postoperative rehabilitation of patients. As a result, patients can have the possibility to take an upright posture the same day after the surgical procedure without additional external immobilization devices. This is confirmed in the present study by comparison of both groups of patients (Table 3). In the MISS group, more rapid improvement was observed in the ODI when assessed on the 3rd day after the surgery (23.86 points on the average) comparing to the data in the control group that was 36.40 points on the average. Nevertheless, the leveling of the difference of this indicator by the third month was also noted on the average 24.20 points in the MISS group, and 21.00 points in the control group (Table 4).


Table 4. Comparison ODI.

[image: Table 4]

However, the difficulties of using MISS to decompress sufficiently the spinal cord, in spinal cord tumors still remain controversial. On the contrary, MISS techniques provide easy access to the spinal cord and its roots, as well as their complete decompression, if necessary. In comparison to the traditional laminectomy allows to decrease the volume of blood loss by a patient, and to reduce significantly the pain syndrome after the surgery according to the VAS.

In our experimental group, the decrease in the VAS was 3.36 units after the surgical procedure, and 4.0 units 3 months after the surgery comparing to the control group, where the decrease in the VAS after the operation was 2.6 and 3.9 units on the average 3 months after the surgical procedure. Based on the obtained data, we can expect a faster reduction in the pain syndrome in patients when using the minimally invasive posterolateral approach, by 1.0 point on the average within 3 days after the surgery (Table 5).


Table 5. Comparison VAS.
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In addition, the somatic status of patients was considerably improved. Nevertheless, further prospective research including larger amount of patients with longer follow-up period is of a strong need in order to compare various results representing the effectiveness and lack of side effects of microsurgical techniques compared to traditional open surgical procedures.
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Case Report: Full-Endoscopic Surgery for Bullet Wounds of the Spine: A Report of Three Cases
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Objectives: To determine the feasibility and evaluate effectiveness of full-endoscopic surgery in gunshot wound of the spine.

Methods: Three clinical cases of lumbar and thoracic spine bullet wounds made by firearms and traumatic weapons are described. Percutaneous endoscopic surgery was performed to extract bullet from the spinal canal. The results are compared to the data from literature.

Results: Percutaneous endoscopic approach to spinal canal with a possibility to extract a bullet, decompression of nerve roots, defect closure of the dura mater is demonstrated.

Conclusion: Good clinical outcomes allows to recommend percutaneous endoscopic surgery to manage similar lumbar and thoracic spine bullet wounds at the tertiary care level.

Keywords: gunshot wound, injury, lumbar spine, thoracic spine, full-endoscopic surgery


INTRODUCTION

The potential of full-endoscopic surgery has greatly improved thanks to advanced video transmission quality, upgrades of endoscopes and related instruments and the development of new surgical techniques and approaches. It all resulted in expanding indications for this type of treatment (1, 27). However, degenerative-dystrophic diseases of the spine still remain the main pathology where percutaneous endoscopic interventions are largely used (2). Also, a beneficial effect of the described method was noticed in revision surgery after metal osteosynthesis (3), in non-specific spondylodiscitis (4) and spinal tumors (5, 6).

This paper assesses preliminary results of percutaneous video endoscopy for gunshot bullet wounds in the lumbar spine; presents capabilities of surgical technique for extraction of a foreign body from the spinal canal and intervertebral disc. Treatment of traumatic spinal injuries logically originates from percutaneous video endoscopic spinal surgery.



CLINICAL CASE NO. 1

The wounded person, a 24-year-old man, was admitted to the neurosurgery clinic the next day after he had received a gunshot blind wound in the lumbar region. The patient complained of weakness in the feet, numbness on the back surface of both legs and perineum, impaired sensation of bladder filling. These effects occurred immediately after the injury. During the day, weakness in the right foot increased. Upon admission, the examining physician saw an inlet of the gunshot wound, 10 × 5 mm in size, located in the lumbar region, 6 cm left to the spinous processes line. In the history, there was no intense bleeding or fluid leakage from the wound inlet. The general condition of the patient remained stable, urination passed through the urinary catheter, with normal urine output and normal color of the urine. Neurological status: low flaccid distal paraparesis up to 3 points, bilateral absence of Achilles reflexes, anesthesia in S1-S5 dermatomes, urinary retention.

Computed tomography confirmed a left-sided wound inlet and channel with an oblique trajectory that ended blindly in the spinal canal close to the right L5-S1 intervertebral joint, where CT picture showed a foreign metal body—a bullet. There were no bone injuries in the spine or impaired large vessels and internal organs in the abdominal cavity, retroperitoneal space and small pelvis. Apart from the bullet, there were no other signs of neural structures compression (Figure 1A).


[image: Figure 1]
FIGURE 1. (A) CT scans of the lumbar spine: metallic foreign body (bullet) in the right half of the spinal canal (the arrow shows the inlet of the gunshot wound, the line shows an approximate trajectory of the bullet through the soft tissues); (B) View of the working port and endoscope; (C) Bullet mobilization in a yellow ligament defect; (D) Defects in the dura mater around the nerve root cuff and dural sac (see arrows).


Results of the examination proved that neurological disorders were likely to be caused by direct trauma to the cauda equina and persistent roots compression by the injuring body. The purposes of surgical intervention were extracting the bullet and revising structures of the spinal canal with the help of percutaneous video endoscopy. Should it appear impossible to achieve those purposes, it was planned to convert to open access.


Surgery

After general anesthesia induction the patient was prone positioned; under fluoroscopic guidance in AP view, a puncture access with an 18G needle was made to the arch of the L5 vertebra 1 cm right to the spinous processes line. The access trajectory did not coincide with the gunshot wound projection. A wire guide was inserted, and a linear cut up to 1 cm long was made. Along the guide, with the help of tubular expanders, a working tube with an outer diameter of 8 mm was inserted through the cut. A SpineTip endoscope (Karl Storz, Germany) was inserted into the working tube (Figure 1B).

Further manipulations were controlled by video endoscopy backed by continuous irrigation with saline sodium chloride solution through a special endoscopic channel. The lower edge of the L5 vertebra arch was skeletonized and partially resected with a diamond burr in order to increase the interlaminar space. The revision showed a distal end of the bullet within the defect of the yellow ligament. With the help of video endoscopy, the working tube axis was aligned with the bullet axis. After partial flavotomy, the bullet was captured with forceps and removed through the lumen of the working port together with the endoscope. Revision of the epidural space showed defects of the dura mater, endoscopic analysis proved anatomical integrity of the roots. The epidural space was revised above and below the injury area. Defects in the dura mater were covered with Fibrin-collagen patch TachoComb® introduced through the working port. Each stage of the surgery is shown in Figures 1C,D and Supplementary Video 1.

A temporary stop of irrigation helped to detect endoscopic signs of unstable cerebrospinal fluid stasis. The endoscope and working port were removed. The skin wound was sutured. The surgery lasted 40 min. Blood loss was about 10 ml. There were no perioperative complications. Postoperative and gunshot wounds healed within 10 days supported by antibiotic therapy (Ceftriaxone 2.0 g per day). There was no cerebrospinal fluid leakage.

Size of the bullet: caliber 5.45 mm, length 23 mm. Postoperative computed tomography and magnetic resonance imaging showed the absence of the foreign body in the spinal canal and restoration of the subarachnoid space patency (Supplementary Video 1).

Within 3 months, the patient regained strength in his left foot. Paresis of the right foot flexors remained at the grade 4. Disorders of urination and defecation completely regressed, cutaneous sensation and sexual function were restored. Back pain was not a concern.




CLINICAL CASE NO. 2

A 39-year-old man referred to the neurosurgery clinic with back pain associated with recurrent retroperitoneal phlegmon. He reported that 13 years ago he had received a gunshot—a penetrating blind wound of the abdomen with a damage to the liver, gallbladder, duodenum, colon, L1-L2 vertebral bodies. The bullet had landed in the L1-L2 intervertebral disc. There had been no neurological disorders.

In order to eliminate consequences of the injury the patient received a staged surgical treatment on the abdominal organs; however, the surgeons had refrained from removing the bullet. The patient had fully recovered. During the last year, the patient suffered from recurrent retroperitoneal phlegmon accompanied by febrile fever and intense lumbar pain; his treatment involved four openings and drainages of purulent foci through retroperitoneal access. CT fistulography showed a thin fistulous tract between the retroperitoneal abscess cavity and the foreign body at the level of L1-L2 vertebrae (Figure 2A).


[image: Figure 2]
FIGURE 2. (A) Preoperative sagittal CT (left) and CT fistulography (right) of the lumbar spine: 1—bullet; 2—contrast agent; (B) Radiography of the working port and bullet; (C) Endoscopic stage of the surgery and view of the bullet (described in the text); (D) Capturing and extracting the bullet with forceps (caliber 7.62 mm, length 15 mm); (E) Endoscopic view of the intervertebral foramen after extracting the bullet.


It was suggested that a probable cause of recurrent infectious process was a bullet, so it was decided to remove a foreign body from the spine through percutaneous transforaminal endoscopic access.


Surgery

After general anesthesia induction the patient was prone positioned; under fluoroscopy control in AP and lateral views, an 18G needle and a wire were inserted in the lower part of the left intervertebral foramen L1-L2. At the puncture site, a 1.0 cm long transverse incision of the skin and soft tissues was made. A cone-shaped guide and a working tube were inserted along the wire. The guide and wire are removed (Figure 2B). A SpineTip endoscope (Karl Storz, Germany) was inserted into the working tube. Further surgery was controlled by video endoscopy, which visualized bone markers of the intervertebral foramen and anterior epidural space. Fragments of the intervertebral disc back were removed. The bullet was detected. The bullet shell was destroyed, and difficult to separate from the surrounding tissues, which have a dirty gray color and numerous metal inclusions (Figure 2C). In order to form a channel for mobilization and extraction of the bullet, the lower edge of the L1 vertebra body was partially resected with a high-speed burr. The bullet was mobilized with hooks and scoops, fixed with forceps, and removed together with the working tube (Figure 2D). Under fluoroscopic control, the working tube and endoscope were reinserted transforaminally into the L1-L2 intervertebral disc, where there were many bullet shell fragments, removed with forceps and cutters (Figure 2E). Some fragments of the shell with surrounding soft tissues were taken for bacteria culture tests. Hemostasis was controlled by bipolar coagulation. After the last revision of the surgical wound, the working tube and the endoscope were removed. The skin wound was sutured with an interrupted suture. Surgery blood loss was <20 ml. During the surgery, the patient received antibiotic therapy with Vancomycin 1.0 g intravenously. The surgery lasted for 50 min (Supplementary Video 2).

The patient was mobilized the next day after the surgery. For 2 days he had an increased body temperature to 37.8°C, then the temperature got back to normal. The patient received antibacterial therapy (Cefazolin 2.0 g) for 7 days. The bacteria culture test of the sample taken during the surgery revealed Escherichia coli, sensitive to most antibiotics. On the 7th day after the surgery, the patient was discharged from the hospital. Upon discharge, he had no complaints; the neurological status was at the preoperative level.




CLINICAL CASE NO. 3

A 19-year-old man was admitted to the neurosurgery clinic with a bullet wound in the back from an air gun. Upon admission he complained of thoracic spine pain. A physical examination of the thoracic spine showed an inlet with a size 0.3 × 0.5 mm. There were no signs of cerebrospinal fluid leakage and bleeding, no neurological disorders. X-ray of the chest in the Th8-Th9 vertebrae showed a foreign body—a bullet. CT scan of the thoracic spine also showed a metal-density foreign body in the spinal canal under the lamina of the Th8 vertebral arch (Figure 3A).


[image: Figure 3]
FIGURE 3. (A) CT scans of the thoracic spine (explained in the text); (B) Radiography of the working port and bullet; (C,D) Endoscopic stage of the surgery (described in the text).


It was decided to make a full-endoscopic intervention to extract the foreign body from the spinal canal at the level of Th8-Th9 vertebrae.


Surgery

After general anesthesia induction the patient was prone positioned; under fluoroscopy control in AP and lateral views at the level of the Th8 vertebra arch, 2 cm outward and left to the midline, an 18G needle and a wire were sequentially inserted slightly above the bullet wound inlet. The needle was removed. Through a skin incision 1.0 cm long, a cone-shaped guide was inserted along the wire; a working tube was inserted along the cone-shaped guide, and an endoscope (Joimax, Germany) was inserted into the working tube (Figure 3B). With the help of a diamond burr, the arch of the Th8 vertebra was resected in a limited area. Within the yellow ligament there was a rounded defect, in its lumen a bullet was seen. After additional flavotomy, the bullet was removed from the spinal canal with the help of forceps (Figure 3C). Through the defect of the yellow ligament, the endoscope was introduced into the epidural space. The dura mater of the spinal cord showed no signs of impairment (Figure 3D). The dural sac had a distinct pulsation. Hemostasis was supported by bipolar coagulation. After a last revision of the surgical wound, the working tube and the endoscope was removed. The skin wound was sutured with an interrupted suture. The blood loss was <10 ml. The surgery lasted 40 min.

The patient stayed in the hospital for 3 days. At the time of discharge, the patient had no complaints. Neurological status was at the preoperative level.




DISCUSSION

Gunshot wounds of the spine and spinal cord in peacetime and wartime make 10–21% of all spinal injuries (7–9). In 2014 in the United States, 16.8% (33,594 people) of deaths from injuries were associated with damaging effects of firearms (10). Males aged 15–34 years are more likely to be affected by this type of injury (various authors, 78–91%), 10–24.5% are lumbar spine injuries, of which penetrating injuries make about 14% (9, 11–14). Gunshot wounds of the spine are often accompanied with injuries to the neck, chest, abdominal cavity and retroperitoneal space. A key factor to make prognosis in the acute and early periods of combined injuries is emergency surgery on the damaged vessels and organs (13).

So far, there is no generally approved medical care algorithm for such patients. Such factors as indications amount, reason and time of surgical intervention remain relevant (9, 15–17). A standard procedure in diagnosing spine gunshot wounds is computed tomography, which allows assessing position of the bullet and degree of bone damage (15).

Surgical treatment of spine gunshot wounds is needed in the following cases: increased neurological deficit, neural structures compressed by a bone fragment, intervertebral disc or foreign body, cerebrospinal fluid leakage, gunshot penetrating blind injury to the spinal cord cone and cauda equina, spinal instability, infectious complications and pain syndromes in the late injury period (18, 19). The purpose of the surgery in penetrating blind wounds is to remove a foreign body, decompress neurovascular lesions of the spinal canal, and restore integrity of the dura mater and patency of the subarachnoid space (15).

Despite the obvious indications listed above, the effectiveness of surgical treatment of gunshot wounds to the spinal cord remains low. Treatment outcomes for those with gunshot wounds to the cervical and thoracic spine, in the absence of positive dynamics in neurological status, did not differ between conservative and surgical groups (16).

The necessity of removal of a wounding body in uncomplicated non-penetrating gunshot wounds of the spine, especially in the late period, is still open for discussion. Experts differ on the toxic effects of lead when a wounding body remains for a long time (10, 20); however, there is no doubt that a foreign body must be removed in cases of purulent-inflammatory complications (21).

Surgeons should carefully select an access to the spine for bullet removal, and be guided by the position of the bullet against parts of the spinal canal and neurovascular structures. The most common and universal method for accessing a bullet in the spinal canal is laminectomy (9). Lateral and anterior approaches are typical for the removal of foreign bodies from the intervertebral disc and vertebral bodies (21). Given that most gunshot wounds do not impair spinal stability, stabilizing aids are usually not required. Hence, such cases require minimally invasive surgical treatments.

There are some published reports on the microsurgical removal of a wounding body through a tube retractor through a posterior access along the optimal trajectory. This method proved to be very efficient in terms of regression of neurological dysfunctions and prevention of infectious complications in a spine gunshot wound (10, 22).

Nowadays, the least invasive surgical method in spinal surgery is percutaneous video endoscopy. Advantages of this method, like any minimally invasive technology, are well known and relate to clinical and economic aspects. Technical characteristics of spinal percutaneous endoscopic interventions ensure a targeted approach to a surgical target both through natural anatomical spaces of the vertebral segments (interlaminar space, intervertebral foramen), and through intervertebral discs and bone structures (23). Such interventions greatly reduce infectious complications afterwards (24). Although there are lots of papers devoted to full-endoscopic spinal surgery, its use in spine gunshot wounds has not yet been thoroughly discussed (2).

Of course, percutaneous video endoscopic aids are still inferior to open access in terms of comprehensive revision, sanitation and drainage of gunshot wounds, especially in case of multiple spinal injuries (shot, buckshot, etc.) (10). Disadvantages of full-endoscopic removal of a bullet from the spinal canal include the impossibility of complete sealing of defects in the dura mater. However, puncture endoscopic access, apparently, prevents appearance of cerebrospinal fluid cysts and fistulas. Clinical application of percutaneous unilateral biportal endoscopic technique (25, 26) and technical aids for full-endoscopic closure of defects in the dura mater of the spinal cord (27) promise a successful solution of such problems in future.



CONCLUSION

Full-endoscopic operations can be effective in bullet wounds to the spine. Their application allows:

1) to remove the bullet from the spinal canal or intervertebral disc;

2) to inspect the epidural and subdural spaces of the spine;

3) reduce the risk of infectious complications through minimal invasiveness, sanitation and continuous intraoperative irrigation of the gunshot wound with saline sodium chloride solution;

4) perform plasty of the dura mater defect.

These operations should be performed at the tertiary care level by surgeons with sufficient experience in percutaneous endoscopic spinal surgery.



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

Ethical review and approval was not required for the study on human participants in accordance with the local legislation and institutional requirements. 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

MK, GB, and SM contributed to the conception and design of the study, the analysis and interpretation of data, and the work draft. MK designed figures and video. VM and VB offered guidance in study design and revised the article critically for important intellectual content. All authors read and approved the final version of the manuscript.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fsurg.2022.873365/full#supplementary-material

Supplementary Video 1. Full-endoscopic surgery for gunshot wound of the lumbar spine: a report of case.

Supplementary Video 2. Full-endoscopic transforaminal surgery for gunshot wound of the lumbar spine: a report of case.



REFERENCES

 1. Shin JK, Youn MS, Seong YJ, Goh TS, Lee JS. Iatrogenic dural tear in endoscopic lumbar spinal surgery: full endoscopic dural suture repair (Youn's technique). Eur Spine J. (2018) 27:544–8. doi: 10.1007/s00586-018-5637-6

 2. Telfeian AE, Veeravagu A, Oyelese AA, Gokaslan ZL. A brief history of endoscopic spine surgery. Neurosurg Focus. (2016) 40:E2. doi: 10.3171/2015.11.FOCUS15429

 3. Wagner R, Telfeian AE, Iprenburg M, Krzok G, Gokaslan Z, Choi DB, et al. Transforaminal endoscopic solution to a kyphoplasty complication. World Neurosurg. (2016) 91:195–8. doi: 10.1016/j.wneu.2016.04.013

 4. Ito M, Abumi K, Kotani Y, Kadoya K, Minami A. Clinical outcome of posterolateral endoscopic surgery for pyogenic spondylodiscitis: results of 15 patients with serious comorbid conditions. Spine. (2007) 32:200–6. doi: 10.1097/01.brs.0000251645.58076.96

 5. Sentürk S, Ünsal ÜÜ. Percutaneous full-endoscopic removal of lumbar intradural extramedullary tumor via translaminar approach. World Neurosurg. (2019) 125:146–9. doi: 10.1016/j.wneu.2019.01.206

 6. Konakondla S, Sofoluke N, Xia J, Grant R, Telfeian AE, Hofstetter CP, et al. Transforaminal endoscopic approach for large-sample tumor biopsy using beveled working channel for core technique: a technical note. World Neurosurg. (2020) 141:346–51. doi: 10.1016/j.wneu.2020.05.096

 7. Schoenfeld AJ, Laughlin MD, McCriskin BJ, Bader JO, Waterman BR, Belmont PJ. Spinal injuries in United States military personnel deployed to Iraq and Afghanistan: an epidemiological investigation involving 7877 combat casualties from 2005 to 2009. Spine. (2013) 38:1770–8. doi: 10.1097/BRS.0b013e31829ef226

 8. Beaty N, Slavin J, Diaz C, Zeleznick K, Ibrahimi D, Sansur CA. Cervical spine injury from gunshot wounds. J Neurosurg Spine. (2014) 21:442–9. doi: 10.3171/2014.5.SPINE13522

 9. Jakoi A, Iorio J, Howell R, Zampini JM. Gunshot injuries of the spine. Spine J. (2015) 15:2077–85. doi: 10.1016/j.spinee.2015.06.007

 10. Crutcher CL, Wilson JM, DiGiorgio AM, Fannin ES, Shields JA, Morrow KD, et al. Minimally invasive Management of Civilian Gunshot Wounds to the lumbar spine: a case series and technical report. Operative Neurosurg. (2020) 19:219–25. doi: 10.1093/ons/opaa030

 11. Farmer JC, Vaccaro AR, Balderston RA, Albert TJ, Cotler J. The changing nature of admissions to a spinal cord injury center: violence on the rise. J Spinal Disord. (1998) 11:400–3. doi: 10.1097/00002517-199810000-00006

 12. Bono C, Heary F. Gunshot wounds to the spine. Spine J. (2004) 4:230–40. doi: 10.1016/S1529-9430(03)00178-5

 13. Mogila VV, Maksimov SA. Features spine gunshot wounds and spinal cord in the lumbar – sacral. Tavricheskiy Mediko Biologicheskiy Vestnik. (2013) 16:123–5.

 14. Jaiswal M, Mittal RS. Concept of gunshot wound spine. Asian Spine J. (2013) 7:359–64. doi: 10.4184/asj.2013.7.4.359

 15. Volkov PV, Grin AA. Surgical treatment strategy at patients with gun and stab wounds of vertebrae and spinal cord. Russian J Neurosurg. (2010) 2:72–9.

 16. Sidhu GS, Ghag A, Prokuski V, Vaccaro AR, Radcliff KE. Civilian gunshot injuries of the spinal cord: a systematic review of the current literature spine. Clin Orthop Relat Res. (2013) 471:3945–55. doi: 10.1007/s11999-013-2901-2

 17. Bumpass DB, Buchowski JM, Park A, Gray BL, Agarwal R, Baty J, et al. An update on civilian spinal gunshot wounds. Spine. (2015) 40:450–61. doi: 10.1097/BRS.0000000000000797

 18. Hakan T, Çerçi A, Gürcan S, Akçay S. Firearm bullet settling into the lumbar spinal canal without causing neurological deficit: a report of two cases. Surg Neurol Int. (2016) 7:S251–4. doi: 10.4103/2152-7806.181978

 19. Çiftçi U, Arinci AT, Delen E, Güçlühan D. Incomplete isolated C7 root injury caused by gunshot wound: a case report. Korean J Neurotrauma. (2017) 13:45–49. doi: 10.13004/kjnt.2017.13.1.45

 20. Apte A, Bradford K, Dente C, Smith RN. Lead toxicity from retained bullet fragments: a systematic review and meta-analysis. J Trauma Acute Care Surg. (2019) 87:707–16. doi: 10.1097/TA.0000000000002287

 21. Volkov PV, Sorokin KV. Long terms results of non-penetrative gunshot wound of lumbar spine with prevertebral abscess forming. Russian J Neurosurg. (2011) 4:69–73.

 22. Shen FHT, Samartzis D. Operative management of a sacral gunshot injury via minimally invasive techniques and instrumentation. Asian Spine J. (2013) 7:44–9. doi: 10.4184/asj.2013.7.1.44

 23. Hofstetter CP, Ahn Y, Choi G, Gibson JNA, Ruetten S, Zhou Y, et al. AOSpine consensus paper on nomenclature for Working-Channel endoscopic spinal procedures. Global Spine J. (2020) 10:111S−21S. doi: 10.1177/2192568219887364

 24. Liu X, Yuan S, Tian Y, Wang L, Gong L, Zheng Y, et al. Comparison of percutaneous endoscopic transforaminal discectomy, microendoscopic discectomy, and microdiscectomy for symptomatic lumbar disc herniation: minimum 2-year follow-up results. J Neurosurg Spine. (2018) 28:317–25. doi: 10.3171/2017.6.SPINE172

 25. Heo DH, Son SK, Eum JH, Park CK. Fully endoscopic lumbar interbody fusion using a percutaneous unilateral biportal endoscopic technique: technical note and preliminary clinical results. Neurosurg Focus. (2017) 43:E8. doi: 10.3171/2017.5.FOCUS17146

 26. Kim JE, Yoo HS, Choi DJ, Park EJ, Jee SM. Comparison of minimal invasive versus biportal endoscopic transforaminal lumbar interbody fusion for single-level lumbar disease. Clin Spine Surg. (2020) 34:E64–71. doi: 10.1097/BSD.0000000000001024

 27. Park HJ, Kim SK, Lee SC, Kim W, Han S, Kang SS. Dural tears in percutaneous biportal endoscopic spine surgery: anatomical location and management. World Neurosurg. (2020) 136:578–85. doi: 10.1016/j.wneu.2020.01.080

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.

Copyright © 2022 Kravtsov, Manukovsky, Bulyshchenko, Mirzametov and Byvaltsev. 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.












	
	ORIGINAL RESEARCH
published: 19 April 2022
doi: 10.3389/fsurg.2022.873954






[image: image2]

Transforaminal Endoscopic Discectomy Under General and Local Anesthesia: A Single-Center Study

Talgat Kerimbayev†, Yergen Kenzhegulov*†, Zhandos Tuigynov, Viktor Aleinikov, Yermek Urunbayev, Yerbol Makhambetov, Andrew Pan, Nurzhan Abishev, Meirzhan Oshayev, Dinara Baiskhanova, Makar Solodovnikov and Serik Akshulakov

Department of Spinal Neurosurgery and Pathology of the Peripheral Nervous System, JSC “National Center for Neurosurgery”, Nur-Sultan, Kazakhstan

Edited by:
Vadim Byvaltsev, Irkutsk State Medical University, Russia

Reviewed by:
Pravesh Gadjradj, NewYork-Presbyterian, United States
 Mahmoud M. Taha, Zagazig University, Egypt

*Correspondence: Yergen Kenzhegulov, dr.kenzhegulov@gmail.com

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

Specialty section: This article was submitted to Neurosurgery, a section of the journal Frontiers in Surgery

Received: 11 February 2022
 Accepted: 07 March 2022
 Published: 19 April 2022

Citation: Kerimbayev T, Kenzhegulov Y, Tuigynov Z, Aleinikov V, Urunbayev Y, Makhambetov Y, Pan A, Abishev N, Oshayev M, Baiskhanova D, Solodovnikov M and Akshulakov S (2022) Transforaminal Endoscopic Discectomy Under General and Local Anesthesia: A Single-Center Study. Front. Surg. 9:873954. doi: 10.3389/fsurg.2022.873954



Percutaneous spinal endoscopy is used for the treatment of disorders of the lumbar spine, as it has several advantages over traditional surgical methods. The performance of percutaneous spinal endoscopy is not possible without applying anesthesia methods. Two types (local and general) of anesthesia are used for percutaneous spinal endoscopy. Both, local and general anesthesia approaches contribute to safety in surgical procedures. Although it is believed that the method of local anesthesia has more benefits over general anesthesia, such as lowering the risk of postoperative neurological complications in a patient, the literature on the topic is inconclusive. The study aims to perform a comparative analysis of the two anesthesia methods using a prospective case-control design. Patients were divided into two groups: those who received local anesthesia (LA) (20 patients), and those who underwent general anesthesia (GA) (20 patients). As a result of the study, 40% of the patients experienced moderate pain and 5% of the patients experienced excruciating pain intraoperatively in the LA group. Although Visual Analog Scale and Oswestry Disability Index scores improved more rapidly in LA group, at the 12-month check-up point there was no significant difference between cases and controls. Nevertheless, there were postoperative complications such as nerve root injury in 10% of the patients; nausea, vomiting, dizziness, drowsiness in 15% of the patients in the GA group, and an insignificant or no such complications in patients of the LA group. The present study demonstrates that LA contributes to more positive short-term outcomes for patients as it facilitates nerve root damage prevention, and has no postoperative side effects on patients' well being.

Keywords: transforaminal discectomy, local anesthesia, general anesthesia, lumbar spine, herniation


INTRODUCTION

The methods of surgical treatment of herniated intervertebral disks of the lumbar spine are progressing and evolving each year to minimize postoperative complications and unintended consequences. Although the gold standard of the herniated disc surgical treatment is the open microdiscectomy, recently, numerous techniques have been developed to minimize the trauma of the surgical approach without reducing the radicalness of the surgical operation (1).

One of such techniques is percutaneous endoscopic spine endoscopy, which is a minimally invasive procedure that can be used to treat a variety of lumbar spine disorders. Percutaneous endoscopic discectomy has demonstrated similar effectiveness to be open discectomy in treating lumbar disc herniation (2, 3). It has several advantages over the traditional open discectomy, such as less damage to the paravertebral muscles, less intraoperative blood loss, shorter postoperative hospitalization period, and early postoperative patient recovery. Percutaneous endoscopic lumbar discectomy is now becoming a routine operation in spine surgery. In most cases, percutaneous endoscopic discectomy is performed using the transforaminal approach, which can theoretically be used at all lumbar levels of the spine (4–6). However, it is sometimes difficult to perform transforaminal endoscopic discectomy for L5/S1 disc herniation due to the anatomical limitations in the lumbosacral region, such as the high iliac crest, large transverse spur of the L5 vertebrae, large facet joint, and narrow foraminal space (7).

Both general anesthesia (GA) and local anesthesia (LA) are commonly used in various endoscopic surgeries, including the transforaminal approach in the percutaneous endoscopic lumbar discectomy (8, 9). LA is recommended by most surgeons for the transforaminal approach in the percutaneous endoscopic lumbar discectomy, as it results in early functional recovery of patients, lowers nerve damage risks, and less intraoperative volume of blood loss. In addition, it allows surgeons to avoid pulmonary complications associated with the GA (10). Also, LA helps to reduce such frequent side effects of general anesthesia as sore throat, nausea, and vomiting, as well as headache and dizziness (11).

The LA approach also can lead to complications that may result in nerve root damage, rupture of the dura mater, hematoma, and intracranial hypertension (12). The patients' satisfaction and the surgeon's ability to perform prolonged surgery are two major benefits of GA.

There are still many debates about the feasibility, safety, and effectiveness of LA and GA in patients undergoing transforaminal endoscopic lumbar spine surgery. However, modern methods of GA, such as multimodal neopioid analgesia and accelerated approach, have not often been compared to LA. Thus, the present study aims to determine the type of anesthesia that provides the best clinical outcomes for patients undergoing the transforaminal approach in the percutaneous endoscopic lumbar discectomy.



MATERIALS AND METHODS


Study Population

The present research is a prospective case-control study. Forty patients diagnosed with lumbar disc herniation and treated using the transforaminal endoscopic discectomy between January 2020 and July 2020 at the Spinal Neurosurgery Department of the National Center for Neurosurgery, Nur-Sultan, Kazakhstan were enrolled in the study. Patients were divided into two groups. The first group underwent GA and the second group received LA.

Patients who were diagnosed with single-level lumbar disc herniation, confirmed through magnetic resonance imaging (MRI), with typical irradiating pain in the legs, and failure of conservative treatment methods at least 3 months before the hospitalization were included in the study.

Patients with interlaminar endoscopic discectomy, lumbar spine stenosis or other spinal pathology, a history of lumbar spondylodesis surgery, extreme lateral lumbar spinal hernia, and active local or systemic infection were excluded from the study.



Clinical Outcomes

Length of hospital stay (sum of days before and after the procedure), operation length, and intensity of intraoperative pain and neurological complications were recorded.


Study Instruments

Patients were asked to fill out the Visual Analog Scale (VAS) before the procedure, 3, 6, and 12 months after the procedure to measure the pain perception in the leg and back. The Oswestry Disability Index (ODI) was used to measure the severity of the functional disability that patients experienced due to herniated disc. Patients were asked to fill out the questionnaire before the procedure, 3 months after, 6 months after, and 12 months after the procedure.



Anesthesia and Surgical Procedure

Patients of the LA group were administered 10 ml of 0.5% lidocaine and 0.25% ropivacaine at a dose of 1.3 mg/kg to prevent associated pain. The group GA patients received 2–3 mg/kg propofol and 1 mg/kg fentanyl to facilitate endotracheal intubation. Muscle relaxation during intubation 1 mg/kg suxamethonium chloride, 0.05–0.02 mg/kg pipecuronium bromide.

All surgical operations were performed with the endoscopic system (Richard Wolf Riwospine, Germany). The level of surgical intervention was determined using intraoperative fluoroscopy. The surgery was performed in the abdomen position on the spinal framework. The injection point of the cannula was determined preoperatively based on the CT and MRI images. The location of the cannula varied among patients depending on the anatomical and physiological characteristics and was ~8–12 cm from the midline. “The Walking Technique” was used to ensure safe access to the herniated glomerular nucleus through the safety triangle (Figure 1) Puncture needle was contacted with the caudal pedicle avoiding damage to the nerve root that exits from the cranial side of the intervertebral foramen. Then, using the walking technique, the needle was inserted into the intervertebral disc. A guide pin was inserted into the disc via the puncture needle, and the obturator and cannula were inserted sequentially through an 8-mm skin incision (Figure 2). After the cannula was inserted, the disc fragment at the base of the hernia was removed. Thereafter, using the inside-outside-down technique, the cannula was advanced toward the epidural space, the herniated mass was removed (Figure 3), and the pulsation of the dural tube was confirmed as an indicator of decompression (Figure 4). Patients were discharged when no signs of inflammation in the surgical wound were observed, and no pain syndromes were reported by patients.


[image: Figure 1]
FIGURE 1. Anatomical location of the exiting nerve root, intervertebral foramen and safety triangle.



[image: Figure 2]
FIGURE 2. Operative scene in percutaneous transforaminal endoscopic discectomy and the surgical incisional scar.



[image: Figure 3]
FIGURE 3. Removal of the herniated nucleus pulposus.



[image: Figure 4]
FIGURE 4. T2-weighted sagittal and axial views before and after surgery.


The same surgical team, whose surgical experience exceeded 15 years in minimally invasive spine surgery, performed all the procedures.



Ethical Approval

Bioethics Committee of JSC National Center for Neurosurgery approved the study on 16 January 2020. The patient's written Informed Consent was obtained before the surgery.




Statistical Analysis

The patients' answers on VAS and ODI surveys, as well as the demographic and clinical characteristics, were entered into Excel. The patient scores were calculated at pre-operational, 3, 6, and 12 months points. Together with demographic and clinical characteristics their pain and disability scores were entered and cleaned in Excel [Microsoft Office (Microsoft Corp., Redmond, Washington, USA)] and analyzed using STATA software, version 16.0 (Stata- Corp, College Station, Texas, USA). Descriptive statistics of the data consisted of percentages, means, standard deviations, and frequencies. Association of variables was tested with Student's t-test and Fischer or chi-square tests where appropriate. A threshold of 0.05 p-value was used for the determination of statistical significance.




RESULTS

The mean age of the participants was 46.9 ± 11.2 years old. No statistically significant difference was observed between cases and controls. The proportion of male patients was slightly higher (57.5%) than female patients, but no significant difference was presented between general and local anesthesia groups.

The hospital stay length of the general anesthesia group was significantly longer (5.1 ± 1.2 days), when compared to the local anesthesia group (3.5 ± 1.1 days). Operation time was also significantly shorter among the local anesthesia group (46.2 ± 9.3 min) when compared to the general anesthesia group (75.6 ± 5.5 min).

The VAS score in the back and leg was similar in both groups before the surgery. Three months after the procedure the pain decreased ~60% in the back and almost 75% in the leg with no significant difference between cases and controls. At 6 months point, those who were in the LA group reported an almost 78% decrease in back pain, while those in the GA group reported a 62% change. Change in leg pain perception followed a similar pattern with 87 vs. 75% decrease in local and general anesthesia groups respectively. There was no significant difference at 12 months point in the decrease of back pain between the groups (81% local, 82% general). However, the decrease in leg pain at 12 months was significantly higher in the local anesthesia group (99%), when compared to the general anesthesia group (86%) (Table 1).


Table 1. The comparison of variables between two experimental groups.

[image: Table 1]

No significant difference was observed in pre-operational ODI between LA (48 ± 8.3) and GA (50 ± 5.9) groups. The decrease in ODI scores was significantly higher in the LA group (61.8 ± 7.6) when compared to the GA group (55.6 ± 6.1) 3 months after the surgery. Six and 12 months after the procedure the decrease in ODI was similar in both groups lowering by almost 64% (Figure 5).


[image: Figure 5]
FIGURE 5. Comparison of ODI, VAS between the local group and the general group.


In two patients in the GA group in a period of 5 months after the restorative treatment, patients' muscle strength had improved from grade 1 to grade 4. Patients in the LA group have reported a feeling of pain during surgery (40%) and excruciating pain (5%) during surgery. None of the patients in the GA group had such experiences. One patient (5%) in the LA group has experienced a nausea side effect. In the GA group 3 patients (15%) had experienced nausea, vomiting, dizziness, drowsiness, and 2 patients (10%) had sustained nerve root injury (Table 2).


Table 2. Comparison of adverse reactions, patient feeling between the local group and the general group.

[image: Table 2]



DISCUSSION

Several recent studies have shown LA as an effective, reliable, and successful alternative to GA in lumbar surgery (13, 14). The main drawback of GA is the sensory blockade that could lead to damage to the cauda equina nerve and nerve roots in patients, which is difficult to detect during surgery. For these reasons, most surgeons prefer LA to GA. However, LA has such disadvantages as surgical anxiety (15) and stress reactions caused by anesthesia, immunosuppression, and inflammatory processes (16). Wang and co-authors have found that continuous epidural anesthesia has more advantages than LA in improving the immune function of patients undergoing the percutaneous endoscopic lumbar discectomy for lumbar disc herniation. They also suggested that pain-free surgery would reduce adverse psychological effects, such as postoperative anxiety (17) and a recent study showed that patients prefer GA (18).

However, despite the disadvantages of LA mentioned above, this method still has more advantages over GA. For example, a neurosurgeon can control the patient's intraoperative pain during percutaneous endoscopic spine surgery. Keeping a patient awake plays a crucial role in spinal endoscopy to avoid nerve damage and allows the endpoint of surgery to be determined. In addition, LA does not require preoperative patient fasting and allows a physician to avoid some of the routine procedures required for GA, such as for example, tracheal intubation. This, in turn, contributes to a patient's rehabilitation immediately after the surgical procedure. In addition, the surgical procedure does not require drugs and devices associated with anesthesia and GA. For this reason, LA is less expensive than GA, which is an important factor that many surgeons should consider for their patients.

The present study aimed to examine the advantages and disadvantages of different anesthesia methods in transformational endoscopic discectomy, a less invasive surgical procedure that has shown to have minimal multifidus muscle atrophy (19, 20).

No postoperative infection was observed in both LA and GA groups. Despite the lack of complications observed in our LA group, a significantly larger proportion of patients have experienced discomfort in form of pain during the procedure. Currently, many surgeons are paying increasing attention to patient intraoperative psychology. Comfortable surgical experience is becoming increasingly important, as a successful surgical practice is associated with excellent postoperative clinical outcomes (21, 22).

Despite the sub-optimal patient experience during the surgery, the LA group had a shorter length of hospital stay and shorter surgery duration when compared to the GA group. This could be due to the preparation time for GA and recovery time after the tracheal intubation of a patient. Moreover, the LA group had more rapid improvement in VAS and ODI scores. Six months after surgery patients in the LA group had a significantly sharper decline in pain than in the GA group. However, the GA patients have caught up with LA patients by the 12 months mark. ODI score had a similar pattern with better recovery at 3- and 6-months points, but no difference in results between GA and LA groups at 12 months post-surgery. Only leg pain levels had remained significantly lower in the LA group 12 months after the procedure.

The GA group alone had postoperative complications such as nerve root damage in two patients, as well as nausea, vomiting, dizziness, and somnolence in three cases. Although the nerve root injury did not result directly from GA, the lack of communication with the patient during the surgery is one of the main factors that resulted in root injury. The frequency of dizziness, vomiting, and other symptoms has a direct relationship with anesthesia methods. Most drugs and anesthetics have a potential emetic effect, which had a higher association with general anesthesia in our study.

Considering the clinical outcomes of the patients in our study both GA and LA are effective methods for percutaneous transforaminal endoscopic surgery. Both groups have similarly recovered at 12 months follow-up point. However, the recovery in the LA group as well as the frequency of complications was significantly better than in the GA group. Physicians should take into account the somatic status of the patients, clinical outcomes, as well as their psychological comfort. Despite the discomfort that may occur during the surgery, the LA approach is a promising alternative to GA in percutaneous transforaminal endoscopic surgery.
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Case Report: Posterolateral Epidural Supra-C2-Root Approach (PESCA) for Biopsy of a Retro-Odontoid Lesions in Same Sitting After Occipitocervical Fixation and Decompression in a Case of Crowned Dens Syndrome With Brainstem Compression and Displacement
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Background: ‘Crowned dens syndrome' (CDS) is a special form of calcium pyrophosphate dihydrate deposition disease which is characterized radiologically by a halo-like or crown-like distribution in the periodontoid region and clinically by cervical pain. Herein, we will describe our experience of posterolateral epidural supra-C2-root approach (PESCA) for biopsy of retro-odontoid lesions in one surgical session after occipitocervical fixation and decompression in a patient with CDS and massive brainstem compression.

Case Presentation: A 70-year-old woman presented to our department with a 4-week history of progressive walking impairment, neck pain, neck rigidity, fever, dizziness, slight palsy of the left hand, and multiple fall episodes. Magnetic resonance imaging (MRI) of the craniovertebral junction (CVJ) and cervical spine revealed a lesion of the odontoid process and the retro-odontoid region with mainly solid components, as well as small cystic components, and brainstem compression and displacement. In first step, fusion surgery of the CVJ C0–C4 was performed with occiptocervical decompression. After fusion and decompression the lower lateral part of the C1 arc and the lateral superior part of the left side of the C2 arc were removed. The entry point was located directly above the superior part of the C2 root. A biopsy of the lateral portions of the lesions was obtained by bioptic forceps under microscope guidance. Pathologic examination of the mass revealed deposition of birefringent crystals compatible with calcium pyrophosphate. In addition to the clinical symptoms (especially neck pain), the diagnosis of CDS was made. Non-steroidal inflammatory drugs (NSAIDs) and colchicine (and later magnesium) were started. At follow-up examination 6 months after surgery, an MRI scan of the cervical spine revealed regression of the pannus and the cyst with replacement of the brainstem, clinical improvement of walking, and increased strength of the left hand.

Conclusions: This study demonstrates that PESCA can be used to obtain tissue for pathological analysis in one surgical sitting after fusion and decompression and that fusion, decompression, and PESCA (in the same session) together with subsequent conservative management could be a good alternative for the treatment of CDS.

Keywords: crowned dens syndrome, PESCA, odontoid process, Saethre-Chotzen-Syndrome, pannus


INTRODUCTION

Retro-odontoid pseudotumors are defined (1) as soft tissue proliferation at the atlantoaxial junction surrounding the region of the transverse ligament, and they might be associated with rheumatoid arthritis, microinstability, subluxation, as well as crystal deposition diseases (1).

Joyce et al. (2) pointed out that the term pannus is used in several medical contexts and that in rheumatology, pannus is defined as an “aggressive structure in the inflamed rheumatoid joint that invades cartilage and bone, thereby causing irreversible joint damage.” Pannus involves the atlanto-axial joint in rheumatoid arthritis and can cause instability and spinal cord injury due to compression of the cervicomedullary junction (2, 3), but it has also been used to describe retro-odontoid soft tissue masses in patients with juvenile idiopathic arthritis, spondyloarthritis, and calcium pyrophosphate dihydrate deposition (CPPD) disease (2).

Retro-odontoid pannus may develop in the spinal canal (4), may cause compression of the brainstem, may result in quadriplegia, or may even lead to sudden death in rare cases (5).

Crystal deposition diseases comprise a group of metabolic diseases, such as CPPD or hydroxyapatite crystal deposition (HAD), in which crystals are deposited in and around the joints and create inflammatory and destructive lesions (6).

While CPPD is the third most common inflammatory arthritis, characterized by acute (formerly known as pseudogout (7)) or chronic inflammation caused by deposits of CPP crystals in the articular cartilage and periarticular soft tissues, mostly in the knees and wrists (7), HAD is a systemic condition of unknown etiology (8).

In 1985, Bouvet et al. (9) first named a special form of CPPD (or HAD (10, 11)), which is characterized radiologically by a halo-like or crown-like distribution in the periodontoid region and clinically by cervical pain as 'crowned dens syndrome (CDS)' (6, 12–15). In most cases, CDS is managed conservatively, but in some rare cases with brainstem compression, myelopathy, and so on, surgery can be considered.

In a previous publication, we advocated for the posterolateral epidural supra-C2-root approach (PESCA) for biopsy of lesions of the odontoid process (OP) in one surgical session after occipitocervical fixation and decompression, which might be a good alternative to classical approaches (16).

Herein, we will describe our experience of PESCA for biopsy of retro-odontoid lesions in one surgical session after occipitocervical fixation and decompression in a patient with CDS and massive brainstem compression.

To best of our knowledge this is the first case of CDS which had been managed by this concept.



CASE PRESENTATION

A 70-year-old woman presented to our department with a 4-week history of progressive walking impairment, neck pain, neck rigidity, fever, dizziness, slight palsy of the left hand, and multiple fall episodes.

Magnetic resonance imaging (MRI) of the craniovertebral junction (CVJ) and cervical spine revealed a lesion of the OP and the retro-odontoid region (Figures 1A,B) with mainly solid components, as well as small cystic components (Figure 1C), and brainstem compression and displacement (differential diagnoses include metastasis, rheumatoid arthritis, and spondylodiscitis) (Figures 1C,D). Computed tomography (CT) revealed spinal stenosis and odontoid erosion with signs of instability (Figures 1F–H).


[image: Figure 1]
FIGURE 1. Preoperative sagittal (A–C) and axial (D,E) T2-weigthed magnetic resonance images revealed a lesion of the OP and the retro-odontoid region (yellow stars) with brainstem compression and displacement (red block arrows) and also cystic component (blue block arrows and blue circle). Furthermore, the cervical vertebral bodies C3 to C6 were fused due to Saethre-Chotzen syndrome (orange block arrow). Preoperative CT and CTA of cervical spine (F–H): A sagittal (F) and an axial (G) CTA (soft tissue window) revealed a “normal” anatomy of the vertebral artery and furthermore a spinal stenosis in the level of C 1 (yelow arrows). An axial CT (bone window) showed a “horseshoe” or “crown-like” calcification, which is located posterior to the OP (H).


The patient had a history of Saethre–Chotzen syndrome (SCS) (also known as acrocephalosyndactyly type III) and diabetes mellitus with diabetic nephropathy. MRI also revealed a fusion of the cervical vertebral bodies C3 to C6 due to Saethre-Chotzen syndrome (Figure 1A).

Owing to brainstem compression and displacement caused by pannus grade 4, cervical instability, and progressive walking impairment, we decided to perform surgery. Our goal was to stabilize the CVJ, decompress the foramen magnum and spinal canal at the C1 level, and perform biopsy of the periodontoid lesion for pathological analysis in a single surgical session.


Intervention

Preoperative planning included a thin slice CT image of the cervical spine and CVJ for spinal neuronavigation, CT angiography (CTA) for analysis of the V3 segment of the vertebral artery, which revealed a “normal” anatomy, and a three-dimensional model print (1:1 scale model using the fused filament fabrication).

Cefuroxime was administered for perioperative surgical prophylaxis. The patient was placed in a prone position under general anesthesia, and radiography was performed after positioning to verify anatomical alignment. Intraoperative monitoring (IOM) included motor-evoked potentials and sensory-evoked potentials of the upper and lower extremities.

A midline incision was made and the inion, posterior wall of the posterior cranial fossa, C1 arc, and C2, C3, and C4 laminae were exposed.

Fusion surgery of the CVJ C0–C4 was performed with an OC plate (MOUNTAINEER, DePuy Synthes, Raynham, MA, USA) under spinal neuronavigation (Brainlab).

After fusion, the foramen magnum was enlarged under microscope (ZEISS KINEVO, Carl Zeiss, Germany) examination. Laminectomy of the medial C1 arc and the lower lateral part of the C1 arc (subperiostal, with remnant upper C1 arc), removal of the left superior part of the left side of the C2 arc, and flavectomy were performed (Figure 2). Doppler sonography was used to analyze the anatomy of vertebral artery (Figure 2).


[image: Figure 2]
FIGURE 2. Different steps of surgery: (A) In first step, fusion surgery of the CVJ C0–C4 was performed with an OC plate (OCP) with occiptocervical decompression (by enlargement of the foramen magnum and laminectomy of the medial C1 arc); (B,C) After fusion and decompression the lower lateral part of the C1 arc (subperiostal, with remnant upper C1 arc) and the lateral superior part of the left side of the C2 arc. Doppler sonography (DS) was used to analyze the anatomy of vertebral artery. (D) The entry point was located directly above the superior part of the C2 root. The trajectory was located medial to the pedicle of C2, medial to the C1–C2 facet joint, and medial to the tubercle for the transverse ligament of the atlas. A biopsy of the lateral portions of the lesions was obtained by bioptic forceps (BF) under microscope guidance.


Different landmarks such as the C2 root and remains of the C1 arc, C2 arc, and dural sac were identified. Then, PESCA, which we described in a previous publication, was performed (16).

The window between the remains of the C2 arc and the C2 root was used in our approach. The entry point was located directly above the superior part of the C2 root. The trajectory was located medial to the pedicle of C2, medial to the C1–C2 facet joint, and medial to the tubercle for the transverse ligament of the atlas.

A bioptic instrument was inserted under microscope guidance (Figure 2). Owing to dorsal decompression, the danger of compression was limited as much as possible. IOM remained stable during surgery. A biopsy of the lateral portions of the lesions was obtained.



Postoperative Course

A postoperative CT scan showed proper positioning of the screws and sufficient decompression of the spinal cord at the level of the CVJ (Figures 3A–C). The patient recovered from surgery without any new deficits.


[image: Figure 3]
FIGURE 3. Post-operative CT-scan of cervical spine (A) and different three-dimensional reconstruction (B,C) revealed a sufficient decompression and furthermore regular placement of screws. Histopathologic findings of bioptic probe showing fibrous connective tissue (HE x 200) (D) with multifocal deposits of birefringent crystals (under polarized light x 200) (E).


Pathologic examination of the mass revealed fibrous connective tissue with deposition of birefringent crystals compatible with calcium pyrophosphate (CPP) due to CPPD disease (Figures 3D,E). In addition to the clinical symptoms (especially neck pain), the diagnosis of CDS was made. Non-steroidal inflammatory drugs (NSAIDs) and colchicine were started.



Follow-Up

At follow-up examination 3 months after surgery, the patient did not manifest any neurological symptoms, and the CT scan of the CVJ did not reveal large regression of the pannus. Therefore, NSAIDs (diclofenac), steroids (prednisolone), and magnesium were administered.

At follow-up examination 6 months after surgery, an MRI scan of the cervical spine revealed regression of the pannus and the cyst with replacement of the brainstem (Figure 4), clinical improvement of walking, and increased strength of the left hand. Since then, the patient did not experience neck pain and dizziness.


[image: Figure 4]
FIGURE 4. Preoperative (A) and follow-up (B) sagittal T2-weigthed magnetic resonance images: follow-up MRI scan revealed regression of the pannus (yellow star) and the cyst with replacement of the brainstem (blue circle).





DISCUSSION


Crowned Dens Syndrome

Oka et al. (17) summarized in their review 72 published cases of CDS (including their own three cases) and found that the mean patient age was 71.4 (26–93) years, 47.2% of the patients were male, 52.8% were female, and 54.1% had peripheral arthritis. Furthermore, they concluded that the classical triad of CDS is neck pain (100%), neck rigidity (98%), and fever (80.4%). Besides these symptoms, 19.1% of the patients had shoulder pain and 8.3% experienced occipital or temporal pain (17). Myelopathy was detected in 5.5% of the cases (17).

The precise diagnosis of CDS might be challenging (17–19), as the symptoms are similar to those of other diseases, such as spondylodiscitis, meningitis, cervicobrachial pain, polymyalgia rheumatism, occipitotemporal headache, giant cell arteritis, calcific tendinitis of the longus colli muscle, and retropharyngeal abscess.



Radiological Diagnosis

Different authors concluded that CT of the CVJ is the gold standard for the diagnosis of CDS (13, 17). The goal is to detect the horseshoe or crown-like calcification (13), which is located posterior to the OP in approximately 90% of cases (19), but also might be located in different structures around the OP such as the transverse ligament, alar, and cruciate ligaments, articular capsule, and synovial membrane (13). Another typical CT finding is the combination of subchondral cysts and erosion in the OP (19), similar to our case.

Jain et al. (19) concluded that the retro-odontoid pseudotumor in case of crystal deposition appears hypointense to marrow signal on both T1- and T2-weighted images, compressing the odontoid. There may be further degenerative changes such as sclerosis, osteophytosis, and subluxation (19).

Grob et al. (5) described four grades of pannus: grade 1, little/no pannus; grade 2, moderate pannus; grade 3, massive pannus, without spinal cord compression; grade 4, massive pannus with spinal cord or brain stem compression. In our case, the patient had a grade 4 pannus.

Different types of pannus have been classified in the literature such as hypervascular, hypovascular, and fibrous pannus (1).



Pathophysiology of Calcium Pyrophosphate Dihydrate Deposition Disease

Many authors (7, 20) presented that the pathomechanism of CPPD crystal formation in the articular fibrocartilaginous structures has not been completely understood yet. Several pathophysiological theories exist about CPPD. CPPD may result from an imbalance between the production of pyrophoshate and the level of pyrophosphatases in the diseased cartilage (21). Pyrophosphate deposits in the synovium may combine with calcium to form CPP crystals (7). The formation of CPP crystals in the pericellular matrix of the cartilage is the first step in the disease process (7), but chondrocytes appear to play an important role.

Chondrocytes generate “pericellular exosome-sized vesicles,” also termed as “articular cartilage vesicles,” which are one of the important sites of crystal formation in cartilage; furthermore, they produce extracellular inorganic phosphates, which are essential to the formation of CPP crystals (7).

Zünkeler et al. (20) hypothesized that fibroblast in the cervical spine ligament transforms into chondrocyte and that the transformation causes calcification. Furthermore, they postulated that mechanical trauma may be the initial event that affect crystal formation.

Once located in the joint, CPP crystals may contribute to further mechanical damage (by altering the mechanical properties of the cartilage (7)) of the adjacent joint tissue and initiate an inflammatory process by activating components of the NLRP3 inflammasome and by creating neutrophil extracellular traps (7), as suggested by experimental studies in which CPP crystals were injected into the synovial space (20, 22).

Moreover, a number of comorbidities correlate with CPPD (21). Different studies demonstrated that hyperparathyroidism presented the highest positive association with CPPD, followed by gout, osteoarthritis, rheumatoid arthritis, and hemochromatosis (21). Beside these comorbidities, hypomagnesemia, osteoporosis, chronic kidney disease, calcium supplementation (21), and Wilson's disease (20, 23) appear to be related.



Conservative Treatment Options of CDS

Most authors have recommended treatment with NSAIDs and/or steroids (especially prednisolone) (13, 24, 25). Oka et al. (17) summarized in their review that 85% of the patients with CDS were treated with NSAID alone or NSAID with another drug. In most of the cases, the clinical symptoms improve within 4–7 days (11, 13, 26).

Lee et al. (13) pointed out that after the initial improvement within 1 week, there is a slow but persistent improvement in 3–5 weeks.

Oka et al. (17) reported that 67.5% of patients with CDS were treated with NSAID alone, 15% with steroids alone, 7.5% with NSAIDs and steroids, 5% with NSAID and tizanideine, 2.5% with NSAID, colchicine, and steroid, and 2.5% with NSAID and carbamazine.

Different authors (7, 17) also presented the use of magnesium, iron chelators, probenecid, and phosphocitrate for the treatment of associated metabolic conditions in patients with CPPD (especially to inhibit crystal formation) and colchicine, methotrexate, and hydroxychloroquine to prevent the inflammasome activation. Treatment with interleukin-1 (IL-1) inhibitor is possible (e.g., anakinra, canakinumab, IL-1 trap).

Jain et al. (19) advocated the use of NSAIDs and colchicine and mentioned that patients show dramatic improved during this treatment.

As shown in the present case and in some cases, treatment of pannus by conservative methods may take months. During this time, the patient is already at a high risk of further impairment, especially in the presence of brainstem compression.



Surgical Treatment of CDS

Even if conservative therapy is indicated in most cases of CDS, surgery is also indicated in a few cases (27). Fiani et al. (4) concluded that occipital–cervical fusion “is indicated in cases where the panni impinge on the medulla and the upper cervical cord” and that the “goal in occipital surgical fusion is to prevent further progression of the pseudotumor and improve neurological outcomes.” Furthermore, they concluded that “neurological improvements are often noted in patients as soon as 1 week after surgery and complete resolution of the pseudotumor can be visualized on imaging within 1 year of surgical repair.”

Baysal et al. (28) reported that among 17 patients of CDS who progressively presented neurological symptoms, one patient was treated by decompression surgery. Zünkeler et al. (20) performed surgery in six of seven patients with periodontoid CPPD disease, and most of them even underwent two surgical sessions: first with the transoral–transpharyngeal approach and second with the posterior fusion of C0–C2.

According to most authors and to our opinion, surgery is necessary in case of massive brainstem compression, myelopathy, dramatic progression of neurological symptoms, unclear diagnosis (e.g., in case of DD metastases) and instability. In our case, the patient had a massive brainstem compression and displacement and progressive walking impairment. Therefore, surgery was performed.

PESCA might be a good alternative and is easier to perform in periodontoid lesions than in odontoid lesions because the trajectory is not as deep. Even if the window of PESCA is small, the surgical path is narrow, and the working angle is oriented up, performing surgery in one session is a huge advantage for the patient (16). To best of our knowledge this is the first case of CDS which had been managed by this concept.



Craniocervical Junction Abnormalities in Saethre-Chotzen Syndrome

In this report, the patient had SCS, which is a craniosynostosis syndrome that arises in 1 per 100,000 live births (29). It presents as low hairline, ptosis, external ear abnormalities, tear duct stenosis, hand anomalies, and short statute. Clinical diagnosis in these patients is usually genetically confirmed by a deletion of mutation in the TWIST1 gene (29).

Cervical spinal changes have been described in SCS. Anderson et al. (30) and Trusen et al. (31) reported that fusion of vertebral bodies and/or posterior elements may occur in the cervical spine.



Lateral and Posterior Approaches to OP

Riley et al. (32) concluded that there are three approaches to the OP: 1. Anterior, 2. Lateral and 3. Posterior.

Beside anterior approaches (such as transoral, endoscopic endonasal, anterior high retrophayryngeal and transcervical approaches) (32, 33) several authors have advocated for the lateral and for the posterior approaches:

A number of authors (34–36) described the (far lateral) transcondylar approach, the trans-atlas extradural approach, the extreme lateral-transatlas approach (37), and the extreme lateral trans-odontoid (ELTO)35 used in the removal of OP, retro-odontoid lesions (such as synovial cysts) or extending lesions in and around the OP (such as chordomas).

One risk of transcondylar and trans-atlas approaches is instability (37). Another risk of transcondylar approach is injury of hypoglossal nerve due to proximity in its location (38, 39). On the-other-hand trans-atlas approach includes the risk of injury of the VA (37).

Oya et al. (40) described an approach with skin incision on the posterior margin of the sternocleidomastoid muscle. Then, they cut a reflection of the SCM to be inserted in the posterior space of the SCM muscle, transverse process of C1, C2, and C3, in order for odontoidectomy to be carried out. Naito et al. (41) published the high cervical lateral approach through retroauricular curved skin incision for removal of retro-odontoid pseudotumors.

Srivastava et al. (42) described a simultaneous odontoid excision with bilateral posterior C1-2 distraction and stabilization utilizing bilateral posterolateral corridors and a single posterior midline incision. Grundy et Gill described an approach to OP through a midline incision from the external occipital protuberance to the spinous process of C6, and a transverse occipital incision (T-Incision). The posterior arch of C1 was removed as well as the pedicle of C1 and posterior boundary of the vertebral canal.

The posteriolateral transpedicular approach to C2 has a narrow trajectory (because of the diameter and angle of the pedicles); therefore, the reachable targets are limited and in most cases, the upper part of the OP is not reachable. This approach has been used mainly for biopsy.

Riley et al. (32) advocated for the METRx posterolateral approach, which uses a paravertebral incision and they entered a METRx dilatator for a minimal invasive surgical approach to OP. Eissa and Eldin (43) analyzed an approach in which they performed a midline skin incision on cadavers and extended it laterally (as inverted L) to help the lateral dissection and exposure of the vertebral artery. A C2 neurectomy was perfomed with exposure of the C2 pars interarticularis and the inferior articular atlas was used as a guide to expose the atlanto-occipital joint ways. Mobilization of VA could be necessary to enlarge the surgical window (44).

The most posterior approach is the transdural approach (45, 46) which has a high risk of cerebrospinal fluid leakage and infection. Furthermore, in the case of a tumor or infection, the dura mater (a natural barrier) is opened and may lead to intradural insertion of the pathology.

Main advantage of posteriolateral approaches is that occipitocervical fixation and decompression can be performed in same sitting (16).

In our case we used PESCA (16) which uses a midline incision in combination with previous decompression, thereby enlarging the foramen of magnum and medial C1 removal. The lateral corridor between the lateral part of C1 arch and the lateral part of C2 arch is enlarged by drilling of the inferior lateral part of the C1 arch and the lateral superior part of C2 arch. The condyles and the atlas were not removed.




CONCLUSION

In summary, CDS is a rare disease that usually can be treated conservatively. In cases of brainstem compression, brainstem displacement, or neurological impairment, surgery should be discussed to prevent further worsening of neurological symptoms or even death.

To best of our knowledge, SCS and CDS in the same patient have not been described yet. A correlation of CDS and SCS has been not described in literature. This study demonstrates that PESCA can be used to obtain tissue for pathological analysis in one surgical sitting after fusion and decompression and that fusion, decompression, and PESCA (in the same session) together with subsequent conservative management could be a good alternative for the treatment of CDS.
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Introduction: The use of minimally invasive surgery (MIS) results in fewer adverse and more improved outcomes. However, the literature data describing the factors increasing the number of complications, reoperation frequency and unscheduled re-hospitalizations in older patients after MIS are contradictory. In this study, a large number of patients was investigated for the complications of minimally invasive surgical treatment of degenerative disease of the lumbar spine in older patients. The objective of the study was to determine the predictors of unfavorable outcomes in such patients.

Materials and Methods: 1,013 patients underwent MIS (decompression alone, TLIF, LLIF, ALIF) in 2013-2017. All operations were performed with the participation of the authors (neurosurgeons). The patient's average age was 66. The following data were collected: BMI; CCI; presence of postoperative complications according to the Dindo-Clavien classification; unplanned readmission at 90 days; hospital length of stay (LOS); surgical complexity (low, intermediate, and high); surgical time; and risk factors. The cumulative reoperation rate was determined at 5-years follow-up.

Results: A total of 256 patients suffered a complication (25.2%), 226 classified as mild (grade I, II, IIIA), and 30 - as severe (IIIB, IVA). Such factors as the surgical complexity, BMI > 30, surgical time, number of operated levels were associated with a significant risk of developing a complication. For patients with and without complications, LOS was 9.3 and 6.3 days, respectively (p < 0.0001), the unplanned readmission rate was 1.3%. 104 patients underwent 133 revision operations. The 5-year cumulative reoperation rate was 15.2%, and the reoperation index was 12.1%. The CCI had no statistically significant effect on the complication incidence after MIS. A higher risk of complications was found in patients who underwent intermediate-complexity surgery (MIS TLIF) compared with uncompounded (decompression alone) and more complex (MIS LLIF, MIS ALIF) surgical procedures (p < 0.001 and p = 0.001, respectively).

Conclusion: A register of postoperative complications is an important tool for health quality assessment and choosing the best surgical option that helps to establish measures to reduce such complications. Using MIS for the treatment of elderly patients reduces the number of severe complications.

Keywords: lumbar spine, degenerative disorders, minimally invasive surgery, complications, elderly patients, case series


INTRODUCTION

The problem of improving quality of life for elderly and geriatric patients with degenerative lumbar spine pathologies of is a matter of ongoing scientific research that still remains unresolved. The relevance of the issue is explained by increasing life expectancy, advancements in diagnostics of this complex disease, availability of new data on its etiology and pathogenesis, and scientific and technical progress leading to the development of new surgical options (1). The complexity of the issue rises from the nosological diversity of degenerative pathology; the possibility of multiple and multilevel degenerative changes in the spine; the non-homogeneity of the elderly patient population, and the somatic comorbidities (2). Most patients have excess body mass, reduced bone tissue mineral density, comorbidity burden, and various degrees of sagittal imbalance of the vertebral column with respective compensatory mechanisms. All these factors make it difficult to come up with unified assessment criteria and identify an optimal surgical treatment. Surgical interventions come with risks of intraoperative and postoperative complications, the complication rate naturally increasing with age and the presence of a concomitant pathology. However, the literature data on complication predictors are contradictory (3–8). Several papers dedicated to identifying predictors of unfavorable surgical outcomes in elderly patients with degenerative LSS are available, but the conclusions regarding the effect of obesity, concomitant pathology, and psychological status of patients turn out to be ambiguous (9–13). Evidence-based studies are available showing an increase in complication rate in elderly and geriatric patients receiving surgical treatment of longer duration (14). Some authors call for using maximum clinical efficacy to identify the indications, restrictions, and extent of surgical treatment (4). Others note the high success rate of surgical treatment after using fixation hardware in elderly patients (15).

Ambiguous long-term results of surgical treatment in this age group call for further study and multi-aspect assessment. Thus, the objective of the present paper was to study predictors of complications and unfavorable outcomes after minimally invasive surgical (MIS) treatment of degenerative lumbar spine pathology in elderly patients.



MATERIALS AND METHODS

Retrospective analysis of the effect of concomitant medical conditions, including obesity and osteoporosis, in a consecutive case series of 1,013 elderly and geriatric patients (WHO classification of 1963) operated for degenerative lumbar spine pathology was performed at single-center Federal Neurosurgical Center (Novosibirsk, Russia). The data were collected from December 1, 2013 to December 31, 2017. The analysis included 367 (36%) male and 646 (64%) female patients, the average age being 66 years [66/65 (62;69) years]. Here and below, the data format is as follows: mean/median (quartile 1; 3).


Inclusion Criteria

1) Elderly and geriatric age under the WHO classification of 1963;

2) Degenerative changes in the lumbar spine, the cause(s) being as follows:

- Disc herniation and/or spinal canal stenosis;

- Segmental instability and/or spinal deformity in sagittal (low grade (Meyerding grade 1–2) degenerative spondylolisthesis) (16) and frontal (Cobb angles of >10° and ≤30°) planes;

- Respective clinical manifestations in the form of intermittent neurogenic claudication, radiculopathy or both combined or persistent spinal pain syndrome in the form of chronic pains in the lumbar spine (VAS score of 5 or above);

3) No positive effect from combined conservative therapy for 12 weeks;

4) Minimally invasive surgical treatment of degenerative disease (MIS).

The patients with idiopathic scoliosis, degenerative scoliosis in the lumbar spine with a Cobb angle of over 30°, and the patients with previous history of spinal surgery were not included in the analysis. Exclusion criteria also included spinal tumors and inflammatory lesions, decompensated somatic pathology, and intermittent claudication of vascular origin.

The 1,013 patients were operated minimally invasive techniques (decompression alone, TLIF, LLIF, ALIF) in 2013–2017.



Assessment Methods and Criteria

Taking into account the age of the patients, a complete standard examination was performed in the outpatient setting to discover somatic comorbidities, and the patients received the respective treatment, if necessary. A preoperative neurological clinical examination consisting of X-ray imaging of all spinal regions in standard views with frontal and sagittal balance assessment, an intrathecal contrast-enhanced CT scan of the lumbar spine, and an MRI scan was performed. At T-values below −2.5A, a mandatory DXA scan of the lumbar spine and proximal thigh was performed, and bone cement injection was added to screw fixation.

Lumbar spine radiography with functional tests (maximum flexion and extension) was performed to describe segmental biomechanics as follows: vertebral displacement in the neutral position, sagittal translation and angulation. Vertebral displacement was measured according to White and Panjabi (17).

A lumbar spine MRI scan was performed for all patients to evaluate degenerative changes in the intervertebral discs. Post-operative MRI scans were performed, when patients showed signs of complications as follows: CSF leak, epidural hematoma, residual nerve root compression, early and late disc reherniation, and surgical site infection.

A spiral CT scan (SCT) with intrathecal contrast enhancement (omnipaque 300, 10 ml) and with further MPR and 3D VRT reconstruction was also performed for all patients to specify the stenotic region. Screw malposition was evaluated according to Rao et al. (18).

The Charlson Comorbidity Index (CCI) (19) reflecting a 10-year survival rate in patients with concomitant somatic pathology adjusted for age was calculated to evaluate the somatic status and concomitant somatic pathology (20).

The effect obesity and concomitant somatic pathologies had on the quality of life, functional status, and pain syndrome was analyzed taking into account surgical time (min), intraoperative blood loss (ml), hospital length of stay (bed-day), early and late postoperative complications (21).

The VAS score was used to evaluate pain intensity (in legs and back) before and after the operation and also at 12 and 24 months after each operation. The Oswestry Disability Index (ODI) and SF36 form were used to evaluate the functional activity and quality of life in patients (PH is physical health and MH is mental health) before the operation, at 12 and 24 months after the operation, and during future visits. Changes were evaluated based on MCID (22).

The clinical effectiveness of the surgical treatment was evaluated in the form of an in-person or a phone survey. The patients were invited for in-person orthopedic and neurological examination or inpatient examination, if necessary. 748 (74%) patients underwent follow-up examination. The other patients either did not answer the phone call or refused to come to examination due to living too faraway.

Complications were evaluated based on the Dindo-Clavien classification (2004) (23) validated for lumbar spine surgery (24).



Assessment of Long-Term Results

Vertical X-rays and CT scans from the early postoperative period were used to specify the positions of hardware elements. Plain and functional X-rays and CT scans performed at 3, 6, and 12 months after the operation were used to control the hardware positions and identify instability in the operated and adjacent segments. Bone block formation according to Tan (presence at Grades 1–2 and absence at Grades 3–4) (25) was evaluated based on CT scans at 12 months after the operation. After that, X-ray imaging and CT scans were performed, if necessary.

Cumulative reoperation rate. This parameter was calculated for a 5-year period as the sum of yearly reoperation rates in patients with sufficient follow-up period (here, n = 5):

[image: image]

The reoperation frequency index for n years was calculated similarly as the sum of yearly numbers of reoperated patients for patients with sufficient follow-up period (26).

[image: image]

Generally, the reoperation frequency ≤ the cumulative reoperation rate.



Clinical and Radiographic Description of the Patient Cohort

The main reason for the patients to seek for medical help was neurological compression syndromes and persistent spinal pain syndrome. The leg-pain VAS scores were 6.7/7 (5; 8). The spine pains with VAS scores of 6.1/6 (5; 8) had a significant functional and quality-of-life impact with a mean ODI score of 56.2/57 (44; 66), SF-36 PH score of 26.6/26 (23; 30), and SF-36 MH score of 27.9/27 (22; 33). Leg pains prevailed over back pains in 406 (40%) patients. Back pains prevailed in 262 (26 %) patients, of which 29 identified a spinal pain syndrome with leg-pain VAS score not exceeding 2 as the only quality of life impact. The same pain intensity in the legs and back was observed in 345 (34%) patients.

Neurological clinical examination showed radiculopathy in 665 (68%) patients with leg- pain VAS score of 7/7 (6; 8). Intermittent neurogenic claudication was observed in 319 (31%) patients with walking distances of 96/100 (50; 100) m. Most patients (883 (87%) had single-level lumbar spine stenosis; clinically significant spinal canal stenosis at two levels was identified in 108 (11%) patients and at three levels in 22 (2%) patients.

Neuroimaging showed degenerative spondylolisthesis in 428 (42%) patients, of which 390 (91%) were grade 1 cases, and 38 (9%)—grade 2 cases, according to Meyerding (16). In addition, there were 81 (12.8%) cases, where degenerative spondylolisthesis was not accompanied by segmental instability, i.e., the score was below 5, according to A. A. White and M. M. Panjabi (17). The scores of 5 and above corresponding to clinical segmental instability were observed in 338 patients (33% of the total cohort size). The instability was accompanied by radiculopathy, intermittent neurogenic claudication or both in 317 patients (93.8% of 338). It involved a single segment in 307 (90.8%) cases, two segments in 30 (8.9%) cases, and three segments in 1 (0.3%) case. A pathology in the apical segment of lumbar lordosis at L4-L5 observed in 243 patients (71.9%) was the most common with a mean score of 6.3/6 (6; 7), according to A. A. White and M. M. Panjabi.

Clinically significant spinal canal stenosis without segmental instability was considered an indication for neurovascular structures decompression (27).

A total of 365 microsurgical discectomies were performed, of which 356 were at a single level, 8—at two levels, and 1—at three levels. Microsurgical decompression using the modified Wiltse approach was performed in 28 cases. A total of 86 unilateral microsurgical decompressions of lateral recess were performed in patients with lateral stenosis, of which 83 were at a single level and 3—at two levels. Lateral recess decompression was combined with microsurgical discectomy in 23 patients. Over-the-top microsurgical decompression was performed in 145 patients with clinical and radiographic signs of central canal stenosis.

Stabilization surgery (28) was performed in patients with segmental instability according to White and Panjabi (17). MIS TLIF with direct over-the-top decompression and transpedicular fixation (TPF) was performed in 142 out of 163 central canal stenosis cases, and indirect decompression (ALIF/LLIF)—in 21 cases. MIS TLIF with direct microsurgical decompression was performed in all patients with clinically significant lateral canal stenosis (n = 103) (29). MIS TLIF was performed in 40 out of 51 patients with foraminal stenosis, and ALIF/LLIF in 11 patients. MIS TLIF was used for surgical treatment of instability in 294 patients, ALIF—in 23 patients, and LLIF—in 21 patients. Operations were performed at a single level in 307 cases, on two levels—in 30 cases, and at three levels—in 1 case. All multilevel surgical procedures were MIS TLIF operations.

Degenerative scoliosis of the lumbar spine with a Cobb angle of 10–30° in the frontal plane was diagnosed in 91 (9%) patients. Only 51 patients from the studied cohort or 5% of the total cohort size received two-stage corrective operations with two MIS techniques (LLIF and MIS TPF) performed in one surgical session. Among those, 44 patients (86%) were female, and 7 patients (14%) were male. The mean age was 67/67 (63; 70) years (from 60 to 81 years). All these patients had a disability with an ODI score of 56/54 (45; 62) accompanied by quality-of-life deterioration on the SF-36 scale [PH score of 25/24 (22; 28), MH score of 26/26 (22; 28)]. The Cobb angle for the group was 16.5/15 (11; 20°). Patients suffered from spinal pain syndrome with a spine-pain VAS score of 6.6/6 (5; 8) and various compression syndromes [84% or 43 patients in the third group had a leg-pain VAS score of 6.3/6 (5; 8)]. All patients complained about the inability to stand upright for a long time and walking impairments due to difficulty in maintaining vertical position as a result of local or global sagittal balance impairment. Pain syndrome was caused by degenerative scoliosis in the lumbar spine [mean Cobb angle of 16.5/15 (11; 20°)]. All patients from this group had an N curve as per the SRS-Schwab classification. All patients had sagittal balance impairments with excessive sagittal modifier values. Neuroimaging showed that 35 patients from the third group (68.6%) had degenerative scoliosis combined with degenerative spondylolisthesis at one (9), two (23), or three levels (3). Among those, 34 were a Meyerding grade 1 case, and one—a grade 2 case. The remaining 40 patients (4%) received decompressive surgery or decompression with spine stabilization depending on the prevalent clinical symptoms.

Most patients had excess body mass (30), with 327 (32%) patients having BMI above the normal threshold of 25 but below 30 (25 ≤ BMI < 30). Class 1 obesity (30 ≤ BMI < 35) was observed in 322 (32%) patients, class 2 obesity (35 ≤ BMI < 40)—in 181 (18%) patients, and class 3 obesity (BMI > 40)—in 79 (8%) patients.

Somatic comorbidity was discovered in 999 (98.6%) patients: 155 patients (15.5% from 999) had an isolated pathology, while the vast majority of 843 patients (84.5% from 999) had a concomitant pathology. Gastrointestinal and cardiovascular pathologies were the most common. The mean CCI value in the studied cohort was 63/77 (53; 90%).



Statistical Analysis

The normal distribution hypothesis for quantitative values was tested using the Kolmogorov–Smirnov and Shapiro–Wilk tests. Since most quantitative and scale data were not normally distributed, nonparametric criteria were used in the calculations. In the present paper, the numerical data format is as follows: mean/median (quartile 25; 75%).

The correlations between values and their strengths were estimated using Spearman's correlation coefficient. The two-sided Mann–Whitney test was used to compare two independent samples by quantitative values, and the Kruskal–Wallis test—for three samples. To compare the studied groups by qualitative values, Fisher's exact test or its asymptotic version (for contingency table dimensions above 2 × 2) was applied.

To isolate complication predictors, a logistic regression model with a stepwise algorithm for predictor inclusion/exclusion was used. The prediction adequacy hypothesis was tested using the Hosmer–Lemeshow test. R software was used for statistical data processing (31).

This case series has been reported in line with the PROCESS Guideline (32).




RESULTS

The surgical procedures (n = 1,146) were divided into three types 3 based on surgical injury and extent of operation:

Patients from the first group (n = 624) underwent low-complexity operations, such as microsurgical discectomy, lateral recess decompression, central canal decompression, including both single-level and multilevel operations. The low-complexity group included 624 patients (61.6% of the total cohort size): 277 males (44.4%) and 347 females (55.6%) aged 60–88 years [67/65 (62; 70)]. A total of 710 operations were performed, including 86 reoperations.

Patients from the second group (n = 338) underwent intermediate-complexity operations, such as direct decompression with spinal fusion and fixation (mostly at 1 and 2 levels with one operation at three levels). This group included 338 patients (33% of the total cohort size): 83 males (24.6%) and 255 females (75.4%) aged 60–86 years [66/65 (62; 68)]. The patients from the second group underwent a total of 379 operations, including 41 reoperations.

Patients from the third group (n = 51) underwent high-complexity operations using two surgical approaches, such as ALIF and LLIF with TPF, in one session. The total number of operations in this group included 51 initial operations and 6 reoperations.


Clinical Effectiveness

The mean hospital length of stay after MIS decompression alone in patients from the first group was 5.6 bed-days, intraoperative blood loss−117/50 (50; 100) ml, surgical time−84/75 (60; 100) min. Table 1 shows the treatment results in 262 patients assessed at long-term follow-up. The complete assessment of all clinical and radiographic criteria after treatment was performed in 423 (68%) patients from the first group. Some patients were included in the assessment several times during the present study. The cumulative 5-year reoperation rate in the first group was 15.3%, and reoperation frequency−12.6%.


Table 1. Quality-of-life assessment in patients from the first group (*marks statistically significant changes (p < 0.05) compared to preoperative values).
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In the second group, the mean LOS was 8.3 days due to MIS. Surgical time of MIS TLIF direct decompressions [189/180 (150; 215)] was significantly longer compared to indirect decompressions with spinal stabilization [156/155 (130; 176)], the overall mean value being 184 min. Intraoperative blood loss was higher in TLIF operations, the overall mean value in the second group being 277/200 (100; 300) ml due to the use of MIS techniques. Assessment of all clinical criteria and quality-of-life indicators was performed in 282 patients (83%) from the second group. The assessment period was 28.9/24 (15; 41.8) months, see Table 2. The cumulative 5-year reoperation rate in the second group was 14.3%, and reoperation frequency 10.2%.


Table 2. Quality-of-life indicators in patients from the second group (*marks statistically significant changes (p < 0.05) compared to pre-op values).
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The mean LOS in the third group was 8.6 days due to the use of MIS techniques in all patients. Intraoperative blood loss was 260/200 (150; 275) ml. Although the surgical time for two-stage operations was 264/245 (210; 295) min, which is considered a predictor of a higher rate of severe complications (14) (surgical time > 180 min in geriatric patients), the use of MIS techniques for deformity correction made it possible to minimize the complication rate and reduce it to 31.4%. Long-term follow-up for 43 (84%) patients showed satisfactory results in most cases, see Table 3.


Table 3. Quality-of-life indicators in the long-term follow-up for patients from the third group (*marks statistically significant changes (p < 0.05) compared to preoperative values).
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Complication Analysis

The surgical time, unplanned readmission within 90 days after the operation, and LOS (bed-days) were taken into account separately for the patients with and without complications, and cumulative complication rates were calculated for various surgical options. All revision operations performed in the follow-up period in the patient who underwent initial operations at our medical center were taken into consideration to calculate the cumulative reoperation rate.

A total of 256 complications (25.3% from 1.013) were registered, out of which 254 (25.1% from 1.013) were recorded within 90 days after the operation, see Table 4.


Table 4. Complications found following the Dindo-Clavien classification criteria (2004) in the three groups of patients.
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It is worth noting a small number of complications (31.4%) after two-stage corrective lumbar spine operations for degenerative scoliosis deformities in elderly patients with concomitant obesity and comorbidity burden.

Cumulative reoperation rate for lumbar spine operations in the third group of patients could not be assessed in the five-year follow-up period due to insufficient observation time, but the cumulative reoperation rate for the three-year follow-up was 7.8%, and so was reoperation frequency.

The total number of complications in the studied patient cohort was 256 (25.3%). Complications were significantly more rare in patients from group 1 compared to groups 2 and 3 (p < 0.001 and p = 0.01). All complications were divided into general, instrumentation-related, and neurological.


General Complications

Blood loss of at least 500.0 ml was the most common intraoperative complication (78 cases) amounting to 30.5% of the total number. Blood volume deficit was compensated by blood products (blood transfusion) in 10 of these cases. It is worth mentioning that in the vast majority of cases (58) this complication occurred in patients from group 2, who underwent TLIF. General complications also included intraoperative dural tears in 66 cases (25.8% of all complications), out of which in one case external CSF leak confirmed by MRI control was observed in the early postoperative period. The liquor fistula was closed in a course of conservative treatment combined with external lumbar drainage. Incidental durotomy was significantly more often observed in patients from group 1 (47 patients out of 66). Intraoperative dural suturing with adhesive sealing and local tissue grafting was performed in all patients with dural tears.

Slow (over 10 days) postoperative wound healing (superficial SSI) in patients with diabetes mellitus was observed in five cases. All wounds were healed by primary intention. Other short-term postoperative complications in the form of residual compression with clinical manifestations (4 cases) and long-term ones in the form of deep SSI (three cases), where postoperative wound revision was required, were observed only in groups 1 and 2. Residual radicular pain syndrome associated with nerve root traction injury in 3 patients from group 1 was reversed by conservative treatment. Within 90 days of the follow-up, early disc reherniation requiring hospital readmission and revision operation was observed in 8 patients from group 1 who underwent microsurgical discectomy (6 patients) and over-the-top decompression (2 patients). Clinical instability syndrome confirmed by functional radiography developed in 3 cases after spinal canal decompression for central stenosis, as a result of excessive resection of osseous and ligamentous structures. These patients received stabilization TLIF surgery.

Control MRI scans showed asymptomatic epidural hematomas in five cases fully lysed in the course of conservative treatment. They also showed retroperitoneal hematoma requiring follow-up and conservative treatment along the surgical approach in an early postoperative period after LLIF in one patient. Epidural hematomas were accompanied by clinical signs of cauda equina root compression requiring revision operation in 4 patients from group 1. All those patients received indirect coagulants long before the operation due to a concomitant cardiovascular pathology. Decompensated cardiovascular pathology (arterial hypertension), acute myocardial infarction, and deep left lower limb venous thrombosis were recorded in one case each. Conservative treatment was performed successfully in all cases. Acute psychoorganic syndrome in the form of delirium and allergic response was recorded in one case each as well. Exacerbation of urinary tract infection in the early postoperative period was discovered in 5 patients who received antibacterial therapy based on urine culture results and antibiotic sensitivity. Intraoperative peritoneum injury during ALIF surgery was recorded in one case, but it did not affect the postoperative course. Overall, general complications were recorded in 191 cases amounting to 74.6% of the total number of complications.



Instrumentation-Related Complications

Intraoperative vertebral body endplate injury was discovered in 9 cases, of which 5 during TLIF and 4 during LLIF. In one case, this instrumentation-related complication after TLIF led to pseudoarthrosis with interbody cage migration, which required a revision operation 10 weeks after the initial operation. Bone block formation was observed in 8 other cases in the long-term follow-up.

According to the postoperative MSCT scan, Rao grade 3 intracanal transpedicular screw malposition (18) requiring reoperation was discovered in four patients, and Rao grade 1–2 lateral screw malposition with no clinical signs was observed in 22 patients after TLIF surgery. Bone cement leakage with no clinical signs was recorded in two cases, of which one was spinal canal leakage, and one was paravertebral vein leakage. According to control MSCT scans, interbody cage migration with no clinical symptoms not requiring revision operation was discovered in two patients three months after the initial operation. Control examination showed hardware failure associated with pseudoarthrosis and requiring revision operation in two patients with recurrent spinal pain syndrome 7 and 11 months after the initial operation. Overall, 42 instrumentation-related complications amounting to 16.4% of the total number of complications were recorded.



Neurological Complications

An increasing neurological deficit in lower limbs was observed in the early postoperative period in 17 patients, 8 of them from group 2. In 14 of those cases, neurological status deterioration was caused by intraoperative nerve root retraction injury, which required long-term conservative therapy. In 3 cases, the post-LLIF complication was caused by surgical nerve root injury on the approach side. In two of those cases, improvement was observed in course of conservative therapy and rehabilitation activities. One female patient exhibited neurological deficit as persistent right hip flexor weakness on the approach side. Pharmacoresistant neuropathic pain syndrome developed within a year after the initial operation in six patients. All those patients responded positively to test stimulation, and chronic epidural stimulation systems were implanted. Overall, 23 neurological complications amounting to 9.0% of all complications were recorded.

It is worth noting that most complications (141) were recorded in group 2 accounting for 55.1% of all complications, which may be explained by the extent of the operations and their surgical technicalities.

Among a total of 256 complications, 254 (99%) developed within 90 days, 226 (88.3%) were identified as mild (Dindo-Clavien types I, II, and IIIA), and 30 (11.7%)—as severe (types IIIB and IVA). In 29 of the latter cases, reoperation under general anesthesia was required. The characteristics of patients with complications are presented in Table 5.


Table 5. Main characteristics of groups of patients with and without complications.
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Statistically significant differences were observed between these two groups in BMI (p = 0.013), which indicates an adverse effect of obesity on the complication rate. Significant differences were also identified in surgical time (initial operations took longer in the patients who later exhibited complications, p < 0.0001), and LOS (the number of bed-days was higher in patients with complications, p < 0.0001).

The distribution of complications (n = 256) with respect to operation complexity was as follows: 99 (38.7%) after low-complexity operations (decompression alone), 136 (53.1%) after intermediate-complexity operations (MIS TLIF), and 21 (8.2%) after high-complexity operations (ALIF and LLIF). The number of patients without complications (n = 804) after low-complexity operations was 536 (85.9%), after intermediate-complexity operations-−190 (64.6 %), and after high-complexity operations−78 (82.1%). Thus, a higher complication rate was identified in patients, who underwent intermediate-complexity operations (MIS TLIF), as opposed to low- and high-complexity surgical procedures (p < 0.001 and p = 0.001, respectively), which is probably due to higher risks of dural tears and intraoperative bleeding in direct microsurgical decompressions compared to indirect techniques.

The LOS (n = 1 013) after initial operation was 6.7/6 (5; 8) bed-days (0 to 31 days). LOS in patients without complications was 6.3/6 (5; 7) (1–19 days), and for patients with complications-−9.3/7 (6; 11) bed-days (2–31 days), the obtained differences being statistically significant (p < 0.0001).




Effect of Excess Body Mass on Complication and Reoperation Rates

The effect of obesity and concomitant somatic pathology on the quality of life, functional status and pain syndrome, surgical time, LOS, blood loss parameters, reoperation rate, complication rate, and nature of complications was investigated. The obtained results were analyzed in the three groups of patients.

The BMI value in group 1 was 30.6/30.1 (26.8; 33.6), in group 2 - 33.2/33 (28.8; 36.6), and in group 3−32.9/33.5 (29.2; 36.3). In group 1, it was significantly lower than that in groups 2 and 3 (p < 0.001 and p = 0.002, respectively).

Obesity (BMI ≥ 30) was diagnosed in 582 (57.5%) patients from the studied cohort. In group 1, BMI values of 30 and above were recorded in 50.6% (316) cases, whereas in group 2—in 68.0% (230) patients, and in group 3—in 36 patients (70.6%). Thus, excess body mass (BMI ≥ 30) appears to be a risk factor of segmental instability and degenerative lumbar spine deformity in elderly patients.

Correlation dependences between BMI and intraoperative blood loss, surgical time and LOS are presented in Table 6.


Table 6. BMI effect on LOS, blood loss, surgical time (rs is Spearman's correlation coefficient, and p is a statistical significance level).
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The increase in BMI correlates significantly with higher surgical time in groups 1 and 2, but this correlation does not hold for group 3 where higher surgical time is primarily explained by surgical technicalities. Similarly, higher intraoperative blood loss in groups 1 and 2 correlates with higher BMI, but the correlation does not hold for group 3 patients for the same reasons. The increase in LOS is associated with higher BMI only in group 1, but the correlation does not hold for groups 2 and 3.

Reoperation frequency dependences on BMI in different patient groups were compared. The number of patients requiring lumbar spine reoperation throughout the follow-up period and the number of patients with sufficient prospective follow-up time are shown in Table 7.


Table 7. Periodical reoperation frequency estimates and their dependence on BMI.
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Analysis of the correlation between BMI and reoperation period in the studied groups showed that reoperations within 1 year after the initial operation were not associated with BMI. However, the reoperations performed 2 or 3 years after the initial operation were often in patients with increased BMI. The BMI effect of on reoperation frequency was analyzed in two periods: up to 12 months and after 12 months.

The patients were divided into two groups based on extent of operation and surgical injury and comparable BMI values as follows: local microsurgical decompressions (624 operations) and decompressive operations with spinal stabilization and corrective operations (389 operations). The data on BMI values for patients with and without reoperations are presented in Table 8.


Table 8. BMI comparison for patients with and without reoperations.
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Regardless of operation extent and surgical injury, BMI showed no effect on reoperation frequency within the first 12 months after the initial operation. It is primarily explained by the fact that vast majority of reoperations (73.7%) within the first follow-up year were caused by postoperative complications (residual compression, epidural hematomas, early disc reherniation, transpedicular screw malposition, cage migration, etc.). However, from the second follow-up year onward lumbar spine reoperation frequency was significantly higher in patients with obesity both after local microsurgical decompressions and decompressions with spinal stabilizations and corrective operations, statistical significance level being the same (p = 0.03). It is worth noting that patients after operations with hardware placement tended to lose some weight after the initial operation (lower BMI before the reoperation, p = 0.058), whereas patients after decompressions tended to have almost the same mean BMI before reoperation, despite weight loss recommendations given before hospital discharge.

Analysis of BMI correlation with quality of life, functional adaptation, and postoperative back and lower limb pain intensity within the first year after the initial operation showed the lack of correlation between the parameters of interest, see Table 9.


Table 9. BMI effect on quality of life (rs is Spearman's correlation, p is statistical significance level).
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However, a significant adverse effect of increased BMI on lower limb and back pain indicators, functional adaptation, and quality of life is determined after 1 year from the initial operation was observed. Despite some degree of irregularity in the long term, the adverse effect of BMI on pain intensity and quality of life remained a clear trend.

Distribution of complications according to the Dindo-Clavien classification across groups of the patients with BMI values below and over 30 is presented in Table 10.


Table 10. Complication distribution as per the Dindo-Clavien classification across groups of the patients with and without obesity.
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Comparison of complication rates in the patients with various BMI values showed higher rates for patients with obesity (p = 0.007).

A multifactor logistic regression model was used to identify complication predictors among the factors as follows: age, gender, BMI, and operation complexity based on surgical time and surgical injury estimates. A final regression model included only two factors: BMI and operation type (decompression alone, TLIF, ALIF/LLIF).

Quality metrics of the regression model were as follows: AUC = 0.64, sensitivity = 0.60, specificity = 0.69. The obtained Odd Ratios described the risks as follows:

- When the patient's BMI increased by 1, the complication rate was multiplied by 1.003 if operation type was the same;

- Complication rate for TLIF compared to decompression was multiplied by 1.223 (22.3% higher) if BMI value was the same;

- Complication rate for ALIF, LLIF compared to decompression was multiplied by 1.031 (3.1% higher) if BMI value is the same.

The obtained data showed the complication rate for TLIF surgery in patients with obesity increased by 22.3% compared to decompression, whereas for indirect decompression techniques, such as ALIF and LLIF, the complication rate only increased by 3.1 %.

Thus, obesity in elderly patients increases the probability of clinical instability syndrome that manifests in most cases in the form of degenerative spondylolisthesis with clinically significant spinal canal stenosis. In these cases, direct nerve root decompression, spondylolisthesis reduction, and rigid transpedicular fixation are required to eventually increase the complication rates, even when MIS techniques are used.



Comorbidity Index Effect of on Complication and Reoperation Rates

The effect of the Charlson Comorbidity Index (CCI) on surgical treatment results in elderly patients with degenerative lumbar spine pathology was investigated. Somatic comorbidity was discovered in 999 (98.6%) patients, of which 155 (15.3%) had an isolated pathology, while the vast majority of patients (844 (83.3%) had a concomitant pathology.

The mean CCI value in group 1 was 64%, in group 2−62%, and in group 3−58% with no statistically significant differences between them. It was found that the presence of a concomitant somatic pathology and a patient's age significantly increased postoperative LOS in group 1, while no such effect is observed in groups 2 and 3 (see Table 11).


Table 11. CCI effect on postoperative LOS, blood loss, surgical time (rs is Spearman's correlation coefficient, p is statistical significance level).

[image: Table 11]

Correlation analysis of the effect the CCI had on the pain syndrome intensity, functional adaptation, and quality of life in the patients with concomitant pathology at different follow-up times was performed (see Table 12).


Table 12. CCI effect on the quality of life (rs is Spearman's correlation coefficient, p is statistical significance level).
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Table 12 demonstrates that at the preoperative stage the CCI significantly correlates with all the parameters of interest, except for the leg pains primarily associated with nerve root compression in the spinal canal. This correlation indicates the significant effect of somatic comorbidity on quality of life in elderly patients with degenerative lumbar spine pathologies. In addition, the CCI correlated with spinal pain intensity from the third follow-up year onward, as opposed to lower limb pain, which was only associated with the severity of concomitant pathology in the first year after the operation. The statistically significant effect of concomitant pathologies on the physical health indicators (SF-36 PH) and quality of life observed in the first year after the operation was seemingly associated with persistent surgical site pain, motion restrictions, and additional difficulties of the rehabilitation stage in the elderly and geriatric patients with severe somatic pathologies. The severity of the concomitant pathology had no significant effect on the parameters of interest in the second follow-up year due to stabilization of a patient's general condition and lumbar spine condition in particular (which is to be considered as a favorable outcome of surgical treatment). However, the effect of the CCI on the quality of life increased around the fourth follow-up year, which was seemingly associated with the progression of both spinal degenerative changes, including degenerative changes in major lower limb joints, and somatic comorbidity in elderly patients due to aging. All these factors caused loss of functional adaptation and quality-of-life deterioration.

The effect of osteoporosis on the quality of life and surgical treatment results was studied in 389 patients who received decompressions with spinal stabilization and corrective operations. Osteoporosis with a T-score below −2.5 was observed in 35 patients (9% of the studied sample), of whom 31 (89%) were females. In all these cases, TPF was combined with polymethylmethacrylate augmentation of the lumbar vertebral bodies via fenestrated screws to increase the resistance of hardware elements to pull-out force. Correlation analysis did not show that osteoporosis had any significant effect on the quality of life in elderly and geriatric patients in the long-term follow-up. However, we identified a significant effect (p = 0.045) of the T- score characterizing bone mineral density on the occurrence rates of instrumentation-related complications, such as transpedicular screw malposition, cage migration, and vertebral endplate injuries (see Figure 1).


[image: Figure 1]
FIGURE 1. T-score values in patients with complications were −1.41/−1.5 (−1.8; −1.1), and in patients without complications were −0.92/−0.45 (−1.8; 0.0).


The T-score values in patients with instrumentation-related complications (n = 38) were −1.41/−1.5 (−1.8; −1.1) compared to −0.92/−0.45 (−1.8; 0.0) in patients without said complications (n = 351). A statistically significant effect (p = 0.045) of T score values characterizing bone mineral density on instrumentation-related complication rate was found. TPF in elderly and geriatric patients was combined with vertebral body augmentation in 9% of cases.




DISCUSSION

To identify complication predictors as factors of unfavorable outcomes in elderly patients receiving surgical treatment for degenerative lumbar spine pathology, the Dindo-Clavien criteria as a validated and unified assessment tool were applied. Such parameters as the age, gender, BMI, and operation type were analyzed.

To identify complication predictors as factors of unfavorable outcomes in elderly patients receiving surgical treatment for degenerative lumbar spine pathology, the Dindo-Clavien criteria as a validated and unified assessment tool were applied. Such parameters as the age, gender, BMI, and operation type were analyzed.

Any complication per the Dindo-Clavien classification increased the mean LOS regardless of the operation type. Type II and IIIB complications contributed most to increased LOS. Type IIIB complications requiring hospital readmission and reoperation significantly increased the mean LOS and most often developed after TLIF. Meanwhile, type II complications contributed most to increased LOS after indirect decompressions with spinal stabilization and corrective ALIF and LLIF operations.

Our data showed that instrumentation-related complications, such as deep SSI, clinical segmental instability, hardware failure, and Rao grade 3 transpedicular screw malposition, appear to be the most significant complications contributing to increased LOS and, as a result, higher inpatient treatment costs and quality-of-life deterioration in the first 90 days after the initial operation. It is worth noting that decompensated cardiovascular pathology in the early postoperative period significantly increased LOS, which is crucial for elderly patients with comorbidity burden.

A total of 13 patients were readmitted to our center due to complications in 90 days after their initial operations, and 13 more patients underwent redoes within their primary hospital stay. The mean period from the initial operation to hospital readmission was 35 days. The unplanned readmission rate due to complications discovered in the first 90 days in the studied cohort was 1.3%. That can be explained by the use of minimally invasive techniques, which is also confirmed by several authors (33).

The mean LOS was 6.7 days due to the use of MIS techniques in all cases. As a result, we were able to return patients to activity earlier and intensify rehabilitation procedures, thereby reducing the occurrence rate of severe complications in the early postoperative period. The mean intraoperative blood loss was reduced to 178 ml due to available MIS options. Surgical time of over 180 min is considered an important predictor of severe postoperative complications in the lumbar spine in elderly patients (14). The mean surgical time in the studied cohort, including corrective operations for degenerative deformities, was 127 min, which made it possible to minimize the number of complications.

Overall, the occurrence rate of intra- and postoperative complications as per the Dindo-Clavien classification in elderly and geriatric patients with degenerative lumbar spine pathology at 90-day follow-up was 25.1%, which agrees with published literature data (14, 21, 24).

The vast majority of complications in the studied cohort were mild complications (type I, II, and IIIA) accounting for 88.3% of all cases, intraoperative blood loss and dural tear being the most common. The occurrence of complications significantly increased LOS in this category of patients from 6.3/6 (5; 7) (without complications) to 9.3/7 (6; 11) (with complications) (p < 0.0001). Increased LOS due to complications is confirmed by the literature data as well (21).

Among several factors affecting complication frequency, the complexity of the surgical procedure was a statistically significant one. Simpler operations have milder complications and lower complication rates (34). MIS TLIF had the highest number of complications compared to decompressions and operations from anterior and lateral approaches since it is the complexity and operation type that determine the surgical time and intraoperative blood loss.

Our data demonstrated the unplanned readmission rate of 1.3% at 90-day follow-up, which is significantly lower than the literature data. The cumulative reoperation rate at 5-year follow-up was 15.2%, and reoperation frequency−12.1%. The analysis of surgical treatment results in 2 320 elderly patients by Saleh et al. showed a readmission rate of 6.39% and complication rate of 16.34%, including fatal outcomes (0.43%) (14). The authors concluded that increased operative times and instrumentation and fusion procedures were strongly associated with an increased risk of developing a complication. However, the authors only analyzed geriatric patients (>80 years) at 30-day follow-up. In addition, the study took into consideration various types of lumbar spine surgical procedures, including primarily open operations, in particular with elongated multilevel fixation hardware. The authors did not use the Dindo-Clavien classification in their complication analysis.

In a multicenter prospective cohort study searched for perioperative complications of spine surgery in 270 patients >80 years of age (35). Overall perioperative complications were observed in 20%, surgical site complications were observed in 8.1%, and minor systemic complications were observed in 14.8% of patients. The reoperation rate was 4.1%. Decreased daily activity, instrumentation surgery, and an operative time >180 min were found to be associated with minor systemic complications. Long fixations resulted in increased morbidity but not mortality.

In Camino Willhuber et al. (21), the reoperation frequency was 11.72%, and the complication rate as per the Dindo-Clavien classification−28.83%. The authors only analyzed elderly patients (with a mean age of 68 years) at 90-day follow-up. Various types of surgical procedures involving all spinal regions were taken into consideration, including primarily open operations not involving MIS techniques. BMI, surgical time, intraoperative blood loss, and operation complexity were identified as complication risk factors in both papers.

Thus, obesity turns out to be among the main predictors of unfavorable surgical outcomes in elderly and geriatric patients with degenerative lumbar spine pathology, even when minimally invasive surgical options are available (36). Increased BMI leads to higher surgical time, which in turn leads to higher intraoperative blood loss and a higher complication rate. The adverse effect of obesity on the occurrence rate of continued degenerative changes in operated segments and adjacent-level pathologies, especially after decompressions with spinal stabilization is not to be overlooked as well. Eventually, this scenario increases the number of unfavorable outcomes and quality-of-life deterioration in both short- and long-term follow-up.

The CCI also has an adverse effect on the quality-of-life indicators, since a high comorbidity burden combined with excess body mass significantly reduces the potential for returning patients to activity in the early postoperative period and favors decompensated cardiovascular pathology and exacerbation of other chronic diseases.

In all elderly patients, avoiding complications related to comorbidities should be the main concern before planning surgery (37). After evaluation of deconditioning, sarcopenia, malnutrition, dementia, and polypharmacy, all measures are implemented in a 6-week presurgical period, including prerehabilitation, nutritional supplementation, medication changes, and preoperative medication for postoperative pain control to minimize delirium. Enhanced recovery after surgery protocols have been shown to be effective at reducing perioperative morbidity and costs, while improving outcomes.

According to meta-analysis some authors recommend that all patients who are >75 years of age be referred to the geriatric medicine clinic for a frailty assessment, because frailty is an important predictor of postoperative complications, increased hospital stays, and mortality (38).

Studying complications in patients of the older age group, we can be concluded that preparation for a planned surgical intervention should begin in advance. It is necessary to take into account all the nuances, including the rejection of certain drugs and diet (39). Despite the fact that some complications, especially those related to the surgical technique, depend only on the experience and actions of the surgeon during the operation, there are a sufficient number of modifiable predictors that can be corrected (40). Understanding this situation allows surgeons to minimize the unfavorable prognosis using an integrated approach to the planned treatment.

Operation complexity also factors in an increased number of unfavorable surgical outcomes in elderly patients with obesity and comorbidity burden, which agrees with the literature data (34). It is worth noting that the occurrence rate of adjacent level pathology increases significantly after rigid segmental fixation, especially in the case of multilevel lesions (36). The more complex and time-consuming an operation is, the higher the complication rate. Therefore, surgical treatment for degenerative lumbar spine pathology in this age group should be decided based on the minimization of surgical aggression (41). Comparable clinical effectiveness is ensured by isolating the prevalent clinical syndrome and selecting a surgical option, including MIS techniques, to reverse the main clinical manifestations of the disease accompanying degenerative pathology.

With the development of advanced image guidance systems, the popularity of minimally invasive procedures has increased. Serious efforts are under way to shorten the learning curve, reduce specific complications make indications more specific, and minimize heterogeneous clinical outcomes. However, minimally invasive techniques in the treatment of LSS are still under development and many guidelines and high-quality studies have been published about the safety and efficacy of these techniques in the past decade (42).

Dagistan et al. examined the effect of minimally invasive decompression surgery on quality of life in 37 elderly patients (between 65 and 86 years old) with spinal stenosis (43). They concluded that decompressive surgeries without instrumentation in elderly patients increased quality of life significantly. The rate of complications was very low. In cases in which complications developed, they could be managed easily. Considering this the surgical intervention itself must be performed using MIS technology, choosing the most effective volume and access in this particular case, which reduces the risk of complications (44, 45).

To improve the outcomes of spine surgery in geriatric patients, Zileli and Dursun also recommend implementation of the following measures: meticulous evaluation of comorbidities, preoperative treatment for some diseases, strict measures to treat osteoporosis, good surgical planning, and use of minimally invasive surgeries as much as possible (38).

This research, however, is subject to several limitations: its retrospective nature, and the limitation to a single center. Also, some patients were lost to the long-term follow-up for various reasons that is a certain limitation which did not allow us to calculate the full percentage of complications on the entire set of patients.



CONCLUSIONS

A registry of postoperative complications is an important tool for health quality assessment and choosing a surgical option that helps to establish measures to reduce such complications. A complication rate depends on several factors such as obesity, comorbidity burden, and operation complexity being the most statistically significant. Using MIS techniques for treating elderly patients reduces the number of severe complications.
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Percutaneous Transforaminal Full-Endoscopic Removal of Neurinoma of the Fifth Lumbar Nerve Root With Intraoperative Neuromonitoring: A Case Report
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Background: Technical achievements and surgical techniques improvement contribute to the expansion of the endoscopic spine surgery possibilities. However, today there are few reports about the use of percutaneous endoscopy in spinal tumor surgery. A case of percutaneous transforaminal endoscopic removal of the lumbar spinal nerve tumor with intraoperative neuromonitoring is presented.

Case Description: A 59-year-old female was complaining of a left shin and foot pain, weakness, and paresthesia. Preoperative magnetic resonance imaging (MRI) revealed a tumor (neurinoma) at the left L5-S1 intervertebral foramen. Transforaminal endoscopic removal of an extramedullary tumor from an 8-mm skin incision with intraoperative neuromonitoring was performed. Postoperative MRI revealed the signs of total resection of the tumor.

Conclusion: The presented case confirms that percutaneous endoscopic removal of lumbar spine intraforaminal neurinomas can be safe and effective.

Keywords: percutaneous endoscopic surgery, full-endoscopic spine surgery, transforaminal approach, spinal oncology, intraforaminal neurinoma


INTRODUCTION

Percutaneous full-endoscopic spine surgery is known for over 30 years (1). However, only in the 2000s, it became popular in clinical practice thanks to development of the surgery technique of a percutaneous endoscopic access to the spinal canal and clear visualization of neural structures (2–4). During that period, the approach changed from spinal arthroscopy (discoscopy) to spinal neuroendoscopy. It triggered a fast improvement of the technique itself and upgrade of surgical instruments for percutaneous endoscopy of the spine, thereby determining new indications for this type of surgery. Meeting all criteria for minimally invasive surgery, percutaneous endoscopic interventions are of great interest to specialists and in demand by patients (5).

Main indication for percutaneous endoscopic intervention on the spine is degenerative–dystrophic pathologies (6). Apart from that, this technique has been tried in infectious spine diseases (7, 8); chronic epidural hematoma (9); and spine stabilization and its complications (10–12).

In 2012, first reports were published on percutaneous endoscopy for extradural neoplasms of the spine (13, 14), and in 2019 for removal of intradural extramedullary tumors (15). However, the surgical technique, safety, and efficiency of percutaneous endoscopy for spine tumors have not been sufficiently described in the publications. This paper presents a case report of full-endoscopic transforaminal removal of lumbar neurinoma with intraoperative neurophysiological monitoring.


Clinical Case

A 59-year-old woman admitted to our clinic, with constant left leg pain lasting for 2 years. Over the past 6 months, there was a gradual increase in pain intensity up to 7–8 Visual analogue scale (VAS) scores. Magnetic resonance imaging (MRI) showed a tumor of the left L5 spinal nerve at the level of the intervertebral foramen (Figures 1A–C).


[image: Figure 1]
FIGURE 1. Magnetic resonance imaging of the lumbar spine: (A) axial view, T2-WI mode; (B) frontal view, T1-WI contrast mode; (C) frontal view, T1-FS post-contrast (arrow shows a cystic-solid tumor of the spinal nerve, size 3.2 × 1.5 × 1.5 cm; the tumor accumulates contrast).


Neurological status: moderate paresis of the left foot extensors (3 points), Lasègue's sign on the left, throbbing pain and paresthesia in the L5 dermatome on the left, and no negative sensitive signs.

Electroneuromyography (ENMG) showed decreased amplitudes of motor responses on the left in abduction of m. extensor digitorum brevis by 30% compared to the right side. As to mm. peroneus longus, tibialis anterior on the left, no spontaneous activity was detected, motor unit potentials were not changed, and the interference pattern was complete. The ENMG data match a mild axonal preganglionic lesion at the L5 level on the left.

We decided to perform percutaneous full-endoscopic resection of the L5 spinal nerve tumor using a left-sided foraminal approach.



Anesthesia and Neurophysiological Monitoring

The patient received total intravenous anesthesia with propofol and fentanyl. Muscle relaxants were used only for tracheal intubation.

Intraoperative neurophysiologic monitoring included spontaneous electromyography (free-run EMG) and monopolar direct nerves stimulation (NIM 3.0, Medtronic, Minneapolis, MN, USA). Motor-evoked potentials were recorded with needle electrodes within target muscles located by the anatomical myotomes [mm. extensor digitorum brevis (L5), tibialis anterior (L5), and gastrocnemius (S1) on the left]. Filter setting was made as follows: low-pass filter 30 Hz and high-pass filter 3,000 Hz. We used monopolar continuous cathode rhythmic stimulation with rectangular 4-Hz impulses, stimulus time 0.1 ms, and stimulus intensity ranging from 1.0 to 2.0 mA. Cathode monopolar stimulation was made with a modified elongated probe (based on Medtronic probe, USA) through the working channel of the endoscope. A standard needle electrode was placed at the edge of the surgical wound as reference. Monopolar stimulation was made during surgical intervention in order to assess the L5 nerve and its conductivity. Direct nerve stimulation during tumor removal at intensity 1.0 mA evoked motor potentials of the target myotome muscles of the L5 motor root. During the tumor removal no parameters of the recorded motor response significantly varied. Spontaneous electromyography at the tumor removal stage recorded patterns of minimal mechanical impact like single-spike waves in mm. tibialis anterior, extensor digitorum brevis.




SURGERY

On 27 October 2021, surgery was performed with the patient in the prone position. Guided by fluoroscopy, a puncture needle 18G was placed to the intervertebral joint L5-S1 through a point located 10 cm to the left of the midline. A guide pin was inserted along the needle, and the needle was removed. A linear cut 8-mm long was made. A soft tissue retractor was introduced into the wound along the guide pin. A working tube with diameter 7 mm was placed along the retractor, after which the pin and the retractor were removed (Figures 2A,B).


[image: Figure 2]
FIGURE 2. Intraoperative (A) X-rays and (B) CT (O-arm) of the position of the working tube at the left intervertebral foramen L5-S1 (see arrows).


TESSYS, Joimax® (Germany) endoscope was inserted into the working tube. Further manipulations were controlled by video endoscopy under continuous irrigation with normal saline solution. The intervertebral joint L5-S1 was‘ visualized. A partial lateral facetectomy was performed with a high-speed burr (Figure 3A). An expansive growth of the tumor resulted in enlarged intervertebral foramen, so there was no need in foraminoplasty. An intraforaminal tumor located inside the L5 spinal nerve was seen (Figure 3B).


[image: Figure 3]
FIGURE 3. Endoscopic step of the surgery: (A) partial resection of the L5-S1 lateral facet on the left with a burr; (B) view of the tumor in the intervertebral foramen; (C) bipolar electrocoagulation of the nerve sheath; (D) incision of the nerve sheath (see arrow); (E) removal of the tumor with forceps; (F) monopolar stimulation of the nerve bundles with a modified elongated probe (based on Medtronic probe, USA).


After electrocoagulation on a small portion of the nerve sheath, an incision was made to see moderately vascularized tissue of the tumor, grayish-red in color, of soft consistency (Figures 3C,D). The tumor was removed, and functions of active motor nerve bundles were intact, which was confirmed by neuromonitoring (Figures 3E,F). Bleeding from the tumor vessel was controlled by bipolar coagulation. After a temporary stop of irrigation, endoscopic signs of stable hemostasis and the absence of the leakage of cerebrospinal fluid were revealed. The skin wound was sutured with 1 knotted suture. Blood loss was <30 ml; the surgery lasted for 120 min.


Result of Pathological Test: Neurinoma (Grade I)

Upon discharge, the patient had a regress in severe pain of the left leg and Lasègue's sign. Postoperative CT confirmed bone resection in the extent of partial lateral facetectomy (Figures 4A,B).


[image: Figure 4]
Figure 4. (A,B) Postoperative CT: the arrow shows the resection area of the left intervertebral joint L5-S1; (C,D) contrast-enhanced MRI 3 months after surgery: postoperative changes in the left L5 root (see arrow), no signs of contrast accumulation.


The control contrast-enhanced MRI on the next day and 3 months after the surgery verified total tumor resection, with no accumulation of contrast agent (Figures 4C,D).

After 4-month follow-up, paresis of the big toe extensor on the left foot remained, up to 3 scores. Occasionally, the patient feels a slight throbbing pain in the L5 dermatome on the left (2 VAS scores).




DISCUSSION

The report above describes one of lumbosacral neurinoma surgical treatment methods. By Kato classifications (1993), the lesion corresponds to intraforaminal neurinoma type II (16).

There are few reports on neurinoma removal by full endoscopy. Wang et al. presented a successful percutaneous foraminal endoscopic removal of dumbbell-shaped neurinomas, up to 4 cm in size, in 12 patients (17). The authors suggested the following advantages of this surgery method:

1. The trajectory of transforaminal endoscopic access is optimal for localization of neurinoma.

2. Minimally invasive approach does not require significant bone resection or lead to iatrogenic spinal instability.

3. Modern advancements in transforaminal percutaneous endoscopy allow total removal of the tumor not only between the vertebral foramen, but in the spinal canal and extraforaminal area during one surgery.

We fully agree with Wang et al. in terms of the advantages of percutaneous endoscopic resection of intraforaminal neurinomas. However, we do not share their opinion that intraoperative neurophysiological monitoring is inexpedient. The authors back up their position by very rare neurological disorders after total resection of the neurinoma and consider it appropriate to transect the affected nerve completely (17).

Researchers have proved that the risk of developing a neurological deficit after removal of neurinomas and neurofibromas with complete transection of the supporting nerve can reach 23% (18), while plegia is registered in 3% of cases (19). Such conditions are caused by the rare variants of growth of motor root neurinoma (19), and by incomplete compensatory innervation of the muscles by adjacent spinal nerves roots (20). Therefore, in order to assess the risks and clarify the surgical tactics for spinal neurinomas, it is necessary to use electrophysiological control at pre- and intraoperative stages (19). In our opinion, this rule should also be applied to percutaneous endoscopic surgery.

In the case presented herein, preoperative ENMG confirmed a partially impaired conduction along the L5 root, which corresponded to the severity of neurological disorders. Intraoperative neuromonitoring with NIM3.0 system (Medtronic, USA) during percutaneous videoendoscopic resection of L5 neurinoma ensured the safety of surgical procedures, made it possible to remove tumors completely and partially retain anatomical integrity of the affected nerve, which made a positive effect on the functional outcome of treatment.

There are no previous reports on application of neurophysiological monitoring with direct monopolar nerve stimulation in percutaneous neuroendoscopic interventions on the spine (17, 21). Perhaps, it results from the lack of electrodes with the size sufficient for introducing them through the endoscope work channel. We modified a cathode monopolar stimulation probe (Medtronic, USA) by increasing its length.

Obvious obstacles to a widespread use of uniportal percutaneous endoscopic surgery for spine and spinal cord tumors today can be formulated as follows (11, 15, 17, 22, 23):

1. limited nature of methods of hemostasis and visualization of sources of bleeding;

2. lack of effective methods for sealing of the dura mater during removal of intradural neoplasms;

3. coaxial method of visualization and manipulation;

4. long time required for a specialist to learn the surgery technique.

Intense bleeding greatly worsens the video endoscopic image of the surgery cavity and increases the risk of complications (22). Currently known ways of hemostasis during percutaneous endoscopic removal of the spine neoplasms and spinal cord (preoperative embolization, coagulation, increased irrigation pressure, blood pressure control, etc.) are not enough (23, 24). On top of that, increased irrigation pressure after opening of the dura mater can cause complications due to intracranial hypertension (15). Therefore, percutaneous endoscopic removal of a well-vascularized tumor must be made by an experienced surgeon, otherwise preference must be given to an open intervention (24). The same principle must be applied to tumors of large size and high density (11). In our case, intraoperative bleeding was moderate, so we could use standard methods for endoscopic hemostasis.

There are different methods of sealing the dura mater in percutaneous endoscopic interventions. Conservative tactics for small defects in the dura mater, combined with hypotensive syndrome therapy, appear to be most effective (25–27). Among surgical methods to close defects in the dura mater, the most optimized are conversion to microsurgery (25), suture of the dura mater through an endoscope by Youn's technique (28), and sealing with tissue adhesive (15). In our case, extra-arachnoid localization of neurinoma did not require the dura mater plastics.

The above-listed challenges of the surgery methods can be overcome by using percutaneous unilateral biportal endoscopic technique, which has been widely developing in recent years (29). In particular, a clipping method can be good for large defects in the dura mater (27). Apart from that, percutaneous biportal endoscopy allows abandoning coaxial imaging and switching to a bimanual surgical technique, more familiar to the surgeon (30).



CONCLUSION

The presented case herein shows that uniportal full-endoscopic resection of intraforaminal neurinomas of the lumbar spine with intraoperative neurophysiological monitoring is safe and effective. Further study of potential benefits and effectiveness of percutaneous endoscopic removal of spine and spinal cord tumors must involve a larger number of cases within comparative study.
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Objective: To examine the effect of multimodal intraoperative neuromonitoring on the long-term outcome of motor function after microsurgical resection for spinal cord tumors.

Materials and Methods: Consecutive fourteen patients with spinal tumors who were surgically treated at the University of Fukui Hospital between 2009 and 2020 [M:F = 10:4, ages ranging from 22 to 83 years (mean ± SD = 58 ± 21 years)] were included in this study. There were eight intra-axial tumors and six extra-axial tumors. There were four patients with hypertension, two patients with diabetes mellitus, and four patients with hyperlipidemia. Three patients were under antithrombotic medication, two were under steroid medication, four were current smokers, and four were current drinkers. Manual muscle test (MMT) of the upper and lower extremities of the patients was examined before surgery, 2 weeks after surgery, and at the final follow-up. The mean follow-up period was 38 ± 37 months. McCormick scores were examined before surgery and at the final follow-up. Microsurgical resection of the tumor was underwent through the posterior approach under transcranial motor-evoked potential (TcMEP) monitoring. The MEP of 46 extremities was recorded during the surgery. Gross total resection was achieved in 13 of 14 surgeries. Spinal cord-evoked potential (Sp-SCEP) monitoring was performed in eight of 14 patients.

Results: The length of peritumoral edema was significantly longer in patients with deterioration of McCormick scores than in patients with preservation of McCormick scores (p = 0.0274). Sp-SCEP could not predict the deterioration. The ratio of MEP at the beginning of the surgery to that at the end of the surgery was the only significant negative factor that predicts deterioration of motor function of the extremity at the final follow-up (p = 0.0374, odds ratio [OR] 1.02E-05, 95% CI 9.13E+01–7.15E+18). A receiver operating characteristic (ROC) analysis revealed that the cutoff value of the ratio of MEP to predict the deterioration at the final follow-up was 0.23 (specificity 100%, specificity 88%, positive predictive value 100%, and negative predictive value 88%) to predict deterioration at the final follow-up.

Conclusions: Ratio MEP was the most significant negative factor to predict the deterioration of motor weakness at spinal tumor surgery. The setting of the cutoff value should be more strict as compared to the brain surgery and might be different depending on the institutions.

Keywords: spinal tumor, motor-evoked potential, motor function, extremity, long-term outcome, McCormick score


INTRODUCTION

Surgery of spinal tumors, especially the intramedullary spinal cord tumor (IMSCT), has potential risk of sensory-motor dysfunction after surgery. Although Elsberg reported the first case of total resection of IMSCT in 1916 (1), most cases were still treated by radiation therapy after biopsy because of the high morbidity and mortality rates (2). Technical innovation, such as microscope and bipolar coagulator, has reduced the morbidity and mortality of total resection of SCT (3). Intraoperative neuromonitoring (IONM) by sensory-evoked potential (SEP) was first indicated in scoliosis surgery, which also had the risk of postoperative motor dysfunction (4). SEP could detect relatively severe injury, such as transverse spinal cord injury, but could not detect partial injury, such as anterior spinal artery syndrome (5) or motor dysfunction after surgery, for intramedullary tumor (6).

Intraoperative neuromonitoring with motor-evoked potential (MEP) by transcranial stimulation (TcMEP) in spinal surgery was first indicated in surgery of cervical spine (7, 8) and surgery of spinal cord injury (9). Afterward, MEP was applied to spinal tumor surgery (10, 11). Surgery of IMSCT under MEP was significantly related to the good outcomes of adult patients (10) and disappearance of MEP was significantly related to the deterioration of motor function immediately after surgery and at the final follow-up (11). MEP also could significantly increase the gross total resection rate (12). In surgery for 500 IMSCTs, complete resection could be achieved in 77.2% of defined endophytic tumors and 41.7% of diffuse tumors by the implementation of IONM with MEP (13). Preoperative motor dysfunction and intraoperative worsening of MEP were significantly related to the surgical outcomes (14).

The sensitivity and specificity of MEP in spinal surgery were 83 and 86%, respectively, while those of brain surgery were 100 and 62% (15, 16). Analysis of the motor function of 150 muscles in surgery of 250 IMSCTs under TcMEP provided a 5.9% of the false-positive rate, 7% of false-negative rate, and 27% of record failure rate, while TcMEP was successfully recorded in 96% of 216 aneurysm surgeries (17). TcMEP seemed more unstable or less available in spinal surgery than in brain surgery.

D-wave, directly recorded MEP from the epidural electrode after transcranial stimulation, had also developed and used in combined with TcMEP. A recent report showed that TcMEP had the highest sensitivity and D-wave had the highest specificity among TcMEP, SEP, and D-wave 19 months after surgery of 28 IMSCTs (18).

Although MEP or D-wave was proved to be the most significant predictive factor of postoperative motor dysfunction (18), the cutoff value for the prediction of postoperative motor dysfunction remains unclear. Fifty percent reduction of MEP has been used as the warning value in aneurysm surgery (10, 15), the value seemed not enough for accurate prediction in surgery for a spinal tumor. Some investigators reported more strict cutoff values, such as 70 or 80%, that might be necessary to have MEP monitoring reliable in spinal surgery (12, 16, 17). In this study, we examined the effect of multimodal mIONM with TcMEP and spinal cord-evoked potential (Sp-SCEP) on the long-term outcomes of motor function after microsurgical resection for spinal cord tumors (SCTs) with logistic regression analysis of the factors that affect surgical outcomes and with receiver operating characteristic (ROC) analysis of the cutoff value of MEP for the prediction of postoperative motor dysfunction.



MATERIALS AND METHODS


Patients

Consecutive fourteen patients with spinal who were surgically treated at the University of Fukui Hospital between 2009 and 2020 were enrolled in this retrospective study. There were ten men and four women, with ages ranging from 22 to 83 years (mean = 58 ±21 years). There were eight intra-axial tumors and six extra-axial tumors. The mean length of the lesion and mean length that of peritumoral edema were 2.5 ±1.2 vertebral bodies and 1.6 ±1.8 vertebral bodies, respectively. As for underlying diseases, there were four patients with hypertension, two patients with diabetes mellitus, and four patients with hyperlipidemia. Three patients were under antithrombotic medication, two were under steroid medication, four were current smokers, and four were current drinkers. Manual muscle test (MMT) of the upper and lower extremities of the patients was examined before surgery, 2 weeks after surgery, and at the final follow-up. McCormick scores of the patients were examined before surgery and at final follow-up. IONM with MEP underwent in all cases and the ratio of the amplitude of MEP at the end of surgery to that at the beginning of surgery in each extremity was calculated as Ratio MEP. Among them, the most decreased ratio in each patient was described as the worst ratio of MEP. IONM with Sp-SCEP was carried out in 8 patients. The ratio of amplitude at the end of surgery to that at the beginning of surgery was described as the ratio of Sp-SCEP. Gross total resection was achieved in 13 patients. Follow-up period was ranged from 1 to 106 months (mean ± SD = 38 ± 37 months; Table 1).


Table 1. Summary of clinical data for the 14 patients receiving spinal tumor surgery.
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Surgical Resection

All patients received microsurgical resection of the tumor through a posterior approach under tcMEP monitoring. Corkscrew-shaped stimulatory electrodes of tcMEP (Unique Medical, Tokyo, Japan) were placed at the points of 1 cm posterior, 5 cm lateral to Cz. Train of five electrical stimulation with 120 mA, 500 Hz, 0.2 ms was performed. Electromyography of the thenar muscle of upper extremities and abductor pollicis muscle of lower extremities was recorded. The ratio of the amplitude of electromyography of each muscle at the end of the surgery to that at the beginning of the surgery was defined as the change of MEP. Total MEPs of 46 extremities were recorded during the surgery. The ratio of MEP at the beginning of the surgery to that at the end of the surgery was defined as Ratio MEP. Gross total resection was achieved in 13 of 14 surgeries. For Sp-SCEP, a bipolar catheter electrode was inserted into the epidural space at the rostral and the caudal side of laminectomy. Direct medullary electrical stimulations (duration: 0.1 ms, frequency 5 Hz, intensity: 1.5 mA) were performed by the bipolar electrode at the caudal side. SEP was detected by the electrode at the rostral side (high pass filter: 3,000 Hz, low pass filter: 10 Hz, 100 averaging; Table 1).



Statistical Analysis

Univariate analysis was performed with Pearson's chi-squared test or Fisher's exact test for categorical variables or with the Mann-Whitney U-test for numeric variables. Forward and backward stepwise logistic regression analyses with the Akaike Information Criterion (AIC) to determine the associations of potential confounders for deterioration of motor weakness at MMT at the final follow-up with the Ratio MEP, presence of preoperative motor weakness, age and sex of the patient, length of the lesion, length of peritumoral edema, history of hypertension, diabetes mellitus, hyperlipidemia, presence of antithrombotic medication, steroid medication, smoking, and drinking. ROC analysis was performed to analyze the relationship between Ratio MEP and the deterioration of MMT of 46 extremities 2 weeks after surgery and at final follow-up.

All statistical analyses were performed using JMP 15.2.0 (SAS Institute, Cary, NC, USA) and R (R Foundation for Statistical Computing, Vienna, Austria), with an error probability of <0.05.




RESULTS


Univariate Analysis of Factors Affecting the Deterioration of McCormick Scores at the Final Follow-Up

Postoperative deterioration of McCormick scores was observed in 5 patients (Table 1). There were 7 patients with a worst MEP ratio of less than 0.5 and 5 patients with worst MEP ratio of less than 0.3. However, the MEP ratio was not related to the postoperative deterioration of McCormick score. There was no difference in the age, sex, the number of patients with intra-axial tumor, gloss total resection, length of the lesion, the number of patients with hypertension, diabetes mellitus, antithrombotic medication, steroid medication, current smoking, and drinking between the patients with deterioration of McCormick scores and the patients with preservation of McCormick scores. Only the length of peritumoral edema was significantly longer in the patients with deterioration of McCormick scores than in the patients with preservation of McCormick scores (p = 0.0274; Table 2).


Table 2. Univariate analysis of factors associated with the deterioration of McCormick score at the final follow-up.

[image: Table 2]

Of the 8 patients with surgery under Sp-SCEP monitoring, the ratio of Sp-SCEP was 0.33 in one patient, 0.6 in two patients, and 0.8 in one patient. However, there was no one with deterioration of McCormick scores in those patients. Among the remaining 4 patients without the reduction of Sp-SCEP, there were two (50%) patients with deterioration of McCormick scores.



Logistic Regression Analysis of Factors Affecting the Deterioration of MMT of 46 Extremities at the Final Follow-Up

Forward and backward stepwise logistic regression analyses with AIC using 13 variates revealed that the prediction model that consisted of six factors of drinking, hyperlipidemia, hypertension, presence of preoperative motor weakness, Ratio MEP, and smoking gave the minimal AIC scores (21.4). Among those factors, Ratio MEP was the only significant negative factor that predicted deterioration of motor weakness at the final follow-up (p = 0.0374, odds ratio [OR] 1.02E-05, 95% CI 9.13E+01–7.15E+18; Table 3).


Table 3. Results of logistic regression analyses regarding the preservation of motor function at the final follow-up and the Akaike Information Criterion (AIC) values.
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ROC Analysis Between the Change of MEP and the Deterioration of MMT of 46 Extremities 2 Weeks After Surgery and Final Follow-Up

Receiver operating characteristic analysis revealed that Ratio MEP was significantly related to the deterioration of the motor function of extremities 2 weeks after surgery (p = 0.0173, Figure 1A). The cutoff value of the Ratio MEP to predict motor function of extremities 2 weeks after surgery was 0.17 (specificity 55%, specificity 99.7%, positive predictive value 60%, and negative predictive value 97%). ROC analysis also revealed that Ratio MEP was significantly related to the deterioration of the motor function at the final follow-up (p = 0.0001, Figure 1B). The cutoff value of Ratio MEP to predict the motor function of extremities at the final follow-up was 0.23 (sensitivity 100%, specificity 88%, positive predictive value 100%, and negative predictive value 88%).


[image: Figure 1]
FIGURE 1. (A) ROC curve between the Ratio motor-evoked potential (MEP) and the deterioration of the motor function of 46 extremities 2 weeks after surgery, (B) ROC curve between Ratio MEP and the deterioration of the motor function of 46 extremities at the final follow-up. ROC, receiver operating characteristic.




Representative Cases
 
Case 1

A 68-year-old man with ependymoma had been suffering from progressive paresthesia, fine movement disorder, reduction of grasping power of bilateral upper extremities, and gait disturbance for 2 months. Preoperative gadolinium (Gd)-enhanced T1-weighed image (T1WI) of magnetic resonance imaging (MRI) (Figures 2A,C) demonstrated intra-axial tumor of the cervical spine between C4 and C6. Preoperative T2-weighted image (T2WI) of MRI illustrated edema around the tumor ranging from C2 level and C6 level (Figure 2B). Gross total resection of the tumor was achieved through midline myelotomy by posterior approach (Figure 2D). The change in the amplitude of MEP of both upper and lower extremities (UE: upper extremity, LE: lower extremity) had ranged from 91 to 108% (Figure 2E). Postoperative Gd-enhanced T1WI of MRI (Figures 2F,G) showed gross total resection of the tumor.


[image: Figure 2]
FIGURE 2. (A) Sagittal image of preoperative Gd-enhanced T1WI of MRI, (B) the axial image of preoperative T2WI of MRI, (C) the axial image of preoperative Gd-enhanced T1WI of MRI, (D) intraoperative photograph of tumor resection through midline myelotomy by posterior approach, (E) Ratio motor-evoked potential (MEP) of both UE and LE ranged from 91 to 108%, (F) Sagittal image of postoperative Gd-enhanced T1WI of MRI, (G) the axial image of postoperative Gd-enhanced T1WI of MRI. Gd, gadolinium; TIWI, T1-weighted image; MRI, magnetic resonance imaging; T2WI, T2-weighted image; UE, upper extremity; LE, lower extremity.




Case 2

A 36-year-old man with a tumor with a neurenteric cyst had been suffering from right occipital pain for 6 months. Preoperative T1WI of magnetic MRI (Figures 3A–C) demonstrated an intra-axial tumor of the cervical spine at C2 without edema around the tumor. Gross total resection of the tumor was achieved by a posterior approach (Figure 3D). However, during dissection of the tumor, the amplitude of MEP of the right upper and right lower extremities suddenly reached down to 0 and 30% as compared to the initial value, respectively (Figure 4A). Postoperative T1WI of MRI (Figure 4B) showed gross total resection of tumor. Postoperative diffusion-weighted image (DWI) of MRI (Figure 4C) indicated the occurrence of acute ischemic stroke of the right cervical spinal cord. Postoperative fluid-attenuated inversion recovery image (FLAIR) of MRI (Figure 4D) also showed the occurrence of stroke. The patient exhibited right hemiparesis, right hypesthesia of deep sensation, left hypesthesia of superficial sensation, increased deep tendon reflex, and right ankle clonus (Brown-Sequard syndrome) after surgery.


[image: Figure 3]
FIGURE 3. (A) Sagittal image of preoperative T1WI of MRI, (B) the coronal image of preoperative T1WI of MRI, (C) the axial image of preoperative Gd-enhanced T1WI of MRI, (D) intraoperative photograph of tumor resection by posterior approach. TIWI, T1-weighted image; MRI, magnetic resonance imaging; T2WI, T2-weighted image, Gd, gadolinium.
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FIGURE 4. (A) Ratio motor-evoked potential (MEP) of right UE and right LE suddenly reached down to 0 and 30% compared to the initial value, (B) the sagittal image of postoperative T1WI of MRI, (C) the axial image of postoperative DWI of MRI, (D) the axial image of postoperative FLAIR of MRI. UE, upper extremity; LE, lower extremity; TIWI, T1-weighted image; MRI, magnetic resonance imaging; T2WI, T2-weighted image; DWI, diffusion-weighted imaging; FLAIR, fluid-attenuated inversion recovery.






DISCUSSION

Since IONM with TcMEP was more unstable or less available in spinal surgery than in brain surgery, multimodal IONM (mIONM) was introduced. mIONM with TcMEP and SEP was first applied to spinal surgery (19–21). The sensitivity and specificity of the mIONM in surgery for spinal deformity or EMSCT or EDSCT were relatively high (20) and were significantly related to the good McCormick scores at the final follow-up in surgery of IMSCT (22). However, the sensitivity and specificity regarding the deterioration of McCormick scores were 73 and 78%, which were still low (23). In surgery for 127 cauda equina tumors, the sensitivity of root injury by triggered electromyogram (tEMG) monitoring was also 37.5%. IONM with tEMG, TcMEP, and SEP might improve the accuracy of the prediction (24).

Sensory-evoked potential induced by direct spinal cord stimulation (Sp-SCEP) had developed as an alternative option of SEP. Sp-SCEP was safe, stable, and reliable monitoring and was easily combined with TcMEP (25–27). D-wave was the potential directly recorded from the spinal cord by the epidural electrode induced by transcranial stimulation and had also developed as a more stable option for TcMEP. In surgery of 57 IMSCTs, mIONM with TcMEP, SEP, and D-wave was the significant predictive factor of postoperative motor dysfunction (area under the curve (AUC) 0.98) and D-wave was more significant than Tc-MEP or SEP (28).

While MEP or D-wave was proved to be the most significant predictive factor of postoperative motor dysfunction, mIONM with TcMEP and Sp-SCEP was performed in our series instead of D-wave. D-wave could only evaluate the motor function and could not indicate the worsening side. While Sp-SCEP was stable in our series, it was not helpful to predict postoperative motor dysfunction.

In this study, deterioration of McCormick score at the final follow-up was significantly related to the length of peritumoral edema regardless of neither underlying disease, such as diabetes mellitus, nor the size or location of the tumors. Rajshekhar et al. conducted the prospective study and reported that preoperative neurological severity (Nurick grade), preoperative motor function, possible MEP monitoring were the most significant predictive factors for a favorable outcome at discharge (29). We could not show that Ratio MEP was significantly related to a favorable postoperative McCormick score probably because the number of patients in this study was quite small and we used McCormick score instead of Nurick grade. Some reported MEP monitoring could significantly improve McCormick's scores (21), others showed that MEP could increase the gross total resection rate but not affect postoperative McCormick score (12). It is still controversial whether MEP monitoring can significantly affect McCormick score at the final follow-up after spinal tumor surgery.

Park et al. examined the change of MEP on the deterioration of the motor function of 86 muscles in surgery of spinal ependymoma. When they used the cutoff ratio of 0.5, 97.4% of the muscles exhibiting postoperative weakness were recovered during the follow-up. They recommended all or none method of the cutoff value of zero in the evaluation of MEP (30). We performed a statistical analysis of the motor function of 46 muscles, Ratio MEP was the only significant negative factor predicting the deterioration at the final follow-up. In addition, ROC analysis revealed that Ratio MEP was significantly related to the deterioration at the final follow-up with the cutoff value of 0.23. By using this cutoff value, sensitivity, specificity, positive predictive value, and negative predictive value were 100, 88, 100, and 88%, respectively, which were quite high.

Muramoto et al. performed the same ROC analysis of 280 muscles in 37 patients who received surgery of intramedullary spinal tumor. This is the only study with a detailed ROC analysis to determine the cutoff value of MEP. Motor function of 51 muscles in 13 patients had deteriorated. Their estimated cutoff value of Ratio MEP was 0.12. Sensitivity, specificity, positive predictive value, and negative predictive value were 86, 74, 88, and 78%, which seemed lower than our study (31). While we used only one muscle at each extremity for MEP monitoring, they examined multiple muscles in each extremity. The difference in the results between the two studies might be caused by the difference in the way of MEP monitoring and of the number of muscles at one extremity. The cutoff value might be different depending on the institutions.

Milicevic examined the effect of IONM on the extent of tumor resection of 39 IMSCTs. Gross total resection was achieved in 89.7% but was not influenced by IONM (32). Cofano also reported that gross total resection was achieved in 84.3% of 249 IMSCTs and the use of IONM significantly affected the clinical condition at follow-up but not at discharge. However, the extent of resection was not associated with the use of IONM (33). van der Wal examined the effect of IONM for surgery of 78 EMSCTs. Total resection was achieved in 70.5% and mIONM with TcMEP and SEP yielded high to perfect sensitivity and high specificity for prediction of the deterioration of McCormick scores. van der Wal also mentioned that monitoring did not always determine the extent of resection because of surgeons' overruling of IONM. When the signal of IONM decreases, the surgeon temporarily stops resecting but usually proceeds resection with more caution or changes the dissecting plane (23). The resection strategy also depends on the nature of the tumor (23). In surgery for 500 IMSCTs, complete resection could be achieved in 77.2% of defined tumors and 41.7% of diffuse tumors even by the implementation of IONM with MEP (13).

In this study, we achieved gross total resection in 13 of 14 patients. In Case 2, MEP of the right upper and right lower extremities almost disappeared just after the dural incision. The tumor was tightly adhered to the spinal cord. In spite that Ratio MEP of this patient reached less than 0.23, we continued tumor resection to achieve subtotal resection. MEP did not recover until the end of the surgery. The patient showed left hemiparesis and hemihypesthesia but recovered to be able to walk and returned to work. However, the ratio of Sp-SCEP was also reduced to 0.33 in this case. If both of mIONM waned about postoperative deterioration, we might stop resection, especially in surgery of diffuse, malignant tumor, or tumor with severe adhesion.



CONCLUSIONS

Ratio MEP was the most significant negative factor that predicts deterioration of motor weakness at spinal tumor surgery. The setting of the cutoff value should be more strict as compared to the brain surgery and might be different depending on the institutions. If both of mIONMs waned about postoperative deterioration, we might stop resection, especially in surgery of diffuse, malignant tumor, or tumor with severe adhesion.
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Objective: To investigate the clinical outcome data and difference in efficacy between paraspinal mini-tubular lumbar decompression (PMTD) and minimally invasive transforaminal lumbar interbody fusion (MIS TLIF) in the treatment of degenerative lumbar spondylolisthesis grade I with lumbar spinal stenosis (DLS-I-LSS).



Methods: Patients with DLS-I-LSS, who underwent PMTD or MIS TLIF from September 2017 to March 2020, were included retrospectively. The follow-up period was 24 months after surgery. Outcome measurements included the Oswestry disability index (ODI) score, visual analog scale (VAS) low back pain score, VAS leg pain score, surgical data, and adverse events.



Results: A total of 104 patients with DLS-I-LSS were included in this study. The average improvement in ODI at 12 months (2.0%, 95% CI, −5.7% to 1.8%; p = 0.30) and 24 months (1.7%, 95% CI, −2.7% to 6.1%; p = 0.45) after surgery between the two groups were not statistically significant. The improvement in VAS low back pain score after 24 months and improvement in VAS leg pain score were not significantly different between the two groups. Compared with the PMTD group, the MIS TLIF group had more estimated blood loss and longer hospital stays. The cumulative reoperation rates were 5.66% and 1.96% in the MIS TLIF and PMTD groups, respectively (p = 0.68). The results of multivariate analysis showed that BMI, diabetes, and baseline ODI score were the main factors influencing the improvement in ODI in patients with DLS-I-LSS after minimally invasive surgery, accounting for 50.5% of the total variance.



Conclusions: The clinical effectiveness of PMTD was non-inferior to that of MIS TLIF for DLS-I-LSS; however, there was a reduced duration of hospital stay, operation time, blood loss, and hospitalization costs in the PMTD group. BMI, presence or absence of diabetes and baseline ODI score were influencing factors for the improvement of ODI (Trial Registration: ChiCTR2000040025).
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INTRODUCTION

Degenerative lumbar spondylolisthesis (DLS) is a spine disease that results in lower back pain (1–3). Patients with symptomatic lumbar spondylolisthesis may begin with conservative treatment strategies and physical rehabilitation training, including constrained motion, epidural steroid injection, and electrophotoluminescence (4–7). Surgical management is recommended in patients who fail conservative treatment strategies (6, 8). Decompression or decompression with fusion are the two main surgical options for DLS (9, 10). Recent evidence suggests that surgical treatment for DLS is superior to nonsurgical treatment (11, 12).

The main goal of surgery is to decompress the central canal, lateral recess, and nerve foramen for lumbar spinal stenosis associated with DLS (4). At present, whether additional internal fixation fusion should be performed after decompression in patients with degenerative lumbar spondylolisthesis grade I with lumbar spinal stenosis (DLS-I-LSS) remains controversial. In 2016, two prospective randomized controlled clinical studies of DLS-I-LSS were published in the New England Journal of Medicine. Forsh et al. (13) found that the effect of decompression with fusion was not better than that of decompression alone. However, Ghogawala et al. (14) indicated that decompression with fusion was superior to decompression alone. After combining the results of the two studies, decompression alone in the treatment of DLS-I-LSS may be as effective as decompression with fusion. At present, the most common surgical approach for lumbar spinal decompression is posterior midline laminectomy assisted microscopically (15).

In 1997, Foley and Smith independently reported the first microendoscopic discectomy (16). In 2002, Greiner-Perth et al. (17) reported the use of a microscope in combination with a channel system to address two-dimensional visual fields for the treatment of lumbar disc herniation (LDH). In China, Chunmei et al. (18, 19) were the first to combine a microscope with a microtube working system using a paraspinal approach to achieve bilateral decompression via a unilateral approach. Thus, the efficacy and safety of paraspinal mini-tubular lumbar decompression (PMTD) for the treatment of lumbar spinal stenosis were verified. Compared with the traditional posterior midline approach for spinal decompression, the surgical approach of PMTD is a paravertebral interlaminar approach, which preserves the integrity of the spinal muscles and ligaments based on expansion and blunt muscle separation. Therefore, PMTD has the potential to be as effective as decompression with fusion for patients with DLS-I-LSS (20).

Transforaminal lumbar interbody fusion (TLIF) is the most commonly used surgical procedure for nerve decompression and bone stabilization (21–24). Minimally invasive transforaminal lumbar interbody fusion (MIS TLIF) may result in spinal cord decompression and intervertebral fusion based on a mini-tubular approach and percutaneous pedicle screw placement (25–28).

At present, PMTD and MIS-TLF have been widely used for the treatment of DLS-I-LSS (29, 30). However, differences in efficacy and safety between the two surgical procedures have not been reported. This ambidirectional cohort study aimed to investigate the difference between PMTD and MIS TLIF in the treatment of DLS-I-LSS.



MATERIALS AND METHODS


Patient Population

This ambidirectional cohort study was conducted at Fujian Medical University Union Hospital. After obtaining approval from the ethics board at Fujian Medical University Union Hospital (Ethics Approval Number, 2020KY0134) and registering the study at the Chinese Clinical Trial Registry (Clinical Study Registration Number, http://www.chictr.org.cn/, ChiCTR2000040025), we reviewed all patients with DLS-I-LSS who received PMTD or MIS TLIF performed by a spine neurosurgeon from September 2017 to March 2020. The Strengthening the Reporting of Observational Studies in Epidemiology (STROBE) recommendations were strictly followed in the reporting of this comparative study (31). The diagnostic criteria were as follows: (1) typical clinical manifestations: low back pain, leg pain, and intermittent claudication; (2) lumbar radiographs indicated grade I lumbar spondylolisthesis (according to the Meyerding classification (32)); (3) lumbar spondylolisthesis and lumbar spinal stenosis were confirmed by MRI and CT in all patients, and the stenosis location was consistent with the corresponding neurological symptoms. The inclusion and exclusion criteria are listed in Table 1.


TABLE 1. Inclusive and exclusive criteria.

[image: Table 1]

Patients were allocated to the PMTD or MIS TLIF group according to the actual conditions of the surgical procedure.



Intervention: PMTD

After the target segment was located based on intraoperative fluoroscopy, a paraspinal incision (1.5–1.8 cm) was made, and the subcutaneous tissue and fascia were cut separately. The trocar and sequential tubular retractors will be placed paraspinally, under fluoroscopic control. The soft tissue on the surface of the lamina was bluntly separated step by step, and the lower margin of the lamina and spinous processes on the affected side of the upper vertebral body of the target segment was removed using a microdrill. After the ligamentum flavum was resected, the dura was fully exposed, and ipsilateral and contralateral decompression was performed (Figures 1A–1D). If necessary, the protruding or prolapsed nucleus pulposus tissue and some intervertebral nucleus pulposus were removed.


[image: Figure 1]
FIGURE 1. Comparison of PMTD and MIS TLIF Techniques. PMTD: (A) insertion of a nerve hook to start dissection of the ligamentum flavum (LF). (B) completing the ipsilateral decompression. (C,D) a complete removal of the LF is achieved and the dura is safely exposed. The contralateral exiting and traversing nerve roots may also be exposed if necessary. MIS TLIF: (E,F) an L4–5 MIS TLIF, a surgical option that includes a fusion procedure in addition to decompression.




Intervention: MIS TLIF

With fluoroscopic assistance, blunt separation was performed to expose the lamina and facet joints through the Wiltse space (33). The paraspinal tubular retractors were inserted, with the assistance of a microscope, the intervertebral disc tissue was fully processed, the osteophytes and hyperplasia soft tissue lesions of nerve compression were completely removed, the nerve root canal and lateral fossa were further expanded, and the compressors causing nerve root compression were completely removed. A similar procedure was performed on the other side if the same compression existed. An autologous bone fragment and an appropriate cage fusion device were implanted into the intervertebral space (Figures 1E,F).



Outcome Measurement and Data Collection

Baseline information including sex, age, body mass index (BMI), comorbidities, ASA grade (34), target segment, clinical performance, duration of symptoms, relative slip distance of the vertebral body, preoperative Oswestry disability index (ODI) (35), and preoperative visual analog scale (VAS) (36) of the back and leg were collected to compare the baseline consistency between the two groups. The baseline and postoperative ODI, and baseline and postoperative VAS scores at 12 and 24 months were collected to compare the clinical efficacy. The VAS difference (i.e., ΔVAS) means the pre-operative VAS scores minus the final VAS scores. And The ODI difference (i.e., ΔODI) means the pre-operative ODI scores minus the final ODI scores. Surgical time, blood loss, length of incision, duration of hospital stay, hospitalization costs, incision infection, healing of operative incision, reoperation, and postoperative lumbar instability were used to compare clinical safety. Lumbar stability was defined postoperative hyperextension and flexion radiographs showed an angle difference of less than 10° between the upper and lower endplates of the affected segments or a transitional distance of less than 3 mm between the vertebral bodies.



Statistical Analysis

Continuous variables are represented as mean ± standard deviation, and binomial distribution variables are expressed by frequency. An independent sample t-test was used to compare two sets of data that followed a normal distribution; otherwise, the Wilcoxon rank-sum test was used. Counting data were examined and analyzed using Chi-square nonparametric analysis. A p-value <0.05 indicated that the difference was statistically significant. For multivariate analyses, multivariate linear regression models were fitted for changes in ODI scores at 24 months (i.e., 24-month value - baseline value). All data were analyzed using SPSS 22.0.



Sample Size

For the primary outcome, choosing a 5% noninferiority margin, a type 1 error of 0.05, and power of 0.80 gave a total sample size of 94 (20).



Patient and Public Involvement

It was not appropriate or possible to involve patients or the public in the design, or conduct, or reporting, or dissemination plans of our research.




RESULTS

A total of 104 patients with DLS-I-LSS were included in this study after screening based on inclusion and exclusion criteria. Fifty-three patients underwent PMTD, while the others underwent MIS TLIF. Figure 2 shows a flow chart of this study. The clinical data of patients who underwent PMTD or MIS TLIF for DLS-I-LSS were retrospectively collected at 12 months and prospectively collected at 12 to 24 months. The characteristics of the patients in the PMTD and MIS TLIF groups are shown in Table 2. There was a comparable equilibrium between the two groups (p > 0.05).


[image: Figure 2]
FIGURE 2. Study Flowchart.



TABLE 2. Baseline characteristics of the patients.

[image: Table 2]


Oswestry Disability Index

In terms of ODI score, compared with PMTD (mean [SD] %, 45.73 [9.08]%), the ΔODI score of the MIS TLIF group at 12 months was 47.68 [10.13]%. The ΔODI score was 47.93 [10.52]% in the PMTD and 46.26 [10.05]% in the MIS TLIF group at 24 months. No significant differences were observed between the two groups at 12 months (PMTD minus MIS TLIF, 2.0%, 95% CI, −5.7% to 1.8%; p = 0.30) and 24 months (PMTD minus MIS TLIF, 1.7%, 95% CI, −2.7% to 6.1%; p = 0.45, Table 3). The postoperative ODI scores of both PMTD and MIS TLIF were significantly better than those before surgery (p = 0.001, Figure 3A).


[image: Figure 3]
FIGURE 3. Preoperation, 12-month, and 24-month ODI and VAS following surgery for DLS-I-LSS. (A) Average ODI at preoperation, 12 months, and 24 months following surgery, by cohort. (B) Average VAS low back pain scores at preoperation, 12 months, and 24 months following surgery, by cohort. (C) Average VAS leg pain scores at preoperation, 12 months, and 24 months following surgery, by cohort. For both cohorts there were statistically significant improvements at 12 and 24-month follow-up, relative to preoperation, for ODI, VAS low back pain and VAS leg pain (p < 0.001, all comparisons).



TABLE 3. Changes in ODI score and VAS score from baseline.
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Visual Analog Scale

In terms of the ΔVAS lower back pain score at 12 months after surgery, there was no statistically significant difference between the two groups (PMTD minus MIS TLIF, −0.3 cm, 95% CI, −1.3 cm to 0.6 cm; p = 0.48; Table 3). Considering the ΔVAS lower back pain score at 24 months, the statistical analysis results showed no significant difference (PMTD minus MIS TLIF, −0.3 cm, 95% CI, −1.4 cm to 0.7 cm; p = 0.55; Table 3). The postoperative VAS lower back pain scores of both PMTD and MIS TLIF were significantly better than those before surgery (p = 0.001, Figure 3B). Regarding the ΔVAS leg pain score at 12 months (PMTD minus MIS TLIF, −0.8 cm, 95% CI, −1.7 cm to 0.05 cm; p = 0.06; Table 3) and 24 months (PMTD minus MIS TLIF, −0.3 cm, 95% CI, −1.4 cm to 0.7 cm; p = 0.55), statistically significant differences were not observed. The postoperative VAS leg pain scores of both PMTD and MIS TLIF were significantly better than those before surgery (p = 0.001, Figure 3C).



Surgery Data and Adverse Events

All patients underwent surgery successfully without massive hemorrhage, dural tear, shock, or anesthesia accident during the operation. The operation time (PMTD minus MIS TLIF, −105.5 min, 95% CI, −129.6 min to −81.5 min; p = 0.001; Table 4), estimated blood loss (−60.2 ml, 95% CI, −76.1 ml to −44.4 ml; p = 0.001), length of incision (−4.6 cm, 95% −4.7 cm to −4.5 cm; p < 0.001), duration of hospital stay (−4.4 days, 95% CI, −6.0 days to −2.8 days; p < 0.001), and hospitalization costs (−33476.0 yuan, 95% CI, −36266.1 yuan to −30685.8 yuan; p < 0.001) in the MIS TLIF group were higher than those in the PMTD group, and the differences between the two groups were statistically significant. The adverse events were observed in the follow-up period, including incision infection, operative incision of healing, reoperation and lumbar instability. There were no statistically significant differences between two groups (p > 0.05, Table 4). The cumulative reoperation rates were 5.66% and 1.96% in the MIS TLIF and PMTD groups, respectively (p = 0.68).


TABLE 4. Surgery data and adverse events.
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Multivariate Analysis

We incorporated surgery types, BMI, diabetes mellitus, degree of vertebral slip, and baseline ODI score into the multivariate analysis model to identify the prognostic factors affecting the efficacy of minimally invasive surgery. According to the multivariate model, BMI (β = −0.96, 95% CI, −1.4 to −0.48; p < 0.001), diabetes mellitus (β = −6.9, 95% CI, −12.7 to −1.0; p = 0.022), and baseline ODI score (β = 0.99, 95% CI, 0.75 to 1.2; p < 0.001) were the predictors of ΔODI score for DLS-I-LSS at 24 months after MISS (Table 5). The model with these three variables correctly predicted the response in 50.5% of patients.


TABLE 5. Significant predictors of 24-month ΔODI score for DLS-I-LSS.a
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DISCUSSION

It is now generally believed that lumbar spinal canal decompression and fusion treatment should be used when mobile DLS causes lumbar spine instability and lower back pain (37–39). Controversies remain regarding the surgical treatment of inactive DLS. Studies have shown that pure lumbar laminectomy may destroy the stability of the lumbar spine (40–42). However, with the development of minimally invasive spine surgery, PMTD technology has been used to treat spinal diseases such as LDH and LSS (18, 19). One of the problems that this study attempts to solve is the pros and cons of minimally invasive lumbar spinal canal decompression technology (i.e., PMTD) and minimally invasive lumbar fusion technology (i.e., MIS TLIF) in the treatment of inactive DLS-I-LSS. This cohort study included 104 patients with DLS-I-LSS to compare the efficacy and safety of PMTD and MIS TLIF. It involves the postoperative ODI score, VAS low back pain score, VAS leg pain score, surgical data, adverse events, and other key outcome indicators.

The VAS was used to assess the degree of lower back pain and leg pain before and after surgery to measure the degree of pain improvement. There was no significant difference in the ΔVAS score of leg pain and ΔVAS score of lower back pain between the PMTD and MIS-TLIF groups at 1 and 2 years after the operation. Therefore, the effects of PMTD technology and MIS-TLIF technology in improving patients with lower back and leg pain are similar. The results of Chan et al. also suggest that microdecompression and decompression plus fuison have similar effects in improving leg pain, while their results suggest that MIS-TLIF technology is better than PMTD technology in improving lower back pain (29). However, in a study by Chan et al. (29), the baseline characteristics of the population between the MIS decompression group and the MIS-TLIF group were inconsistent, which may be one of the reasons for the difference in results. In addition, Liang et al. (43) conducted a meta-analysis study, which included four randomized controlled trials and 13 observational studies, comparing the clinical efficacy of decompression fusion and simple decompression in the treatment of degenerative lumbar spondylolisthesis. The results showed that there was no significant correlation between fusion and improvement in the patients’ postoperative lower back pain VAS score and postoperative ODI score. The results of this study also showed that there was no statistically significant difference in ΔODI scores between the PMTD and MIS-TLIF groups at 1 year and 2 years after the operation. Therefore, compared with PMTD, MIS TLIF cannot improve the clinical benefit of patients’ symptoms and functional status within 2 years after surgery. In addition, the results of multiple linear regression analysis suggested that BMI, diabetes, and baseline ODI score were the main factors affecting the ΔODI score at 2 years after surgery. The lower ΔODI score in diabetic patients 2 years after surgery may be due to the overlap of the clinical manifestations of peripheral neuropathy and the symptoms of lumbar spondylosis, which reduces the recovery ability of nerve roots after surgery (44–46). Patients with a high BMI had a low degree of postoperative ODI improvement. The randomized controlled spine patient prognosis study trial (SPORT) showed that compared with non-obese patients, the improvement in postoperative ODI score of obese patients was significantly smaller (47). Patients with poor ODI scores at baseline will have the opportunity to achieve the greatest improvement after surgery, because patients with better functional status before surgery may be more susceptible to floor and ceiling effects (48).

Compared with the MIS-TLIF group, the PMTD group had a significantly shorter operation time, less intraoperative blood loss, smaller surgical incisions, shorter postoperative hospital stay, and lower total hospitalization costs. These results are consistent with conclusions of previous research (29, 49, 50). This is because the MIS-TLIF technology requires multiple paravertebral incisions to successfully insert the pedicle screw and bone graft fusion cage; therefore, the surgical incision is large, the amount of bleeding is large, and the fusion and internal fixation materials are involved, resulting in a significant increase in the cost incurred. In the PMTD group, there were three cases of lumbar spine instability occurring within 2 years after surgery and the patients returned to the hospital for internal fixation (one case had a lamina rupture due to a fall, and two cases were caused by a lamina fracture due to weight-bearing during the postoperative recovery period), and one case in the MIS TLIF group (adjacent segment degeneration). However, there was no significant difference in the cumulative reoperation rates between the two groups. Studies have reported that traditional decompression surgery alone has a significantly higher operation rate compared to the fusion group (14). Yavin et al. carried out a meta-analysis and found that there was a correlation between reoperative risk and fusion, which suggested careful patient selection is required (51). Compared with traditional decompression surgery, PMTD uses a paravertebral approach to bluntly separate the muscles, preserve the midline ligaments, and reduce muscle damage, which may reduce reoperation due to instability. Regarding the comparison of incision infection rate, fat liquefaction rate, and postoperative lumbar instability rate, the results were similar between PMTD and MIS TLIF. Based on the analysis of results of all the outcome indicators, the PMTD technique for the treatment of DLS-I-LSS can achieve curative effects similar to those of the MIS-TLIF technique, but it also has the advantages of low cost, short operation time, and a small incision. Therefore, PMTD technology has the potential to become a routine choice for the treatment of DLS-I-LSS.



STUDY LIMITATIONS

This study analyzed in detail the clinical results of PMTD and MIS TLIF in the treatment of DLS-I-LSS, but there are still several limitations. (1) Although there was no significant difference in the baseline characteristics of patients between the PMTD group and the MIS-TLIF group, the study was a retrospective cohort study with a low level of evidence; (2) Although follow-ups were carried out for 1 and 2 years after the operation, the early follow-up data of the patients were missing, and early evaluation of the efficacy between the two groups could not be carried out; (3) Unlike MIS-TLIF, PMTD is a non-fusion technique. There are differences in the focus of the two techniques. Although the results of this study demonstrated that there was no significant difference between the groups two years after surgery, the comparison lacks rigor to some extent because longer follow-up results should be proposed in the future to demonstrate the applicability of the two techniques; (4) although both the PMTD and MIS-TLIF groups were quantitatively evaluated for pain and function, they did not evaluate outcomes such as satisfaction and quality of life. Therefore, to further verify the conclusions of the study, we conducted a multicenter prospective randomized controlled study (ChiCTR2100047365) to comprehensively assess patients’ early and long-term postoperative pain, functional status, quality of life, and other outcome indicators.



CONCLUSION

Compared with MIS TLIF, PMTD in the treatment of patients with DLS-I-LSS showed no statistically significant differences in ODI improvement, VAS score for low back pain improvement, VAS score for leg pain improvement, and adverse event rates at 2 years after surgery; however, there was a shorter duration of hospital stay, shorter operation time, less blood loss, and lower hospitalization costs. BMI, presence or absence of diabetes, and baseline ODI score were the main influencing factors for the improvement of ODI in patients with DLS-I-LSS after minimally invasive surgery. The less extensive and less expensive treatment may be the primary surgical choice for most patients with DLS-I-LSS.
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Interbody fusion is the gold standard surgery to treat lumbar disc degeneration disease but can be a high-risk procedure in elderly and polymorbid patients. Percutaneous Cement Discoplasty (PCD) is a minimally invasive technique developed to treat advanced stage of disc degeneration exhibiting a vacuum phenomenon. A patient-specific stand-alone spacer is created by filling the disc with polymethylmethacrylate cement, allowing to recover the disc height and improve the patient’s conditions. As it has recently been introduced in the lumbar spine, this review aims to present a transversal state-of-the-art of the surgery from its clinical practice and outcome to biomechanical and engineering topics. The literature was searched across multiple databases using predefined keywords over no limited period of time. Papers about vertebroplasty were excluded. Among 466 identified papers, the relevant ones included twelve clinical papers reporting the variations of the surgical technique, follow-up and complications, four papers reporting biomechanical ex vivo and numerical tests, and four letters related to published clinical papers. Papers presenting the operative practice are reported, as well as follow-ups up to four years. The papers found, consistently reported that PCD significantly improved the clinical status of the patients and maintained it after two years. Spine alignment was impacted by PCD: the sacral slope was significantly reduced, and disc height increased. The foramen opening correlated to the volume of injected cement. Substitutes to the acrylic cement exhibited better osteointegration and mechanical properties closer to bone tissue. Finally, limitations and risks of the surgery are discussed as well as potential improvements such as the development of new filling materials with better mechanical properties and biological integration or the investigation of the inner disc.
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INTRODUCTION

The ageing of the global population due to the increase of life expectancy directly increases the prevalence of spine disease and in particular degeneration of the lumbar Intervertebral Disc (IVD) (1). With time, the IVD water content decreases leading to tissue breakdown and to loss of disc height (2). Consequently, the foramen space between adjacent lumbar vertebrae is reduced, creating neural stenosis and inducing low back pain in some cases (3). In the most extreme degrees of disc degeneration, the nucleus is replaced by a vacuum phenomenon (VP), creating a large instability of the spine segment and extreme compression of the nerves (4).

Lumbar IVD degeneration treatments range from physiological exercises to surgical procedure. Depending on the stage of the disease, the invasiveness level of the treatment strategy varies. At an early stage, conservative management is prioritized. In this case, restorative, reconstructive or disc replacement strategies are applied: a review on this topic has recently been published (5). The most common surgical solution, with the longest follow up is interbody fusion, requiring insertion of a cage and bone graft combined to posterior fixations to restore the intervertebral height and stabilize the spine. Pain-relieving injections and molecular treatments such as cell, growth factor, and gene therapies (6) have been developed to handle early stages of the degenerative process. Reconstructive strategies include percutaneous techniques for decompression and biomaterial implantation (7). Finally, for advanced degeneration, total disc arthroplasty and particularly rigid fusion are favoured (8). This late surgical technique is a long surgical procedure requiring a general anaesthesia and a long recovery. It is also associated with high risks of bleeding and complications. Therefore, it can be contraindicated for elderly and polymorbid patients. For those unsuitable patients, the absence of efficient treatment led to the development of minimally invasive technique called Percutaneous Cement Discoplasty (PCD) (9).

PCD is dedicated to treat patients with advanced disc degeneration exhibiting a VP. The procedure consists in the injection of an acrylic cement within the disc to fully fill the cavity. The cement mass then acts as a stand-alone implant, restoring the disc height.

Historically, a similar technique has been implemented in the cervical spine as an alternative to interbody fusion cages for spine segment stabilization. Injection of bone cement in the disc was introduced in the Eighties by Roosen (10). The technique was then replicated in vivo (11, 12) and in vitro (13–15) to investigate the surgical outcome and biomechanical consequences of such a treatment on the cervical spine in comparison to spacer. It was found that acrylic cement stabilized the spine similarly to other cages (11, 12, 15), but showed a lower subsidence in adjacent vertebrae (13, 14).

Thus, PCD is considered as a promising technique for spinal repair. However, the knowledge around the surgery and its consequences on the lumbar spine is still under investigation. Papers have been recently published on several aspects of PCD, from clinical cohort papers to engineering papers on biomechanics and biomaterials.

This review aims to present the various research areas related to PCD to provide a clear view of the progresses and needs in this field. The review aimed to assess of the efficiency of this technique in terms of clinical outcome for the patient, but also in terms of objective parameters such as spinal behaviour and spine stability.



METHODS


Search Strategy

This review includes papers of all types from articles to letters to the editor in peer-reviewed journals. No single study design was specified since the review aimed to collect all PCD-related publications. No time frame was defined although first publications mentioning PCD were published in 1982 and reporting lumbar PCD in 2015. Only peer-reviewed publications with an English version were considered.

The review established a state-of-the-art about PCD. Therefore, the inclusion criteria rather targeted the qualificatives of PCD to ensure both quantitative and qualitative papers to be retrieved. The review focused on surgical practices applied on the intervertebral discs of the thoracolumbar spine and consisting of injecting acrylic bone cement within a disc presenting a vacuum phenomenon. Papers about vertebroplasty were excluded as well as surgeries which fixed the spinal posterior elements.

The search was performed on the electronic databases PubMed and Scopus. Additionally, the references of the screened papers were reviewed to search potential related studies (Figure 1).


[image: Figure 1]
FIGURE 1. Workflow of the search strategy.


The papers collected from the databases were checked for duplicates. A first screening was based on the titles and abstracts of the papers, to ensure that the papers indeed focused on the intended topic and was not picked erroneously. The final eligibility of the papers was based on the full text content to fully assess all criteria. This process was initially performed by one author, but the results were approved by the others. Among the eligible papers, separation was performed between qualitative papers assessing the characteristics of the surgery and its consequences, and papers including quantitative evaluation of PCD outcome.



Data Collection Process

Qualitative and quantitative data were then extracted from the papers using a form established by the authors to assess the quality of the papers and their content. The variables sought in all papers were:


	Type of the study (cohort/retrospective/prospective/in vitro/numerical)

	Presence and clarity of the inclusion criteria of specimens/patients in the study

	Presence and clarity of the exclusion criteria of specimens/patients from the study

	Presence of comparison between groups of persons/patients undergoing two different treatments



As the review covered various types of papers from clinical to biomechanical papers, additional variables were investigated, most being suitable for the majority of the papers:


	Presence and duration of a follow-up

	Period of the study

	Number of persons in the cohort/specimens

	Inclusion/exclusion criteria for the persons/specimens

	Variables observed and corresponding parameters measured

	Frequency of measurement

	Nature of the parameters’ outcome (index, scale, cases)

	Presentation of the operative technique

	Monitoring of the surgery

	Surgical approach chosen

	Use of preliminary medium to assess the volume of cement to inject

	Volume of cement injected

	Duration of the surgery

	Discharge of the patients

	Post-operative treatment/recommendation

	Presence of case presentation

	Complications/limitations



In particular, the review investigated patient outcomes, the operative technique, and potential risks induced by PCD on the spine depending on the type of article collected. For that, a particular interest was brought to:


	Patient self-reported pain, mobility, etc.

	Patient mobility assessed objectively

	Spinal alignment

	Mechanical behaviour of spine

	Disc height/foramen size changes

	Complications/risks



Risk of bias was also verified both at the study level (related to funding for instance) and at the outcome levels. Among the practices recommended to decrease the risk of bias, one can mention the use of an independent observer or a double-blind, the repeatability of measurements, the reproducibility of the measurements by two operators. Conversely, self-reporting of the patient pain would represent subjective results although it is a crucial tool in clinics. This review did not aim to hierarchize some results over others, but to make the reader aware of potential weaknesses and limitations of the available data. Each field of research has its own tools which fill the field needs and complete each other.

Qualitative data were reported, gathering into groups the papers presenting similar values. For quantitative parameters, the mean values reported in each paper were compared using the same scale. To quantify patient’s quality of life and pain, Oswestry Disability Index (ODI) and Visual Analogue Scale (VAS) scores are reported using the standard scale from 0 to 100. Spine alignment and stability will be quantified by anatomical parameters in terms of angles and distances.




RESULTS


Results of the Literature Search Process

The search on PubMed and Scopus with the keywords stated above (Figure 1) resulted in respectively 32 and 432 papers of all types. In addition, a study conducted by our group and currently in submission was included to the published papers. Reviewing the references of these papers, one more publication was included in the panel. The first screening of the abstracts and titles provided 27 eligible papers. The full-text reading established that 20 publications were qualified for this review on PCD, all written after 2015. Among them, 15 were identified as journal articles covering both clinical and biomechanical investigations, and 5 as letters to the editors commenting some published articles.

The articles found included four prospective studies (9, 16–18), one case study (19), two diagnostic studies (20, 21), five retrospective studies (22–26), four biomechanical studies whose only three published (27–29). The four remaining publications were correspondence to the Editor articulated around two distinct conversations. Following the case study presented by Sola et al., a first letter to the editor was written by Wang et al. to require more details about the operative technique and the outcome (30). The content of the answers from Camino-Willhuber and Sola was published in another letter (31). Additionally, Lazary commented on Sola et al.’s case study, questioning the need of intraoperative neurophysiological monitoring (32). Camino-Willhuber et al. explained their use of the technique with regards to their own surgical experience (33).

Except for the case study, the diagnostic studies, and the letters, all papers provided quantitative data tackling the patient outcome and/or biomechanical parameters. All papers acknowledged their risks of bias and tried to mitigate them.

One must note that the term Percutaneous Cement Discoplasty was not universally used in the literature. Yamada et al. reported the surgical technique in their two papers under the name percutaneous intervertebral-vacuum polymethylmethacrylate injection (PIPI) while Tian et al. used the term percutaneous disc cementoplasty (PDCP). In this review, the surgical technique is named after the most common term: percutaneous cement discoplasty (PCD, n = 16 hits in total) rather than PIPI (n = 2 hits) or PDCP (n = 2 hits).

Among the recorded 20 publications, eight papers included a follow-up involving the recruitment of human participants. Yamada et al. compared groups undergoing PCD to other treatments, whereas the others focused on a preop/postop comparison. For in vivo papers, the selection process of the participants was explicitly detailed in the text at minimum, with additional scheme to summarize in Yamada et al. and Kiss et al. papers.

This review gathers all publications linked to PCD, whether they covered the patient outcome or the operative technique. Data collected in vivo and in vitro are presented separately below. A summary table of the literature results is available in a Figshare file (https://doi.org/10.6084/m9.figshare.19375604).



Operative Technique


Chronological Presentation of PCD Technique

Sixteen publications tackled PCD applied to patients, from the surgical planning to the operative technique itself, and covering the patient outcome. Historically, cement injection in the IVD was primarily introduced to stabilize the cervical spine (10, 15). In 2015, Varga et al. presented the operative technique applied for the first time to the lumbar spine (9), followed in 2018 by Sola et al. (19). Two papers presented case studies (9, 19). Camino-Willhuber et al. focused on the development of a methodology to fine-tune the diagnosis of cases requiring PCD as a treatment (20). Eltes et al. developed a methodology to quantitatively evaluate the impact of the surgery on patient anatomy using medical imaging (21). Finally, ten papers included a follow-up of the patients (9, 16–18, 21–26). While Kiss et al. and Varga et al. (9, 16) investigated PCD as treatment of disc degeneration to restore vertical stability, Yamada et al. applied PCD to specifically treat scoliosis resulting from disc degeneration (17, 18). The paper compared the clinical outcomes of two groups: patients treated with PCD, and patients treated with physiotherapy. Camino-Willhuber et al. addressed the matter by comparing the treatment outcome in patients with and without degenerative scoliosis (22). Another paper by Camino-Willhuber et al. compared the PCD outcome between three groups of patients depending on their previous spine surgical history at the treated level (24). Finally, Tian et al. reported using PCD after percutaneous lumbar discectomy to treat lumbar disc herniation in two papers (25, 26). One must note that these papers differ in terms of indications of PCD: contrary to the original paper recommendation (9), PCD aimed there to treat a spinal condition unrelated to disc degeneration disease.



Surgical Planning

All authors except Tian et al. defined the same indications for surgery as introduced by Varga et al. As a minimally invasive surgery, PCD is mainly intended to treat patients not suitable for an open surgery. Eligible patients suffer from a Disc Degeneration Disease in an advanced stage (Pfirrmann’s grade V) resulting into a VP due to the disappearance of nucleus pulposus. Evidence of foraminal stenosis directly inducing back pain is also an indication, and specifically when pain increases with standing activity and is relieved after resting (https://doi.org/10.6084/m9.figshare.19375604).

Pfirrmann’s scale evaluates the intervertebral disc degeneration stage; however PCD principally depends on VP and the surrounding tissue state. For this reason, surgery planning was refined to identify patients having the most suitable pathological condition of the disc and the endplates (20). A new classification of VP, established from Computed Tomography scans, identified four levels of VP based on the rate intervertebral vacuum/disc tissue and two sub-levels depending on the presence of subchondral stenosis. Camino-Willhuber et al. suggested that PCD should be only recommended for partial or complete VP, to reduce the risks of disc protrusions during acrylic cement injection. Additionally, the presence of subchondral stenosis would limit risks of adjacent fractures, in particular in osteoporotic patients.

Some contraindications were presented by Sola (19):


	Severe osteoporosis could jeopardize the integrity of the vertebral bodies after the surgery. Following Wang’s letter to the editor (30), Camino-Willhuber and Sola specified that no direct measure of lumbar osteoporosis was used as a threshold to discriminate patients suitable for PCD (31). However, patients with a T-score lower than −2.5 at the hip, or history of bone fracture were referred to endocrinologist for anti-osteoporosis treatment. In their papers, Yamada et al. defined a bone density threshold of 70% of the young adult mean measured by dual-energy x-ray absorptiometry, under which the surgery was not recommended.

	Severe deformity of the spine would exclude patients from receiving PCD. Indeed, although this surgery demonstrated a stabilizing effect on the spine in case of degenerative scoliosis, PCD does not aim to correct severe deformities (31).

	Evidence of tumours, metastases, or infections at the corresponding spine levels.

	Obesity is a limiting factor because it reduces the quality of the fluoroscopy monitoring required during the surgery



Tian et al. presented a different use of PCD (25, 26). In their papers, the combination of percutaneous discectomy and PCD was studied as a treatment to lumbar herniation with endplate osteochondritis. Because percutaneous discectomy alone cannot treat the late condition, PCD was performed as a second step of the surgical treatment. Hence, the recruitment of patients in these studies differed from the criteria above. Eligible patients demonstrated neurological signs related to disc migration with endplate osteochondritis, contained disc protrusion with Modic type I changes of the endplate bone marrow, had no history of surgery at the disc level, and were above 60 years old. Patients were also included after at least 6 weeks of unsuccessful conservative treatment. Similarly, patients were excluded in case of spinal nervous canal stenosis (grades 2 and 3 of Lee et al. (34) and Bartynski and Lin (35) classifications), sequestered disc below or above the centre of the pedicle of the lower vertebral body, calcification of longitudinal ligaments, comorbidities such as cardiovascular disease, diabetes, infection, spinal tumour, or fracture, untreatable coagulopathy, and allergy to polymethyl methacrylate (PMMA).



Surgical Procedure

PCD is a minimally invasive surgery; its operative technique is described by two papers. A radiopaque bone cement was injected to fill the vacuum using an extra-pedicular approach through the Kambin’s triangle (9, 16, 32). Yamada et al. prioritized a transpedicular approach for the injection, while Sola et al. also recommended an entrance parallel to the superior lateral pedicle edge except for L5-sacrum level (33). Tian et al. favoured a posterolateral puncture of the disc. Wang et al. confronted the difference of approaches used by Varga and Sola et al., questioning the key factor allowing a homogeneous cement distribution and avoiding leakages (30). Camino-Willhuber and Sola recommended inserting the cannula between middle and anterior third of intervertebral. Stopping injection when bone cement reaches the posterior vertebral wall would prevent leakages (31). If Varga et al. recommended local anaesthesia, what did Tian et al., PCD can be conducted under general anaesthesia as reported by Camino-Willhuber, Kiss and Yamada et al. (16–18, 22, 24). For all papers, the volume of injected cement varied between 3–10 mL depending on the patient and spine level, since cement must entirely fill the vacuum. Because the vacuum was artificially created by percutaneous discectomy, cement volume reported by Tian et al. was slightly inferior (25, 26). The surgery was always performed under fluoroscopic monitoring for a better guidance of the injection and to prevent cement leakage in the neural canals. In addition, Sola et al. recommended the systematic use of intraoperative neurophysiological monitoring during the whole surgery. Lazary argued that risk of nerve root injuries is minimal as long as the surgical rules is followed, and fluoroscopy guidance used (32). Considering the increased cost and duration of PCD procedure caused by neuro-monitoring, its systematic use would not be encouraged. Besides, in the experience of Lazary’s group, none of the treated patients suffered from nerve root injuries. Camino-Willhuber explained that neuro-monitoring is specially recommended for the Kambin’s triangle approach which presents more risks of nerve root injuries, in particular in case of deformity (33). Neuro-monitoring, installed during anaesthesia induction, allowed to prevent radicular irritation by changing the cannula entry point in their practice without increasing surgical length. A study on the utility of intraoperative neurophysiological monitoring during PCD reported a sensitivity of 82% and specificity of 99% (23). Before cement injection was introduced, one paper used a medium injected in the disc to assess the volume of required cement (17). The surgery duration varied between papers, depending on the number of treated levels, from about 25 min for one level PCD to more than 1 h for five level PCD. Camino-Willhuber et al. demonstrated that PCD associated with decompression surgery in cases with spinal stenosis, also provided promising outcome to treat the patients (24). Decompression surgery could also be directly indicated from the results of the intraoperative neurophysiological monitoring in case of leakage (33).



Complications and Postoperative Recommendations

Kiss et al. and Yamada et al. reported cement leakages in 4% of the surgeries (respectively 3/63 patients and 3/80) which were treated by decompression surgery (16, 18). In the first paper, all leakages, located in the foramens, caused severe leg pain, and were treated by foraminal decompression during a revision surgery. In the second paper, one leakage was localized in the intervertebral foramen and induced a radicular pain which was treated with anti-inflammatory analgesics. In their papers, Tian et al. reported 1/7 and 2/16 leakages inducing slight pain but the symptoms disappeared within 24 h without treatment (25, 26). Because of the reduced capacity of the disc after PCD to homogeneously transmit the vertical stress at the endplate levels, Wang et al. shared concerns about the increase of fracture risk (30). In their answer, Camino-Willhuber and Sola reported one fracture over 131 treated discs. They explained that fractures were prevented by the degeneration of the endplates which resulted in subchondral sclerosis. No endplate fracture nor cement dislodgement was reported by Yamada et al. (17). One deep infection and one fracture of the adjacent vertebral body were later reported by Camino-Willhuber et al. along with two cases of leakage in the foramen, one disc extrusion and one unexplained pain (22). Overall, in their last paper complications were reported to affect 16% patients, with only 5.7% (9/156) requiring a second operation (24). Cement leakage accounted for 3.2% and vertebral fracture for only 0.6%.

Patients were usually discharged within 3 days, and were encouraged to stand and walk as soon as possible (22). When PCD was associated with lumbar discectomy to treat herniation, the hospitalization lasted about 7 days (25, 26). In the case of the treatment of lumbar degenerative scoliosis, a brace was worn by patients for two months (17). Camino-Willhuber’s group did not recommend a brace postoperatively, since patients undergoing PCD did not have risky activities. The only recommendation was to avoid excessive flexion/extension movements and avoid lifting more than 10 kg (31).




Clinical outcome

Among the nine papers including a follow-up, the shortest follow-ups lasted six months (9, 16). Camino-Willhuber et al. presented a 12 months follow-up (22) and a second study of 24 months follow-up (24). Tian et al. presented a 12 months follow-up (25) and a second study with an averaged follow-up of 39 months (26). Yamada et al. first paper measured patient outcome for 24 months (17), the second study based on the same cohort lasted about 63.7 ± 32.4 months (mean ± SD) (18). Periods over which the recruitment and the follow-up of patients was performed widely varied between papers. All details of the follow-ups are summarized in the Figshare file (https://doi.org/10.6084/m9.figshare.19375604).


Selection of Patients

The first patient outcome published paper included 47 participants with complete follow-ups out of 81 initially treated patients (9). 28 participants were included by Kiss et al. in a follow-up of six months (Figure 2). The first study of Yamada et al. enrolled 162 participants (17), but was extended in a second paper, resulting in a shorter cohort of 80 participants with a complete follow-up >24 months (18). Tian et al. presented a first study gathering seven patients and a second publication with a 16 patients cohort (25, 26). Camino-Willhuber et al. presented a retrospective study on 54 participants separated into two groups: 37 participants had a degenerative scoliosis, and 17 participants did not present any sign of scoliosis (22). In a second paper, they gathered data of 156 patients from two centres that were separated into three groups based on their previous surgical history (PCD only/ PCD after previous lumbar surgery/PCD + decompression) (24).


[image: Figure 2]
FIGURE 2. Patient involved in the clinical follow-up studies, from the initial recruitment to the final group. The difference between the number of treated patients and patients finally enrolled in the reported follow-ups was explained by the elimination of patient having an incomplete follow-up, undergoing other spine surgery following PCD, or not matching the inclusion criterion.


Among the patients treated by PCD in each paper, the follow-up final participants were filtrated using exclusion criteria similar for most papers. The main exclusion criteria were:


	The absence of complete datasets (16, 22)

	The simultaneous performance of any type of spine surgery even out of L1–5 (16, 22)

	The presence of any previous surgery at the same anatomical level (17, 18, 22)



Additionally, patients with less than 1 year (22) and 2 years (24) of follow-up were excluded from Camino-Willhuber’s papers.

In order to study the impact of PCD on degenerative scoliosis, patients with a Cobb angle exceeding 10°, a VAS score above 50 points were selected, and Bone Marrow Edema visible on endplates were selected by Yamada et al.



VAS/ODI Scores

Low back pain graded by the VAS score was reported over the two years of follow-up (Figure 3). In all papers, the postop VAS score was significantly improved compared to preop, and at every step of the follow up. In the two longest studies, the pain level increased again with time, but remained significantly reduced compared to preoperative condition. Papers reported the disability to perform daily activities following ODI variations. Similar to VAS, all papers reported a significantly reduced ODI post-surgery compared to preoperative which was still present after two years.


[image: Figure 3]
FIGURE 3. VAS and ODI scores chronologically reported from preoperative to two years postoperative. Fu: follow-up.




Radiographic Parameters

Bone Marrow Edema (BME) is an accumulation of fluid in the bone marrow which can occur in case of injury or pathological condition and is associated to low back pain. Yamada et al. found a moderate positive correlation between BME and VAS as well as a weak positive correlation with ODI. The BME score decreased after PCD and for the duration of the follow up (>2 years) assessing the recession of the edema in the vertebral bodies (18).

The Cobb’s angle was measured by Yamada et al. and Camino-Willhuber et al. preop and followed for 2 years (Figure 4). After the intervention, the Cobb’s angle was significantly reduced in the scoliotic group (p = 0.0006), while the non-scoliotic group did not exhibit any significant change (22). The comparison between patients treated with PCD and physiologic treatments during the follow-up showed the increasing significant effect of the surgical treatment on the Cobb’s angle, however the Cobb’s angle increased during the follow-up. L1–L5 lumbar lordosis was not significantly impacted by PCD (p > 0.05), while the segmental (in the treated and non-treated motion segments) lordosis exhibited a significant increase (p < 0.05) (16). Conversely, another paper reported a significant increase of lumbar lordosis at one year postop (p = 0.0001) in patient with lumbar scoliosis but no significant changes in segmental lordosis (22).


[image: Figure 4]
FIGURE 4. Impact of discoplasty on the sacral slope and Cobb angle.


The pelvic incidence remained unchanged six months after PCD (p > 0.05) (16). The sacral slope significantly increased postop in two papers (p < 0.01) and the change was maintained at follow-up (16) (Figure 4). The correction of sacral slope was positively correlated with the improvement of ODI. The pelvic tilt significantly decreased immediately after the intervention (p < 0.05), and the drop remained constant after 6 months (16). Lumbar lordosis was not significantly impacted by PCD (p > 0.05), while the segmental lordosis exhibited a significant increase (p < 0.05) (16). Conversely, another paper reported a significant recovery of lumbar lordosis at one year postop (p = 0.0001) in patients with lumbar scoliosis but no significant changes in segmental lordosis (22).

L1–L5 lumbar scoliosis and segmental scoliosis were significantly reduced in case of single-level PCD (16). The intervention significantly reduced the scoliosis angle postop (p < 0.05), and after 6 months no change from postop was observed (p > 0.05). The impact of multilevel PCD on scoliosis significantly differed from the single-level surgery: lumbar scoliosis was reduced while segmental scoliosis significantly increased.

In the sagittal plane, anterior and posterior disc height were significantly improved by PCD (p < 0.001 for both). The interpedicular height showed a significant increase after surgery in treated segments (p < 0.001) and the change was constant overtime (16).




Biomechanical Assessment of the Effects of Discoplasty

In parallel to patient outcome investigation, in vitro and in silico studies investigated the biomechanical consequences of PCD. As application of PCD on the low thoracic/lumbar spine is recent, engineering research on the topic is currently limited.


Geometric Changes Associated with PCD

The first interest of the technical papers was to provide objective data to evaluate the success of the surgery to match the clinical expectations. In order to relieve pain, PCD aimed to fill VP with acrylic bone cement in order to increase the disc height and achieve an increase of the foramen space.

Postoperatively, the in vivo cement distribution was segmented from CT scans and characterised in terms of volume and surface of the cement mass by Eltes et al. (21). The cement axial thickness between the endplates was also measured for each treated disc. A large variability of volume (3.8–13.1 mL range) and shape was reported, which was induced by the wide variations of musculoskeletal status and degeneration of each patient. Improvement of the patient outcome was correlated to thicker cement mass. In addition, in an in vitro study written by our group and currently in submission, discoplasty was reproduced on 27 cadaveric specimens and the volume of injected cement was measured on CT scans images. Supporting Eltes’ conclusions, the volume of cement varied widely between specimens (2.0–8.9 mL range) within the same range as in vivo measurements.

Techens et al. compared ten porcine lumbar discs in vitro, in the intact condition, after nucleotomy, and after simulated PCD tested in flexion and extension. In both motions, the posterior disc height decreased by more than 15% after nucleotomy, whereas discoplasty significantly restored it. In extension, the posterior disc height after surgery did not differ significantly from the intact disc. This in vitro investigation confirmed the disc height increase clinically observed (28). The same protocol was applied to 27 cadaveric specimens (Techens et al., submitted) by our group and PCD significantly increased posterior disc height in flexion (41% ± 46%) and extension (35% ± 38%) in comparison to after nucleotomy.

Eltes et al. developed an 3D volumetric method to quantify the preop-postop change of the foramen space from tomographic images. PCD significantly decompressed the foramens despite the wide difference of volumetric changes (mean = 2295 mm3, SD = 1181, n = 16). Foraminal decompression was favoured by higher volume, larger surface and lower surface-volume ratio (21).



Biomechanical Properties of the Spine After Discoplasty

Although PCD does not primarily aim to stabilize the spine, stability is often an additional concern in disc degeneration. Techens et al. measured the in vitro range of motion and stiffness following PCD on porcine lumbar segments (28). No significant change was observed despite a decrease of the ROM in flexion and an increase in extension compared to intact discs. Discoplasty recovered the intact ROM compared to nucleotomy. The strains measured after discoplasty on the specimen surface partially regained the distribution observed with intact discs. PCD also reduced the peak strains observed after nucleotomy. Another study under submission investigated the in vitro range of motion and stiffness following PCD on human lumbar segments. PCD significantly reduced the ROM and increased the elastic stiffness in flexion only. In addition, the laxity zone was significantly shortened by the surgery in both motions. The strain intensity measured on the specimen disc surface decreased after PCD compared to the distribution in nucleotomy. Besides, in both motions the specimens exhibited lower peak strain values after the surgery, indicating no local extreme tissue deformation.




Alternative Materials for Discoplasty

Research on PCD also covered improvements of the technique to provide a better stabilization of the spine and improvement of patient’s condition. Osteogenic mineralized collagen (MC) modified polymethylmethacrylate (PMMA) cement was investigated by Yang et al. as a substitute to acrylic bone cement for PCD. With MC particle size ranging between 300 and 400 micrometers, injectability, hydrophilicity, and mechanical properties of MC-PMMA were characterised (29). After implantation in goat, MC-PMMA showed a significant better osteointegration than standard acrylic cement with a higher ratio between the cement surface in contact with bone and the cement total surface (circumferential contact index). Moreover, MC-PMMA triggered a limited reaction from the immune system, in comparison to standard acrylic cement which exhibited a large fibrous encapsulation. MC-modified PMMA exhibited significantly reduced stiffness (three-points bending elastic modulus of 2.4–2.8 GPa for frequencies of 1–10 Hz), which supposedly would reduce the risks of bone fracture. Thus, MC-PMMA was presented as a promising alternative to pure acrylic bone cement for disc degeneration treatment with PCD. Targeting the same objective of injecting a material which would reduce mechanical stresses on the endplates, Lewin et al. developed an in silico model of the spine in order to test low modulus PMMA cements (27). Three modified PMMA-based cements with different concentrations of linoleic acid (LA) were tested in vitro to extract mechanical parameters. Elastic modulus of LA-PMMA was up to ten times smaller than the original PMMA-based cement, however the modulus increased over time. The numerical model showed that the stress average increased on the endplates after discoplasty, but the stresses decreased with higher content of LA. This material seems also a promising alternative to acrylic cement for discoplasty although some aspects still require optimization, such as the material mechanical stability over time.



Limitations and Risks of Discoplasty

As PCD is a minimally invasive surgical technique, it reduces the risks of clinical complications compared to the open surgical treatments of degenerative disc disease. However, it still implies limitations and risks reported by the previous papers. Among the rare permanent complications reported, cement leakage in the intervertebral foramen and vertebral body fracture were the most common (<5% and <1% respectively) (16, 18, 24). Unlike leakage in the adjacent vertebrae which are harmless, cement in the intervertebral foramen could jeopardize the spinal cord integrity. The incidence can be limited by closely monitoring cement injection with fluoroscopy, and using intraoperative neurophysiological monitoring to adapt the approach, entry point and direction chosen for the injection (see 3.2.4).

Vertebral fractures are naturally prevented by endplate sclerosis, and by selecting patients with sufficient bone density. Pre-operative treatments can also be implemented to strengthen the bone structures. Additionally, PCD creates a patient-specific cement spacer adapted to the endplate shape: this increases the contact surface for the transmission of the loads at the cement-endplate interface. Although no dedicated investigation of the intra-discal stress and subsidence after PCD has been conducted so far, an increased bearing surface can be expected to reduce the pression on the endplates compared to other non-specific devices previously used to space the vertebrae (36). Finally, vertebral fractures could be prevented by replacing the injected bone cement with substitute fillers exhibiting reduced mechanical stiffness.

Other concerns can be raised about the interface between the cement and the surrounding annulus. No paper could be found focusing on both the short- and long-term in vivo responses of the biological tissue of the disc to the presence of the injected cement. No abnormal inflammatory activity was reported in the follow-ups. Acrylic cement being biocompatible and favouring osteointegration, long-term cemented discs would be expected to fuse and stabilize the treated level. Complications arising from long-term motion such as cement loosening or wear although they have not been studied yet, would therefore seem unlikely. However, substitute filler with better osteointegration would still decrease these risks of complications.




DISCUSSION AND CONCLUSIONS

Disc degeneration disease has a high prevalence, particularly in the elderly, and is responsible for low back pain (1). In the most severe cases, the disappearance of the nucleus pulposus results in the presence of a vacuum which leads the disc to collapse, thus reducing the clearance of the foramens. As polymorbid and old patients are not eligible for an open surgery, they are sometimes treated with a minimally invasive surgery, percutaneous cement discoplasty (9). The aim of this review was to establish a state-of-the-art of the publications related to PCD.

Twenty papers were retrieved through two databases covering clinical and engineering approaches of the surgery. Two papers presented the operative technique and described the criteria for patient selection (9, 19). PCD consists in filling the intradiscal space with injectable acrylic bone cement to replace the VP by a cemented spacer. Patients are usually discharged between one and three days after surgery. PCD is mainly contraindicated in case of severe osteoporosis and severe spine deformity although it stabilized degenerative scoliosis (19). Cement leakage in the vertebral bodies or the foramen are the most common complications but in all reported cases, it had a low prevalence (4% of the treated discs).

Nine papers reported clinical follow-up lasting between 6 months and 4 years for 28–162 patients (9, 16–18, 21, 22, 24–26). All follow-ups concluded that PCD significantly reduced low back pain immediately after surgery and that pain was still relieved at the end of the follow-up. Similarly, the quality of life reported by patient significantly improved post-surgery and the improvement lasted until the end of the study. Patient outcome correlated with the increase of the foramen space following the surgery (21). The disc height was restored by PCD, validating the main objective of surgery. PCD significantly impacted some radiographic parameters, among which the scoliosis angle although the surgery is not primarily recommended to treat scoliosis. Biomechanical studies showed that PCD restored the spine stability during flexion and extension and did not induce irregular deformation of the surface disc tissue (28).

Among the investigations on PCD, two research papers presented variations of bone cement (MC-PMMA and LA-PMMA) as filling material (27, 29). MC-PMMA exhibited a better osteointegration and triggered less the immune system reaction compared to pure acrylic cement, and LA-PMMA reduced the stresses on the endplates reducing risk of bone marrow edema.

The literature reviewed seems to show that PCD is a safe and effective MIS procedure for the treatment of advanced stage disc degeneration in selected cases. However, studies comparing the effectiveness of PCD to conventional treatment options were unavailable. The review showed a major limitation of the clinical studies: only static supine and standing position (loaded by the upper body weight) was investigated. However, axial compression is not the only challenge for disc height and foramen space. The study of potential damaging activities or spine motions was omitted. Questions such as: “Which load could a patient safely carry? Which movement could be safely performed?” were not investigated yet, although patients indicated for PCD were unlikely to carry heavy loads or ostentatiously exercise. Additionally, the spine biomechanical behaviour under various loadings just started to be studied. Thus, a focus on other loading configurations as well as the measurement of different parameters would be needed to complete a rational on the benefits and limitations of percutaneous cement discoplasty.

Directions for possible future research in this area include alternative injectable materials for better biomechanical and clinical performance. Clinical and biomechanical investigations would help optimizing the surgical technique, including point of needle insertion and of cement delivery. Also, one should remember the frame of application of PCD and conduct more investigations in case of change of the indications of the surgery (younger, more active patients, etc.).
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Background: Different fusion techniques were introduced in clinical practice in patients with lumbar degenerative disc disease, however, no evidence has been provided on the advantages of one technique over another.

The Objective of This Study: Is to assess the potential impact of circumferential fusion employing transforaminal lumbar interbody fusion (TLIF) vs. direct lateral interbody fusion (DLIF) on pedicle screw stability.

Materials and Methods: This is a single-center prospective evaluation of consecutive 138 patients with degenerative instability of lumbar spinal segments. Either conventional transforaminal lumbar interbody fusion (TLIF) with posterior fusion or direct lateral interbody fusion (DLIF) using cages of standard dimensions, were applied. The conventional open technique was used to supplement TLIF with pedicle screws while percutaneous screw placement was used in patients treated with DLIF. The duration of the follow-up accounted for 24 months. Signs of pedicle screws loosening (PSL) and bone union after fusion were assessed by the results of CT imaging. Fisher‘s exact test was used to assess the differences in the rate of CT loosening and revision surgery because of implant instability. Logistic regression was used to assess the association between potential factors and complication rate.

Results: The rate of PSL detected by CT and relevant revision surgery in groups treated with TLIF and DLIF accounted for 25 (32.9%) vs. 2 (3.2%), respectively, for the former and 9 (12.0%) vs. 0 (0%) for the latter (p < 0.0001 and p = 0.0043) respectively. According to the results of logistic regression, a decrease in radiodensity values and a greater number of levels fused were associated with a rise in PSL rate. DLIF application in patients with radiodensity below 140 HU was associated with a considerable decrease in complication rate. Unipolar or bipolar pseudoarthrosis in patients operated on with TLIF was associated with a rise in PSL rate while patients treated with DLIF tolerate delayed interbody fusion formation. In patients treated with TLIF supplementary total or partial posterior fusion resulted in a decline in PSL rate.

Conclusion: Even though the supplementary posterior fusion may considerably reduce the rate of PSL in patients treated with TLIF, the application of DLIF provide greater stability resulting in a substantial decline in PSL rate and relevant revision surgery.

Keywords: direct lateral interbody fusion, transforaminal lumbar interbody fusion, degenerative diseases, lumbar spine, screw loosening, hounsfield units


INTRODUCTION

Degenerative stenosis of the lumbar spine is a frequently encountered condition in the aging population. Patients with spinal stenosis and segmental instability require decompression of nerve roots and fusion with pedicle screw fixation, which is the most effective solution in those cases (1, 2).

Different techniques were worked out to provide a fusion of altered segments, including PLF (posterolateral fusion), PLIF (posterior lumbar interbody fusion), TLIF (transforaminal lumbar interbody fusion), DLIF (direct lateral interbody fusion), and ALIF (anterior lumbar interbody fusion), however, no evidence has been provided on the advantages and superior outcomes of one technique over another. Even though TLIF is frequently supplemented by PLF to achieve circumferential fusion, those techniques are frequently opposed in relevant studies (3). DLIF using a lateral minimally invasive approach is getting more popular as an effective option to achieve indirect decompression and restoration of sagittal alignment (4). On the other hand, the evidence that the application of DLIF provides better outcomes than direct decompression with TLIF is insufficient especially if short fusion is required, therefore, no clear guidelines exist on the rational application of those techniques (5–8). An additional source of confusion is that the majority of studies focused on comparative analysis of various fusion techniques and the results are based on numeric scores, which can be strongly biased by different reasons that are irrelevant to the applied surgery (9–11).

Altered bone quality has a high prevalence in the elderly adult population and is associated with the most frequently reported complication associated with spinal instrumentation—implant instability development (12, 13). Taking into account concerns associated with a considerable upward trend in the number of fusions performed annually, an optimal surgical strategy should be worked out to decrease the complication rate. For now, there is some evidence that the application of cages with greater surface provides better distribution of load consequently it is expected that patients who are at risk of pedicle screw loosening development (PSL) may benefit from an application of broad cages (14, 15).

The objective of this study is to assess the influence of fusion type on the rate of implant instability development and associated revision surgery.



MATERIALS AND METHODS

This study is a non-randomized single-center prospective evaluation of consecutive 138 patients with degenerative diseases of the lumbar spine and instability of spinal segments, including 33 (23.9%) men and 105 (76.1%) women. The average age of participants at the time of operation was 56 years (SD = 8.7763; range 29–79 years). Patients with axial pain and neurogenic claudication or radiculopathy associated with spinal stenosis were enrolled. Participants underwent spinal instrumentations employing pedicle screw fixation either with transforaminal interbody fusion (TLIF) supplemented with posterior fusion (PF) or direct lateral interbody fusion (DLIF) during the period from 2012 to 2018. The duration of follow-up accounted for 24 months. Radiographic criteria of PSL were used to assess outcomes. This study was reviewed and approved by the local institutional board committee, given that no additional risks were anticipated; all patients signed informed written consent.


The Inclusion Criteria Were

• Presence of degenerative disease of the lumbar spine with unstable spinal segments confirmed by functional radiograms or presence of low-grade symptomatic unstable spondylolisthesis,

• Radiculopathy or neurogenic claudication caused by degenerative diseases of the lumbar spine,

• Axial and radicular pain syndromes with visual analog scale (VAS) over 4 (0–10) and Oswestry Disability Index (ODI) over 40% resistant to repeated conservative treatment during 3 months or neurogenic claudication.



The Exclusion Criteria Were

• High-grade spondylolisthesis (grades 3 and 4),

• Degenerative deformities that required correction of sagittal and frontal balance,

• Tumor-related lesions of the lumbar spine,

• Patients hospitalized for revision surgery,

• Cases with screw malposition and redirection detected on postoperative CT images,

• Patients with different types of fusion applied on different levels (hybrid constructs),

• Cases operated on more than two levels,

• Spinal instrumentation involving lumbosacral segment,

• Patients with the presence of pars interarticularis defects detected on CT images.

• Patients with excessive posterior decompression employing bilateral facet joints removal and laminectomy.

Before surgery, all patients underwent functional X-ray imaging and CT examination. The criterion for spinal instability was the difference in anterior translation on flexion-extension images >3 mm (16). The CT scans were performed from the T12-L5 levels using a single CT scanner (Aquilion 32, Toshiba Corporation). The scans used a slice thickness of 0.5 mm, covering a scan area of 50 cm. The scan parameters included tube voltage 120 kV, tube current 300 mA, auto mAs range 180–400; 1.0 s/3.0 mm/0.5 × 32, helical-pitch 21.0. Integrated software was used for calculations of bone density (Vitrea Version 5.2.497.5523) incorporating a window width/window level ratio of 2,000/500. During CT examinations, measurements of a vertebral body cancellous bone radiodensity in HU were obtained at the standard level of L3 in the sagittal, axial, and coronal planes. CT examination results were assessed by two independent certified radiologists. Measurements in the axial plane were taken at the level of the middle of the pedicles while those in the sagittal and coronal planes were taken along the geometric center of the vertebral body. Trabecular bone samples were selected using the maximal achievable square without traversing into the cortical bone to calculate bone density in each plane. Out of those figures, an average radiodensity was calculated for each case.

Either TLIF (75 cases−54.3%) with a single cage or DLIF (63 cases−45.7%) were used in this study. The allocation to DLIF or TLIF was based on the consensus of the committee of surgeons and the patient's consent (signed written consent was received from all patients). The applied technique of TLIF was a standard open one with unilateral facet joint removal, the applied DLIF technique was conventional as described previously (17). Cages of standard dimensions were used to perform DLIF and TLIF procedures with a footprint accounting for 1,000 mm2 for the former (Figure 1) and 290 mm2 for the latter (Figure 2). Autograft of locally harvested bone was used to perform TLIF while an allogeneic bone provided by the tissue laboratory of the institution was used for the DLIF procedure. Neither BMP nor other products that accelerate fusion formation were used in this study. The anterior longitudinal ligament has not been transacted during the DLIF procedure. Open TLIF was supplemented with posterior fusion in all cases while only in 15 (23.8%) cases treated with DLIF a posterior fusion was performed using tubular retractors. The technique of posterior fusion included the removal of facet joint capsules, cartilages, and decortication of the adjacent bone. Then the gap formed by capsule and cartilages resection was filled up with a locally harvested bone. Bilateral pedicle screw fixation with polyaxial screws was used in all cases, the applied technique was standard; a strait trajectory for screw placement was used. The conventional open technique was applied to supplement TLIF with pedicle screws while percutaneous screw placement was used in patients treated with DLIF. Pedicle screws were introduced at least to the anterior third of a vertebral body; bicortical screw placement was not used in the enrolled patients. The qualification of a surgeon was at least 7 years of experience.


[image: Figure 1]
FIGURE 1. Cage used for DLIF, postoperative CT image in axial plane.



[image: Figure 2]
FIGURE 2. Cage used for TLIF, postoperative CT image in axial plane.


The duration of the follow-up accounted for 24 months. All patients underwent clinical examination at the time of 3, 6, 12, and 24 months. CT examinations were performed at the time of 6, 12, months after surgery, and regardless of the time if clinical signs of implant failure signs were detected. CT examination was given at the time of 18 and 24 months if unipolar or bipolar non-union was detected according to the results of the former investigation. Interbody fusion was classified according to Tan classification as complete fusion, partial fusion, unipolar pseudoarthrosis, and bipolar pseudoarthrosis (18). Posterior fusion was assessed according to Christiansen‘s classification of fusion status as total facet joint ankylosing, partial ankylosing, and non-union (19, 20). Cases with PSL detected on CT images were registered. The criterion for screw loosening was a 1-mm or greater radiolucent zone around the screw, a double-halo sign, or both (21). Finally, patient outcomes were classified as either presence of PSL signs, regardless of the number of screws loosened, or the absence of this complication. Cases with PSL were subdivided into clinically significant and asymptomatic ones.



Statistical Analysis

Two-tailed Fisher's exact test was used to test the statistical significance of the observed differences in the rate of PSL and revision surgeries applied. Students' t-test for independent samples was used to test the significance of the difference of means; p Values <0.05 were considered statistically significant. Shapiro-Wilk‘s test was used to test the normality of continuous data distribution. The association between PSL rate and potential risk factors was estimated using logistic regression analysis (a general multivariate logistic regression model was used). Statistica 12 (Statsoft) was used to perform calculations.




RESULTS

A total number of 138 patients with degenerative diseases of the lumbar spine were enrolled. The characteristics of the enrolled groups of patients are given in Table 1. According to the results of the analysis, no statistically significant differences were detected between the enrolled groups of patients.


Table 1. Characteristics of the enrolled groups.

[image: Table 1]

By the end of the follow-up period, CT signs of PSL were detected in 27 (19.6%) patients, out of those only 9 (6.5%) were symptomatically deteriorating with axial pain VAS of more than 4 and ODI scores over 40; the latter 9 patients underwent revision surgery. Patients with clinically significant instability presented with either multiple pedicle screws instability or bilateral one-level screw loosening along with either unipolar or bipolar interbody pseudoarthrosis (Tan 3 or Tan 4) with complete posterior non-union. The primary analysis of the results with a breakdown by groups is given in Table 2.


Table 2. The initial analysis of the results.
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According to the results given in Table 2, the rate of pedicle screw loosening detected on CT and the rate of revision surgery was greater in the group of patients treated with TLIF. Relatively high prevalence of CT loosening signs, anterior and posterior non-union can be explained by a considerable proportion of patients with radiodensity below the threshold of 110 HU which corresponds to 90% specificity of osteoporosis detection. The number of those cases accounted for 56 (40.5%) in the total cohort of enrolled patients. It was expected that the application of autograft may favor interbody fusion formation in patients treated employing TLIF, however, the difference between two groups in Tan 3 and Tan 4 rate pseudoarthrosis turned out statistically insignificant. It should be mentioned, that in 16 cases a spontaneous posterior fusion was evaluated in the group of patients treated with DLIF.

To estimate a relative contribution of the applied fusion technique to screw loosening, to detect other contributing factors, and to assess their interaction, a general logistic regression analysis was used. The dependent variable was the presence of CT signs of PSL. Finally, the model with the best subsets of variables that provides the best explanatory value was chosen. Mining the data, it has been estimated that the best model can be estimated only if higher-order effects were taken into account. The parameters of the estimated general multivariate logistic regression model with the best characteristics are present in Table 3.


Table 3. Parameters of the estimated logistic regression function.
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The overall goodness of fit of the estimated general multivariate model was χ2 = 69,722, p < 0.0001. According to the results of the analysis, a decrease in radiodensity values and a greater number of levels fused were associated with a rise in pedicle screw instability development rate. DLIF application in patients with radiodensity below 140 HU was associated with a considerable decrease in PSL rate. Unipolar or bipolar pseudoarthrosis in patients operated on applying TLIF was associated with a rise in the PSL rate while non-union grade 3 and 4 was not associated with an increment in PSL rate in a group of patients treated with DLIF. In patients treated with TLIF, a supplementary total or partial posterior fusion resulted in a decline in PSL rate conversely this factor turned out insignificant in patients treated with DLIF. The estimated logistic regression model had a specificity accounting for 95.5%, sensitivity of 68.0%, and preciseness of classification 90.4%.



DISCUSSION

Even though pedicle screw fixation with interbody fusion has been proven to be the most effective treatment option for patients with spinal stenosis and segment instability, the rate of instrumentation failure caused by altered bone quality remains considerable given the high prevalence of the latter in the elderly adult population (21–23). Different diagnostic tools are used to detect patients who are at risk of implant instability development and the application of radiodensity in HU becomes popular because those figures correlate with bone mechanical properties. Furthermore, it has been defined that thresholds of 110 HU and 135 HU have maximal specificity for osteoporosis and osteopenia detection, respectively (24–26). The initial analysis demonstrates a high prevalence of cases with altered bone quality that accounted for 54 (41.2%) in the enrolled group. Those figures explain a relatively high rate of screw loosening and non-union detected during the follow-up period.

To achieve substantial stability of the altered segment various types of interbody fusion were suggested, out of those the most frequently used are PLIF, TLIF, DLIF, OLIF, and ALIF (4). Despite a considerable number of relevant works published, no clear guidelines were worked out for the rational application of those techniques. The source of additional confusion to the reported results is that a hefty majority of relevant studies are based on the dynamics of subjective numeric scores assessment. Apparently, those studies have evident weak points. Firstly, the application of numeric scores is not standardized yet (8). Secondly, the results of those studies can be influenced by many irrelevant to the applied surgery causes, including the accuracy of diagnoses, socioeconomic, behavioral, psychological factors, sacroiliac joints dysfunction, and adjacent level degeneration (9, 10, 27, 28). To avoid bias relevant to the application of subjective numeric scores, radiographic signs of PSL were used in the current study. Considering that signs of CT loosening can be asymptomatic, questioning their clinical relevance, the rate of clinically significant loosening that requires revision surgery was taken as an additional criterion for the assessment of the results.

According to the results of research on biomechanics, the most reliable mechanism of PSL are micro-movements caused by craniocaudal toggling and rotational stress that increase the load to the zone of the bone-screw interface (29). To minimize micro-movements that cause PSL the application of the most stable type of fusion is required. By using biomechanical tests some evidence has been provided, that application of broad cages may lead to better load distribution, decreasing stress on screws, rods, and endplates (13, 30). The results of our study confirm the clinical relevance of biomechanical studies since a considerable decline in the rate of PSL detected was associated with DLIF application. The observed effect achieves maximum in patients with radiodensity of cancellous bone below 140 HU. According to our results, unipolar or bipolar pseudoarthrosis is a significant factor promoting PSL in patients operated on applying TLIF while those treated with DLIF tolerate delay in interbody fusion formation. Although posterior fusion is frequently opposed to interbody fusion, it has been defined that circumferential fusion using both listed provides a greater success rate in patients with degenerative diseases of the lumbar spine (31–34). Our findings demonstrate that total and even partial posterior fusion is associated with a decline in PSL rate if TLIF was employed, conversely, posterior fusion turned out to be an insignificant factor in patients treated with DLIF, consequently, additional posterior fusion is not required in this group of patients.

Eventually, the main findings of the analysis demonstrate that the application of DLIF may provide a considerable decline in the rate of PSL detected by CT, especially in patients with radiodensity below 140 HU. Those findings can be explained by a beneficial distribution of forces alleviating stress on the screw-bone interface. A statistically significant difference in clinically significant loosening rate supports the conclusion that the observed effect of DLIF application is clinically relevant and has thepotential as a beneficial option in patients who are at risk of implant instability development.



LIMITATIONS

This study has limitations that should be acknowledged. Firstly, this study is not a randomized one; secondly, the number of participants is relatively small to provide a robust regression model suitable for instrumentation failure prediction. On the other hand, the results of the study provide evidence that the application of DLIF with a broad cage results in a decline in the rate of pedicle screw loosening and associated revision surgery. Also, a potential bias was addressed in this study associated with heterogeneity in bone properties, number of levels fused, and application of supplementary posterior fusion.



CONCLUSION

Even though the supplementary posterior fusion may considerably reduce the rate of pedicle screw loosening in patients treated with TLIF, the application of DLIF provide greater stability resulting in a substantial decline in PSL rate and relevant revision surgery.
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Minimally-Invasive robotic spine surgery (MARSS) has expanded the surgeons armamentarium to treat a variety of spinal disorders. In the last decade, robotic developments in spine surgery have improved the safety, accuracy and efficacy of instrumentation placement. Additionally, robotic instruments have been applied to remove tumors in difficult locations while maintaining minimally invasive access. Gross movements by the surgeon are translated into fine, precise movements by the robot. This is exemplified in this chapter with the use of the da Vinci robot to remove apical thoracic tumors. In this chapter, we will review the development, technological advancements, and cases that have been conducted using MARSS to treat spine pathology in a minimally invasive fashion.
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INTRODUCTION

Spine surgery has experienced tremendous innovation and evolution over the last 50 years, including the implementation of novel technologies, the development of new procedures, and the expansion of biologics. Image guided surgery is one such technique that was developed due to a need to improve surgical precision and accuracy in complex cases. As image guided surgery has become more widely available, these technologies have been applied to the field of robotic surgery (1–5). Initially robotic surgery was a method to translate a virtually planned procedure into a localized surgical process, as seen in stereotactic cranial surgery. Many elements impact the fidelity of robotic surgery, including meticulous case selection, optimizing the method of pre-operative imaging, and 10–16, collaborating with industry to develop these systems. Starting in 2000, several adaptations in robotic and stereotactic systems were made that have led to the development of robotic interfaces that are currently being used to treat spine pathology (6).

One of the factors that prompted the development of robotics in spine surgery was the relatively steep learning curve of minimally invasive spine approaches. Due to the manual dexterity required to operate effectively within a narrow working corridor, manual minimally invasive spine surgery presents a unique challenge (7–9). However, there are certain procedures where the application of robotics presents a niche opportunity to improve surgical accuracy and efficiency, such as placement of percutaneous pedicle screws (10–16).

Consequently, image guided spine surgery has become a valuable tool for performing minimally invasive spine surgeries (17, 18). Several commercial systems have become available for cranial and spine procedures, with thousands of units being used in centers across the globe (18–20). The first reported robotic application in the neurosurgical field was for stereotactic brain biopsy utilizing the PUMA robot system. (PUMA 200) (6, 21) De Souza published the first spine robot in practice using the spine assist system (Mazor Robotics Ltd., Caesarea, Israel), which received FDA approval in 2004 (22). In 2008, the application of robotics in spine surgery was expanded with approval of NeuroMate (Integrated Surgical Systems, Sacramento, California, US). As the interest in these systems grew, further advancements utilizing tele-surgical robots including da Vinci (da Vinci Technologies) were developed (23).

In the United States, there are several commercial spine robots available. These include the Mazor X, (Mazor X Stealth Station, Medtronic), Globus XPS (GPS Excelsius GPS® Robotic Navigation Platform | Globus Medical) and Rosa technologies (ROSA ONE® Brain-Zimmer Biomet) (Figures 1–5).


[image: Figure 1]
FIGURE 1 | Photo of Mazor X (Mazor Stealth technologies, Medtronic). A commercial system designed to extend the working options, including imaging processing and robot-based interaction.



[image: Figure 2]
FIGURE 2 | Software interaction with Mazor X, including pedicle screw selection along with optimization of construct definition. Proper pedicle screw diameter and length can be selected to conform to the patient's individual anatomy based on pre-operative imaging using the work-station.


These technologies have progressed from simple robotic interfaces to minimally-assisted robotic spine surgery (MARSS). There is a growing interest in the use of robotics with telepresence systems, including the da Vinci robot. Joseph et al reported the use of robotics in spinal instrumentation and identified variables such as precision of screw placement, surgeon learning curve, radiation exposure, and reasons for robotic failure, making note of the high degree of accuracy that can be achieved using robotic instrumentation techniques (24). These aspects of robotic surgery underscore the growing relevance of robotic techniques in the treatment of spinal pathology.



METHODOLOGY

Most of the robotic approaches in thoracolumbar spine are built as ordered steps to establish an intuitive work flow. The preoperative imaging include X-rays, computer tomography (CT), and magnetic resonance imaging (MRI). Specific protocols are used to preset software capabilities to optimize this process. Initial software interactions allow the surgeon to plan the procedure utilizing common surface rendering, hybrid imaging selection, image fusion and trajectory definition. Once the proposed plan has been defined, the incision is made using the robotic assisted approach. When tumor resection is required, planning steps can be created to allow safe removal of the identified structure through a minimally invasive robotic method. Vasculature can be clearly delineated to augment the safety of the surgical approach. In thoracotomy, robotic approaches can identify safe paths of entry into the chest cavity, and multiple thoracoscopic ports can be created according to the intrinsic patient pathology. The entry point for pedicle screw placement, trajectory definition for patients with challenging anatomy, and rod, pedicle screw, and interbody cage selection can all be done through the robotic software without utilizing physical trial implants. Each robotic system, given its proprietary design, affords surgeons the freedom of choice to choose their preferred system.



MAZOR X- TECHNOLOGIES

The commercially available Mazor X -Stealth Edition represents one of the most advanced technologies in the field. A truly hybrid system, this instrument includes a combination of image guided surgery and robotic arm capabilities. Most of the robotic systems in use today follow a similar setup process as outlined below.


Imaging Acquisition and Preoperative Planning

Pre-operative image acquisition is performed using fluoroscopic x-rays and computed tomography (CT). The images are then transferred to the Mazor X workstation where surgical planning software allows a multiplicity of functions, including 3D reconstruction and surgical rehearsal. These functions allow for vertebral pedicle measurements, anatomical pedicle angulation, and pedicle screw implant selection. The list of pedicle screws can be optimized using a series of planning steps and parameters including trajectories, measurements, and construct alignment. On the day of the procedure, the working plan can be transferred to the robotic guidance system. Recent adaptations allow the use of intraoperative CT scanning as well (O-Arm, Medtronic technologies) (Figures 1–3).


[image: Figure 3]
FIGURE 3 | Mazor X in working position during drilling of the pedicle for pedicle screw application.




Patient Setup, Preoperative Preparation

The conventional methodology of spine surgery is followed during preoperative preparation: the patient is placed under general anesthesia, transferred to the operating table (Jackson table), and adequately padded. The appropriate draping system for the robot is used, and following the surgical preparation and draping, a guidance device is attached to the patient’s spine or iliac crest. We routinely use electromyographic (EMG) neuromonitoring to record pertinent nerve root potentials during the surgical procedure. The operation is then carried out in a linear, step-wise fashion.

These subsequent steps of MARSS include:


	-Placement of the robotic arm in the proper position.

	-Obtaining additional AP and oblique views for registration and stereotactic transformation (these images allow surface matching with the preoperative imaging set).

	-Activation of the surgical robot interaction.

	-Placement of the surgical drill in position to start the procedure.

	-Replacing the starting drill with a serrated drill.

	-Removal of the retractor and replacement with robotic extender to be used for pedicle screw placement.

	-Positioning a Kirschner pin into the drilled hole.

	-Manual placement pedicle screws onto the robot following the defined trajectory.

	-Tapping the proposed trajectory, and continuing with pedicle screw placement.

	-Correction, reduction, compression done in a specific order.

	-Additional decompression, osteotomies or rod tightening done as required.

	-Bone fusion including decorticating and drilling along with use of bone substitutes.






EXCELCIUS ROBOTIC APPLICATIONS

The robotic positioning system (Excelsius GPS, Globus Medical, Inc. Audubon, PA) are compatible with several imaging modalities, including a preoperative CT, an intraoperative CT or fluoroscopy. As in any camera based-tracking technology, it is important to establish a patient’s reference base for calibration purposes (25). The steps that need to be followed are described below (Figure 4).


[image: Figure 4]
FIGURE 4 | Excelcius GPS equipment. A robotic arm-based technology along with multiple intuitive functions for working environment.



Preoperative CT

A computed tomography (CT) scan of all spinal levels using 1 mm cuts is critical to cover the proposed surgical levels. All images are subsequently transferred to the workstation for planning and creation of the virtual environment. The CT data set is usually transferred into the robotic positioning system and registration is subsequently completed for all vertebral levels.



Intraoperative CT Methodology

The stack of images along with the coordinate system are transferred to the planning module. (O-arm, Medtronic SNT, Louisville, CO, USA) The installed software allows multiple trajectories to be planned for pedicle screw insertion. The entry point, trajectory, pedicle screw selection and optimization are done using the planning module.



Surgical Technique

The initial portion of the procedure requires foot pedal activation for robotic arm movement. Once the entry point is defined, a pointing tube connector can be applied. A stab incision is done accordingly. Fascia and soft tissue dissection allow the entry point and initial trajectory to be executed. A final position to entry point is marked, and an initial working drill is inserted to the proposed trajectory. Electrophysiological monitoring is continuously done. A pedicle screw is inserted using a simple passing to the planned trajectory. Once all pedicle screws are completed, rods are passed through the connecting incision. Bolts secure the rod to the construct. Intraoperative images can be done at any point to verify the positioning of screws and rods. Decompression can be completed along with interbody placement.




ROSA SYSTEM ROBOTIC APPROACHES

The imaging process and software interaction follow the proprietary design. Each technology confers additional advantages and interactions that facilitate the working process. Rosa technologies encompass a family of robotic equipment with several years in the market that display some unique features useful in spine surgery. These technologies allow for 6 degrees of movement in the robotic arm once the planning process has been completed, and an advanced integrated software allows multiple intuitive functions to be applied during the planning of working trajectories (Figure 5).


[image: Figure 5]
FIGURE 5 | ROSA technologies (Zimmer Spine Inc.).




DA VINCI ROBOT TECHNOLOGIES

Since its introduction into the surgical arena in 2000, the Da Vinci robot (Da Vinci Technologies) has undergone a series of developments to expand the range of utilization (26, 27). The telepresence modality utilized by the Da Vinci robot makes it one of the most versatile and utilitarian surgical instruments (28). An increasing number of publications exist that aim to broaden the surgical applications of this instrument (29–32).


Pre-Operative Planning

Patients typically present with apical thoracic lesions. The ideal patient in our opinion has well circumscribed lesions such at schwannomas or neurofibromas. As more efficient techniques for spine surgery using the da Vinci system are developed, the indications for utilizing this technology will expand accordingly. For patients presenting with apical thoracic schwannomas, imaging studies include contrast thoracic spinal MRI and CT to accurately identify the level of origin and determine the neural foramen from which the tumor originates (Figure 6).


[image: Figure 6]
FIGURE 6 | Pre-operative coronal and sagittal thoracic MRI images showing high apical chest tumor. Thin slice CT images can be very helpful in identifying the neural foramen of tumor origin. This is critical in safely detaching the tumor from the spinal canal before final removal through the chest cavity.


A sagittal CT starting at the sacrum can help to accurately determine the level of the lesion. For determination of the proper surgical level, the following images are ordered: chest X-ray, thoracic and lumbar anteroposterior (AP) and lateral images. Intra-operative fluoroscopy is used to confirm the level of the lesion by counting vertebral bodies starting at the sacrum or ribs on the AP chest view. Alternatively, an opaque marker can be placed pre-operatively by interventional radiology to help identify the proper location of the tumor. In cases of removal of thoracic schwannomas, no implant instrumentation is needed.



Surgical Technique and Case Examples

The patient is initially positioned in the prone position on a Jackson table with all pressure points adequately padded. A Jackson table allows for unencumbered localization of the lesion using intra-operative fluoroscopy. Double lumen intubation is done to allow for collapse of the lung on the side used for the thoracic approach. Intra-operative electro-physiologic monitoring is used to measure somatosensory evoked potentials and motor evoked potentials. AP and lateral fluoroscopy are used to help localize the level. An incision is then made lateral to the midline based on pre-operative image analysis, and is typically only 2–3 cm from the midline. The fascia is cut, and a muscle dilating technique is used to approach the thoracic spine over which a tubular retractor is placed. Under microscopic visualization, the ipsilateral lamina and facet are exposed. A bone cutting drill with an M8 cutting burr is used to perform an adequate ipsilateral laminectomy and facetectomy, thereby exposing the tumor within the neural foramen and spinal canal. The contralateral aspect of the spine is not dissected. The drilled bone is collected using a BoneBac Press (Thompson MIS/Bonebac, Salem, NH) (10). This local morselized autograft bone is used to reconstruct the facet complex after tumor resection. The nerve root to the tumor, typically the sensory branch, is identified and ligated with silk ties (Figure 7).


[image: Figure 7]
FIGURE 7 | (A) Intra-operative photo showing (A) tumor extending outside the neural foramen, (B) silk suture ligature around the nerve giving rise to the tumor, (C) ligation of the nerve leading to the tumor. (D) Illustration of removal of intra-spinal canal portion of the tumor via a posterior approach through a tubular retractor.


The sheath of the tumor is opened and the tumor removed in a piecemeal fashion. To prevent potential cerebral spinal leakage into the thoracic cavity, the area can be covered with gel foam and thrombin sealant. Once complete hemostasis is achieved, the facet and laminectomy are reconstructed using the morselized autograft bone collected in the BoneBac Press. Gross total removal of the tumor extending into the spinal canal is achieved (Figure 8).


[image: Figure 8]
FIGURE 8 | Intra-operative photos after minimally invasive posterior approach (A) tumor and intra-canal neural foramen tumor exposed and (B) after resection of the tumor with residual tumor bed.


The tubular retractor is removed, allowing the paraspinous muscles to return to their normal anatomic position. The fascia is closed using 2-0 interrupted Vicryl suture. A subcuticular interrupted suture is applied, and the skin incision is closed with skin glue.The patient is then repositioned in the lateral position on a sandbag to allow for adequate unilateral thoracic approach to the tumor. A thoracoscope can then be used for proper port placement. Thoracoscopic ports are placed and the De Vinci robot is positioned adequately (Figure 9).


[image: Figure 9]
FIGURE 9 | Intra-operative photos of (A) da Vinci robot, (B) used for anterior thoracoscopic approach the spine to (C) removal apical thoracic tumor.


Instruments are placed in the De Vinci robot for retraction of the tumor and cauterized removal of the tumor from the chest cavity. A separate port is used to place a suction to remove cautery smoke. Detaching the tumor from its spinal canal attachment allows for gross total removal and limits potential traction injury to the spinal cord. Once the tumor is resected, it can be placed into a gall bladder bag and removed via one of the thoracoscopic ports (Figure 10).


[image: Figure 10]
FIGURE 10 | Intra-operative photo of (A) surgeon using the da Vinci robot to remove (B) apical thoracic tumor. Illustrations showing (C) resection of apical thoracic tumor from the chest wall and (D) removal of the tumor. (Illustrations from: An Anatomical Approach to Minimally Invasive Spine Surgery, Editors; M. Perez-Cruet, R. Fessler, M. Wang, Thieme Publishing Inc. NY, 2019).


The thoracic ports are moved, a chest tube placed, and the incisions closed in the standard fashion. Re-inflation of the lung is performed before final closure. Patients are typically transferred to the intensive care unit for at least an overnight stay (Figure 11).


[image: Figure 11]
FIGURE 11 | (A) Pre- and (B) post-operative axial MRI showing gross total tumor resection. Post-operative (C) anterior and (D) posterior thoracic incision after use of the da Vinci robot to remove apical thoracic tumor.





CONCLUSION

While there are certainly challenges when using robots in spine surgery, there is a growing interest from the surgeon’s perspective to rely on robots due to the increased reproducibility, accuracy and precision. In the future, further technological advances could be integrated with robotic interaction to increase the ergonomic functionality of robotic instrumentation. Advances in artificial intelligence, big data use and haptics may all contribute to the continual improvement of robotic technology in spine surgery (33). Robotic systems such as Mazor XR, GPS Excelsius, and Rosa technologies have improved the ease and accuracy of surgical instrumentation placement. Tumors that are located in difficult positions can be resected using robotics in a minimally invasive fashion to improve outcomes and allow for more effective management of highly complex cases. MARSS or minimally- assisted robotic spine surgery represents a paradigm shift in spine surgery with the potential to revolutionize the field. As technologies evolve, we will continue to see broader applications of MARSS techniques in spine surgery with the capability of improving patient outcomes.
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Purpose: This study aims to investigate the risk factors for screw loosening after single-level posterior lumbar interbody fusion (PLIF) utilizing cortical bone trajectory (CBT) screw and establish a nomogram for predicting screw loosening.



Methods: A total of 79 patients (316 screws) who underwent single-level PLIF with CBT screw were included in the study. Preoperative, postoperative, and final follow-up demographic data, surgical data, and radiographic parameters were documented and analyzed to identify risk factors, and a predictive nomogram was established for screw loosening. The nomogram was assessed by concordance index (C-index), calibration plot, decision curve analysis (DCA), and internal validation.



Results: The incidence of screw loosening was 26.6% in 79 patients and 11.4% in 316 screws. Multifactorial regression analysis confirmed that fixed to S1 (FS1, OR = 3.82, 95% CI 1.12–12.71, P = 0.029), the coronal angle of the screw (CA, OR = 1.07, 95% CI 1.01–1.14, P = 0.039), and cortical bone contacted layers (CBCLs, OR = 0.17, 95% CI 0.10–0.29, P < 0.001) were risk factors and incorporated in the nomogram for predicting screw loosening after single-level PLIF with a CBT screw. The C-index of the nomogram was 0.877 (95% CI 0.818–0.936), which demonstrated good predictive accuracy. The calibration plot indicated an acceptable calibration of the nomogram that also had a positive benefit in guiding treatment decisions.



Conclusion: FS1, CA, and CBCLs are identified to be significant risk factors for screw loosening after single-level PLIF with the CBT technique. The nomogram we have established can be used to predict screw loosening and contribute to surgical decisions.



KEYWORDS
cortical bone trajectory, screw loosening, lumbar spine, nomogram, spine





Introduction

Cortical bone trajectory (CBT) is an alternative approach first proposed by Santoni et al. as the treatment for a lumbar degenerative disease (1). CBT screw was inserted via the trajectory that could engage the pars, medial, and superior cortices of the pedicle isthmus for spinal fusion, and theoretically, it provided comparable pull-out resistance and stability to a traditional pedicle screw (TPS) (2–4). Likewise, good results have been found in literature works reporting the application of CBT screw in osteoporosis lumbar spine (1, 5, 6). The main role of the screw in lumbar fusion is to reduce the motion of the spine and to conduct the stabilization, whereas screw loosening is observed in quite a few literature works (7–9). As reported, the incidence of screw loosening in TPS was 1%–60% (7, 10, 11), and risk factors were related to osteoporosis, sacrum instrument, excessive load, and local high strains; however, it was not unified. CBT screw conducts a comparable fixation to TPS according to the characteristic, and it may reduce the risk of screw loosening due to the loading resistivity of cortical bone of the pedicles. Nevertheless, the screw loosening rate was still observed to be 62.5% (9, 12–14), and the risk factors were also uncertain. This leads to consideration of the differences in risk factors for screw loosening between CBT screw and TPS.

Screw loosening in both the TPS and CBT screw may require revision surgery due to symptomatic spinal instability and instrument failure (9, 11, 15, 16); thus, comprehension of screw loosening is essential. Previous studies were researched, and we found that few studies have concentrated on CBT screw loosening, or most of them lacked long-term follow-up and sufficient evidence. Hence, clear exploration of screw loosening of CBT screws is demanded with an available analysis of the literature.

The present study aimed to detect the prevalence of screw loosening in single-level PLIF using CBT screw with a minimum of 2 years of follow-up and to establish a nomogram for predicting screw loosening individually in each vertebra.



Methods

This was a retrospective study in the institution. A total of 88 consecutive patients were included in the study from November 2017 to January 2020, and 79 eligible patients were evaluated (Figure 1). Inclusion criteria are listed as follows: (1) patients diagnosed with lumbar degenerative disease (lumbar disc herniation, lumbar spinal stenosis, and lumbar spondylolisthesis) and who underwent single-level PLIF with CBT screws; (2) minimum follow-up time of above 2 years. Excluded criteria are as follows: (1) incomplete radiological data; (2) patients who underwent surgery diagnosed with lumbar infection, lumbar vertebral tumor, or history of lumbar surgery. The study was approved by the institutional review board of the hospital.


[image: Figure 1]
FIGURE 1
Flowchart of the study.



Surgical technique

The patient was placed in a prone position. A 5-cm midline skin incision was performed in the lumbar area. Muscular dissection was performed until the vertebral isthmus was exposed. The facet joints were exposed, and adjacent facet joints of the fusion area were avoided. The entry point was selected as an intersection of a vertical line through the center of the inferior facet joint of the adjacent cephalic vertebra and a horizontal line 3–4 mm below the inferior facet joint of the cephalic vertebra (a notch might be identified on the isthmus). The track was drilled with a 2 mm burr into the cortical bone with an approximate 10°–15° angle from medial to lateral and 20°–25° angle from caudal to cranial. Locating pins were placed into the track, and fluoroscopy was performed to check the position. Then, decompression was performed, and a cage (PEEK) filled with autogenous bone was implanted into the intervertebral space after endplate preparation and autogenous bone insertion. After the decompression, pins were removed, and CBT screws (for the S1 vertebra, the screw was 45 mm in length and 6.0 mm in diameter, and for other vertebras, the screw was 35 mm in length and 5.5 mm in diameter) were inserted through the tracks with spinous process preservation. Bended rods were then positioned and tightened bilaterally after compression was performed. Finally, fluoroscopy was performed to recheck the position of the screws and cage before the skin was sutured layer by layer.



Clinical and radiological evaluations

Clinical, demographic, and surgical data including age, gender, body mass index (BMI), operation time, and estimated blood loss (EBL) were collected. Radiological parameters including the coronal angle of the screw (CA), sagittal angle of the screw (SA), fixed to S1 (FS1), Hounsfield unit (HU) measurement of the trabecular bone of screw location, and cortical bone contacted layers (CBCLs) were evaluated (Figures 2, 3). The HU measurement was defined as the average of three points located in the screw track in a preoperative CT scan. Screw loosening was defined as a continuous lucent zone with a size of more than 1 mm and surrounded by a thin sclerotic zone in a CT scan (7, 17, 18). Bone fusion was graded according to Bridwell classification into three grades based on a lumbar CT scan (19): Grade I, complete fusion with the bridging bone bonding with both adjacent vertebral bodies; Grade II, incomplete fusion with the bridging bone bonding with either superior or inferior vertebral bodies; Grade III, failed fusion with incomplete bony bridging. Bone fusion was assessed by CT scan slices selected from the center of the cage or the largest bone grafting (20). The Oswestry Disability Index (ODI) was used to evaluate back pain preoperatively and at a postoperative time point of 6 months and final follow-up.


[image: Figure 2]
FIGURE 2
(A) HU measurement of an average of three points identified according to the screw track in the preoperative lumbar CT scan. (B) CA was defined as the angle between the screw and spinous process in the axial plane. (C) SA was defined as the angle between the screw line and vertical line in the sagittal plane.
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FIGURE 3
3D illustration of the maximum contact of cortical bone.




Statistics analysis

SPSS Statistics Version 23.0 (IBM, Armonk, New York) and R software (version 4.1.2) were used for data analysis. Univariate analysis was performed with an independent t-test and Mann–Whitney U test for continuous data and discontinuous data, respectively, and quantitative data were listed as means ± SD with normal distribution or as medians with interquartile ranges with non-normal distribution. The chi-squared test was used for categorical data analysis.

Multivariate logistic analysis was further performed on variates that had significant differences in univariate analysis (P < 0.05). In this study, CBCLs, CA, and FS1 were put into the logistic model. A multiple logistic regression model was applied to select significant variables with a stepwise forward method, and the odds ratio (OR) and 95% confidence interval (CI) of the variables were recorded. A nomogram was established with R software. The concordance index (C-index) of the nomogram was calculated to evaluate the predictive accuracy of the nomogram utilizing the “rms” package. A calibration plot and the Hosmer–Lemeshow test were used to assess the calibration, and the nomogram was internally validated by the bootstraps of 1,000 resamples. Decision curve analysis (DCA) was calculated by the “rmda” package to evaluate the clinical usefulness of the nomogram. The reliable outcome is considered as C-index >0.75, and P value <0.05 was considered statistically significant for all data.




Results

A total of 88 consecutive patients were identified, and 79 patients (316 screws) were included in the study. The cohort contained 35 (44.3%) male patients with an average age of 65.14 ± 9.74 years, and the average BMI was 26.83 ± 4.49. The mean follow-up time was 25.38 ± 1.77 months (Table 1). The incidence of screw loosening was 26.6% (21) in the cohort and 11.4% (36) in 316 screws; 5 patients presented back pain and received conservative treatment, and the other patients (16) were asymptomatic. The patients were divided into two groups according to the presence of screw loosening: screw loosening group (SL) and no screw loosening group (non-SL). Statistically significant differences were found in CA (P = 0.039), FS1 (P = 0.029), and CBCLs (P < 0.001) between the two groups (Table 2). Multiple logistic regression was performed on these parameters, and the results demonstrated that FS1 (OR = 3.82, 95% CI 1.12–12.71, P = 0.029), CA (OR = 1.07, 95% CI 1.01–1.14, P = 0.039), and CBCLs (OR = 0.17, 95% CI 0.10–0.29, P < 0.001) were risk factors for screw loosening after single-level PLIF with CBT screws (Table 3).


TABLE 1 Baseline characteristics and surgical data of patients.
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TABLE 2 Characteristics of screw-related parameters.
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TABLE 3 Multivariable analysis of radiological parameters.
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The nomogram was conducted by R software (version 4.1.2) with a 0.877 (95% CI 0.818–0.936) C-index, which demonstrated good discrimination and predictive accuracy (Figure 4). Calibration evaluated by the calibration plot of the nomogram was good (Figure 5), and the Hosmer-Lemeshow test was good (P = 0.755). The internal validation by bootstraps of 1,000 resamples was excellent, with a 0.880 (95% CI 0.815–0.932) C-index. Decision curve analysis was performed, as shown in Figure 6, and when the threshold probabilities ranged from 0% to 60%, the nomogram showed a positive net benefit, which means clinical interventions implemented in those patients guided by the nomogram could obtain more benefit compared with treating all or treating none.


[image: Figure 4]
FIGURE 4
Details of the nomogram.



[image: Figure 5]
FIGURE 5
Calibration plot. The calibration of the nomogram was represented by the solid line, and any bias in the nomogram was corrected by the dashed line. The bold gray line indicates the reference line of an ideal nomogram.



[image: Figure 6]
FIGURE 6
Decision curve analysis of the nomogram. The red line indicates the model. The x-axis and y-axis display the threshold probability and net benefit, respectively. The gray line represents the net benefit of treating all patients. The horizontal black line displays the net benefit of treating no patients.


Application indication of the nomogram is explained in Figure 7: a 62-year-old male patient underwent single-level PLIF with CBT screws at L4/5. A postoperative CT scan showed that the CA of L4L was 5° and of at L4R was 15°. The CAs of L5L and L5R were 16° and 17°, respectively, and the CBCLs of each screw were 3, 3, 2, and 1. Thus, according to the prediction nomogram, the score of each screw was approximately 45, 59, 92, and 126, which indicated that the incidence of screw loosening was <10%, 11%, 42%, and >80%. At the 1-year follow-up, we identified asymptomatic screw loosening at L4L, L5L, and L5R, which verified the accuracy of the nomogram. Also, the patient maintained asymptomatic at the final follow-up.


[image: Figure 7]
FIGURE 7
Case of the application of the nomogram. (A,B) Preoperative radiological data. (C–E) Immediate postoperative radiological data. (F–H) Radiological data at 1-year follow-up. (A) Lumbar spine x-ray. (B) Lumbar spine MRI demonstrating lumbar stenosis at L4/5. (C) Postoperative lumbar spine x-ray. (D) Postoperative lumbar spine CT scan indicating that the CBCLs of L4L, L4R, L5L, and L5R were 2, 3, 1, and 2, respectively. (E) Sagittal view of the lumbar spine CT scan. (F) After 1-year follow-up, a lumbar x-ray demonstrated a lucent zone at L4R and L5R. (G) Lumbar spine CT scan showing obvious screw loosening at L4L, L5L, and L5R. (H) Sagittal view of the lumbar spine CT scan.


To indicate whether the screw's location was in S1, three-dimensional surface plots are shown in Figures 8A,B to indicate the impact of CA and CBCLs on the probability of screw loosening.


[image: Figure 8]
FIGURE 8
Three-dimensional surface plot demonstrating the impact of CBCL (x-axis) and CA (z-axis) on the probability of screw loosening after lumbar surgery with the CBT technique. (A) Probability of screw loosening when the screw was not instrumented in S1; (B) probability of screw loosening when the screw was instrumented in S1.




Discussion

Screw loosening is common, as reported in PLIF, with an incidence of 1%–60% (7, 10, 13). Risk factors as explored are connected with osteoporosis, incorrect failing loading scenario, insufficient fusion, or screw stress distribution (7); however, most of the research studies have not reached a consensus. CBT screw has comparable pull-out resistance and stability to TPS since it was first proposed in 2009 by Santoni et al. (1). It can provide enhanced screw purchase and preferable interface strength attributed to characteristics of engaging higher density cortical bone even in osteoporosis patients (21–23). Perez-Orribo et al. explored the biomechanics of TPS and CBT and concluded that equivalent stability was found between TPS and CBT fixation (3). Matsukawa et al. found that the screw insertion torque of CBT was 1.71 times higher than that of TPS (24). Thus, theoretically, CBT screw has been proposed to promote pull-out strength and enhance the construct stability. In the present study, we found a 26.6% incidence of screw loosening in 79 samples (11.4% in 316 screws). To investigate the risk factors of screw loosening, we documented and analyzed the mentioned parameters of each screw, which would be more beneficial for surgery, and the results of risk factor analysis showed that three main factors (FS1, CA, and CBCLs) mainly constituted the predict scoring nomogram.

The odds ratio of FS1 was the highest compared to other parameters (OR = 3.82). In our study, there were 22 screws fixed in the S1 vertebra, and 9 of them (40.9%) were found to have an obvious lucent zone in the CT scan. Grigoryan et al. (25) conducted a cadaveric biomechanical study and considered that lumbosacral fixation with CBT screws was stable against loosening, which is contrary compared the results of our study. The reasons of FS1 being concluded as a risk factor of screw loosening were assessed: First, lumbosacral fixation is inherently thought to have a higher risk of screw loosening due to alignment restoration and holding strength (26–28). Second, the learning curve of lumbosacral fixation with CBT is relatively higher. Matsukawa et al. (29) elucidated that the penetrating S1 endplate CBT technique with a mean cephalad angle of 30.7° could provide favorable stability for lumbosacral fixation, while during our work, especially for early cases, it was hard to identify a content position for the instrument in S1 and repeating screw track adjustment might result in instability, and this also occurred in other segments for early cases. Therefore, we considered that experienced surgeons are needed to perform fixation on S1; although the result was not good for FS1, we believe that CBT screw for S1 is an alternative method for fixation due to the reduction of paraspinal dissection and facility for retraction in the sacrum.

With regard to CA and CBCLs played an important role in screw loosening of CBT screw, according to the nomogram. The typical trajectory of the CBT screw contains four parts for the cortical bone to increase the stability of fixation; among these, the lateral par as the starting point is essential. The lateral par is an identifiable structure as an entry point and is less influenced by a degenerative change to provide a good bony reference in the surgery (30, 31). The starting point could also have an influence on CA. Literature works recommended an approximate 10°–14° angle to medial (32, 33), and in our study, the mean CA was 10.36° in the non-SL group and 13.94° in the SL group, which concluded similarly to the previous studies. Matsukawa (4) stated that CA was more variable than SA, and CA might have been derived from differences in the location of the starting point. We believe biochemical studies will be performed to clarify the mechanism in the future.

In the present study, we have documented and provided a reference for the measurement of SA as an angle between the screw line and vertical line because we think that this might reduce the error for measurement of wedge-shaped vertebra in some cases, while some authors recommended a method of the measurement of the angle between the screw and vertebral endplate (33, 34). However, the results showed no statistically significant difference between the two groups, but there was no denial that SA was an important parameter. Zhang et al. (35) conducted a study to compare the fixation failure between PS and CBT and concluded that different failure mechanisms underlay PS and CBT under large vertical displacement, and this may emphasize the characteristic of CBT screws in a sagittal view.

Lower BMD evaluated by dual x-ray absorptiometry (DXA) was significantly associated with screw loosening by influencing the pull-out strength (1, 36, 37); nevertheless, DXA assessed the average value of BMD. In addition to DXA, the use of HU based on a CT scan has been applied and clarified to be a reliable method for BMD evaluation (38–40), which can be used to assess the region involved by each screw. However, literature works revealed that there was no consensus on the HU value to evaluate a low BMD as a risk for osteoporosis. In the current study, BMD around the screw was assessed by the HU value to explore whether BMD would be a risk factor for screw loosening, and the result was negative. This demonstrated that the BMD of the region where screw threaded could not make much difference. Lee et al. (33) reported the HU measurement of cortical bone; however, we have attempted to make the repetition and the results showed poor inter-rater reproducibility due to the thin wall of cortical bone, and we did not adopt the method to replace CBCLs.

The study had some limitations, mainly due to retrospective analysis with small sample size. The surgery with the CBT technique was performed during the learning curve of the early period, and this might contribute to the loosening of the S1 screw. Our study focused on the local view of screws to explore the potential factors of screw loosening; however, we did not include parameters related to fusion because it was hard to judge whether the fusion failure was caused by screw loosening or bone graft. Further studies with experienced surgical techniques will be performed to validate the present study.



Conclusion

The CBT technique offers an alternative method for lumbar surgery with TPS. Although CBT screws provide good stability for fixation, we have identified significant risk factors for screw loosening. A perioperative evaluation with the nomogram can provide a reliable prediction of screw loosening with CBT screws and contribute to surgical decisions to avoid complications.
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Introduction: Spinal dumbbell-shaped tumors are rare, usually benign tumors with intraspinal and paravertebral components connected through intervertebral foramen. Complete excision is often performed through traditional open surgery (TOS). The efficacy and long-term outcomes of minimally invasive surgery (MIS) have not been reported to date in resection of dumbbell-shaped spinal tumors.



Purpose: The purpose was to evaluate the efficacy and long-term outcomes of minimally invasive resection combined with unilateral transforaminal intervertebral fusion (TIF) through comparing with TOS in the treatment of spinal dumbbell-shaped tumors.



Methods: Fifteen patients underwent MIS and 18 patients underwent TOS. Thoracic dumbbell-shaped tumors were directly exposed after removal of costotransverse joints, adjacent rib components, unilateral hemilamina, and facet joints. Lumbar dumbbell-shaped tumors were completely exposed after removal of transverse processes, unilateral hemilamina, and facet joints. Whether for minimally invasive resection or traditional open removal, dumbbell-shaped tumors were completely excised and unilateral TIF was performed to guarantee spinal stability. All patients were followed up for 5 years at least.



Results: The mean length of surgical incision for two groups was 3.47 ± 0.37 vs. 6.49 ± 0.39 cm (p < 0.05). The average duration of the operation was 131.67 ± 26.90 vs. 144.17 ± 23.59 min (p > 0.05). The mean blood loss was 172.00 ± 48.79 vs. 285.83 ± 99.31 ml (p < 0.05). No blood transfusions were required in the two groups. The median length of hospitalization was 6 vs. 10 days (range: 5–8 vs. 7–14 days). The patients of two groups were monitored for an average of 65.93 ± 3.88 vs. 65.78 ± 3.56 months. At 5-year follow-up, all patients presented with normal neurological function (American Spinal Injury Association scale E). The Oswestry Disability Index in the MIS group decreased significantly more than the TOS group. No spondylolisthesis or spinal instability were found in the follow-up period. There was no recurrence of any spinal tumor 5 years after surgery.



Conclusions: Spinal dumbbell-shaped tumors can be safely and effectively treated with minimally invasive resection combined with unilateral TIF. Compared with TOS, MIS offers a reduced length of surgical incision, blood loss, hospital stay, and postoperative pain. This surgical protocol might provide an alternative for the treatment of spinal dumbbell-shaped tumors.
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Introduction

Spinal dumbbell-shaped tumors are rare lesions located inside and outside the dura or spinal canal. As the tumor portions are connected through the intervertebral foramen, the tumors resemble a dumbbell. The most common types of spinal dumbbell-shaped tumors are derived from the spinal nerve sheath. These include schwannomas, neurofibromas, and neurilemmomas (1, 2). Although majority are benign, they usually compress the nerve root and spinal cord and result in progressive pain or neurological deficits. Spinal dumbbell-shaped tumors most often occur in the cervical and thoracic regions, and lumbar tumors are relatively rare.

The treatment for spinal dumbbell-shaped tumors is gross total resection (GTR), which can alleviate clinical symptoms and relieve compression on neural structures. Traditionally, spinal tumors are surgically resected through open approaches such as posterior, posterolateral, combined posterior, and anterior approaches. Open surgical excision requires a large amount of paraspinal muscle displacement from bony components to clearly expose the tumors. These procedures are associated with significant potential complications (3). Recently, emphasis has been placed on minimally invasive techniques to reduce paraspinal tissue disruption and enhance recovery after surgery, while achieving the same clinical outcomes.

Minimally invasive techniques have been extensively used in a variety of spinal pathologies for decades. Compared with open procedures, minimally invasive techniques have been shown to minimize muscle and soft tissue dissection, decrease blood loss, decrease hospitalization costs, shorten hospital stay, and improve recovery time (4–6). Biomechanically, minimally invasive techniques also lead to less spinal destabilization than open surgeries (7, 8). Based on these advantages, minimally invasive techniques have been introduced to treat spinal tumors (9). In a previous paper, we reported two cases of thoracic dumbbell-shaped tumors treated with minimally invasive techniques (10).

To date, reports of treatment of spinal dumbbell-shaped tumors with minimally invasive techniques have been limited to case reports or small series (11, 12). The mid-term or long-term outcomes of minimally invasive resection through the paraspinal muscle approach combined with unilateral transforaminal intervertebral fusion (TIF) have rarely been reported following treatment of spinal dumbbell-shaped tumors. This study aimed to evaluate the efficacy and long-term outcomes of this minimally invasive technique by comparing with traditional open surgery (TOS) in resections of dumbbell-shaped spinal tumors.



Patients and methods


Patients

Approval for this study was obtained from the Medical Ethics Committee of Zhongshan Hospital. Before the procedure, informed consent was acquired from the patients. Between December 2013 and January 2015, patients who were diagnosed with spinal dumbbell-shaped tumors and underwent surgical resection combined with unilateral TIF were enrolled. The patients treated with minimally invasive surgery (MIS) were assigned to group 1. The patients treated with TOS were assigned to group 2. The localization of the dumbbell-shaped tumors and the distinction between benign and malignant tumors were determined by magnetic resonance imaging (MRI) scans.



Surgical technique

All surgical manipulations were performed by the same senior surgeon (YG), who has over 25 years of experience in spine surgery. After being anesthetized, endotracheally intubated, and mechanically ventilated, the patient was turned prone on a radiolucent operating table. The correct area of the affected vertebrae was identified using anteroposterior and lateral fluoroscopy and Kirschner wires. The posterior surgical area was conventionally sterilized and draped. Preoperative computed tomography (CT) was performed to evaluate the pedicles of adjacent vertebrae and to determine the optimal entry angle and depth in the coronal and sagittal planes.

When the pedicles of superior and inferior vertebrae adjacent to tumor were intact (Figures 1B1, B2), the tumor was completely resected from the lesion side, and unilateral TIF was performed on the ipsilateral side. For these patients, a paramedian mini incision was made 2 cm from the midline to access the dumbbell-shaped tumor and to insert the pedicle screws and cage. When the pedicles of superior and inferior vertebrae adjacent to tumor were damaged (Figure 2), the tumor was completely resected and the cage was inserted from the lesion side; unilateral pedicle screws fixation was performed on the contralateral side through a standard posterior midline incision about 35-mm and bilateral paraspinal muscle-splitting approaches.


[image: Figure 1]
FIGURE 1
Preoperative MRI and CT showed lumbar dumbbell-shaped tumor of a 34-year-old male patient (case 5) (A,B). (A1) coronal MRI; (A2, A3) axial MRI; (B1, B2) axial CT. The pedicles of adjacent vertebra to lumbar dumbbell-shaped tumor (L3/L4) were intact. The red arrow indicates intact pedicle.



[image: Figure 2]
FIGURE 2
Preoperative MRI and CT showed thoracic dumbbell-shaped tumor of a 58-year-old male patient (case 15) (A,B). (A1, A2) sagittal MRI; (A3) axial MRI; (B1) axial CT; (B2) sagittal CT. The pedicles of adjacent vertebra to thoracic dumbbell-shaped tumor (T12/L1) were involved and damaged. The yellow arrow indicates the damaged pedicle.


Blunt finger dissection between multifidus and longissimus muscles was performed to expose vertebral facet joints and transverse processes of the superior and inferior vertebrae. The pedicle screws were placed on the junction between the lateral facet wall and the superior third of the occurred transverse process. The cortical bone at the entry site to pedicle was decorticated and either a pedicle probe or a handheld curette was used to enter the pedicle. The continuity of the pedicle wall was confirmed using a small ball-tipped probe to ensure that there was no violation of the spinal canal or neuroforamen. The pedicle screws were implanted into the vertebral body, and anteroposterior and lateral fluoroscopy was performed to confirm the position of pedicle screws (Figures 3A1, A2).

Serial dilators were then used to create a muscle-splitting surgical channel into the target tumor area. An expandable tubular retractor was passed over the dilators to center over the tumor, and the retractor was fixed with a flexible arm to the operating table (Figure 3B). To completely expose the intraspinal component of dumbbell tumor, unilateral hemilaminectomy and total facetectomy were performed in piecemeal fashion using osteotomes and rongeurs. To completely expose the paravertebral component of dumbbell tumor, the costotransverse joints and adjacent ribs were removed for thoracic tumors while the transverse processes were removed for lumbar tumors. Then, the intercostal muscle or the intertransverse fascia was opened to access the tumor capsule. The paravertebral part of tumor could be separated from the thoracic pleura or iliopsoas muscle and completely pulled out using fingers if the tumor was easily mobilized (Figure 3C); otherwise, piecemeal excision of tumor was performed (Figures 4C1, C2). The nerve root involved was protected. After tumor resection, a standard ipsilateral discectomy was performed through the tubular retractor. The disc material and cartilaginous endplate were totally removed with the disc forceps and endplate scrapers. The interbody cage was filled with autograft bone and was placed into the intervertebral space (Figure 3D1). A rod was then placed and fixed with two pedicle screws after removal of the expandable retractor (Figures 3D2, D3). The wound was thoroughly irrigated, and a suction drain was inserted. For thoracic tumors, the thoracic pleura tears should be repaired, and placement of a chest tube was necessary depending on the hydrothorax or pneumothorax. The fascia was closed using absorbable sutures and the wound was closed in layers (Figure 3E).


[image: Figure 3]
FIGURE 3
One-step excision combined with unilateral TIF via minimally invasive technique was performed to treat lumbar dumbbell-shaped tumors in case 5 as follows: (A1, A2) The pedicle screws were implanted into the vertebral body. (B) The dumbbell-shaped tumor was exposed through the expandable tubular retractor. (C) The dumbbell-shaped tumor was completely separated from iliopsoas muscle and excised in one step. (D1) The interbody cage was placed into the intervertebral interspace. (D2, D3) The rod was placed and fixed with two pedicle screws. (E) The paramedian mini incision was made 2 cm from the midline.



[image: Figure 4]
FIGURE 4
One-step excision combined with unilateral TIF via the minimally invasive technique was performed to treat thoracic dumbbell-shaped tumors with damaged adjacent pedicles in case 15 as follows: (A) the standard posterior midline incision about 35 mm and bilateral paraspinal muscle-splitting approaches were performed to place unilateral pedicle screws on the contralateral side and insert cage from the lesion side after the removal of dumbbell tumor. (B) The pedicle screws were implanted into the vertebral body. (C1, C2) The border of tumor is not clear and the tumor was excised in piecemeal fashion little by little. (D1) The interbody cage was placed in the intervertebral interspace. (D2, D3) The rod was placed and fixed with two pedicle screws. (E) The standard posterior mini incision was made from the midline.


No external braces were used after the operation. The patients were mobilized as soon as possible after surgery. After discharge, the patients were encouraged to resume their daily routines and were monitored as outpatients in the hospital ward.



Clinical follow-up

All patients were assessed in terms of clinical outcomes on admission, after surgery, and at 3 months, 1 year, 2 years, and 5 years postoperatively. The pain intensity was assessed using a visual analog scale (VAS), and the motor/sensory outcomes were evaluated according to the American Spinal Injury Association (ASIA) scale. The Oswestry Disability Index (ODI) was performed preoperatively and 2 and 5 years after surgery. The length of surgical incision, intraoperative blood loss, operative time, and duration of hospitalization were analyzed. Spinal MRI scanning was performed before and after the operation to confirm the complete resection of tumor. X-ray and CT were performed on admission, after surgery, and 3 months, 1 year, 2 years, and 5 years after surgery. The fusion status was assessed according to the Bridwell posterior fusion grades (13). At the final follow-up, MRI was used in all patients to check if there was the recurrence of spinal tumor 5 years after surgery.



Statistical analysis

All continuous variables were recorded and statistically analyzed by SPSS software (SPSS Inc., Chicago, IL). Values were expressed as mean ± SD. The level of significance was set at a p-value of ≤0.05.




Results

Fifteen patients underwent minimally invasive resection and 18 underwent traditional open surgery. All tumors were radiographically benign. The tumors were located in the extradural region of the spinal canal and passed through intervertebral foramina to form paravertebral masses. For thoracic dumbbell-shaped tumors, costotransverse joints and adjacent rib components combined with vertebral laminae, and facet joints on the affected side were resected to expose the total tumor. For lumbar dumbbell-shaped tumors, ipsilateral transversectomy and hemilaminectomy combined with facetectomy were performed to remove the entire tumor. After GTR of dumbbell-shaped tumors in one step, all patients were concurrently treated with unilateral TIF to guarantee spinal stability. Before surgery, the ipsilateral pedicles of adjacent vertebra in one case of the thoracic tumors were involved as indicated by preoperative MRI and CT scans (Figure 2). For this patient, unilateral pedicle screw fixation was performed on the unaffected side. For other patients with intact pedicles, unilateral TIF was performed on the lesion side.

The characteristics of patients related to gender, age, involved level, and histopathological type are summarized in Tables 1 and 2. For the MIS group, there were eight men and seven women with a median age of 52 years. For the TOS group, there were ten men and eight women with a median age of 55 years. After surgery, they were monitored for at least 5 years. As shown in Table 3, the mean length of surgical incision for two groups was 3.47 ± 0.37 vs. 6.49 ± 0.39 cm (p < 0.05). The average duration of the operation was 131.67 ± 26.90 vs. 144.17 ± 23.59 min (p > 0.05), indicating that there was no significant difference. The mean blood loss was 172.00 ± 48.79 vs. 285.83 ± 99.31 ml (p < 0.05). No blood transfusions were required in the two groups. The median length of hospitalization was 6 vs. 10 days (range: 5–8 vs. 7–14 days). During the procedure, pleural disruption occurred in three cases of thoracic dumbbell-shaped tumors. In each of these cases, there was no obvious pneumothorax or hydrothorax on the x-ray immediately after surgery. Closed thoracic drainage was not performed.


TABLE 1 Results of patients performed via the minimally invasive technique.
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TABLE 2 Results of patients treated via traditional open surgical technique.
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TABLE 3 Comparison of variables between two groups.
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Postoperative CT showed that the spinal dumbbell-shaped tumors were completely removed via the one-step minimally invasive technique. GTR was achieved in all patients. Histopathological analysis showed that the resected tumors were benign nerve sheath tumors (Tables 1, 2). The patients of two groups were monitored for an average of 65.93 ± 3.88 vs. 65.78 ± 3.56 months. There were no procedure-related complications. All patients returned to normal activities within 4 weeks.

During the follow-up, clinical outcomes were assessed by VAS, ODI, and ASIA. As for pain intensity in the symptomatic region of chief complaint, the preoperative VAS of two groups was 8.47 ± 1.06 vs. 7.89 ± 1.18, indicating that there was no significant difference (Table 4). After surgery and 3 months later, VAS score in the MIS group was lower than that in TOS group (p < 0.05). At 1-, 2-, and 5-year follow-up, there were no significant differences between MIS and TOS groups in the assessment of VAS score. As for ODI assessment (Table 5), the MIS group was higher than the TOS group before surgery, while at 2- and 5-year follow-up, the MIS group was lower than the TOS group (p < 0.05). This indicated that ODI in the MIS group decreased significantly more than the TOS group. As for neurological motor/sensory outcome, ASIA grade improved in all patients. In the MIS group, five patients had improvement of neurological function with ASIA scale to E after 3 months (four from D to E and one from C to E). The remaining 10 patients had normal neurological function (ASIA scale E) preoperatively and postoperatively. In the TOS group, five patients had improvement of neurological function with ASIA scale from D to E after 3 months. The remaining 13 patients had normal neurological function (ASIA scale E) preoperatively and postoperatively. At 5-year follow-up, all patients had normal neurological function (ASIA scale E).


TABLE 4 VAS pain assessment of the two groups.
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TABLE 5 ODI assessment of the two groups.
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Postoperative x-rays and CT scans demonstrated that the pedicle screws and cages were properly positioned after surgery. During the follow-up period, there were no significant changes in the radiological examinations. No spondylolisthesis and spinal instability were found during the entire follow-up. Fusion of intervertebral segments was achieved in all patients after 2 years, including grade I in 11 segments (73.3%) and grade II in 4 segments (26.7%), based on the Bridwell grading system. No pedicle screw prolapses or rod failures were seen at the final follow-up. There was no recurrence of any spinal tumor 5 years after surgery confirmed by MRI examination (Figures 5, 6).


[image: Figure 5]
FIGURE 5
X-rays and CT scans showed the fusion of intervertebral segments was achieved, and there was no failure of internal fixation and occurrence of spinal deformity at 5 years after surgery. Grade I fusion was attained in a lumbar dumbbell-shaped tumor patient at 5-year follow-up. There was no recurrence of any spinal tumor 5 years after surgery confirmed by MRI examination. (A) The minimally invasive incision was shown 5 years after surgery. (B) x-rays; (C) CT scans. (D) MRI of lumbar dumbbell-shaped tumor patient (case 5).
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FIGURE 6
X-rays and CT scans showed the fusion of intervertebral segments was achieved, and there was no failure of internal fixation and occurrence of spinal deformity at 5 years after surgery. Grade I fusion was attained in a thoracic dumbbell-shaped tumor patient without fatigue of instrumentation at 5-year follow-up. There was no recurrence of any spinal tumor 5 years after surgery confirmed by MRI examination. (A) The minimally invasive incision was shown 5 years after surgery. (B) x-rays; (C) CT scans. (D) MRI of thoracic dumbbell-shaped tumor patient (case 15).




Discussion

Minimally invasive approach has recently been used to treat spinal disorders to curtail the amount of soft tissue and bone removal. Successful minimally invasive approach of spinal surgery was described in our previous study and other studies regarding treatment of vertebral compression fractures and spinal degenerative pathologies (14–18). Potential advantages include decreased blood loss, lower hospitalization costs, less postoperative pain and narcotic use, shorter hospital stay, and quicker return to daily activities. These studies primarily focused on patients with vertebral compression fractures and degenerative pathologies. Minimally invasive strategies have been rarely reported in spinal dumbbell-shaped tumors. We reported our experience with minimally invasive resections of dumbbell-shaped spinal tumors combined with unilateral TIF.

TOS using open posterior midline approach typically necessitates a lengthy surgical incision. Moreover, it requires extensive dissection of paraspinal muscles from the underlying bony components. Bilateral laminectomies and radical ipsilateral facetectomy are usually performed to expose tumors completely. The open approach is associated with iatrogenic complications such as massive blood loss, sustained postoperative pain, potential wound infection, spinal instability, and deformities. Therefore, MIS for resection of spinal tumors was introduced to reduce approach-related iatrogenic complications. In this study, minimally invasive resection of dumbbell-shaped tumors, whose medial border was located in the extradural region of spinal canal and near the midline of vertebral canal, was performed using a unilateral paraspinal muscle approach with an expandable tubular retractor. Unlike open posterior midline approach, the minimally invasive approach preserves the supraspinous and interspinous ligaments, avoiding extensive stripping of paraspinal muscles from the bony components of the spine while providing adequate access to lamina, facet joints, and transverse processes. Thus, minimally invasive resection of spinal dumbbell-shaped tumors offers some advantages over traditional open resection (19). First, the MIS technique through the paraspinal muscle-splitting approach provides easy access to the dumbbell-shaped tumor after hemilaminectomy and facetectomy, allowing complete resection of tumors without any traction on nerve structures. This is beneficial to prevent postoperative neurological complications. Second, it preserves the ligamentous structures and the attachment of paraspinal muscles to bone, decreasing postoperative pain. Third, it reduces the operative blood loss and shortens the surgical incision and hospital stay. Finally, it facilitates to promote early postoperative rehabilitation of patients. In our study, MIS patients were able to mobilize postoperatively as soon as possible without additional external immobilization devices. However, MIS also presents the disadvantage of prolonged learning curves for surgeons.

These spinal dumbbell-shaped tumors pass through the intervertebral foramina to form paravertebral masses. There are two distinct components located in intraspinal and paravertebral compartments. The intraspinal portion of the tumor is located in the intracanal and intraforaminal region of the spinal canal, requiring ipsilateral hemilaminectomy or radical laminectomy combined with facetectomy on the affected side to expose and remove the tumor effectively (20, 21). The paravertebral portion of the tumor is located in extraforaminal region and may extend into the retropleural or retroperitoneal regions. For the paravertebral component extending into the retroperitoneal cavity, laparoscopy-assisted resection has been reported (22). For the paravertebral component extending into the posterior mediastinum, endoscopy-assisted thoracic surgery was performed to resect tumor pieces safely (23). Even for large retropleural components or for tumors in hard-to-reach locations, thoracoscopic surgery was effective for removal (24). In previous studies of thoracic dumbbell-shaped tumor treatment, the combination of thoracoscopic and posterior spinal surgery has been proven to be a successful alternative surgical procedure (25, 26). Nevertheless, there are various complications of thoracoscopic surgery, including pulmonary complication, intercostal neuralgias, shoulder girdle dysfunction, and chronic postoperative pain syndromes (27, 28). If spinal dumbbell-shaped tumors can be resected directly in one step, complications can be reduced. Payer et al. reported the excision of a dumbbell-shaped tumor using a single posterior midline approach with laminectomy and costotransversectomy (29). Rzyman et al. reported one-step removal of thoracic dumbbell-shaped tumors performed by the thoracic team alone through a posterolateral thoracotomy and extended foraminectomy (30). In our study, whether for thoracic or lumbar dumbbell-shaped tumors, the paravertebral component can be directly exposed and resected completely after removal of transverse processes or costotransverse joints and adjacent rib components in one step through minimally invasive approach. If the tumor border is clear, surgeons can use their fingers to separate and completely pull out the paravertebral part of the tumor; otherwise, piecemeal excision of the tumor could be performed. This technique avoids another transthoracic or retroperitoneal surgery to remove the paravertebral mass and reduces the rate of procedure-related complications.

Laminectomy and facetectomy usually result in spinal instability and deformity, which are of particular concern after multilevel laminectomy and facetectomy (31). Papagelopoulos et al. reported that spinal instability and deformity after multilevel laminectomy for resection of spinal tumors were not uncommon in children and young adults, and necessitated the fusion of intervertebral segments to correct postoperative deformity and stabilize the spine (32). In this study, unilateral hemilaminectomy and total facetectomy were performed to expose and resect dumbbell-shaped tumors. The biomechanical stability of the spine was largely destroyed because of the resection of the hemilamina and facet joint. Katsumi et al. reported that the occurrence of postoperative spinal deformity or instability was about 20% resulting from laminectomies for resection of spinal tumor (33). In another retrospective study by Wiedemayer et al., the occurrence of postoperative spinal deformity or instability was about 30% even when the laminar roof was reconstructed using titanium miniplates after laminectomies for resection of spinal tumor (34). In this study, with the aim of minimizing the occurrence of postoperative spinal instability and deformity, unilateral TIF was performed after resection of spinal dumbbell-shaped tumors. At the final follow-up, fusion of intervertebral segments was achieved in all patients, and there was no failure of internal fixation and occurrence of spinal deformity. This suggests that unilateral TIF provides sufficient mechanical support for spinal stability and prevents spinal deformity associated with postoperative axial back pain. Through the minimally invasive incision performed for resection, the pedicle screws and cages could be implanted for unilateral TIF without additional intraoperative disruption. Sometimes, even though the pedicles of superior and inferior vertebrae adjacent to tumor were damaged, unilateral pedicle screw fixation was performed on the contralateral side and the cage was inserted from the lesion side after the complete removal of tumor through a mini posterior midline incision and bilateral paraspinal muscle-splitting approaches.

Like all other surgical techniques, pedicle screw fixation is not without risk, as it can violate the spinal canal or neuroforamen to cause nerve injuries. In our study, the pedicles were located and probed in all four quadrants to ensure that a solid bone tube was present and no violation into the spinal canal or inferiorly into the neuroforamen occurred. During the follow-up, none of the patients were found to have any postoperative neurological complications. The postoperative x-ray and CT images showed that the pedicle screws and cages were properly positioned in all patients. The fusion of intervertebral segments was secure in all patients and no hardware failure was seen in any patient at the final follow-up. These findings suggest that this technique avoids procedure-related neurological deficits and guarantees safety of operation.

The efficacy of total resection and postoperative recovery is also of concern in the treatment of spinal dumbbell-shaped tumors. In this study, the dumbbell-shaped tumors in all patients were completely removed, and all patients showed improvement of neurological function after surgery in both MIS and TOS groups. For the minimally invasive technique, the operation-related variables (length of surgical incision, blood loss, hospital stay) and postoperative outcome in terms of pain improvement and procedure-related complications were superior to traditional open or other techniques (35).



Conclusions

Minimally invasive resection through the paraspinal muscle approach combined with unilateral TIF in one step is a safe and effective surgical technique. Ipsilateral hemilaminectomy and facetectomy are sufficient to remove the intraspinal portion, and the paravertebral portion extending into the retropleural or retroperitoneal region can be concurrently removed after excising transverse processes or costotransverse joints and adjacent rib components. Following these procedures, unilateral TIF is performed to prevent postoperative spinal instability and deformity. If the pedicles adjacent to the tumor are not involved and intact, unilateral TIF is advocated on the lesion side. If the pedicles are involved, cages are inserted from the lesion side and unilateral pedicle screw fixation was performed on the contralateral side. Compared with traditional open technique, minimally invasive surgery offers a reduced length of surgical incision, blood loss, hospital stay, and postoperative pain.
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Background: The anterior approach to the cervical spine is the most commonly used surgery with effective decompression and less surgical trauma. Anterior plate construct (APC) is considered a standard technique. However, it appears to cause implant failure and postoperative dysphagia. Due to these reasons, locking stand-alone cages (LSCs) without the addition of an anterior plate have been developed and gained popularity in the past decade. In theory, an LSC could provide immediate load-bearing support to the anterior column of the cervical spine and may enhance the rate of arthrodesis. However, screw skiving and backing off are known complications of LSC. Given the characteristic shape of cervical discs, we wondered whether there may be a role for a shape-conforming cage without screws and plates to achieve desired outcomes, i.e., a true stand-alone cage (TSC). A single surgeon cohort using the cage in a heterogenic set of indications was evaluated.



Methods: A total of 45 patients with degenerative cervical conditions who underwent surgery using TSC using CoRoent Small Contoured peek cage (Nuvasive, San Diego, CA) and Orthoblend™ (Medtronics, Memphis, TN) were retrospectively reviewed. Comparisons between preoperative and postoperative Numeric Rating Scale (NRS), the modified AAOS-Modems disability outcome, Neck Disability Index (NDI) scores, and Short Form 36 were evaluated. Operative time, the occurrence rate of fusion, lordosis change of cervical spine, and occurrence rate of complications were evaluated.



Results: There were one-level (n = 15), two-level (n = 24), and three-level (n = 6) cases making a total of 81 cages implanted and studied. The mean operative time was 132.7 min. The group demonstrated significant improvements in NRS, AAOS-Modems disability outcome, and NDI scores after surgery (mean follow-up 12 months). The cervical lordosis at pre- and last follow-up period was 8.7 ± 2.2° and 8.3 ± 3.2°, respectively. The complication rate was 21.2%.



Conclusions: TSC yielded satisfactory long-term clinical and radiological outcomes; this preliminary report can form the basis of a cost–benefit analysis study either prospectively or by way of meta-modeling comparing APC, LSC to TSC.
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Introduction

Anterior cervical discectomy and fusion (ACDF) has been considered the standard surgical intervention for the treatment of cervical spondylotic conditions (e.g., a degenerative cervical disease with myelopathy or radiculopathy) (1, 2). The goal of this surgery is intended to obtain effective neural (e.g., spinal cord and nerve root) decompression, maintain the affected segment stabilization, and restore lordosis of the cervical spine (3, 4).

Anterior plate construct (APC) is a commonly used technique for ACDF (5). Traditionally, the anterior plate is used for maintaining the stabilization of the cervical spine, improving cervical lordotic alignment, increasing fusion rate, and preventing cage dislocation (6). However, the use of an anterior plate may lead to some potential adverse events, such as sore throat, dysphagia, implant failure, and adjacent segment degeneration (ASD). Due to these reasons, locking stand-alone cages (LSCs) without the anterior plate has been developed and gained popularity in the past decade (1). In theory, an LSC could provide immediate load-bearing support to the anterior column of the cervical spine and may enhance the rate of arthrodesis. Previous studies reported that LSC provided comparable stability and reduced the damage to soft tissues and plate-related complications with a satisfactory clinical outcome (7–12). Nevertheless, previously published studies showed that there were no advantages of LSC in clinical and/or radiologic outcomes and/or complications compared with APC (13, 14). Some complications following LSC have been reported, including screw skiving and backing off. Therefore, a consensus has not yet been arrived at on the efficacy of LSC in the reduction of neck pain and overall complications in cervical spondylotic conditions. Given the characteristic shape of cervical discs, we wondered whether there may be a role for a shape-conforming cage without screws and plates to achieve desired outcomes, i.e., a true stand-alone cage (TSC).

To further clarify arguments in the current literature, a single surgeon cohort using the cage (e.g., TSC) through a minimally invasive approach for treating the patients with a heterogenic set of indications was evaluated.



Participants and methods

Ethical approval was obtained from the Human Research Ethics Committee of the University of New South Wales (NRR-HC210096) for the retrospective analysis of outcomes (e.g., demographic data, clinical outcome, and radiological outcome) of patients who have undergone stand-alone anterior cervical decompression and fusion surgery (TSC without the addition of an anterior plate) at Spine Service, St George Hospital Campus (UNSW Sydney, Australia).


Design and patients

Inclusion criteria were the following: (1) age more than 18 years; (2) signs and symptoms of cervical spondylotic conditions (e.g., cervical radiculopathy or cervical spondylotic myelopathy); (3) cervical spondylotic conditions confirmed using magnetic resonance imaging; (4) patients signed the informed consent; and (5) at least of 3 months follow-up after surgery. Exclusion criteria were the following: (1) developmental cervical spinal stenosis; (2) ossification of the posterior longitudinal ligament; (3) systemic or local infection; (4) trauma, fracture, tumor, and invasive malignancy; and (5) surgical history of the cervical spine.



Neurological assessment and clinical outcomes

Primary symptoms (e.g., symptoms for myelopathy or radiculopathy) including any hand–neck pain, clumsiness, radicular pain to the upper limb(s), leg stiffness, and gait disturbance were recorded. The Neck Disability Index (NDI) and Numeric Rating Scale (NRS) were used to assess disability and neck and radicular pain, respectively. The neck pain relief was rated with 6 points [score 1 = complete relief (100%); score 2 = small amount of symptoms persists (80%–99%); score 3 = most of symptoms are gone (60%–0%); score 4 = moderate relief (30%–60%); score 5 = minor relief (up to 30%); score 6 = no relief or symptoms worse]. Eighteen items were included in the modified AAOS-Modems disability outcome tool spine-service version for the physical functioning scale (PFS). Each item of this tool was manually rated with 5 points for one of three possible responses (score 0 = not limited at all, score 3 = little limitation, and score 5 = limited quite a lot). We obtained scores for the eight Short Form 36 (SF-36) subscales [physical functioning (PF), energy fatigue (EF), emotional wellbeing (EW), social functioning (SF), bodily pain (BP), general health (GH)]. All the data were collected preoperatively, at 1-month, 3-month, 6-month, 12-month, and last follow-up after surgery. The senior spinal surgeon with 30 years of experience (ADD) performed the neurological assessment and surgery.



Surgical technique

Patients were placed in the supine position. The surgical procedure was exposed through a standard anterior approach from the left side. Small access corridors were used to minimize the damage to soft tissue. In order to obtain better visualization and illumination, the better anterior retractor systems (Maxcess C retractor, Nuvasive, San Diego, CA, Figure 1) were combined with the use of the loupes. This retractor system optimizes direct illumination using a cold light source directly attached to the retraction blade. Furthermore, the retractor is stabilized to the operating table diminishing needless retractor movement on soft tissue during the operation. For multilevel procedures, the retractors are moved one level at a time with segmental Casper pin distraction. Anterior cervical discectomy was performed. After dural and root decompression, patients underwent TSC using CoRoent Small Contoured peek cage (Nuvasive, San Diego, CA, Figure 1) and Orthoblend™ (Medtronics, Memphis, TN). The cages were filled with demineralized bone matrix for augmenting fusion.


[image: Figure 1]
FIGURE 1
(A) CoRoent small contoured peek cage (Nuvasive, San Diego, CA). (B) Anterior retractors systems (Maxcess C retractor, Nuvasive San Diego CA).


The technique allows minimal dissection and smaller incisions, and allows for maximal spinal canal decompression and disc clearance through a minimally invasive technique.



Radiological evaluation

The preoperative and postoperative lordosis of the cervical spine, postoperative fusion rate, and postoperative subsidence were measured and evaluated via radiological images. The lordosis of the cervical spine was measured by the Cobb angle between the inferior endplate of C2 to the inferior endplate of C7 (Figure 2) (15). The definition of fusion was listed as (1) the range of motion of surgical level <2° in postoperative radiographs, (2) the formation of bridging trabecular bone between the involved vertebral bodies; and (3) the absence of a radiolucent gap through the fusion level. The incidence of subsidence was referred to as more than 3 mm reduction of the disc height in the involved level in postoperative images (16).


[image: Figure 2]
FIGURE 2
Cobb angle for measuring cervical lordosis. Cobb angle is measured on lateral x-ray of the lumbar spine: the angle (a) is formed by the inferior endplate of the C2 to the inferior endplate of the C7.




Surgical complications

Procedure-related and postoperative complications at each follow-up time point were evaluated and collected by a clinical fellow (AS). Procedure-related complications include injury to recurrent laryngeal nerve, dural tear, nerve root damage, damage to the spinal cord, major blood vessel injury, infection, and damage to the trachea or esophagus. Postoperative complications include inadequate symptom relief after the surgery, pseudarthrosis, dysphasia, potential speech disturbance, hematoma, and ASD.



Statistical analysis

The continuous variables were expressed as mean ± standard deviation (SD). Paired t-test was used to compare the clinical outcomes of NRS and NDI between preoperative and final follow-up. Due to the non-normal distribution of these data, the nonparametric Mann–Whitney U test was used to compare the NRS, NDI, PFS, PF, EF, EW, SF, BP, and GH between the preoperative and final follow-up groups. Categorical variable data were analyzed by Fisher's exact test. SPSS v24.0 (SPSS Inc., Chicago, IL, United States) was used for the statistical analysis. P < 0.05 was considered to be statistically significant.




Results


Patients

This study included 45 patients (20 females and 25 males), aged 40–75 years (the mean age at surgery was 52.4 years), operated in our department by a senior surgeon (ADD) between November 2012 and January 2021, and having complete pre- and postoperative clinical and radiological data. The mean time to follow-up was 12 months (range 6–24 months). Fifteen cases with one-level, 24 cases with two-level, and six cases with three-level made a total of 81 cages implanted and studied (Table 1 and Figure 3).


[image: Figure 3]
FIGURE 3
(A,B) Standing lateral x-ray of the true stand-alone cage for cervical degenerative disc disease in one-level (C5/6) preoperatively and at 2-year follow-up. (C,D) Standing lateral x-ray of the true stand-alone cage for cervical degenerative disc disease in two levels (C5/6 and C6/7) preoperatively and at 1-year follow-up. (E,F) Standing lateral x-ray of the true stand-alone cage for cervical degenerative disc disease of three levels (C4/5, C5/6, and C6/7) preoperatively and at 1-year follow-up.



TABLE 1 Demographics and clinical data.
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Clinical outcomes

All patients reported at least partial improvement in pain scale and functional status during the last follow-up evaluation. NRS score improved from 6.3 (±0.4) to 2.1 (±0.1) and NDI score improved from 25.2 (±8.2) to 17.3 (±9.9). All scores (e.g., NRS and NDI) exhibited statistically significant improvement at the last follow-up postoperatively (P < 0.05). There were no statistically significant differences between the preoperative and last follow-up postoperative data in the modified AAOS-Modems disability outcome, PF, EF, EW, SF, BP, and GH (all P > 0.05) using the nonparametric Mann–Whitney U test (Table 2).


TABLE 2 Clinical outcomes of patients preoperatively and at last postoperative follow-up.
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Radiological outcomes

The fusion rate of patients undergoing ACDF following TSC was documented in 88.9% (40/45) of patients, and 93.3% (14/15) of patients achieved postoperative fusion in the one-level disease group, 87.5% (21/24) of patients with the two-level group, and 83.3% (5/6) of patients with the three-level group. There was no statistically significant difference in NRS and NDI scores between the fusion and no-fusion groups (Table 3).


TABLE 3 Clinical and radiological outcomes.
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Cage subsidence was found in five patients (11.1%) at the last follow-up. No significant difference was found between single- and multilevel procedures in the incidence of cage subsidence. There was no statistically significant difference in NRS and NDI scores between the subsidence and no-subsidence groups. The cervical lordosis at the preoperative and last follow-up period was 8.7 ± 2.2° and 8.3 ± 3.2°, respectively (Table 3).



Surgical complications

Seven patients had complications following TSC surgery, including dysphagia in one patient, nausea in two patients, sacrum pressure injury in one patient, wound issue in one patient, and chest pain in one patient. None of them underwent revision surgery.




Discussion

We have demonstrated that in a cohort of patients undergoing TSC-based single- to multilevel fusion a strong basis for feasibility, safety, and preliminary efficacy for a device being currently used with APC fusion. Whilst no superiority claims are made over APC, we believe that our study forms a good basis for delivering Value-based care with potential for lower complications and potential improved cost-benefit.

APC as the standard technique in ACDF is effective in maintaining cervical stabilization, improving cervical lordotic alignment, preventing cage dislocation, and increasing fusion rates. Previous studies showed the efficacy and safety of using ACDF with cage and plate for signal level or multilevel patients with cervical spondylotic conditions (15, 17). However, increased complication rates associated with plate fixation have been reported in patients with multilevel ACDF (15, 17). In order to overcome these complications, stand-alone cages were developed and used. However, the understanding of these potential disadvantages (e.g., changes in cervical alignment, cage migration, low fusion rates, and the occurrence of subsidence) of using stand-alone cages for treating cervical spondylotic conditions remains incomplete (18). Compared to ACDF (e.g., APC), TSC could theoretically reduce the surgical trauma to soft tissues and reduce blood loss during the surgery, in single- and multilevel procedures. Our study achieved a good clinical efficacy (e.g., significant improvement in NRS and NDI scores) with TSC for single- and multilevel cervical spondylotic conditions.

Plate dislodgement, tracheoesophageal lesions, and dysphagia are recognized as the most occurred complications after ACDF using an additional anterior plate. Previous studies reported that the incidence of transient and chronic dysphagia following ACDF surgery ranges from 2% to 71% and from 3% to 21%, respectively (19). Transient dysphagia occurred in one patient that lasted 4–7 days in the present study (2.2%). None of the patients exhibited permanent dysphagia. A possible explanation for the occurrence of dysphagia following an anterior plate with APC is that the design and fixation of the anterior plate may lead to esophageal injury, soft tissue edema, hematoma, and adhesive formations around the plate. Reducing the use of implants is very important, which could avoid mechanical stimulus to the esophagus; furthermore, using a simple operative procedure and reducing the retraction of the esophagus can minimize the occurrence of postoperative dysphagia. Based on the minimally invasive procedure of TSC and the outcome of our results, we recommend the use of TSC for treatment of patients with cervical spondylotic conditions.

One advantage of plate fixation is early mobilization (20). TSC as an external soft collar is used for 3 weeks (one level), 6 weeks (two levels), and 8 weeks (three levels) (21). Our experience indicates that this does not cause the patients any undue discomfort. In fact, they feel psychologically reassured that their necks are being “taken care” of during the postoperative phase. The subaxial cervical spine moves through a lower arc of movement when compared to C0–C2 levels and further degenerative pathology assures global stiffness of the segments being treated; we feel this is sufficient for the early phase of healing. Prospective computational modeling to evaluate stability (that includes the role of neck muscles within collar immobilization) may further elucidate mechanics during TSC.

Fusion is the final aim of treating patients with cervical spondylotic conditions for ACDF or TSC. Previous studies reported similar rates of fusion between both APC and TSC in patients with cervical spondylotic conditions based on different involved levels (e.g., single-level cervical disease vs. multilevel cervical disease) (13), which is consistent with our results. Many issues have affected our results, such as the period of follow-up after surgical treatment, bone quality, different diagnoses of patients, preparation of the endplate for implanting the cage, and distraction achieved by the cage.

Subsidence is also considered the main complication of using the cage for fusion surgery, which has been reported in 9.3%–62.5% of patients with cervical spondylotic conditions (22). This study observed five patients (11.1%) with cage subsidence at the last follow-up. In theory, the subsidence of the cage may cause the disc height and foraminal height changes, which could cause the nerve root or spinal cord compression. The results of our study supported that TSC cannot significantly affect the NRS and NDI between the subsidence and no-subsidence groups. The authors recognize that subsidence is the outcome of numerous factors including bone quality and endplate preparation and may not be a consequence of cage-alone. Delayed union due to bone graft substitute may contribute to the occurrence of subsidence. However, in TSC, the one issue that is eliminated is stress protection afforded by plates and screws that may contribute to delayed union.

Sagittal misalignment as one of the main factors is important for balancing the stress distribution on internal fixation devices and maintaining cervical instability (22). We observed that TSC surgery can maintain cervical lordosis without a significant difference between single- and multilevel disease.

Several methodological issues require consideration. First, a small sample was included in the study. Second, the present study did not include a control group. Further multicenter randomized control trials in assessing TSC vs. APC techniques on the clinical efficacy and consequences of complications for treating patients with cervical spondylotic conditions are required.



Conclusions

Stand-alone cage anterior cervical decompression and fusion surgery is an option for cervical degenerative disc disease of one, two, and three levels. This preliminary report can form the basis for a cost–benefit analysis study either prospectively or by way of meta-modeling comparing APC, LSC to TSC.
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Postoperative  Postoperative  p value

deterioration  preservation
of or
MecCormick improvement
score of
McCormick
score

Nurmber of patients 4(286%) 10 (71.4%)

Age (years old) 6034202 565+7.0 07773
Female 0(0%) 440%) 02507
Intraaxial tumor 3(75%) 5(50%) 05804
Length of lasion 0824041 1.25 +0.40 02806
Length of edema 1734087 1.20 +0.41 0.0274*
Gloss total resection 4(100%) 8(80%) 1.0000
Hypertension 0(0%) 40%) 0.2507
Diabetes melitus 1(25%) 1(10%) 0.5055
Hyperipidemia 0(0%) 440%) 0.2507
Antithrombic medication 1(25%) 2(20%) 1.0000
Steroid medication 0(0%) 2(20%) 1.0000
Smoking 1(25%) 3(30%) 1.0000
Drinking 2(20%) 2(20%) 05205

*Means “the difference is statistically significant”.
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Variable

Drinking
Hyperlipidemia

Hypertension

Preoperative motor weakness at MMT
Change of MEP

Smoking

*Means “the difference is statistically significant”.

Estimate

-16.39
-19.15
208
-11.62
—11.49
17.38

P value

00639
0.1267

0.062
0.0374*
0.0618

OR

7.613821E-08
4.85E-00
8.032087E+00
B8.97E-06
1.02E-05
B.36E+07

2.008602E-21
5.37E-22
1.11E-01
3.38E-13
9.210130E-12
9.127656E+01

95%Cl

4.453208E-02
7.00E-03
1.18E+03
4.20E-02
2.94E-02
745E+18
AC=24.7
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Variable OR P value
FS1, n (%) 382 112-12.71 0.029
CA () 107 101-1.14 0.039
CBCLs (n) 017 0.10-029 <0.001

FS1, fixed to SL CA, coronal angle of the screw; CBCLs, cortical bone

contactid Lajers.
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Factors tal number Non-5L P value
(n=316) (n=36)  (n=280)

FS1, n (%) 22(7.0) 9 (25.0) 3 (4.6) <0.001

Hu 165.18 + 84.08 179.04 £ 83.63  163.40 = 83.64 0.294

SA (%) 7597 +7.10 75.72+8.05 76.01 +6.99 0.822

CA (°) 1077 £5.72 13.94 +6.53 10.36 + 549 <0.001

CBCLs (n) 4(3-4) 2(2-3) 4(39) <0.001

FS1, fixed to SL: SA, sagittal angle of the screw; CA, coronal angle of the screw;
CBCLs, cortical bone contacted layers.
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Factors Total SL Non-5L P
number (n=21) (n=58) value
(n=79)
Demographics
Age (years) 65142974 646251193  6260=887 0420
Male, n (%) 35 (443) 1(524) 24(414) 0385
Height (m) 1632078 1664008 162007 0053
Weight (kg) TL13£1301  7429+1550 69981194 019
BMI 2683-449 2693417  2679=464 0905
Followuptime  2538+177 2543143 2536189 0884
(mon)
Surgical data
Operation time 176544146 17262+43.18 177.97 4112 0616
(min)
EBL (ml) 21354+74.13 190006364 22207%7629 0089
Fusion grade, . . 0.267
n (%)
1 29 (367) 10 (47.6) 19 (32.8)
n 42 (532) 8(38.1) 34 (58.6)
I 8(10.1) 3(143) 5(86)
ODI (%)
Preoperative 49102650 4952868  4895:560 0731
6 months 22525465 2333453 22225470 0353
Final follow-up ~ 21.03£450  2190+458 2071447 0299

BMI, body mass index: EBL, estimate blood loss: ODI, Oswestry disability index.
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Variable

Age
Sex

Female

Male

Hospital stay (days)

Operation time (minutes)

VAS back before surgery

VAS leg before surgery

Change in VAS back 3 month (%)
Change in VAS leg 3 month (%)
Change in VAS back 6 month (%)
Change in VAS leg 6 month (%)

Change in VAS back 12 month (%)

Change in VAS leg 12 month (%)
ODI before surgery

ODI 3 months

ODI 6 months

ODI 12 months.

General (mean  SD)

476£87

9(52.94%)
11 (47.83%)
51121
75655
51209
809
575+ 14.7
73691
622 17.4
74895
824+142
858+£9.0
500+5.9
55.64 6.1
59459
636+£4.3

Local (mean % SD)

46.1 £135

8 (47.06%)
12 (62.17%)
35+1.1
46293
512
8%
585+ 169
75182
779+17.9
871£76
808+ 15.4
98.7 £ 4.1
4882
61876
62573
638+66

p-value

0.68

0.75

<0.001
<0.001
0.88

0.85
0.6
0.008
<0.001
0.74
<0.001
0.39
0.007
0.14
094

Overall (mean  SD)

469+ 112

17 (42.5%)
23(57.5%)
43+1.4
609+ 16.7
50+1.1
8+10
584 15.7
744+86
70+ 19.2
809+ 106
81.6% 14.7
922+95
49.£7.1
58775
6167
63.7+£55
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Adverse reactions and
patient satisfaction

Nausea
Vorniting

Dizziness
Drowsiness

Nerve root injury
Pain during surgery
Moderate pain
Excruciating pain

Local anesthesia
100% (n = 20)

5% (1)
0% (0)
0% (0)
0% (0)
0% (0)

40% (8)
5% (1)

General anesthesia
100% (n = 20)

15% (@)
15% (3)
15% ()
15% (3)
10% (2)
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Prospective follow-up time

Group 1 (n = 624)
0-1 year

1-2 years

2.3 years

3-4 years

4-5 years

Total

Group 2 (n = 338)
0-1 year

1-2 years.

2-3 years

3-4 years

4-5 years

Total

Group 3 (n = 51)
0-1 year

1-2 years.

2-3 years

3-4 years

4-5 years

Total

BMI below 30

20 from 308
5 from 308
1 from 242
0 from 186
1 from 93
9.6%in 5 years

4from 108
1 from 108
1from 78
0from 58
0from 33
59%in 5 years

Ofrom 15
Ofrom 16
0from8
0from4
0from0

not enough data.

6.5%
1.6%
0.4%
0.0%
1.1%

3.7%
0.9%
1.3%
0.0%
0.0%

0.0%
0.0%
0.0%
0.0%

BMI of 30 and above

22 fom 316
10 from 316
5 from 259
1 from 194
3 from 106
15.4% in 5 years

7 from 230
5 fiom 230
3 from 179
5 from 127
1 from 72
12.2% in 5 years

4 from 36
0 from 36
0 from 21
1 from 10
1from 1

not enough data.

7.0%
32%
1.9%
05%
2.80%

3.0%
22%
1.7%
3.9%
1.4%

10.0%
0.0%
0.0%
10.0%

Comparison (p)

0.87
03
0.22
0.62
0.756

0.67

0.33
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Parameter

Group 3
ool

Patients with | ODI of at least
12.8(22)

SF-36 PH

Patients with  SF-36 PH of at
least 4.9 (22)

SF-36 MH

Patients with + SF-36 MH of at
least 4.9 (22)

Pre-op (n = 51)

56/54 (45; 62)

25/24 (22; 28)

26/26 (22; 28)

Long term (n = 43)
35/42 (22; 51)°
38

33/25 (24; 38)"
38

38/35 (28; 46)"
37
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Type

A

ns

IVA
Total

Complication

Blood loss of at least 500 ml

Dural tear (no post-op CSF leak)

Rao grade 1-2 lateral screw malposition
Cortical endplate injury

Cage migration

Bone cement leakage to the spinal canal, paravertebral vein.

Peritoneal injury
Increasing neurological deficit

Blood loss of over 500 ml with blood transfusion
Hematoma (epidural, retroperitoneal)

Exacerbation of chronic urinary tract infection
Superficial surgical site infection (SS)

Residual radicular pain syndrome

Allergic response

Acute psychoorganic syndrome

Decompensated cardiovascular pathology

Acute deep lower limb venous thrombosis.
Pharmacoresistant neuropathic pain syndrome
Dural tear with CSF leak (external lumbar drainage)
Short-term disc reherniation (up to 90 days)
Epidural hematoma

Incomplete decompression

Rao grade 3 intracanal screw malposition (reoperation)
Deep surgical site infection

Short-term segmental instability (up to 90 days)
Pseudoarthrosis (reoperation)

Fixation hardware faiure (reoperation)

Acute myocardial infarction

Group 1

16
47

w & o |

15.9%

141
41.7%

Group 3

L anow

16
31.4%

Total

P O IR I N IS R S S

256
25.3%
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Parameter

Number of patients
Age

Gender, % female
BMI

ccl, %

LOS (total within 90
days)

Primary LOS

Surgical time (total
within 90 days)

Surgical time (initial)

Without With P

complications complications
804 209 -

66.2/65 (62; 69) 66.3/65(62;69)  0.992
62% 70% 0,096
31.3/309 (27.6;34.7) 82.5/31.7 (27.9;369) 0013
62.8/77 (53; 90) 64.2/77(53,90)  0.643

6.3/6 (5, 7) 9.3/7 (6; 11) <0.0001

6.3/6(5:7) 82/7(6:10)  <0.0001

113.7/90 (65; 150)  194./182,5 (125; 235) <0.0001

113.7/90 (65; 150)  176.8/170 (110; 221.2) <0.0001
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Parameters
Value
LOs

Surgical time
Blood loss

rs

0.15
0.26
0.22

Group 1
P

0.0001
<0.0001
0.0001

Group 2
rs P
004 048
0.15 0.007
016 0004

Group3

rs P
0.26 0.07
-004 076
0.18 021
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Parameters Pre-op (624) Up to 1year (245) Over 1 year (262)

Group 1 55/56 (42;68)  27/27 (14;38)  18/13(4; 29
ool

Patients with | ODI of - 166 206
atleast 12.8 (22)

SF-36 PH 27/26/(23;30)  40/39 (32,47  43/46 (36; 52
Patients with t SF-36 - 178 203

PH of at least 4.9 (22)

SF-36 MH 20/28 (22;34)  41/42 (33;51)  46/50 (39; 54)°
Patients with t SF-36 - 157 188

MH of at least 4.9 (22)
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Parameters Pre-op (338) Up to 1 year (213) Over 1 year (111)

Group 2 58/60 (52, 66)  26/24(16;36)  24/22 (6, 38)"
ool

Patients with | ODI of - 181 80
atleast 12.8 (22)

SF-36 PH 26/26(22;30)  38/38(32;45)°  41/43 (32; 51)
Patients with + SF-36 - 156 76

PH of at least 4.9 (22)

SF-36 MH 27/26 (20;32)  41/38(33;53)  44/49 (35; 54)°
Patients with + SF-36 - 144 70

MH of at least 4.9 (22)





OPS/images/fsurg-09-797495/fsurg-09-797495-g004.gif





