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Partial Restoration of Spinal Cord Neural Continuity via Sural Nerve Transplantation Using a Technique of Spinal Cord Fusion
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Background: Spinal cord injury (SCI) can cause paralysis and serious chronic morbidity, and there is no effective treatment. Based on our previous experimental results of spinal cord fusion (SCF) in mice, rats, beagles, and monkeys, we developed a surgical protocol of SCF for paraplegic human patients. We designed a novel surgical procedure of SCF, called sural nerve transplantation (SNT), for human patients with lower thoracic SCI and distal cord dysfunction.

Methods: We conducted a clinical trial (ChiCTR2000030788) and performed SNT in 12 fully paraplegic patients due to SCI between T1 and T12. We assessed pre- and postoperative central nerve pain, motor function, sensory function, and autonomic nerve function. Conduction of action potentials across the sural nerve transplant was evaluated. Neural continuity was also examined by diffusion tensor imaging (DTI).

Results: Among the 12 paraplegic patients enrolled in this clinical trial, seven patients demonstrated improved autonomic nerve functions. Seven patients had clinically significant relief of their symptoms of cord central pain. One patient, however, developed postoperative cord central pain (VAS: 4). Five patients had varying degrees of recovered sensory and/or motor functions below the single neurologic level 1 month after surgery. One patient showed recovery of electrophysiologic, motor-evoked potentials 6 months after the operation. At 6 months after surgery, DTI indicated fusion and nerve connections of white cord and sural nerves in seven patients.

Conclusion: SNT was able to fuse the axonal stumps of white cord and sural nerve and at least partially improve the cord central pain in most patients. Although SNT did not restore the spinal cord continuity in white matter in some patients, SNT could restore spinal cord continuity in the cortico-trunco-reticulo-propriospinal pathway, thereby restoring in part some motor and sensory functions. SNT may therefore be a safe, feasible, and effective method to treat paraplegic patients with SCI. Future clinical trials should be performed to optimize the type/technique of nerve transplantation, reduce surgical damage, and minimize postoperative scar formation and adhesion, to avoid postoperative cord central pain.

Clinical Trial Registration: [http://www.chictr.org.cn/showproj.aspx?proj=50526], identifier [ChiCTR2000030788].
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INTRODUCTION

Spinal cord injury (SCI) is one of the most devastating diseases in the world. Effective treatment with restoration of sensory and motor function remains one of the greatest challenges in neuroscience. About 27 million people worldwide have been chronically disabled as a result of SCI (James et al., 2019). In addition, there could be 10,000–20,000 new SCI patients in the United States and 60,000 new SCI patients in China every year (Qiu, 2009; National Spinal Cord Injury Statistical Center, 2014). China has the largest number of SCI patients in the world. It is estimated that the direct lifetime cost of care ranged from $1.1 million to $4.7 million per person for more than one million SCI people in North America. For SCI patients in North America alone, the total direct cost of acute treatment and chronic care in the United States exceeded $7 billion per year (Badhiwala et al., 2018). Therefore, it is extremely important to find an effective treatment for SCI.

In recent years, we have proposed and been studying a new concept for SCI treatment called GEMINI spinal cord fusion (SCF) (Canavero, 2015; Canavero and Ren, 2016; Canavero et al., 2016). In this protocol, an extremely sharp surgical knife quickly and relatively atraumatically cuts the spinal cord, resulting in a complete spinal cord transection. Topical application of a fusogen (polyethylene glycol, PEG) can acutely fuse the membranes of the transected axons in the stumps of the transected spinal cord to restore spinal nerve anatomic and electrical continuity across the site of the spinal cord transection (Canavero and Ren, 2016; Canavero et al., 2016, 2017; Ren et al., 2019). To verify the efficacy of SCF, our team initially used rodents as small animal experimental models to carry out SCF research. Studies have shown that mice and rats treated with PEG gradually recovered motor function in their hind limbs. Through the detection of somatosensory evoked potentials (SSEPs) and diffusion tensor imaging (DTI, a novel magnetic resonance imaging technique that assesses the microstructural integrity of nerve fiber tracts; D’Souza et al., 2017), we showed that animals treated with topical PEG had restoration of the conduction of action potentials and the neural continuity at the site of spinal cord transection (Ye et al., 2016; Ren et al., 2017). Based on these findings, our team further validated the efficacy of SCF in large animals (beagles and monkeys) and successfully confirmed the above DTI and electrophysiological results seen in rodents. In addition, beagles and monkeys regained hind leg standing and crawling function at 2 and 3 months postoperatively, respectively. We also verified the role of PEG in restoring nerve continuity via histology examinations (Liu et al., 2018; Ren et al., 2019; Ren and Canavero, 2020).

Currently, most paraplegic patients have chronic SCI from the remote trauma. The majority of participants in clinical SCI trials are also patients with chronic SCI. For example, in 2005, a study reported an omental–collagen bridge procedure in a patient with chronic SCI for 3 and one half years (Goldsmith et al., 2005). In 2014, another study reported a technique of bridging the defect in the spinal cord at the site of injury using a peripheral nerve bathed with bulbar olfactory ensheathing cells in a patient with chronic SCI for 21 months (Tabakow et al., 2014). A linearly ordered collagen scaffold reported in 2016 was used to treat five patients with chronic SCI for an average time of 13 months (Xiao et al., 2016). One thing that all three studies have in common with the treatment of SCI is the removal of glial scars in the area of SCI prior to bridging the spinal stumps using different substances. Participants in these three studies also had different degrees of neurological recovery after surgery. Because all the participants were patients with chronic SCI, the postoperative functional recovery time window was longer than our previous animal experiments.

Because our previous animal experiments were performed in an acute spinal cord transection model, in order to transform SCF into the clinic, we needed to transform SCF into the clinical practice; therefore, our team developed several new surgical models for SCF in clinical paraplegic patients and conducted a clinical trial (ChiCTR2000030788)1 of SCF. The first model for clinical translational (Model I) was the vascular pedicle hemisected spinal cord transplantation (vSCT). This surgical model consists of removing the area of SCI scar area to produce two acutely transected spinal cord stumps. Half of the spinal cord tissue with the posterior spinal artery was cut from the distal or proximal spinal cord stump to serve as a neural bridge between the distal and proximal spinal cord stumps. In addition, our team conducted preclinical experiments of vSCT in a beagle animal model to verify the feasibility and effectiveness of vSCT. Compared with the control group who showed no recovery of function, beagles treated with local PEG fusion during the vSCT showed recovery of spinal nerve continuity in the postoperative DTI study. In addition, PEG-treated beagles regained some ability to stand and crawl on their hind legs 2 months after the vSCT. The histological examination also demonstrated restored spinal cord continuity in the PEG-treated beagles (Ren et al., 2021). During the subsequent clinical recruitment process, we found that some patients had a SCI in the lower thoracic area or had marked distal spinal cord atrophy (distal cord dysfunction). Cutting half of the spinal cord tissue from the proximal spinal cord tissue site would lead to ascent of the single neurologic level. Therefore, these patients were not suitable for the vSCT treatment. To treat these paraplegic patients, based on a clinical trial of peripheral nerves for SCI reported in 2014 (Tabakow et al., 2014), we developed a second clinical translational model of SCF (Model II), sural nerve transplantation (SNT). In this article, we present the preliminary results of 12 patients with the above-mentioned conditions after SNT treatment to demonstrate the safety, feasibility, and effectiveness of SNT.



MATERIALS AND METHODS


Spinal Cord Fusion Clinical Trial

The clinical trial was approved by the Medical Ethics Committee of Ruikang Hospital Affiliated to Guangxi University of Traditional Chinese Medicine and registered at http://www.chictr.org.cn/index.aspx (ChiCTR2000030788). All treatment operations followed the ethical standards of the hospital and the 1975 Declaration of Helsinki and its subsequent revisions and similar ethical standards. An informed consent form was developed and approved by the Medical Ethics Committee of Ruikang Hospital, affiliated with the Guangxi University of Traditional Chinese Medicine.



Patients

Inclusion criteria were as follows: complete loss of sensory and motor functions below the injury, a single SCI between T1 and T12, complete spinal cord nerve fiber interruption as confirmed by magnetic resonance imaging (MRI) and diffusion tensor imaging (DTI), complete loss of spinal cord action potential conduction as confirmed by somatosensory evoked potential (SSEP) and motor evoked potential (MEP), under the age of 50 years, satisfactory patient initiative and cooperative spirit, no mental disorders, and normal cardiopulmonary function to complete prolonged operation (ASA:1-2) (Doyle et al., 2021).



Sural Nerve Transplantation Preparation

Patients completed routine examinations before the surgery, including laboratory examination, electrocardiogram, and ultrasonography. In addition, all patients provided written informed consent. During this process, which was filmed with patient consent, we informed patients of the potential surgical risks, complications, and prognosis for the SCF clinical trial. Patients stopped smoking 2 weeks before the operation. Tilopidine and clopidogrel, aspirin, and non-steroidal anti-inflammatory drugs were discontinued 10, 7, and 2 days before the operation, respectively (None of the patients in the trial were treated with these drugs). Conditions, such as malnutrition, hypertension, and high blood sugar were addressed and controlled before the surgery. Prophylactic antibiotics were administered 30 min before the surgery. Tranexamic acid was administered to minimize bleeding during the surgery.



Sural Nerve Transplantation Surgical Protocol

The patient was kept in a prone position and under general anesthesia. The skin and muscles overlying the thoracic spinal column were incised. A laminectomy was performed at the SCI level with a cutting ultrasonic scalpel (BoneScalpel®, Misonix, United States) to expose the dura mater, which was then cut open to expose the spinal cord. Then, SNT was performed. The main surgical operations are shown in Figure 1. The SCI area (Table 1) was removed using an extremely sharp scalpel (MANI, Japan) to produce two acutely and sharply transected spinal cord stumps (the removed spinal cord tissue was examined with immunohistochemical staining). The skin and subcutaneous fat overlying the sural nerve were incised. The sural nerve was excised from the patient’s lower leg, then divided into several bundles (4–8), maintaining the cranial and caudal orientation of all the bundles, and sutured side by side into one larger diameter bundle using a microsurgery suture thread with needle (7-0, COVIDIEN, United States). The sural nerve bundle graft was transplanted to bridge the distal and proximal spinal cord stumps. The diameter of the sural nerve bundle graft was close to that of the spinal cord stumps. The two sites of spinal cord transection produced after excision of the diseased section of the spinal cord were bathed in 10 ml of PEG (100%, Sigma-Aldrich/Merck, Germany) and anastomosed by suturing the ends of the sural nerve bundle graft under the microscope with a microsurgery suture thread with needle (7-0, COVIDIEN, United States) to complete the SCF. The dura mater was sutured with an artificial dural patch (Guanhao Biotech, China). A 3-hole silicone drainage tube was placed into the muscular layer of the wound. The wound was closed layer by layer.
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FIGURE 1. Key surgical steps of SNT. First, the area of spinal cord injury is removed to produce two acutely transected spinal cord stumps (A,B). Then, based on the effective length of the defect between two fresh spinal stumps, a section of sural nerve harvested from the patient’s lower leg simultaneously, was divided into several bundles, maintaining the cranial and caudal orientation of all the bundles, and sutured side by side into one bundle (C). Finally, the sural nerve is autotransplanted to bridge the gap between the distal and proximal spinal cords. The sites of transection were topically applied with PEG to complete the SCF, and the two sites of transection are then anastomosed with suturing under the microscope (D).



TABLE 1. Clinical characteristics of the patients.
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Safety Evaluation

After surgery, body temperature was measured three times a day. The site of the surgical incision was checked for any sign of infection once a day. Symptoms of cerebrospinal fluid leakage, such as headaches and dizziness, were closely observed. Potential adverse reactions to PEG, such as urticaria, dermatitis, and anaphylactic shock, were also monitored.



Postoperative Rehabilitation

All patients received a series of rehabilitation programs involving specific exercises after the surgery. Two weeks after surgery and a professional assessment of the adequacy of each patient’s spinal stability, all patients began a series of instrument-assisted exercises. These exercises included use of an exoskeleton robot (AiWalker, Beijing Ai-Robotics Technology Co., Ltd., China) to assist walking (twice a day, 30 min each time), an intelligent auxiliary mobile robot (BangBang, Shanghai Bangbang Robot Co., Ltd., China) or paraplegic standing frame to keep the patient standing (twice a day, 40 min each time), and a rehabilitation bicycle to exercise the joints of the patient’s lower extremity passively (twice a day, 1 h each time). These devices enabled patients to stand and walk in the early postoperative period to the best of their ability, which helped to stimulate the cerebral cortex to readjust, control the peripheral nerves of the lower extremities, and coordinate the movements of the lower extremity.



Immunohistochemistry

The removed spinal cord tissue was fixed with 4% paraformaldehyde for 24 h and then embedded in paraffin and horizontally cut into transverse slices of 7 μm thickness. After removing the paraffin, the slices were quenched with endogenous peroxidase activity in 3% methanol hydrogen peroxide for 0.5 h. The antigen2 was fixed in the citrate buffer (pH 6.0) in a microwave for 5 min. After being blocked in 5% goat serum/PBS with Triton for 30 min at 37°C, the slices were incubated with the primary antibodies (NF-200, 1:50, Cat#: ab19386 and MBP, 1:50, Cat#: ab 2404, both from Abcam, United States) overnight at 4°C, and then immersed with the biotinylated secondary antibodies (PV secondary antibody kit, Beijing Zhongshan Jinqiao Biotechnology Co., Ltd., China) for 0.5 h at room temperature. After incubating with peroxidase-conjugated streptavidin, the immune complexes were visualized by incubating slices in the DAB system. Finally, the slices were covered with coverslips. The spinal cord slices were imaged at 400x using an Olympus microscope (Olympus IX73, Tokyo, Japan). The axons of the spinal cord were stained by the NF-200 specific antibody. The myelin sheaths were stained by an antibody specific for myelin basic protein (MBP).



Pain Assessment

The visual analog scale (VAS) is one of the most widely used methods to give valid and reliable assessments on experimental pain as well as acute and chronic pain in patients. The VAS consists of a 10 cm horizontal line on a card with the words “no pain” and “worst pain ever” placed at the left and right hand extremes of the line, respectively. The patients were instructed to mark the line at a point representing their pain intensity (Ekblom and Hansson, 1988).



Neurological Assessment

Neurological evaluations of enrolled patients with paraplegia were performed according to the International Standard of Neurological Classification for Spinal Cord Injury (ISNCSCI)/American Spinal Cord Injury Association (ASIA) classification of SCI (Maynard et al., 1997). The ASIA impairment scale (Table 2) and ISNCSCI motor score, pin prick, and light touch scores were assessed.


TABLE 2. ASIA impairment scale (Maynard et al., 1997).
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Neurophysiological Assessment

To assess the conduction of the spinal cord action potentials, different electrophysiological variables, including motor evoked potentials (MEPs) and somatosensory evoked potentials (SSEPs), were examined before surgery and at 1, 3, and 6 months after surgery.

SSEPs were recorded and analyzed with the NIM-ECLIPSE® System (Medtronic, United States). Cortical SSEPs were elicited by a 200 μs squarewave electrical pulse presented sequentially to the median and posterior tibial nerves. The stimulus frequencies were 3.96 Hz with an intensity 20 and 30 mA to the median and posterior tibial nerves, respectively. Cortical potentials were recorded from monopolar needle electrodes placed at Cz’ for posterior tibial nerve stimulation and at C3′ or C4′ for median nerve stimulation, and referenced to Fpz (Costa et al., 2007) (international 10–20 EEG system).

MEPs were recorded and analyzed in the QuickStim System (YINGCHI, China). MEPs were elicited by 60% transcranial magnetic stimulation using the magnetic stimulator (YINGCHI, China) of primary motor cortex and recorded in the contralateral abductor pollicis brevis in the upper extremities and tibialis anterior in the lower extremities.



Neuroimaging Assessment

All patients were subjected to MRI and DTI (Jones and Leemans, 2011; Hendrix et al., 2015; D’Souza et al., 2017) using a 1.5 T MRI system (Ingenia 1.5, Philips, Amsterdam, The Netherlands) in the supine position. Sagittal, T2-weighted, fast spin-echo (TR = 2,500 ms; TE = 110 ms; slice thickness = 4 mm; slice gap = 0.4; NSA = 2) and axial single-shot echo-planar DTI (TR = 7,193 ms; TE = 81 ms; voxel size = 2.34 mm × 2.46 mm; slice thickness = 5 mm; slice gap = 0.06; FOV = 280 mm x 280 mm; NSA = 4; diffusion direction number = 15) sequences were acquired preoperatively and 1, 3, and 6 months postoperatively in all patients. DTI original images were processed to produce color DTI maps.

After the image collections, the data were analyzed quantitatively and qualitatively. For qualitative analysis, a region of interest (ROI) was drawn in the spinal cord. This became the seed point for automatically generating the entire white matter tract in the spinal cord segment included in the FOV through the inbuilt software. To evaluate the quantitative index, an ROI (with a size of 3 mm) was drawn into the white matter column of the spinal cord. Special attention was paid to avoid partial volume averaging with underlying gray matter and overlying cerebrospinal fluid. In the inbuilt software, automatic calculations of DTI indices, including fractional anisotropy (FA) and the apparent diffusion coefficient (ADC), were performed within the ROI (D’Souza et al., 2017).



Statistical Analysis

All data were analyzed using SPSS Statistics software (SPSS, IBM, New York, United States). Data are presented as the mean ± SD. Statistical analysis was performed with a paired sample t-test. Statistical significance was set at p < 0.05.




RESULTS


Patient Enrollment and Characteristics

A total of 12 paraplegic patients (nine male and three female; mean age, 38.33 ± 9.06 years; mean duration since injury, 32.17 ± 14.01 months) were enrolled in the study (Table 1 and Figure 2). The entire operation of SNT took approximately 4 h to complete. After the surgery, all patients recovered during the perioperative period safely without complications such as high fever, wound infection, and cerebrospinal fluid leakage. None of the patients had clinically important adverse reactions to PEG up to 6 months after the surgery.
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FIGURE 2. CONSORT flow diagram.




Immunohistochemistry

The spinal cord tissue removed during the surgery was stained with immunohistochemical staining. The slices were imaged at 40x using an Olympus microscope (Olympus IX73, Tokyo, Japan). Immunohistochemistry showed that NF-200-positive axons and MBP-positive myelin sheaths could be observed at the distal and proximal ends of the tissue (Figures 3A1,A3,B1,B3), but no such immunopositivity was ever evident in the center of the tissue (Figures 3A2,B2). This observation indicated that the neural continuity of the spinal cord was completely interrupted, and that the entire area of the SCI was completely removed by the surgery.
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FIGURE 3. Immunohistochemical staining of spinal cord tissue removed during the surgery. NF-200 positive axons and MBP-positive myelin sheaths can be observed at the distal and proximal ends of the tissue (arrows in A1,B1,A3,B3), but not in the center of the tissue (A2,B2).




Pain Assessment

Pain is one of the main and most intractable complications of paraplegia patients and seriously affects the patient’s quality of life (Westgren and Levi, 1998). The most common type of pain experienced was cord central pain, which is a chronic neuropathic pain disorder that develops as a direct consequence of a lesion within the central nervous system (Wasner, 2010). The incidence of cord central pain after SCI has been estimated to range from 20 to 40% (Canavero and Bonicalzi, 2018). Eight of the 11 patients with paraplegia in this clinical trial had some element of cord central pain symptoms; indeed 4 of these 8 patients graded the severity of their symptoms as 8 or more out of 10 on the VAS scale (Table 3). Surgery did not cause or worsen cord central pain symptoms in four patients. Patient SCF011, who had no cord central pain symptoms before the surgery, developed postoperative pain symptoms graded as a 4 on the VAS scale. However, seven paraplegic patients with cord central pain had quite marked relief of pain symptoms after the surgery (Table 3 and Figure 4A). The mean VAS of all patients at 1 and 6 months after the surgery gradually decreased compared with that before the surgery (3.09 at 1 month after the surgery vs. 2.00 at 6 months after the surgery vs. 4.50 before the surgery, Table 3 and Figure 4). Although there was no statistically significant difference in VAS before and 1 month after the surgery (paired sample t-test; p = 0.1014), the difference between VAS before and 6 months after the surgery was statistically significant (paired sample t-test; p < 0.05; Figure 4B).


TABLE 3. Visual analog scale for cord central pain in paraplegic patients.
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FIGURE 4. Evaluation of cord central pain in patients with paraplegia before, 1 and 6 months after the surgery (visual analog scale, VAS). The VAS of one patient (SCF011) who had no spinal central pain before the surgery developed after the SNT. The VAS of seven patients (SCF001, SCF004, SCF005, SCF006, SCF008, SCF010, SCF012) after the surgery gradually decreased compared with that before the surgery. The remaining patients were unchanged (1–12 on the horizontal axis represents SCF001-SCF012, see in (A). The difference between VAS before and 6 months after the surgery was statistically significant by a paired sample t-test, p < 0.05 (B).




Neurological Assessment

The patients were evaluated for autonomic function after surgery. Seven patients recovered sweating below the single neurologic level. Two patients had improved bladder and/or bowel function. The stool characteristics of patients SCF001 and SCF005 were improved from dry and hard to wet and soft, and the symptoms of urinary incontinence in patient SCF004 were improved (Table 4). In addition, before the surgery, all patients had complete loss of sensory and motor functions below the single neurologic level. After SNT, motor functions were restored to varying extents in four patients. Patient SCF001 was able to autonomously flex and extend the ankle and toe joints of both lower extremities 1 month after the surgery. Patient SCF005 was able to autonomously flex his hip joints and extend his knee joints 2 months after the surgery. Because patient SCF005 is a patient with lower thoracic SCI, he could move slowly along the parallel bars through the support of the upper limbs and the rotation of the body before the operation, but could only move for a few minutes. After the operation, because his iliopsoas and quadriceps muscles recovered a certain amount of muscle strength, he could walk quickly along the parallel bars, and his gait was closer to normal. He could also walk for 1 h each time (Supplementary Video 1). Patient SCF010 was able to autonomously flex her hip joints 1 month after the surgery. Patient SCF0012 was able to autonomously flex the ankle joints of both lower extremities and extend toe joints of both lower extremities 3 months after the surgery, but not to a great of useful extent.


TABLE 4. The recovery condition of autonomic nerve function in paraplegic patients at 6 months postoperatively.
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In addition, the sensory function also showed improvements in three patients. Patients SCF004, SCF005, and SCF010 had some recovery of superficial skin sensations below the single neurologic level (Figure 4). At 6 months after the surgery, when the surgeon moved the joints of the lower limbs of patients SCF004, SCF005 and SCF012, the patients could accurately identify which lower limb joint was moving, indicating the restoration of deep sensation below the single neurologic level.

According to the ISNCSCI/ASIA classification of SCI, all 12 patients were classified as ASIA Impairment Scale grade A before the surgery (the most severe). The ISCNSCI motor scores of all patients were 50 indicating lack of motor activity (upper: 50, lower: 0, Table 5). At 6 months post-surgery, the ISCNSCI lower extremity motor score of patient SCF001 was improved from 0 to 16, and the ASIA grade was improved from A to C. In patient SCF004, the ISCNSCI Light Touch scores and Pinprick scores were both improved from 81 to 98, and the ASIA grade increased from A to B. For patient SCF005, the ISCNSCI lower extremity motor score was restored from 0 to 8, the ISCNSCI Light Touch scores and Pinprick scores both were improved from 79 to 84, and the ASIA grade was improved from A to B. In patient SCF010, the ISCNSCI lower extremity motor score was improved from 0 to 6, the ISCNSCI Light Touch and Pinprick scores both improved from 68 to 72, and the ASIA grade improved from A to B. The ISCNSCI lower extremity motor score of patient SCF012 improved from 0 to 4, but the ASIA grade remained as A (Table 5 and Figure 5).


TABLE 5. Sensory and motor function assessments according to the International Standards for Neurological Classification of Spinal Cord Injury.
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FIGURE 5. Dermatomal sensory scores according to the International Standards for Neurological Classification of Spinal Cord Injury before and at 6 months after the surgery.




Neurophysiological Assessment

Preoperatively, the SSEPs of the bilateral median nerve were normal in these 12 patients, while the SSEPs of bilateral posterior tibial nerve were completely absent as expected. In addition, the MEPs recorded at abductor pollicis brevis muscles in the bilateral upper extremities were normal, and the MEPs recorded at tibialis anterior muscles in the bilateral lower extremities were completely absent as expected (Figure 6). The preoperative SSEPs and MEPs of patient SCF010 were not different from those of the other 11 patients, but at 6 months post-surgery, the MEPs of this patient recorded at the left tibialis anterior indicated clinically relevant recovery (the right MEPs did not recover) (Figure 7). The remaining 11 patients showed no recovery of SSEPs and MEPs on the neurophysiological assessment postoperatively.
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FIGURE 6. A representative picture of somatosensory evoked potentials (SSEPs) and motor evoked potentials (MEPs) before the surgery in the paraplegic patients. The SSEPs of the bilateral median nerve (MN) were normal. The SSEPs of bilateral posterior tibial nerve (PTA) were missing. MEPs recorded at abductor pollicis brevis (APB) in the bilateral upper extremities were normal. The MEPs recorded at both tibialis anterior (TA) in the bilateral lower extremities were missing.



[image: image]

FIGURE 7. Pre- and postoperative MEPs recorded at tibialis anterior (TA) by transcranial magnetic stimulation in patient SCF010. MEPs recorded at left tibialis anterior showed signs of recovery postoperatively. Pre, Preoperatively; Post, Postoperatively; O, Latency; P, Amplitude.




Neuroimaging Assessment

Preoperatively, the T2-weighted MRI scans of all patients showed substantial abnormal signal intensity in the area of SCI. In addition, DTI showed no neural continuity between the proximal and distal spinal cords in these patients. MRI and DTI were repeated on all patients after the surgery. T2-weighted MRI scans of all patients showed the autotransplanted sural nerve tissue at the original SCI site. In addition, the postoperative DTI of patients SCF001, SCF002, SCF005, SCF006, SCF010, SCF011, and SCF012 showed neural connections at the two sites of transection (Figure 8 and Supplementary Figure 1). In the remaining five patients, two patients showed neural connection at the site of the proximal transection but not at the distal transection in DTI. One patient showed neural connection at the site of the distal transection but not at the proximal transection in DTI. The postoperative DTI of the remaining two patients showed no neural connection at either site of transection (Supplementary Figure 2).
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FIGURE 8. Representative neuroimages. Preoperative T2-weighted MRI scans showed spinal cord injury (A1,C1,E1), and DTI showed complete disruption of the spinal cord fibers (A2,A3,C2,C3,E2,E3). Postoperative T2-weighted MRI scans and DTI showed the autotransplanted sural nerve in the original spinal cord injury area (B1,B2,D1,D2,F1,F2). DTI showed restoration of neural connection at the two sites of transection (white arrows in B3,D3,F3). The colors of the fibers were automatically generated by the DTI system of MRI, with no practical significance. Pre, Preoperatively; Post 6M, 6 months postoperatively.


In addition, the related variables of DTI in all paraplegic patients, FA and ADC, also showed some improvements. At 1 month after the surgery, the average FA values were increased compared with those before the surgery, while the average ADC values decreased compared with those before the surgery (Table 6 and Figure 9). The difference in the FA values in the operation area before and 1 month after the surgery was statistically significant (paired sample t-test; p < 0.05). The difference of ADC values above the operation area before and 1 month after the surgery was also statistically significant (paired sample t-test; p < 0.05) (Table 6 and Figure 9).


TABLE 6. Statistical analysis of DTI data parameters.
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FIGURE 9. DTI related measurements include fractional anisotropy (FA) and apparent diffusion coefficient (ADC). The mean values of FA at 1 month after the surgery were greater than before the surgery. The difference of FA values before and 1 month after the surgery was statistically significant by a paired sample t-test (p < 0.05). The mean values of ADC at 1 month after the surgery were less than that before the surgery. The difference of ADC values before and 1 month after the surgery was statistically significant by a paired sample t-test (p < 0.05). *, 0.01 < p < 0.05; **, p < 0.01.





DISCUSSION

According to the rationale and principle of the GEMINI SCF protocol, an acutely and sharply transected thoracic spinal cord (no gap between two spinal cord stumps) can be fused in the presence of topical PEG. Our team has demonstrated evidence to support this rationale and principle in several different small and large animal models (Ye et al., 2016; Ren et al., 2017, Liu et al., 2018; Ren et al., 2019; Ren and Canavero, 2020). However, in clinical patients with SCI, there are glial scars between the two spinal cord stumps. After SCI, astrocytes, the most abundant glial cells in the central nervous system, are transformed into reactive astrocytes due to changes in the local microenvironment. The glial scar (mainly astrocytic) evolves from the dynamic process of reactive gliosis and builds a physical barrier to axonal growth (Yiu and He, 2006; Bradbury and Burnside, 2019). Another important feature of glial scars is the increased expression of components of the extracellular matrix (ECM), which are secreted by reactive astrocytes. Among the ECM components, chondroitin sulfate proteoglycans (CSPGs) have been shown to inhibit axon regeneration and plasticity (Yuan and He, 2013). Currently, some studies have proposed surgical resection to remove the glial scar (Goldsmith et al., 2005; Tabakow et al., 2014; Xiao et al., 2016). However, surgical removal of the scar also results in a gap of varying lengths between the two spinal stumps. Therefore, our team proposed a graft of vascular pedicle hemisected spinal cord transplantation (vSCT), in which half of the spinal cord tissue with one side of the posterior spinal artery is cut from the distal or proximal spinal cord tissue site and transplanted to the gap to bridge the distal and proximal spinal cord stumps. The other side of the posterior spinal artery is maintained as a vascular pedicle to supply blood flow to the transplanted spinal cord graft. With this approach, two sites of spinal cord transection were produced after transplantation. However, when the level of SCI is in the lower thoracic area (the SCI area is close to the cone), or when the level of SCI is not in the lower thoracic area but the distal spinal cord in the area of the SCI is markedly atrophied, cutting half of the spinal cord tissue from the distal spinal cord tissue site and rotating a vascularized graft to the gap (vSCT) is not feasible. Additionally, cutting half of the spinal cord tissue from the proximal spinal cord tissue site led to the ascent of the single neurologic level. Therefore, in our current work, we chose another clinical translational model (SNT) to treat these types of patients. The sural nerve was excised from the patient’s lower leg and then divided into several bundles, maintaining the cranial and caudal orientation of all the bundles, and sutured side by side into one bundle. The sural nerve was transplanted to bridge the distal and proximal spinal cord stumps. Furthermore, axonal disintegration would be expected to start after about 10–20 min after the transection (Seif et al., 2007) and thus PEG was applied immediately on the transection sites to have its sealant/fusogen effects topically (Canavero et al., 2016).

One of the key conditions for the success of the GEMINI SCF protocol is that the fused spinal cord stumps must be acutely and sharply transected, bathed in the PEG fusogen, and be well apposed without gaps. During the operation, we used an extremely sharp scalpel (MANI, Japan) to excise the glial scar of the spinal cord as atraumatically as possible. The extremely sharp scalpel was also used to cut and design the sural nerve to minimize damage. The SCI caused by this extremely sharp scalpel is very different from the SCI caused by external trauma. Studies have shown that the typical force generated by rapid transection of the spinal cord with an extremely sharp scalpel is less than 10 N, while the force generated by clinical SCI is about 26,000 N, a difference of 2,600 times (Sledge et al., 2013; Canavero et al., 2016). In addition, we obtained the sural nerve with the length slightly longer than the gap between the two cord stumps to ensure that the sural nerve and spinal cord were well apposed. This experimental approach provides favorable conditions for PEG to promote the fusion of the axon stump in the sural nerve and spinal cord.

DTI has been reported as a novel technique for imaging white matter and peripheral nerve fibers (Cauley and Filippi, 2013; Simon et al., 2016; D’Souza et al., 2017; Palacios et al., 2020). In this clinical trial, we demonstrated that the autotransplanted sural nerve bundles could be imaged and their anatomic continuity traced by DTI. Consistent with the results of our previous animal experiments (Ye et al., 2016; Ren et al., 2017, Liu et al., 2018; Ren et al., 2019; Ren and Canavero, 2020), the postoperative DTI of patients SCF001, SCF002, SCF005, SCF006, SCF010, SCF011, and SCF012 showed the establishment of anatomic neural connections at the two sites of transection. These findings indicated that SNT successfully allowed membrane fusion of the axonal stumps of the spinal cord white matter and the sural nerve. In the remaining five patients, two patients showed neural connection at the site of the proximal transection but not at the distal transection. One patient had neural connection at the site of the distal transection but not at the proximal transection. The postoperative DTI of the remaining two patients showed no neural connection at either site of transection. In some patients, we needed to use absorbable rivets to fix the artificial dural patch in place to repair the dura during the operation; these rivets prevented the ability to use postoperative DTI imaging, so that the neural connection at the sites of transection could not be observed. In addition and importantly, DTI showed that the autotransplanted sural nerve without any feeding vascular blood supply survived at the operation area. Unfortunately, DTI cannot image gray matter and thus we could not show direct neural continuity of the gray matter across the site of transection. However, the return of some motor activity distal to the sites of transection certainly suggests that there was gray matter reinnervation.

In addition to imaging and tracing neural continuity of the spinal cord and the sural nerve connections, the DTI can also be used to quantitatively evaluate the spinal cord by calculating the DTI anisotropy indices (datametrics). The indices of datametrics can quantify any observed changes, with the two most common being FA and ADC. FA and ADC were used to infer tissue characteristics and tissue physiology of the spinal cord (Basser and Pierpaoli, 2011). FA reflects the anisotropy of diffusion. FA is considered a marker of white matter integrity, and any abnormality in the FA indicates injury or degeneration of the white matter of the spinal cord (Sasiadek et al., 2012). ADC reflects the magnitude of diffusion. A low ADC value indicates that the structure of the white matter (such as nerve fibers) is organized, whereas a high ADC value indicates that the neural structure is disorganized (Sledge et al., 2013). In the present trial, compared with the preoperative values, the postoperative FA values increased, but the ADC values decreased. These observations suggested that conditions of the SNT treatment had a certain neuroprotective effect, reduced the degree of nerve fiber injury and degeneration, and made the nerve fiber structure of the sural nerve better and more organized.

During the neurological assessments, some patients showed signs of functional neurological recovery after SNT, including autonomic, motor, and sensory function. For example, seven patients recovered sweating below the single neurologic level. Two patients had improved bladder and bowel function. Patients SCF001, SCF004, SCF005, SCF010, and SCF012 regained some somatosensory and/or motor function below the single neurologic level. The MEPs of patient SCF010 recorded at the left tibialis anterior recovered. As mentioned above, DTI can only trace and image white matter and peripheral nerve fibers, but not gray matter. Therefore, we hypothesize that, after SCF, in addition to restoration of neural continuity in the spinal white matter, there might be additional restoration of neural continuity in terms pathways of neural signaling in the gray matter in the spinal cord to support the restoration of motor and sensory functions in paraplegics.

As mentioned in the GEMINI SCF protocol, there are two sets of fiber tracts from the brain to the spinal cord that regulate voluntary motor and sensory function of the extremities (Canavero et al., 2016; Ren et al., 2019). One is the cortico-trunco-reticulo-propriospinal (CTRPS) pathway from the brain to the spinal cord, which connects neurons through short range fibers from the cerebral cortex to the spinal cord. Studies confirmed that this intraspinal network of propriospinal neurons plays a critical role in motor reflexes, voluntary movement, and sensory processing, as well as in the functional recovery after SCI (Flynn et al., 2011). As the species evolved, however, a much faster transmission system, the pyramidal tract developed, consisting of long, fast-transmitting neurons that connect nerve cells in the cortex of the brain to those in the spinal cord, allowing for the rapid transmission of the signals. After the spinal cord is severed, the damaged long nerve fibers can only recover if ever, very slowly, because regeneration of nerves must take place from the brain to the spinal cord. In contrast, propriospinal neurons based on the gray matter have a high regeneration response (Flynn et al., 2011). In incomplete thoracic SCI, the corticospinal tract fibers in the pyramidal tract sprout into the gray matter of the cervical spinal cord and connect with the descending propriospinal neurons. The long propriospinal neurons increase their terminal arborizations onto the lumbar motor neurons to form synapses, thus creating a new neural circuit (detour) (Bareyre et al., 2004; Filli et al., 2014). However, in complete thoracic SCI, combined with the GEMINI SCF protocol, we believe that in addition to the above propriospinal neural circuit (detour), the SCF also plays a vital role. We propose that, after SNT, the neuroprotective fusogen PEG allows fusion of the distal and proximal spinal cord white matter stumps and the sural nerve to establish an early direct neural connection at the two sites of transection. This has been demonstrated by DTI in some patients in this clinical trial (Figure 8). However, DTI did not show neural connection at the sites of transection (proximal or/and distal) in some patients. Considering that DTI could not image the gray matter, we proposed that after SNT, these propriospinal neurons in the gray matter of the spinal cord stumps undamaged by the extra-sharp blade could regrow (sprout) their fibers immediately and make contacts with the autotransplanted sural nerve to re-establish the neural continuity. In addition, PEG also could fuse the axon stumps of the propriospinal neurons and sural nerve to re-establish neural continuity. This may be an explanation for the DTIs of patients SCF001, SCF004, SCF005, SCF010, and SCF012. These patients had no restoration of overall continuity in the white matter, but still had partial sensory and/or motor function recovery below the single neurologic level. In our previous animal study, a beagle regained motor function of the lower limbs and restored the cBBB score (from 0 to 11), even though DTI showed no white matter neural continuity after surgery (Unpublished data).

In this clinical trial, seven of the 12 SNT-treated paraplegic patients did not yet show clinically relevant recovery of sensory and/or motor functions. A longer observation is important, because restoration of cord neural continuity is a prerequisite for recovery of lost sensory and motor functions below the single neurologic level. According to the postoperative DTI and electrophysiological results of our patients, combined with the CTRPS pathway theory mentioned in the GEMINI SCF protocol, we cannot rule out the possibility that the patients might restore the cord neural continuity through the CTRPS pathway. The paraplegic patients in the clinical trial all had chronic spinal cord injuries, with the duration ranging from 1 to 4 years, and had varying degrees of atrophy of the spinal cord and muscles. Therefore, if the experimental conditions of SNT did allow the fusion of the axons of the two sites of spinal transection with those of the sural nerve bundle, thereby restoring neural continuity of the spinal cord, the patients’ sensory and motor functions below the single neurologic level might require a longer recovery time. In addition, the limited number of sensory and motor fibers that were fused by SNT were likely mismatched, and thus might require a longer time for adaptation and reorganization of these pathways to convey the signal from the brain for motor function and from the periphery for sensory function. Indeed, recovery from any anatomic disruption of the spinal cord utilizes the entire central nervous system, namely, the cord, brainstem, and brain, in which a massive degree of reorganization (large-scale “rewiring”) occurs (Isa and Nishimura, 2014). In 2005, Goldsmith et al. (2005) reported a 24-year-old woman who had a high-speed skiing accident that caused a complete traumatic anatomical transection of her spinal cord at the T6-T7 level. During the surgery 39 months after the SCI, the extensive glial scar at the injury site (approximately 4 cm) was completely removed. Subsequently, a solution/cytoskeleton of semi-liquid collagen was placed in the space between the proximal and distal spinal cord stumps, and an omental pedicle was placed directly on the collagen structure. At 6–8 months after the surgery, the patient experienced gluteal muscle activity, and motor activity extended into her legs, allowing her to walk with a walker and soft knee braces 4 years after the surgery. In 2014, Tabakow et al. (2014) reported a 38-year-old male with a traumatic spinal cord transection at T9 and clinical symptoms of complete SCI (ASIA A). At 21 months after the SCI, the glial scar was removed and the cultured olfactory ensheathing cells and olfactory nerve fibroblasts were seeded onto the spinal cord stump above and below the injury site. Four autologous sural nerves were used to bridge the 10 mm gap between the spinal cord stumps. Five months after the surgery, the patient began to show signs of recovery in sensory and motor functions of the lower extremities. The patient was able to perform lower extremity adduction, hip flexion, and knee extension about 1 year after the operation. In our current clinical trial, the average length of SCI in the paraplegic patients was 6.13 cm, which was much longer than the lengths of SCI in the above two patients. Although some patients did not show sensory and/or motor function recovery 6 months after the surgery, a longer follow-up time might be necessary to observe the functional recovery in these patients.

Another consideration is cord central pain, one of the most serious complications of paraplegia. In this clinical trial, we found an interesting but not wholly expected effect of SNT in relieving the cord central pain. Eight of the 12 paraplegics had symptoms of cord central pain preoperatively. After SNT treatment, the adherent scar tissue was completely removed and a rhizotomy of the affected nerve roots at the SCI site was performed. Seven out of these eight patients had their pain relieved to varying degrees, especially for patients SCF004 and SCF005. This success suggested that SNT treatment not only partially restored lost sensory and motor functions below the single neurologic level of paraplegic patients but also decreased the central nervous pain rather dramatically in several patients. One patient (SCF011), who had no cord central pain symptoms did, however, develop postoperative pain symptoms, which might be due to the damage to the patient’s proximal normal spinal cord tissue and nerve roots during the surgical removal of the scar.

In summary, this clinical trial demonstrated the clinical feasibility and safety of SNT in 12 paraplegic patients. First, we found that removal of scar tissue and a rhizotomy of the affected nerve roots at the SCI site during the SNT may be responsible for relief of cord central pain in some patients. The permanent loss of sensory and motor functions below the single neurologic level in patients with paraplegia after SCI was not restored because cord neural continuity was interrupted with the SCI. Further formation of scar tissue also completely blocks the pathway of nerve regeneration. In our study, in some patients, the sural nerve axons in the autotransplanted sural nerve bundles could be fused and connected neurophysiologically with the axons of distal and proximal spinal cord stumps, respectively. Although the DTI results showed that the white matter of the spinal cord did not restore the overall continuity, some patients had recovered partial sensory and motor function as well as autonomic nerve function. Because of the inability of DTI to image gray matter and considering the GEMINI SCF protocol, we believe that SNT restored the neural continuity of the CTRPS, thereby recovering certain motor and sensory functions. Long-term follow-up is necessary to understand whether some degree of functional adaptation will occur in the central nervous system. Finally, in the next clinical trial, we will optimize fusogen (PEG) and apply electrical stimulation, in an attempt to improve the surgical outcomes. We will also optimize surgical instruments to reduce surgical damage, thereby minimizing postoperative scar formation. In addition, allograft transplantation of spinal cord allografts as opposed to sural nerve autograft bundles might be another option during SCF to treat paraplegic patients, but further research is needed (Canavero et al., 2021).



DATA AVAILABILITY STATEMENT

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



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by the Medical Ethics Committee of Ruikang Hospital, affiliated with the Guangxi University of Traditional Chinese Medicine. 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

XR contributed to conception and design of the study. WZ, LH, and RL organized the data acquisition. WZ and SR performed the statistical analysis. WZ wrote the first draft of the manuscript. XR, JQ, JM, YC, RL, and SR wrote sections of the manuscript. All authors contributed to manuscript revision, read, and approved the submitted version.



FUNDING

This work was supported by the National Natural Science Foundation of China (Grant/Award No. 82060874), the National Natural Science Foundation of China (Grant/Award No. 81470425), and the Guangxi Department of Science and Technology (Grant/Award No. Guike AB21196062).



ACKNOWLEDGMENTS

We thank Dr. Michael Sarr and LetPub (www.letpub.com) for linguistic assistance and pre-submission expert review.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fnins.2022.808983/full#supplementary-material

Supplementary Video 1 | After the surgery, patient SCF005 walked while holding the parallel bars for exercise.


FOOTNOTES

1http://www.chictr.org.cn/index.aspx

2https://www.abcam.com/protocols/ihc-fixation-protocol


REFERENCES

Badhiwala, J. H., Ahuja, C. S., and Fehlings, M. G. (2018). Time is spine: a review of translational advances in spinal cord injury. J. Neurosurg. Spine 30, 1–18. doi: 10.3171/2018.9.SPINE18682

Bareyre, F. M., Kerschensteiner, M., Raineteau, O., Mettenleiter, T. C., Weinmann, O., and Schwab, M. E. (2004). The injured spinal cord spontaneously forms a new intraspinal circuit in adult rats. Nat. Neurosci. 7, 269–277. doi: 10.1038/nn1195

Basser, P. J., and Pierpaoli, C. (2011). Microstructural and physiological features of tissues elucidated by quantitative-diffusion-tensor MRI. J. Magn. Reson. B. 213, 560–570. doi: 10.1006/jmrb.1996.0086

Bradbury, E. J., and Burnside, E. R. (2019). Moving beyond the glial scar for spinal cord repair. Nat. Commun. 10:3879. doi: 10.1038/s41467-019-11707-7

Canavero, S. (2015). The “Gemini” spinal cord fusion protocol: reloaded. Surg. Neurol. Int. 6:18. doi: 10.4103/2152-7806.150674

Canavero, S., and Bonicalzi, V. (2018). Central Pain Syndrome. Cham: Springer.

Canavero, S., and Ren, X. (2016). Houston, GEMINI has landed: spinal cord fusion achieved. Surg. Neurol. Int. 7, (Suppl 24)S626–S628. doi: 10.4103/2152-7806.190473

Canavero, S., Ren, X., and Kim, C. Y. (2017). Reconstructing the severed spinal cord. Surg. Neurol. Int. 8:285. doi: 10.4103/sni.sni_406_17

Canavero, S., Ren, X., and Kim, C. Y. (2021). Heterologous spinal cord transplantation in man. Surg. Neurol. Int. 12:295. doi: 10.25259/SNI_395_2021

Canavero, S., Ren, X., Kim, C. Y., and Rosati, E. (2016). Neurologic foundations of spinal cord fusion (GEMINI). Surgery 160, 11–19. doi: 10.1016/j.surg.2016.01.027

Cauley, K. A., and Filippi, C. G. (2013). Diffusion-tensor imaging of small nerve bundles: cranial nerves, peripheral nerves, distal spinal cord, and lumbar nerve roots–clinical applications. AJR Am. J. Roentgenol. 201, W326–W335. doi: 10.2214/AJR.12.9230

Costa, P., Bruno, A., Bonzanino, M., Massaro, F., Caruso, L., Vincenzo, I., et al. (2007). Somatosensory- and motor-evoked potential monitoring during spine and spinal cord surgery. Spinal Cord. 45, 86–91. doi: 10.1038/sj.sc.3101934

Doyle, D. J., Goyal, A., Bansal, P., and Garmon, E. H. (2021). American Society of Anesthesiologists Classification. Treasure Island, FL: StatPearls.

D’Souza, M. M., Choudhary, A., Poonia, M., Kumar, P., and Khushu, S. (2017). Diffusion tensor MR imaging in spinal cord injury. Injury 48, 880–884.

Ekblom, A., and Hansson, P. (1988). Pain intensity measurements in patients with acute pain receiving afferent stimulation. J. Neurol. Neurosurg. Psychiatry 51, 481–486. doi: 10.1136/jnnp.51.4.481

Filli, L., Engmann, A. K., Zorner, B., Weinmann, O., Moraitis, T., Gullo, M., et al. (2014). Bridging the gap: a reticulo-propriospinal detour bypassing an incomplete spinal cord injury. J. Neurosci. 34, 13399–13410. doi: 10.1523/JNEUROSCI.0701-14.2014

Flynn, J. R., Graham, B. A., Galea, M. P., and Callister, R. J. (2011). The role of propriospinal interneurons in recovery from spinal cord injury. Neuropharmacology 60, 809–822. doi: 10.1016/j.neuropharm.2011.01.016

Goldsmith, H. S., Fonseca, A. Jr., and Porter, J. (2005). Spinal cord separation: MRI evidence of healing after omentum-collagen reconstruction. Neurol Res. 27, 115–123. doi: 10.1179/016164105X21995

Hendrix, P., Griessenauer, C. J., Cohen-Adad, J., Rajasekaran, S., Cauley, K. A., Shoja, M. M., et al. (2015). Spinal diffusion tensor imaging: a comprehensive review with emphasis on spinal cord anatomy and clinical applications. Clin. Anat. 28, 88–95. doi: 10.1002/ca.22349

Isa, T., and Nishimura, Y. (2014). Plasticity for recovery after partial spinal cord injury - hierarchical organization. Neurosci. Res. 78, 3–8. doi: 10.1016/j.neures.2013.10.008

James, S. L., Theadom, A., Ellenbogen, R. G., Bannick, M. S., Montjoy-Venning, W., Lucchesi, L. R., et al. (2019). Global, regional, and national burden of traumatic brain injury and spinal cord injury, 1990–2016: a systematic analysis for the Global Burden of Disease Study 2016. Lancet Neurol. 18, 56–87. doi: 10.1016/S1474-4422(18)30415-0

Jones, D. K., and Leemans, A. (2011). Diffusion tensor imaging. Methods Mol. Biol. 711, 127–144.

Liu, Z., Ren, S., Fu, K., Wu, Q., Wu, J., Hou, L. T., et al. (2018). Restoration of motor function after operative reconstruction of the acutely transected spinal cord in the canine model. Surgery 163, 976–983. doi: 10.1016/j.surg.2017.10.015

Maynard, F. M., Bracken, M. B., Creasey, G., Ditunno, J. F., Donovan, W. H., Ducker, T. B., et al. (1997). International standards for neurological and functional classification of spinal cord injury. Spinal Cord 35, 266–274. doi: 10.1038/sj.sc.3100432

National Spinal Cord Injury Statistical Center (2014). Spinal cord injury facts and figures at a glance. J. Spinal Cord Med. 37, 355–356. doi: 10.1179/1079026814z.000000000260

Palacios, E. M., Owen, J. P., Yuh, E. L., Wang, M. B., Vassar, M. J., Ferguson, A. R., et al. (2020). The evolution of white matter microstructural changes after mild traumatic brain injury: a longitudinal DTI and NODDI study. Sci Adv. 6:eaaz6892. doi: 10.1126/sciadv.aaz6892

Qiu, J. (2009). China spinal cord injury network: changes from within. Lancet Neurol. 8, 606–607. doi: 10.1016/S1474-4422(09)70162-0

Ren, S., Liu, Z., Kim, C. Y., Fu, K., Wu, Q., Hou, L. T., et al. (2019). Reconstruction of the spinal cord of spinal transected dogs with polyethylene glycol. Surg. Neurol. Int. 10:50. doi: 10.25259/SNI-73-2019

Ren, S., Liu, Z. H., Wu, Q., Fu, K., Wu, J., Hou, L. T., et al. (2017). Polyethylene glycol-induced motor recovery after total spinal transection in rats. CNS Neurosci. Ther. 23, 680–685. doi: 10.1111/cns.12713

Ren, S., Zhang, W., Liu, H., Wang, X., Guan, X., Zhang, M., et al. (2021). Transplantation of a vascularized pedicle of hemisected spinal cord to establish spinal cord continuity after removal of a segment of the thoracic spinal cord: a proof-of-principle study in dogs. CNS Neurosci. Ther. 27, 1182–1197. doi: 10.1111/cns.13696

Ren, X., and Canavero, S. (2020). The Technology of Head Transplantation. New York, NY: Nova Science Publishers.

Ren, X., Kim, C. Y., and Canavero, S. (2019). Bridging the gap: spinal cord fusion as a treatment of chronic spinal cord injury. Surg. Neurol. Int. 10, 1–24. doi: 10.25259/SNI-19-2019

Sasiadek, M. J., Szewczyk, P., and Bladowska, J. (2012). Application of diffusion tensor imaging (DTI) in pathological changes of the spinal cord. Med. Sci. Monit. 18, RA73–RA79. doi: 10.12659/msm.882891

Seif, G. I., Nomura, H., and Tator, C. H. (2007). Retrograde axonal degeneration “dieback” in the corticospinal tract after transection injury of the rat spinal cord: a confocal microscopy study. J. Neurotrauma 24, 1513–1528. doi: 10.1089/neu.2007.0323

Simon, N. G., Lagopoulos, J., Gallagher, T., Kliot, M., and Kiernan, M. C. (2016). Peripheral nerve diffusion tensor imaging is reliable and reproducible. J. Magn. Reson. Imaging 43, 962–969. doi: 10.1002/jmri.25056

Sledge, J., Graham, W. A., Westmoreland, S., Sejdic, E., Miller, A., Hoggatt, A., et al. (2013). Spinal cord injury models in non human primates: Are lesions created by sharp instruments relevant to human injuries? Med. Hypotheses 81, 747–748. doi: 10.1016/j.mehy.2013.07.040

Tabakow, P., Raisman, G., Fortuna, W., Czyz, M., Huber, J., Li, D., et al. (2014). Functional regeneration of supraspinal connections in a patient with transected spinal cord following transplantation of bulbar olfactory ensheathing cells with peripheral nerve bridging. Cell Transplant. 23, 1631–1655. doi: 10.3727/096368914X685131

Wasner, G. (2010). Central pain syndromes. Curr. Pain Headache Rep. 14, 489–496.

Westgren, N., and Levi, R. (1998). Quality of life and traumatic spinal cord injury. Arch. Phys. Med. Rehabil. 79, 1433–1439. doi: 10.1016/s0003-9993(98)90240-4

Xiao, Z., Tang, F., Tang, J., Yang, H., Zhao, Y., Chen, B., et al. (2016). One-year clinical study of NeuroRegen scaffold implantation following scar resection in complete chronic spinal cord injury patients. Sci. China Life Sci. 59, 647–655. doi: 10.1007/s11427-016-5080-z

Ye, Y., Kim, C. Y., Miao, Q., and Ren, X. (2016). Fusogen-assisted rapid reconstitution of anatomophysiologic continuity of the transected spinal cord. Surgery 160, 20–25. doi: 10.1016/j.surg.2016.03.023

Yiu, G., and He, Z. (2006). Glial inhibition of CNS axon regeneration. Nat. Rev. Neurosci. 7, 617–627. doi: 10.1038/nrn1956

Yuan, Y. M., and He, C. (2013). The glial scar in spinal cord injury and repair. Neurosci. Bull. 29, 421–435. doi: 10.1007/s12264-013-1358-3


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 Ren, Zhang, Mo, Qin, Chen, Han, Feng, Han, Feng, Liang, Cen, Wu, Huang, Deng, Cao, Yao, Lan, Wang and Ren. 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.


OPS/xhtml/nav.xhtml




Contents





		Cover



		Partial Restoration of Spinal Cord Neural Continuity via Sural Nerve Transplantation Using a Technique of Spinal Cord Fusion



		INTRODUCTION



		MATERIALS AND METHODS



		Spinal Cord Fusion Clinical Trial



		Patients



		Sural Nerve Transplantation Preparation



		Sural Nerve Transplantation Surgical Protocol



		Safety Evaluation



		Postoperative Rehabilitation



		Immunohistochemistry



		Pain Assessment



		Neurological Assessment



		Neurophysiological Assessment



		Neuroimaging Assessment



		Statistical Analysis







		RESULTS



		Patient Enrollment and Characteristics



		Immunohistochemistry



		Pain Assessment



		Neurological Assessment



		Neurophysiological Assessment



		Neuroimaging Assessment







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		ETHICS STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		FOOTNOTES



		REFERENCES

















OPS/images/cover.jpg
, frontiers
In Neuroscience

Partial Restoration of Spinal
Cord Neural Continuity via Sural
Nerve Transplantation Using
a Technique of Spinal Cord
Fusion









OPS/images/logo.jpg
' frontiers

in Neuroscience





OPS/images/fnins-16-808983-g002.jpg
CONSORT Flow Diagram

Enrollment ] Assessed for eligibility (n=21)

Excluded (n=9)

4 Not meeting inclusion criteria (n=38)
4 Declined to participate (n=1)

¢ Otherreasons (n=0)

Y

Sural nerve transplantation (n=12)

Lost partial data (n=3)

4 Not reviewing DTl one month after surgery (n=1)

surgery (n=2)

4 Not following-up clinical physical examination

Follow-up ] > o Not reviewing electrophysiology one month after

one month after surgery (n=0)

j Analysed (n=12)

Analysis ¢ Excluded from analysis (n=0)






OPS/images/fnins-16-808983-g001.jpg
Glial scar

Posterior spinal artery

Proximal spinal cord 1 SCl area | Distal spinal cord
I [

C D






OPS/images/fnins-16-808983-g006.jpg
SEP

MN

PSN

MEP
APB

TA

10pv
20ms

Left

e —————— N T

500pv

10ms

e R T [ T T

Right

G+21.04

I=-

T=-9

0=15.83

0=16.03






OPS/images/fnins-16-808983-g005.jpg
O=absent

2=normal

SCF004

* Key Sensory Points * Key Sensory Points

S1 $1

Post 6M

O=absent [N O=absent [
1=impaired A 1=impaired [
2=normal [N 2=normal [

SCF005

* Key Sensory Points * Key Sensory Points

$1 St S1

Pre Post 6M

O=absent [N O=absent [N
1=impaired IS 1=impaired [
2=normal [ 2=normal [N

SCFO010

* Key Sensory Points * Key Sensory Points

St st S1





OPS/images/fnins-16-808983-g004.jpg
visual analogue scale

visual analogue scale

v Om kb 6 A 9 o O

Patient ID

P=0.0394

O Before surgery
O 1 month after surgery
A 6 months after surgery

Hl Before surgery
E=1 1 month after surgery
3 6 months after surgery





OPS/images/fnins-16-808983-g003.jpg
S

Syt

,.
B






OPS/images/cross.jpg
3,

i





OPS/images/fnins-16-808983-g009.jpg
Py
)
(o))
L=
7
P
S @
<=
5 ®©
n c
(O
S g
)
mn ~
0
77 SRR -
O x| i
P e — I
d %,
..\mv
S,
%
s )
% I-TTEEsssssEm _| wwx
Q. R \@0\
[ e,
9,
Yo
S,
(0.4
— (0]
R —
Q o« ! - &
T e — —
Q <,
1 1 1 1 1 \\%
<t ™ N — o .\QOmv
oav ew\
2
o
o
%
&
)
o))
| -
7
=i
O o
> &
5 ©
»n c
O T
s g
[0)
m ~
2 -
o st TTsTTET"
OM- l%
18 X
f e -
Y
)
%
il o
m oot TT==" _| Q\
., - & K
0.*_ (5] 7,
L -, %
Q
A)
(0.4
— (0]
m [ _|
Qx| - &
= T @0
d "ot 6
%
T T T T 1 >
Q © < N S S
o o o o o 00
v4d m\\e
o





OPS/images/fnins-16-808983-g008.jpg





OPS/images/fnins-16-808983-g007.jpg
Pre

Post 6 M

Left TA
0=13.03 =21 g
O0=11.22 P=23 [_1a
M I —-'—uﬁ_:
0=1242 PE25 t1-_7

Q\

\

3
=-106

/_\

s
\

T=-97






OPS/images/fnins-16-808983-t005.jpg
Patient ID Before surgery 6 months after surgery

SNL ISCNSCI ISCNSCI ISCNSCIlight ISCNSCI ASIA SNL ISCNSCI ISCNSCI ISCNSCI light ISCNSCI ASIA
UEMS LEMS touch scores pinprick grade UEMS LEMS touch scores  pinprick grade
scores scores

SCF001 T10 50 0 68 68 A T10 50 16 68 68 C
SCF002 T12 50 0 76 76 A T12 50 0 76 76 A
SCF003 T10 50 0 68 68 A T10 50 0 68 68 A
SCF004 T12 50 0 81 81 A T12 50 0 98 98 B
SCF005 T12 50 0 79 79 A T12 50 8 84 84 B
SCF006 T9 50 0 66 66 A T8 50 0 62 62 A
SCF007 T10 50 0 72 72 A T8 50 0 66 66 A
SCF008 6 50 0 56 56 A 5 50 0 54 54 A
SCF009 T10 50 0 74 76 A T10 50 0 74 76 A
SCF010 T9 50 0 68 68 A T10 50 6 72 72 B
SCFO11 T9 50 0 72 72 A T9 50 0 72 72 A
SCF012 T3 50 0 51 51 A T3 50 4 51 51 A

SCF, spinal cord fusion; SNL, single neurologic level; ISCNSCI, International Standard of Neurological Classification for Spinal Cord Injury; UEMS, motor score of the
upper extremities; LEMS, motor score of the lower extremities; ASIA, American Spinal Injury Association.
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Patient ID The recovery condition of autonomic nerve function

SCF001 Restored sweating function below the single neurologic level; bowel
function improved

SCF002 -
SCF003 -
SCF004 Restored sweating function below the single neurologic level

SCF005  Restored sweating function below the single neurologic level; bladder
and bowel function improved

SCF006 Restored sweating function below the single neurologic level
SCF007 -
SCF008 Restored sweating function below the single neurologic level
SCF009 -
SCF010 Restored sweating function below the single neurologic level
SCFO11 -
SCF012 Restored sweating function below the single neurologic level

SCF, spinal cord fusion.
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DTI Above the Operation Below the

Parameter operating area operating
area area

FA Before surgery 0.39+£0.10 0.28+0.08 0.29+0.04

(mean + SD)

One month 0.47 £0.12 0.34 £ 0.05 0.33+0.05
after surgery

p-value 0.0201* 0.0013** 0.0080**
ADC
(mean £ SD)
Before surgery  2.69 + 0.74 2.55 +0.74 2.65+0.84
One month 211 +£0.72 1.74 +£0.27 1.98+£0.24
after surgery
p-value 0.0131* 0.0057** 0.0239*
*p < 0.05.

DTI, Diffusion Tensor Imaging; FA, Fractional anisotropy; ADC, Apparent diffusion
coefficient.
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Patient ID Sex Age Months post SNL Length of SCI

SCI tissue (cm)
SCFO001 Female 47 28 T10 5
SCF002 Male 21 24 T12 7
SCF003 Male 38 51 T10 5
SCF004 Male 87 39 T12 7
SCF005 Male 46 15 T12 6
SCF006 Male 46 53 T10 6
SCF007 Male 33 26 T10 7
SCF008 Female 49 12 T6 7
SCF009 Male 38 48 T 5
SCF010 Female 38 42 T10 8.5
SCFO11 Male 44 21 T10 6
SCF012 Male 28 27 T3 4
Mean + SD - 38.33+£9.06 32.17 +14.01 - 6184+ 1.25

SCF, spinal cord fusion; SCI, spinal cord injury; SNL, single neurologic level.
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Patient ID VAS

Before One month Six months

surgery after surgery after surgery
SCF001 6 1 0
SCF002 0 0 0
SCF003 0 0 0
SCF004 10 6 2
SCF005 8 2 0
SCF006 8 6 3
SCF007 0 0 0
SCF008 5 5 3
SCF009 8 8 8
SCF010 7 4 3
SCFO11 0 4 4
SCF012 2 1 1
Mean + SD 4.50 + 3.85 3.09 +£2.78 2.00 + 2.41

SCF, spinal cord fusion; VAS, Visual analog scale.
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ASIA impairment scale

Complete. No sensory or motor function is preserved in the sacral segments S4-S5
Incomplete. Sensory but not motor function is preserved below the neurological level and includes the sacral segments S4-S5.

Incomplete. Motor function is preserved below the neurological level, and more than half of key muscles below the neurological level have a muscle grade of
less than 3.

Incomplete. Motor function is preserved below the neurological level, and at least half of key muscles below the neurological level have a muscle grade greater
than or equal to 3.

Normal. Sensory and motor function is normal.





