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Abstract

:

Clinicians have managed and treated lower back pain since the earliest days of practice. Historically, lower back pain and its accompanying symptoms of radiating leg pain and muscle weakness have been recognized to be due to any of the various lumbar spine pathologies that lead to the compression of the lumbar nerves at the root, the most common of which is the radiculopathy known as sciatica. More recently, however, with the increased rise in chronic diseases, the importance of differentially diagnosing a similarly presenting pathology, known as lumbosacral plexopathy, cannot be understated. Given the similar clinical presentation of lumbar spine pathologies and lumbosacral plexopathies, it can be difficult to differentiate these two diagnoses in the clinical setting. Resultingly, the inappropriate diagnosis of either pathology can result in ineffective clinical management. Thus, this review aims to aid in the clinical differentiation between lumbar spine pathology and lumbosacral plexopathy. Specifically, this paper delves into spine and plexus anatomy, delineates the clinical assessment of both pathologies, and highlights powerful diagnostic tools in the hopes of bolstering appropriate diagnosis and treatment. Lastly, this review will describe emerging treatment options for both pathologies in the preclinical and clinical realms, with a special emphasis on regenerative nerve therapies.
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1. Introduction


In the most recent epidemiological overview on lower back pain (LBP), it was found that up to 80% of individuals worldwide will present with an episode of LBP throughout their lifetime [1]. More specifically, LBP can present as pain, muscle tension, or stiffness localized below the costal margin and above the inferior gluteal sulcus, with or without associated leg or foot pain [2]. Regarding the latter major symptom of LBP, known as sciatica, this is the most common sequelae of lumbar spinal pathologies and is reported to affect as much as 40% of the adult population at some time [3]. Clinically, sciatica is diagnosed due to its characteristic presentation of radiating pain and is the principal radiculopathy affecting the lumbar spine [4].



A separate yet related set of more rare disorders are known as peripheral plexopathies. In this paper, we focus on disorders involving the lumbosacral plexus and its tributaries such as the femoral and sciatic nerves. In contrast to radiculopathies such as sciatica, which commonly only affect a single nerve root, plexopathies are clinically defined as the involvement of at least two different root levels and from at least two additional peripheral nerves [5]. As such, the clinical signs and symptoms of plexopathy—weakness, loss of tendon reflexes, sensory deficits, and often pain—tend to follow a dermatomal distribution, localized to the involved neural structures providing peripheral nervous system innervation to the afflicted muscle groups [6,7].



However, differentiating lumbar spinal pathologies from peripheral plexopathies involving the lumbosacral plexus has historically proven to be clinically challenging. Particularly, this fact holds true because neurologic findings are not always well defined as described above and because there is considerable overlap in the sensory and motor territories supplied by the individual lumbar nerve roots, with the lumbosacral plexus or the nerves derived from the lumbosacral plexus [6,8]. Thus, as two separate pathologic entities that affect the population with opposing levels of burden, it is crucial to elucidate their differentiation to increase diagnostic efficacy and appropriate treatment.




2. Anatomy of the Lumbar Spine and Lumbosacral Plexus


A comprehensive understanding of the functional anatomy of the lumbar spine and the various plexuses that supply the lower limbs and pelvic girdle is warranted when discussing their respective etiology and differentiation in a clinical setting.



The lumbar spine consists of five bones in the lower back, known as the L1–L5 vertebrae, which are composed of two parts, the vertebral body and the vertebral (neural) arch [9]. Further, each of these vertebrae have numerous osseous structures, as seen in Figure 1, and articulate to form distinct anatomical structures such as the intervertebral foramen, which transmit the lumbar spinal nerves and the associated radicular arteries that supply the spinal cord [10]. The lumbar spine is segmented into its five component vertebrae by structures known as intervertebral discs, with the vertebral bodies increasing in size as the column descends [11]. These discs are composed of a centrally located nucleus pulposus concentrically encircled by the annulus fibrosis and a cartilaginous endplate that forms the interface between the intervertebral disc and the adjacent vertebrae [12]. Together, these fibro-cartilaginous structures impart the lumbar spine with multiples ranges of motion—including flexion, extension, lateral bending and rotation—as well as the ability to transfer and distribute spinal loads [13].



On the whole, the lumbar spine is responsible for several functions including upper body support and weight distribution, protection of the spinal cord/cauda equina, and—by extension of the nerves that branch off of the lower spinal cord and cauda equina—leg sensation and movement [14]. Regarding the latter functions, it is important to note that there are five pairs of corresponding lumbar spinal nerves (L1–L5) that innervate the lower limbs. Moreover, as seen in Figure 2, these innervations generally follow skin- and muscle-specific distributions supplied by the dorsal and ventral root fibers of a given spinal nerve, known as dermatomes and myotomes, respectively [14]. Specifically, the L1 spinal nerve provides sensation to the groin and genital region as well as motor innervation to the hip; the L2 spinal nerve similarly provides motor innervation to muscles of the hip for movement such as abduction; together, spinal nerves L2–L4 give sensation to the anterior aspect of the thigh and the medial aspect of the lower leg, with spinal nerves L3 and L4 providing motor innervation for movements such as knee extension; finally, spinal nerve L5 provides sensation to the lateral aspect of the lower leg, the dorsum of the foot and the space between the first and second toe, as well as corresponding motor innervation for movements including knee flexion and great toe extension [14,15,16,17].



Additionally, it is pertinent to underscore that once the lumbar spinal nerves exit the intervertebral foramen, they become a related yet clinically distinct set of anatomical structures known as the lumbar and sacral plexuses—which are together known as the lumbosacral plexus (LSP). The LSP is a complex peripheral nervous system structure that similarly supplies sensory and motor innervation to the lower limbs and is derived from the anterior rami of the L1-S4 nerve roots, and a small contribution from T12 [5]. As illustrated in Figure 3, the LPS has many component nerves and penetrates the psoas major muscle, later emerging on the lateral aspect of the pelvis [18].



Summarized in Table 1, the LSP has an inherently complex set of dermatomal and myotomal innervations and serves as the extension to the spinal nerves with which they are derived from. As a result, at the clinical level, insult to any given component(s) of the LSP can have overlapping sensory and/or motor deficits as those seen in lumbar spinal nerve etiology. In this paper, we will identify common pathologies of the lumbar spine and the lumbosacral plexus, as well as compare their presentation, evaluation, treatment, and management.




3. Etiology


Upon extensive review of the literature, the most common etiology of sciatica due to lumbar spinal pathology is caused by lumbar spinal stenosis. As seen in Figure 4 below, however, the pathogenesis that underlie said stenosis cannot be simply traced back to one causative agent, but a multiplicity of pathologies. Thus, the most common mechanisms that lead to the development of lumbar spinal stenosis in the general population will be detailed in this section. Similarly, LS plexopathies also have a complex set of etiologies and thus the most prevalent and clinically significant causes will be discussed.



3.1. Lumbar Spine Pathology


3.1.1. Herniated Nucleus Pulposus


Lumbar disc herniation occurs when the annulus fibrosus ruptures leading to the nucleus pulposus protruding from the intervertebral disc space, also known as herniated nucleus pulposus (HNP) [21]. HNP is one of the most common lumbar spinal pathologies, with 95% of cases occurring at the L4-L5 or L5-S1 level and is one of the main contributors to lumbar spinal stenosis [22,23]. Peak incidence is between ages 30–50, with the prevalence doubled in males [24]. Because of the thicker anterior longitudinal ligament, herniation is most likely to occur in the posterior direction—more specifically the posterolateral direction—leading to compression of the nerve root. With each nerve root having a specific motor and sensory area of innervation, pain and/or paresthesia corresponding with the effected nerve root follow the same distribution [25]. Coughing, sneezing, or straining may worsen symptoms by increasing pressure in the surrounding areas.




3.1.2. Osteoarthritis


A second major contributor to lumbar spine stenosis can be found in the degenerative process known as osteoarthritis. Although arthritis can affect any joint, weight-bearing joints are most susceptible to arthritic changes including the spinal column [26]. The spinal column is composed of three joints: one intervertebral disc and two facet joints, which are all susceptible to degenerative changes [27,28,29]. This degeneration leads to disc space narrowing, the formation of osteophytes, facet joint osteoarthritis, and eventually foraminal narrowing [29,30]. Further, though osteoarthritis was traditionally thought to be caused from “wear and tear”, recent advances in technology now point to a multifactorial pathogenesis including genetic predisposition, epigenetics, and sex, as well as lifestyle factors such as diet, physical activity and work-related habits [31]. Particularly, diet and obesity are significant players in the development of osteoarthritis risk factors because of their role in the pathogenesis of metabolic syndrome, which includes central obesity, diabetes, high blood pressure, and hyperlipidemia, and have been shown to be independently associated with the onset and progression of osteoarthritis [32].




3.1.3. Ligamentum Flavum Thickening


As previously mentioned, both disc bulging and arthritic changes can contribute to lumbar spinal stenosis; however, ligamentum flavum (LF) hypertrophy is believed to be the main contributor [33,34]. The pathophysiology of LF hypertrophy remains unclear. Prior research has demonstrated that tissue thickening may be due to buckling [35]. However, other studies have concluded that thickening may occur mainly in the extracellular matrix indicating hypertrophy is to blame. Age, disc degeneration, and hemodialysis have been indicated as possible risk factors for LF thickening [35,36,37,38,39,40,41].




3.1.4. Other Causes


Other lumbar spinal pathologies include spondylolisthesis, space occupying lesions, and infectious processes. Spondylolisthesis is the anterior displacement of a vertebrae and is associated with a bilateral defect of the pars interarticularis. Severity is based on the degree of displacement, and the need for surgical intervention is guided by symptom severity and the concern for instability [42]. Lesions such as cysts, masses, or abscesses can lead to the development of symptoms secondary to spinal cord compression. If symptomatic, compression of the spinal cord is a surgical emergency requiring immediate intervention to prevent permanent deficits. Infectious processes in the spine such as spondylodiscitis and spinal osteomyelitis also lead to various neurological sequalae. Often caused by the spread of infection from adjacent soft tissues or directly from spinal procedures, osteomyelitis/discitis can be a challenge to diagnose and adequately treat [43].
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Figure 4. Characteristics of Lumbar Spinal Stenosis and Herniated Disks. (A) Axial views of the lumbar spine showing both normal anatomy and spinal stenosis. Depiction demonstrates intervertebral disk bulging, a thickened ligamentum flavum, and hypertrophied fact joints. Additionally, on sagittal view, there is loss of disk height and protrusion, and facet-joint osteoarthritis [44]. (B) Panel A demonstrates a non-displaced lumbar intervertebral disk. Panel B shows a bulging disk. Panel C demonstrates disk protrusion. Panel D demonstrates disk extrusion. Panel E demonstrates disk sequestration [45]. Adapted from Deyo et al. and Katz et al. [44,45]. 
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3.2. Lumbosacral Plexopathy


3.2.1. Trauma


Due to the LSP’s anatomic location deep within the pelvis, it is relatively shielded from direct injury. Because of this, traumatic plexopathies most likely result from penetration injuries such as a gunshot or puncture wound [46,47]. Typically, traumatic LS plexopathies are commonly associated with pelvic or hip fractures, however, the incidence of LSP complication in patients treated for these types of fractures is low (0.7%) [47]. Contrastingly, in cases involving sacral fractures or sacroiliac dislocations, the frequency is significantly higher (2.03%) due to the proximity of the plexus to both the sacral bone and its articulating sacroiliac joint [47].




3.2.2. Metabolic and Inflammatory Causes


The LSP may be involved alone or along with nearby roots and nerves in immune-mediated or inflammatory disorders [48]. Although lumbosacral radiculoplexus neuropathy (LSPRN) most frequently occurs in patients with diabetes, it can also be found in non-diabetics. In a recent study, incidence of LSRPN was 4.16/100,000 overall. Further, diabetics had an incidence of 2.79/100,000 while non-diabetics had an incidence of 1.27/100,000 [49]. Amyloidosis and sarcoidosis can also cause lumbosacral plexopathies secondary to local inflammatory changes [50].




3.2.3. Neoplastic


According to recent literature, for LS plexopathies caused by neoplasms, the L4-S1 segment is affected in more than 50% of cases, the L1–L4 in 31% of cases, and pan-plexopathy in approximately 10% of cases [51]. Plexopathies were found to occur within the first year after cancer diagnosis in one-third of cases and be the presenting symptom in 15% of cases [52,53]. Pain is the most common initial symptom followed by sensory or motor problems beginning within weeks to months [51].




3.2.4. Other Causes


Other causes of lumbosacral plexopathies include chronic infections such as tuberculosis, fungal infections, lyme, HIV/AIDS, and herpes zoster [5]. Additionally, because of the proximity of the psoas major and minor muscle groups to the plexus, psoas abscesses can lead to various neurologic symptoms. Radiation can also lead to plexopathies and can present without pain and occur bilaterally even years after radiation [54]. Vascular causes include femoral catheterization and ischemic insults from direct compression caused by arterial pseudoaneurysms, aortic dissections, and retroperitoneal hematomas. Postoperative plexopathies can result from direct trauma or prolonged retraction.






4. Neurologic Consultation


With a foundational understanding of the etiologies of lumbar spinal pathology and LS plexopathies, we can better elucidate differences in clinical presentations and some of the current diagnostic modalities that serve to better characterize these pathologies.



4.1. Clinical Presentationand Physical Examination


4.1.1. Distinctions in Symptomatic Presentation


In the initial evaluation of a patient presenting with symptoms of LBP, it is pertinent to evaluate differential etiologies and—for the purpose of this discussion—distinguish between lumbar spinal pathology and LS plexopathy.



Lumbar spinal pathologies typically present with the main complaint of chronic back pain. Important differences in a patient’s symptomatic presentation are relevant to note as these allow us to distinguish within specific pathological processes. For example, in lumbar spinal stenosis (LSS), patients complain of neurogenic claudication and pain exacerbated by prolonged ambulation, standing, and lumbar extension—which is relieved by forward flexion and rest [55]. While LSS presents with bilateral pain, sciatica tends to be unilateral radicular pain to the ipsilateral lower extremity [56]. Additionally, the pain is typically “burning” in nature with occasional associated parathesia [56]. Further, lumbar disc herniation can also present with pain following an acute event or spinal movement and, thus, may be indicative of instability or degenerative fracture of the pars at L5 [57].



Given the diverse etiologies of LS plexopathy, this pathology can present variably in the clinical space and can prove difficult to diagnose for said reason. Nonetheless, it is important to note that the symptoms of LS plexopathies tend to reflect the level of anatomical involvement of the plexus and the temporality of the injury. The most common presenting symptoms of LS plexopathy include LBP with unilateral radiation and possible association with positionality [5]. In contrast to LSS, patients typically complain of bilateral leg pain [58]. Furthermore, specific etiologies of LS plexopathies may be associated with more unique symptoms. This exceptionality in presentation is showcased when comparing diabetic LS plexopathy to LS plexopathy secondary to radiotherapy, in which one classically presents with proximal thigh pain and the other is often unremarkable for pain [59]. Lastly, symptoms of muscle weakness and atrophy often occur in more severe cases of disease [60].




4.1.2. Physical Examination


Pertinent physical examination findings in LS plexopathy include a positive straight leg raise test, as well as asymmetric lower limb muscle weakness with asymmetrically absent or reduced deep tendon reflexes [5]. Whereas in some lumbar spinal pathologies such as LSS, as little as 10% of patients demonstrate positive straight leg testing [61]. Similarly, the straight leg raise test has variable specificity for diagnosis of sciatica but may be a more useful indication of lumbar disc herniation [56]. Interestingly, lumbar disc herniations can present with a contralateral positive straight leg test as a supplement to a positive ipsilateral straight leg test, increasing the sensitivity from 84% to 96% [62].



Another important component of the physical examination includes reflex testing as changes to the deep tendon reflexes can be present in both LS plexopathies and lumbar spine pathologies. Specifically, lumbar plexopathy can present with knee jerk reflex abnormalities, while sacral plexopathy can present with ankle jerk reflex abnormalities [5]. Like lumbar plexopathies, an absent or diminished patellar tendon reflex, also known as the Westphal Sign, is commonly found in lumbar spine pathology such as sciatica [63].



Additionally, thorough evaluation of the patient’s gait and functionality can provide further insight into pathologic differentiation [57]. The aforementioned holds true because while LS plexopathy can present with more of a dermatomal pattern of symptoms, some lumbar spine pathologies, such as lumbar HNP, must be examined for more mechanical changes affecting function. Additionally, changes will be seen in ankle dorsiflexion or plantarflexion depending on the positionality of an L5/S1 disc herniation laterally or centrally into the neural foramen, further elucidating any functional changes [57].



Further, demonstration of sensory loss and/or weakness upon physical examination also allows us to distinguish between LS plexopathy and lumbar spine pathologies. In LS plexopathy, sacral involvement may present with sensory loss of the medial thigh, anterior thigh, dorsum of the foot, and perineum [5]. More specifically, the sensory and motor loss seen in femoral and sciatic neuropathies—disorders of two major components of the LSP—are crucial to note as they can present similarly to lumbar spine pathologies, albeit there are some notable distinctions upon physical examination. Typically, patients with femoral neuropathy present with sensory loss of the anterior and medial leg [64]. Additionally, there may be weakness involving the quadriceps and iliopsoas muscles on examination [64]. In correlation with these physical examination findings, patients may also complain of difficulty with stairs, frequent falling secondary to knee weakness, and acute pain in the groin, back and lower abdomen [65]. The etiology of this femoral nerve injury is varied and can occur secondary to retroperitoneal hematomas during abdominal surgery, or after total hip arthroplasties, to name a few [65,66,67]. Moreover, sciatic neuropathies present with more robust foot changes on physical examination, namely foot drop pain, foot inversion, and toe flexion, as well as sensory loss of the upper third of the lateral leg [68]. In contrast, in LSS for example, sensory losses on physical examination in addition to numbness and tingling usually involve the entire lower extremity, rather than following a dermatomal distribution that is characteristic of LS plexopathy [55]. While correlation with symptoms and history is important, the physical examination findings associated with femoral and sciatic neuropathies provide adequate insight to avoid the inaccurate diagnosis of a lumbar spine pathology.





4.2. Diagnostic Evaluation


4.2.1. Radiological Imaging


Imaging for both lumbar spine pathology and LS plexopathy typically involves an MRI with gadolinium contrast, and a computed tomography (CT) scan as a second line option when MRI is contraindicated [69]. In LSS, CT or MRI may demonstrate a diminished intraspinal canal area and anteroposterior spinal canal diameters to confirm diagnosis [44]. Whereas in some lumbar spinal pathologies, such as sciatica, imaging offers little clinical utility, as it is primarily a clinical diagnosis [56]. While CT and MRI offer more insight for some lumbar spine pathologies that may be associated with surgical pathology or structural deformities, LS plexopathy requires more nuanced imaging modalities [70,71]. MR neurography is especially useful for patients presenting with symptoms reflecting lumbosacral plexus or sciatic nerve involvement to better examine the lumbosacral plexus or sciatic nerve [72]. Extraforaminal lesions can better be revealed on MR neurography compared to traditional MR imaging [72]. Findings using this technique can include: fibrous and muscular entrapment, vascular compression, posttraumatic lesions, neuropathy secondary to ischemia, neoplastic and granulomatous infiltration, neural sheath tumors, scar tissue secondary to radiation, and neuropathy that is hypertrophic in nature [72]. Additionally, Gupta et al. noted the presence of a “trident sign” on contrast-enhanced CT and MRI of the lumbosacral region. This “trident sign” is associated with perineural cancer dissemination throughout the lumbosacral plexus, with diffuse thickening of the nerve plexus, and is predictive of adverse survival rates [73].




4.2.2. Electroneurography and Electromyography Studies


Sensory conduction studies are especially useful in distinguishing these two pathologies. A key point in distinguishing LS plexopathy and lumbar spine pathology is the effect on sensory nerve action potentials. If this potential is not reduced in sensory nerve conduction studies, this implies a preganglionic process such as a radiculopathy [74]. Whereas, if the sensory nerve action potential is reduced, it is a postganglionic process, which would imply a plexopathy or mononeuropathy [74]. Motor nerve conduction to diagnose pure LS plexopathy should be focused to the femoral nerve [74]. Peroneal and tibial motor studies may also assess axonal loss in the lumbosacral plexus, however, the usefulness in elderly patients is unlikely given diminished or absent responses in this population [74].



Electromyography (EMG) is also helpful as part of the neurological evaluation to differentiate LS plexopathy and lumbar spinal pathology. Patients with LS plexopathy with referral for EMG studies are typically type 2 diabetes mellitus patients with weight loss, and anterior and posterior thigh and buttock pain [75]. LS plexopathy presents with electrophysiologic abnormalities in the distribution of, at minimum, 2 different peripheral nerves in a minimum of 2 different nerve root distributions [74]. Determining the extent of abnormalities in LS plexopathy requires that needle EMG examination cover L2-S1 innervated muscles and muscles innervated by the same root but not the same peripheral nerves [74]. Pure lumbosacral plexopathy can be further identified when the paraspinals are not affected on needle examination [76]. In contrast to LSS, EMG examination is often normal [77].



In sum, notable differences in clinical presentation and diagnostic evaluation can be used to offer patients accurate diagnosis and subsequently more tailored treatment for their respective disease pathology. Chiefly, these interventions include conservative and surgical approaches, which will be highlighted in the next section.






5. Treatment and Management


The overarching aim of management of pathologies related to the lumbar spine and lumbosacral plexus is to primarily mitigate the progression of the disease, restore functional status of the lower limbs, and preserve the quality of life for the patient [4,60,78,79]. As mentioned above, a shared characteristic between both classes of pathologies is the experience of intense pain, thus highlighting the necessity of alleviatory management care.



5.1. Conservative Approaches


As generally common for spinal pathologies, symptomatic management begins with conservative therapies [4,78,80]. For both lumbar spine pathologies and LS plexopathies, these therapies mainly consist of physical therapy and medications focused on providing pain relief. Physical therapy techniques consist of exercises reinforcing core strength, improving lumbar musculature flexibility, and correcting posture [81]. Limited evidence supports the effectiveness of physical therapy regimens in terms of restoring functionality and alleviating pain [82] and is so far confined to low power studies with small samples sizes [83,84]. In addition to the lack of empirical support for alleviatory physical therapy alone, studies have shown that physical therapy does not consistently provide adequate pain relief and functional strengthening following invasive decompressive procedures [85]. Alongside physical therapy, medications such as analgesics—NSAIDs, opioids, and gabapentin—are prescribed to further alleviate pain symptoms and restore quality of life, although, again, are met with variable effectiveness contingent on the initial intensity of pain, comorbidities, and patient age [86,87,88]. Lastly, patients with lumbar spine pathologies can undergo selective nerve root injections and translaminar epidural steroid injections to locally deliver long-lasting steroids to irritated spinal nerves. These procedures are typically more favorable in outcome compared to the alternative conservative approaches to pain management, with approximately 60–75% of patients reporting a significant reduction in pain [89].




5.2. Surgical Approaches


Surgical intervention is deemed necessary once it has been sufficiently determined that conservative therapies fail to yield substantial benefits to the patient. As with any form of surgery, it is of the utmost importance to consider potential complications, including repeat post-operative endotracheal intubation, cardiopulmonary resuscitation, pulmonary embolism, and many more. Furthermore, these complications can increase in frequency with various commonly encountered comorbidities such as advanced age, obesity, or diabetes [90].



5.2.1. Laminectomy for Lumbar Spinal Stenosis


Typically, the primary goal of surgical intervention for patients with lumbar spinal stenosis is to improve lower limb functionality, and it is often decided upon following a three-to-six-month period of conservative treatments met with failure to reduce pain and further neurological impairment [91]. The most common surgical procedures indicated for lumbar spinal stenosis are laminectomies [92]. Decompressive lumbar laminectomy procedures entail the excision of the lamina and spinous process at the level at which nerve compression occurs. A successful procedure with resection of the lamina and excessive facet joints results in the respective decompression of the central canal and neural foramina, thus relieving pressure and preventing further nerve impingement [93].



A retrospective analysis performed by Bydon and colleagues demonstrated significant positive outcomes with regards to neurogenic claudication and motor function in patients following lumbar laminectomy, highlighting its relative effectiveness compared to the inconsistent outcomes observed with conservative approaches [94]. In fact, the study emphasizes that the percentage of patients who reported initial lower back pain decreased from 57.40% to 25.40% (p < 0.001) following the procedure [94]. Despite its effectiveness for the treatment of lumbar spinal stenosis, the laminectomy procedure is not without complications. A primary concern for laminectomy for lumbar spinal stenosis involves the comorbidity of preoperative spondylolisthesis, as well as iatrogenic spondylolisthesis following the procedure [95]. A systematic review including 2496 patients determined that 1.8% patients that underwent decompressive lumbar laminectomy developed instability that warranted a reoperation [95]. This phenomenon was observed more frequently with patients with pre-existing spondylolisthesis prior to operation [95]. Currently, there is thought that with minimally invasive techniques, the risk of instability and therefore reoperation deceases, although it may achieve less than desirable decompression. Additionally, the field still requires larger prospective studies to verify the effectiveness of these minimally invasive techniques [95]. Otherwise, instability could potentially be avoided through the combination of lumbar laminectomy with spinal fusion [96,97].




5.2.2. Discectomy for Lumbar Herniated Nucleus Pulposus


For patients that fail to experience symptomatic benefits from conservative treatments, lumbar discectomy is typically indicated [98]. These procedures are described by excision of the herniated disk following an opening of the spine and dissection of nearby nerve roots if necessary [99]. The incremental excision process does not typically remove the entire disk, as it is terminated after two to three failed attempts to remove any additional material with the forceps. There are also microendoscopic alternatives to this approach (Figure 5B) [45,99]. However, studies fail to demonstrate a difference in postoperative pain outcomes between the two versions of the procedure [99]. Compared to conservative approaches, lumbar discectomies demonstrate better outcomes regarding pain. Furthermore, the location of the discectomy has a remarkable effect on the favorability of the patient outcomes, as it was demonstrated that upper-level lumbar herniation repairs are slightly better in outcome than lower-level lumbar repairs [100]. Most patients experience an alleviation of back and leg pain following procedure, yet one study determined that 28% of patients still experience pain symptoms [101]. Furthermore, there is risk for recurrent disc herniation following procedure, warranting reoperation (7.3% of patients) [101].




5.2.3. Surgical Intervention Strategies for Lumbosacral Plexopathy


In direct contrast to lumbar spine injuries, LS plexopathy lacks clearly established surgical guidelines, let alone decompressive techniques, due to its inherent locational and functional complexity [60]. Further complicating matters, LS plexopathies can secondarily arise from a variety of primary conditions, such as diabetes mellitus, neoplastic developments, or complications in radiotherapy [5]. Surgical intervention for LS plexopathies is typically very involved on the part of the surgeon, requiring extensive navigation such as extraperitoneal lumbotomy, transperitoneal xifopubical incision, or posterior laminectomy, to reach the targeted nervous structure depending on the level location of the structure [102].



Following these procedures to expose the targeted nerve, surgeons typically opt for neurolysis to mitigate pain symptoms related to the pathology of that peripheral nerve, which often is the femoral, obturator, and the sciatic nerve when considering LS plexopathies [103]. As discussed above, pathologies related to these nerves often result in deambulation and the radiation of burning pain [7,58]. As such, the overall goal of these surgeries is to alleviate these symptoms directly related to those nerves. Neurolysis entails the circumferential dissection of the targeted nerve, with the goal of removing any physical obstruction (i.e., scar tissue) that may impact the route and thus transmission of the nerve [104,105]. This peripheral approach to treatment, when targeting the femoral nerve in patients experiencing LS plexopathy, has been found to attain positive results with various patients, including a reduction in severe pain and restored motor function to the gluteal muscles [102,106]. Furthermore, in studies following patients with plexopathy affecting on the obturator nerve, and thus experiencing limited hip adduction, it was determined that neurolysis on the obturator nerve improved hip adduction from Medial Research Council (MRC) grade 2 to MRC grade 5 along with a reduction in pain [103,107].



Further, repair strategies used in LS plexopathies with extensive neuronal damage include procedural nerve grafts to restore function to affected peripheral nerves (Figure 5A) [60,103]. Nerve grafts can either entail an end-to-end nerve suture or suturing an autologous donor nerve to replace the damaged portion of the recipient nerve [108,109]. Various case reports highlight the effectiveness of this strategy, namely restoring the functionality of the femoral, obturator, and sciatic nerves, as well as for multilevel injuries involving nerve roots [102,103,107,110,111]. Across these various procedures, it was reported that related motor and sensory function was successfully restored, including hip adduction, hip flexion, and knee extension [102,103,107,110,111].






6. Emerging Treatment Options


As aforementioned, treatment for lumbar spine pathologies and LS plexopathies include both conservative and surgical approaches. More recently, emerging treatments have taken advantage of new approaches or modified previous approaches, specifically with the aim of nerve regeneration.



6.1. Novel Conservative and Surgical Techniques


6.1.1. Approaches for Common Lumbar Spinal Pathologies


Regarding sciatica, the most common pathology of the lumbar region, a nerve root foramen opening protocol was recently used as conservative treatment [112]. This approach involves placing patients in a side lying position to invoke opening of the foramen. Results have showed further alleviation of pain and reduction of opioid consumption with this approach [112]. Further, this approach is significantly simpler than previous therapies and allows the luxury for patients to perform this manually at home, reducing costs of care. Although further research is needed to prove the effectiveness of this regimen, it is a step in a new direction for sciatica conservative care.



Sciatica can often be caused by lumbar spondylisthesis (LS), which is defined by the “slippage” of a vertebral body [113]. Recently, several clinical trials are in place to find the most optimal and effective treatment for LS. The Spine Patient Outcomes Research Trial (SPORT) has shown the greater effectiveness of surgery in relation to nonoperative care for LS [114]. However, the lack of focus on the superiority of laminectomy plus fusion in relation to just laminectomy in treatment of LS has led to the Spinal Laminectomy versus Instrumented Pedicle Screw (SLIP) trial [96]. Results show that utilization of lumbar spinal fusion in combination with laminectomy showed clinically meaningful improvement in quality of life of patient’s post-surgery [96].



Additionally, LSS also contributes to the pathogenesis of lumbar sciatica [115]. Typically, patients with LSS have a variety of conservative options including pain medications and physical therapy. Surgical intervention for LSS is common in cases when patients begin to see neurological deterioration and symptoms [115,116]. The standard of care has been decompression surgery, requiring significant manipulation of spinal muscles [116]. This approach has been seen to increase the risk of postoperative complications [117]. Emerging treatments for lumbar stenosis have adopted a minimally invasive surgical approach using endoscopy, with the aim of decreasing surgical trauma and maximizing preservation of the spinal structure. Recently, unilateral biportal endoscopic spinal surgery (UBESS) has been a promising new approach [118]. The design includes two portals in comparison to traditional spinal endoscopy with one portal [118]. This allows UBESS a wider range of movement and accounts for the shortcomings of traditional endoscopy of a lack of proper visualization. More recent studies have shown the effectiveness of UBESS for LSS, but further research is needed to show further efficacy.




6.1.2. Approaches for Lumbosacral Plexopathies


As previously mentioned, LS plexopathies have historically not had a definitive standard surgical guideline due to their inherent complexity [28]. Surgical options such as extraperitoneal lumbotomy, and posterior laminectomy tend to be the approach, followed by neurolysis [71]. In cases of extensive neuronal damage, opting for procedural nerve grafts is also feasible to restore nerve function [28,72]. More recently, the pararectus approach has been utilized for both anterior exposure and neurolysis of lumbar nerve roots 4/5 [119]. Originally, this technique used in acetabular fracture repairs, but has now has utility in wide arrange of procedures including resection of musculoskeletal tumors [120,121]. This intrapelvic technique involves specific positioning of the patient in a supine position that puts the groin, umbilicus, and anterior superior iliac spine (ASIS) in a triangular arrangement [119]. In comparison to the initial use of the pararectus approach, the neurolysis for LSP involves an incision being roughly 4–5 cm closer towards the cranium [119]. After superficial and deep dissection to visualize the anterior abdominal wall and tranversalis fascia, respectively, surgeons work through the retroperitoneal space bluntly [119]. Following the iliac vessels gently and reaching the L4 and L5 nerve roots along with the obturator nerve allows for proper neurolysis [119]. Although scarce research is available regarding this approach for LS plexopathy, the exposure of the iliac vessels for effective visualization of the LSP combined with and lack of osteotomy demonstrates its procedural advantages. However, further research is needed to smooth some limitations such as the difficulty in treating obese patients and those with previous scarring [119]. Nonetheless, results in cases thus far have shown to be effective with good outcomes [119].



Less invasive approaches for malignant lumbosacral plexopathy have recently been explored as well. Specifically, in the rare malignancy of the LSP, radiation therapy has proven to provide a route for significant pain relief in patients with lumbosacral syndrome and should be investigated further as a viable treatment option [51,122]. More recently, MR neurography (MRN) has also proven valuable in visualization of the peripheral nerves to allow for easier nerve tracking [123]. Due to this radiotherapy potentially causing neurotoxicity at higher doses, accurate contouring becomes an important aspect of treatment [124]. MRN’s visualization in combination with CT allows for personalization of contouring by the physician and less need for anatomical knowledge [123]. This is especially made possible through utilizing a 3D MRN sequence such as Lr_NerveVIEW, which has advantageous features that improve LSP nerve contouring [123]. Further, with the likelihood of advanced imaging techniques on the horizon, it only makes this approach more intriguing. However, more research is needed in a larger sample size before this is implemented on a greater scale.





6.2. Nerve Regeneration Strategies


Further, focus has also been on emerging treatment options for nerve regeneration and the coordination of these procedures with the standard surgical options previously mentioned. Although peripheral nerves can regenerate, this is a slow process and patients with neurotmesis or axonotmesis typically experience an impaired quality of life [125]. Conservative approaches to nerve regeneration have primarily included physical rehabilitation using various exercises [125]. This approach has been the standard non-invasive strategy and has been seen to improve peripheral nerve injury (PNI) recovery [126,127]. Recent advances in stem cell therapy have shown the potential of cell transplantation therapy for nerve regeneration. Strategically reconstructing lesion sites with stem cell grafts, which will later differentiate into neurons, has been a valuable approach to nerve regeneration [128]. Utilization of this strategy entails the transplantation of embryonic and pluripotent neuronal stem/progenitor cells (NSCs/NPCs) into lesion sites, where they will eventually develop into self-integrating grafts within the tissue [128,129]. The connection of the implanted neurons with the hosts circuitry provides a route for new sensory connections. Further, axons have been shown to extend into the graft and further synapse with the graft neurons allowing for the formation of a new circuit [130]. Although, this approach is promising and exciting, many axons are at the superficial surface of the graft (1 mm) and will not significantly integrate into the graft. Further research exploring adverse effects and consistency of this strategy must be done prior to having a clinical impact. More recently, mesenchymal stem cells (MSC) have been identified as potentially valuable for nerve regeneration and lack the ethical concern component of their aforementioned counterparts [131]. Particularly, research into MSCs ability to integrate into host lesions has shown superior migration ability due to various factors [132,133]. The ability for MSCs to release neuroprotective factors and control glial scarring makes them particularly attractive, but further research must be done with the aim of translating these findings to clinical practice.



Finally, the most recent development surrounding novel nerve regeneration therapeutics lies in the electrical stimulation of transplanted neural stem cells and the surrounding musculature via “nerve conduits”. These conduits, or “nerve guidance channels”, are complex biomaterials that offer injured peripheral nerves a scaffolding to promote guided axonal growth through physical, chemical, and electrical means [134]. Particularly, newer conduit materials such as polypyrrole (PPy) have come under extensive investigation for their unique conductive properties under physiologic conditions and their excellent biocompatibility in vivo [135]. These capacities as mentioned above of PPy are of the utmost importance in novel peripheral nerve regeneration because it has been found that the direct electrical stimulation of peripheral nerves leads to an increased release of neurotropic chemicals such as brain-derived neurotrophic factor (BDNF)—an essential small molecule involved in axonal regeneration and re-myelination [136]. Furthermore, BDNF has modulatory effects on tropomyosin receptor kinase (Trk), whose pathway activation has multiple downstream effects involved in stimulating the “growth cone” during nerve repair processes [137]. Cumulatively, by manipulating the physiological microenvironment and providing a robust biocompatible framework using electrical stimulation and nerve conduits, this is a step towards amplifying the therapeutic effect of stem cell-based treatments on neuronal regeneration [138].





7. Conclusions


In this review, we introduced a common ailment—lower back pain and its classically associated symptoms of radiating lower limb pain and muscle weakness—and explored two groups of peripheral neurologic disorders that can lead to said symptomatic manifestations. The first of these disorders, lumbar spine pathology, was found to be comprised of various disease states such as HNP, osteoarthritis, and ligamentum flavum thickening, all with a common etiology of lumbar spine stenosis. The rarer of the two, LS plexopathies, were described as less mechanically involved and were principally caused by metabolic and inflammatory processes. Clinically, since the presentation of lumbar spine pathology and LS plexopathies tend to be indistinguishable upon superficial assessment, we highlighted distinctive symptomatic presentations such as the bilateral leg pain most often reported in patients with a lumbar spine pathology, in contrast to the unilateral radiation found in LS plexopathy patients. Of importance, we also identified key physical examination findings that underscored the differences in sensory and motor deficits, such as the involvement of the entire lower extremity versus following a dermatomal distribution, in lumbar spine pathology and LS plexopathy, respectively. In conjunction with the latter clinical forms of assessment, we described useful diagnostic testing such as contrast MRI and CT to grossly examine nervous structures, as well as detailed the more nuanced techniques of sensory and EMG studies to further elucidate specific involvements. Additionally, we discussed the utility of conservative and surgical approaches for the purpose of alleviatory care in the treatment of both pathologies, although the literature was much scarcer regarding surgical interventions in the treatment of LS plexopathies. Finally, we looked to the future of treatment for these pathologies in the context of novel nerve regeneration therapeutics and their integration into standard-of-care approaches via the employment of NSCs/NPCs, their mesenchymal counterparts, and their combined use with conductive nerve conduits.







Author Contributions


Conceptualization, M.F. and B.L.-W.; methodology, K.M. and A.P.; investigation, A.R. and M.C.; resources, M.F.; writing—original draft preparation, M.F., K.M., A.P., A.R. and M.C.; writing—review and editing, M.F. and B.L.-W.; supervision, B.L.-W. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Informed Consent Statement


Not applicable.




Data Availability Statement


No new data were created or analyzed in this study. Data sharing is not applicable to this article.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Mattiuzzi, C.; Lippi, G.; Bovo, C. Current Epidemiology of Low Back Pain. J. Hosp. Manag. Health Policy 2020, 4, 15. [Google Scholar] [CrossRef]

	



Koes, B.W.; van Tulder, M.W.; Thomas, S. Diagnosis and Treatment of Low Back Pain. BMJ 2006, 332, 1430–1434. [Google Scholar] [CrossRef] [PubMed]

	



Frymoyer, J.W. Lumbar Disk Disease: Epidemiology. Instr. Course Lect. 1992, 41, 217–223. [Google Scholar]

	



Koes, B.W.; van Tulder, M.W.; Peul, W.C. Diagnosis and Treatment of Sciatica. BMJ 2007, 334, 1313–1317. [Google Scholar] [CrossRef]

	



Dydyk, A.M.; Hameed, S. Lumbosacral Plexopathy. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022. [Google Scholar]

	



Wilbourn, A.J. Plexopathies. Neurol. Clin. 2007, 25, 139–171. [Google Scholar] [CrossRef]

	



Van Alfen, N.; Malessy, M.J.A. Chapter 18—Diagnosis of Brachial and Lumbosacral Plexus Lesions. In Handbook of Clinical Neurology; Said, G., Krarup, C., Eds.; Peripheral Nerve Disorders; Elsevier: Amsterdam, The Netherlands, 2013; Volume 115, pp. 293–310. [Google Scholar] [CrossRef]

	



Brejt, N.; Berry, J.; Nisbet, A.; Bloomfield, D.; Burkill, G. Pelvic Radiculopathies, Lumbosacral Plexopathies, and Neuropathies in Oncologic Disease: A Multidisciplinary Approach to a Diagnostic Challenge. Cancer Imaging 2013, 13, 591–601. [Google Scholar] [CrossRef]

	



Ebraheim, N.A.; Hassan, A.; Lee, M.; Xu, R. Functional Anatomy of the Lumbar Spine. Semin. Pain Med. 2004, 2, 131–137. [Google Scholar] [CrossRef]

	



Intervertebral Foramina—An Overview. ScienceDirect Topics. Available online: https://www.sciencedirect.com/topics/veterinary-science-and-veterinary-medicine/intervertebral-foramina (accessed on 9 January 2023).

	



Waxenbaum, J.A.; Reddy, V.; Williams, C.; Futterman, B. Anatomy, Back, Lumbar Vertebrae. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022. [Google Scholar]

	



Walter, B.A.; Torre, O.M.; Laudier, D.; Naidich, T.P.; Hecht, A.C.; Iatridis, J.C. Form and Function of the Intervertebral Disc in Health and Disease: A Morphological and Stain Comparison Study. J. Anat. 2015, 227, 707–716. [Google Scholar] [CrossRef]

	



Lundon, K.; Bolton, K. Structure and Function of the Lumbar Intervertebral Disk in Health, Aging, and Pathologic Conditions. J. Orthop. Sports Phys. Ther. 2001, 31, 291–303; discussion 304–306. [Google Scholar] [CrossRef]

	



Cleveland Clinic. Lumbar Spine: What It Is, Anatomy & Disorders. Available online: https://my.clevelandclinic.org/health/articles/22396-lumbar-spine (accessed on 8 January 2023).

	



Whitman, P.A.; Adigun, O.O. Anatomy, Skin, Dermatomes. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022. [Google Scholar]

	



Schirmer, C.M.; Shils, J.L.; Arle, J.E.; Cosgrove, G.R.; Dempsey, P.K.; Tarlov, E.; Kim, S.; Martin, C.J.; Feltz, C.; Moul, M.; et al. Heuristic Map of Myotomal Innervation in Humans Using Direct Intraoperative Nerve Root Stimulation: Clinical Article. J. Neurosurg. Spine 2011, 15, 64–70. [Google Scholar] [CrossRef]

	



Edgar, M.A.; Ghadially, J.A. Innervation of the Lumbar Spine. Clin. Orthop. Relat. Res. 1976, 115, 35. [Google Scholar] [CrossRef]

	



Thaisetthawatkul, P.; Dyck, P.J.B. Chapter 9—Cervical and Lumbosacral Radiculoplexus Neuropathies. In Dysimmune Neuropathies; Rajabally, Y.A., Ed.; Academic Press: Cambridge, MA, USA, 2020; pp. 199–223. [Google Scholar] [CrossRef]

	



Lumbosacral Plexus—UpToDate. Available online: https://sso.uptodate.com/contents/image/print?imageKey=NEURO%2F75983&source=graphics_gallery&topicKey=5278 (accessed on 15 January 2023).

	



Rubin, D.I. Brachial and Lumbosacral Plexopathies: A Review. Clin. Neurophysiol. Pract. 2020, 5, 173–193. [Google Scholar] [CrossRef] [PubMed]

	



Kawaji, Y.; Uchiyama, S.; Yagi, E. Three-Dimensional Evaluation of Lumbar Disc Hernia and Prediction of Absorption by Enhanced MRI. J. Orthop. Sci. 2001, 6, 498–502. [Google Scholar] [CrossRef] [PubMed]

	



Asch, H.L.; Lewis, P.J.; Moreland, D.B.; Egnatchik, J.G.; Yu, Y.J.; Clabeaux, D.E.; Hyland, A.H. Prospective Multiple Outcomes Study of Outpatient Lumbar Microdiscectomy: Should 75 to 80% Success Rates Be the Norm? J. Neurosurg. 2002, 96 (Suppl. S1), 34–44. [Google Scholar] [CrossRef] [PubMed]

	



Fisher, C.; Noonan, V.; Bishop, P.; Boyd, M.; Fairholm, D.; Wing, P.; Dvorak, M. Outcome Evaluation of the Operative Management of Lumbar Disc Herniation Causing Sciatica. J. Neurosurg. 2004, 100 (Suppl. S4), 317–324. [Google Scholar] [CrossRef]

	



Bush, K.; Cowan, N.; Katz, D.E.; Gishen, P. The Natural History of Sciatica Associated with Disc Pathology. A Prospective Study with Clinical and Independent Radiologic Follow-Up. Spine 1992, 17, 1205–1212. [Google Scholar] [CrossRef]

	



Strayer, A. Lumbar Spine: Common Pathology and Interventions. J. Neurosci. Nurs. 2005, 37, 181–193. [Google Scholar] [CrossRef]

	



Sarzi-Puttini, P.; Atzeni, F.; Fumagalli, M.; Capsoni, F.; Carrabba, M. Osteoarthritis of the Spine. Semin. Arthritis Rheum. 2005, 34 (Suppl. S2), 38–43. [Google Scholar]

	



Goode, A.P.; Carey, T.S.; Jordan, J.M. Low Back Pain and Lumbar Spine Osteoarthritis: How Are They Related? Curr. Rheumatol. Rep. 2013, 15, 305. [Google Scholar] [CrossRef]

	



Laplante, B.L.; DePalma, M.J. Spine Osteoarthritis. PM R 2012, 4 (Suppl. S5), S28–S36. [Google Scholar] [CrossRef]

	



Goode, A.P.; Nelson, A.E.; Kraus, V.B.; Renner, J.B.; Jordan, J.M. Biomarkers Reflect Differences in Osteoarthritis Phenotypes of the Lumbar Spine: The Johnston County Osteoarthritis Project. Osteoarthr. Cartil. 2017, 25, 1672–1679. [Google Scholar] [CrossRef] [PubMed]

	



Gellhorn, A.C.; Katz, J.N.; Suri, P. Osteoarthritis of the Spine: The Facet Joints. Nat. Rev. Rheumatol. 2013, 9, 216–224. [Google Scholar] [CrossRef]

	



Lindsey, T.; Dydyk, A.M. Spinal Osteoarthritis. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022. [Google Scholar]

	



Gandhi, R.; Woo, K.M.; Zywiel, M.G.; Rampersaud, Y.R. Metabolic Syndrome Increases the Prevalence of Spine Osteoarthritis. Orthop. Surg. 2014, 6, 23–27. [Google Scholar] [CrossRef] [PubMed]

	



Naylor, A. Factors in the Development of the Spinal Stenosis Syndrome. J. Bone Jt. Surg. Br. 1979, 61-B, 306–309. [Google Scholar] [CrossRef]

	



Hansson, T.; Suzuki, N.; Hebelka, H.; Gaulitz, A. The Narrowing of the Lumbar Spinal Canal during Loaded MRI: The Effects of the Disc and Ligamentum Flavum. Eur. Spine J. 2009, 18, 679–686. [Google Scholar] [CrossRef] [PubMed]

	



Altinkaya, N.; Yildirim, T.; Demir, S.; Alkan, O.; Sarica, F.B. Factors Associated with the Thickness of the Ligamentum Flavum: Is Ligamentum Flavum Thickening Due to Hypertrophy or Buckling? Spine 2011, 36, E1093–E1097. [Google Scholar] [CrossRef] [PubMed]

	



Sairyo, K.; Biyani, A.; Goel, V.; Leaman, D.; Booth, R.; Thomas, J.; Gehling, D.; Vishnubhotla, L.; Long, R.; Ebraheim, N. Pathomechanism of Ligamentum Flavum Hypertrophy: A Multidisciplinary Investigation Based on Clinical, Biomechanical, Histologic, and Biologic Assessments. Spine 2005, 30, 2649–2656. [Google Scholar] [CrossRef]

	



Sakamaki, T.; Sairyo, K.; Sakai, T.; Tamura, T.; Okada, Y.; Mikami, H. Measurements of Ligamentum Flavum Thickening at Lumbar Spine Using MRI. Arch. Orthop. Trauma Surg. 2009, 129, 1415–1419. [Google Scholar] [CrossRef]

	



Sudhir, G.; Vignesh Jayabalan, S.; Gadde, S.; Venkatesh Kumar, G.; Karthik Kailash, K. Analysis of Factors Influencing Ligamentum Flavum Thickness in Lumbar Spine—A Radiological Study of 1070 Disc Levels in 214 Patients. Clin. Neurol. Neurosurg. 2019, 182, 19–24. [Google Scholar] [CrossRef]

	



Yoshiiwa, T.; Miyazaki, M.; Kawano, M.; Ikeda, S.; Tsumura, H. Analysis of the Relationship between Hypertrophy of the Ligamentum Flavum and Lumbar Segmental Motion with Aging Process. Asian Spine J. 2016, 10, 528–535. Available online: https://pubmed.ncbi.nlm.nih.gov/27340534 (accessed on 22 January 2023). [CrossRef]

	



Ito, M.; Abumi, K.; Takeda, N.; Satoh, S.; Hasegawa, K.; Kaneda, K. Pathologic Features of Spinal Disorders in Patients Treated with Long-Term Hemodialysis. Spine 1998, 23, 2127–2133. [Google Scholar] [CrossRef] [PubMed]

	



Inatomi, K.; Matsumoto, T.; Tomonaga, T.; Eto, M.; Shindo, H.; Hayashi, T.; Konishi, H. Histological Analysis of the Ligamentum Flavum of Patients with Dialysis-Related Spondyloarthropathy. J. Orthop. Sci. 2004, 9, 285–290. [Google Scholar] [CrossRef] [PubMed]

	



Dunn, B. Lumbar spondylolysis and spondylolisthesis. J. Am. Acad. Physician Assist. 2019, 32, 50–51. Available online: https://journals.lww.com/jaapa/Fulltext/2019/12000/Lumbar_spondylolysis_and_spondylolisthesis.11.aspx (accessed on 22 January 2023). [CrossRef] [PubMed]

	



Nickerson, E.K.; Sinha, R. Vertebral osteomyelitis in adults: An update. Br. Med. Bull. 2016, 117, 121–138. Available online: https://academic.oup.com/bmb/article/117/1/121/1744712 (accessed on 22 January 2023). [CrossRef] [PubMed]

	



Katz, J.N.; Harris, M.B. Lumbar Spinal Stenosis. N. Engl. J. Med. 2008, 358, 818–825. [Google Scholar] [CrossRef] [PubMed]

	



Deyo, R.A.; Mirza, S.K. Herniated Lumbar Intervertebral Disk. N. Engl. J. Med. 2016, 374, 1763–1772. [Google Scholar] [CrossRef]

	



Chiou-Tan, F.Y.; Kemp, K., Jr.; Elfenbaum, M.; Chan, K.T.; Song, J. Lumbosacral plexopathy in gunshot wounds and motor vehicle accidents: Comparison of electrophysiologic findings. Am. J. Phys. Med. Rehabil. 2001, 80, 280–285. Available online: https://pubmed.ncbi.nlm.nih.gov/11277135 (accessed on 22 January 2023). [CrossRef]

	



Kutsy, R.L.; Robinson, L.R.; Routt, M.L., Jr. Lumbosacral plexopathy in pelvic trauma. Muscle Nerve 2000, 23, 1757–1760. Available online: https://pubmed.ncbi.nlm.nih.gov/11054756 (accessed on 22 January 2023). [CrossRef]

	



Laughlin, R.S.; Dyck, P.J.B. Diabetic Radiculoplexus Neuropathies. Handb. Clin. Neurol. 2014, 126, 45–52. [Google Scholar] [CrossRef]

	



Ng, P.S.; Dyck, P.J.; Laughlin, R.S.; Thapa, P.; Pinto, M.V.; Dyck, P.J.B. Lumbosacral Radiculoplexus Neuropathy: Incidence and the Association with Diabetes Mellitus. Neurology 2019, 92, e1188–e1194. [Google Scholar] [CrossRef]

	



Ladha, S.S.; Dyck, P.J.B.; Spinner, R.J.; Perez, D.G.; Zeldenrust, S.R.; Amrami, K.K.; Solomon, A.; Klein, C.J. Isolated amyloidosis presenting with lumbosacral radiculoplexopathy: Description of two cases and pathogenic review. J. Peripher. Nerv. Syst. 2006, 11, 346–352. [Google Scholar] [CrossRef] [PubMed]

	



Jaeckle, K.A.; Young, D.F.; Foley, K.M. The Natural History of Lumbosacral Plexopathy in Cancer. Neurology 1985, 35, 8–15. [Google Scholar] [CrossRef] [PubMed]

	



Song, E.J.; Park, J.S.; Ryu, K.N.; Park, S.Y.; Jin, W. Perineural Spread Along Spinal and Obturator Nerves in Primary Vaginal Carcinoma: A Case Report. World Neurosurg. 2018, 115, 85–88. [Google Scholar] [CrossRef] [PubMed]

	



Ladha, S.S.; Spinner, R.J.; Suarez, G.A.; Amrami, K.K.; Dyck, P.J.B. Neoplastic lumbosacral radiculoplexopathy in prostate cancer by direct perineural spread: An unusual entity. Muscle Nerve 2006, 34, 659–665. Available online: https://pubmed.ncbi.nlm.nih.gov/16810682 (accessed on 22 January 2023). [CrossRef]

	



Thomas, J.E.; Cascino, T.L.; Earle, J.D. Differential Diagnosis between Radiation and Tumor Plexopathy of the Pelvis. Neurology 1985, 35, 1–7. [Google Scholar] [CrossRef]

	



Wu, L.; Cruz, R. Lumbar Spinal Stenosis. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022. [Google Scholar]

	



Davis, D.; Maini, K.; Vasudevan, A. Sciatica. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022. [Google Scholar]

	



Donnally, C.J., III; Butler, A.J.; Varacallo, M. Lumbosacral Disc Injuries. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022. [Google Scholar]

	



Hall, S.; Bartleson, J.D.; Onofrio, B.M.; Baker, H.L.; Okazaki, H.; O’Duffy, J.D. Lumbar Spinal Stenosis. Clinical Features, Diagnostic Procedures, and Results of Surgical Treatment in 68 Patients. Ann. Intern. Med. 1985, 103, 271–275. [Google Scholar] [CrossRef]

	



Dyck, P.J.B.; Thaisetthawatkul, P. Lumbosacral Plexopathy. Contin. Lifelong Learn. Neurol. 2014, 20, 1343. [Google Scholar] [CrossRef]

	



Lang, E.M.; Borges, J.; Carlstedt, T. Surgical Treatment of Lumbosacral Plexus Injuries. J. Neurosurg. Spine 2004, 1, 64–71. [Google Scholar] [CrossRef]

	



Yabuki, S.; Fukumori, N.; Takegami, M.; Onishi, Y.; Otani, K.; Sekiguchi, M.; Wakita, T.; Kikuchi, S.; Fukuhara, S.; Konno, S. Prevalence of Lumbar Spinal Stenosis, Using the Diagnostic Support Tool, and Correlated Factors in Japan: A Population-Based Study. J. Orthop. Sci. 2013, 18, 893–900. [Google Scholar] [CrossRef]

	



Schmid, R.; Reinhold, M.; Blauth, M. Lumbosacral Dislocation: A Review of the Literature and Current Aspects of Management. Injury 2010, 41, 321–328. [Google Scholar] [CrossRef]

	



Falkson, S.R.; Hinson, J.W. Westphal Sign. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022. [Google Scholar]

	



Kurt, S.; Kaplan, Y.; Karaer, H.; Erkorkmaz, U. Femoral Nerve Involvement in Diabetics. Eur. J. Neurol. 2009, 16, 375–379. [Google Scholar] [CrossRef] [PubMed]

	



Solheim, L.F.; Hagen, R. Femoral and Sciatic Neuropathies After Total Hip Arthroplasty. Acta Orthop. Scand. 1980, 51, 531–534. [Google Scholar] [CrossRef] [PubMed]

	



Poage, C.; Roth, C.; Scott, B. Peroneal Nerve Palsy: Evaluation and Management. JAAOS J. Am. Acad. Orthop. Surg. 2016, 24, 1–10. [Google Scholar] [CrossRef] [PubMed]

	



Fleischman, A.N.; Rothman, R.H.; Parvizi, J. Femoral Nerve Palsy Following Total Hip Arthroplasty: Incidence and Course of Recovery. J. Arthroplast. 2018, 33, 1194–1199. [Google Scholar] [CrossRef]

	



Distad, B.J.; Weiss, M.D. Clinical and Electrodiagnostic Features of Sciatic Neuropathies. Phys. Med. Rehabil. Clin. N. Am. 2013, 24, 107–120. [Google Scholar] [CrossRef]

	



Maravilla, K.R.; Bowen, B.C. Imaging of the Peripheral Nervous System: Evaluation of Peripheral Neuropathy and Plexopathy. AJNR Am. J. Neuroradiol. 1998, 19, 1011–1023. [Google Scholar]

	



Stynes, S.; Konstantinou, K.; Ogollah, R.; Hay, E.M.; Dunn, K.M. Clinical Diagnostic Model for Sciatica Developed in Primary Care Patients with Low Back-Related Leg Pain. PLoS ONE 2018, 13, e0191852. [Google Scholar] [CrossRef]

	



Ro, T.H.; Edmonds, L. Diagnosis and Management of Piriformis Syndrome: A Rare Anatomic Variant Analyzed by Magnetic Resonance Imaging. J. Clin. Imaging Sci. 2018, 8, 6. [Google Scholar] [CrossRef]

	



Moore, K.R.; Tsuruda, J.S.; Dailey, A.T. The Value of MR Neurography for Evaluating Extraspinal Neuropathic Leg Pain: A Pictorial Essay. AJNR Am. J. Neuroradiol. 2001, 22, 786–794. [Google Scholar]

	



Gupta, L.; Yadav, M.; Thulkar, S. ‘Trident Sign’ in Pelvis: Sinister Sign with Poor Prognosis. BMJ Case Rep. 2017, 2017, bcr2017220460. [Google Scholar] [CrossRef]

	



Laughlin, R.S.; Dyck, P.J.B. Electrodiagnostic Testing in Lumbosacral Plexopathies. Phys. Med. Rehabil. Clin. N. Am. 2013, 24, 93–105. [Google Scholar] [CrossRef] [PubMed]

	



Ehler, E.; Vyšata, O.; Včelák, R.; Pazdera, L. Painful Lumbosacral Plexopathy. Medicine 2015, 94, e766. [Google Scholar] [CrossRef] [PubMed]

	



Bastron, J.A.; Thomas, J.E. Diabetic Polyradiculopathy: Clinical and Electromyographic Findings in 105 Patients. Mayo Clin. Proc. 1981, 56, 725–732. [Google Scholar] [PubMed]

	



Haig, A.J.; Tong, H.C.; Yamakawa, K.S.J.; Quint, D.J.; Hoff, J.T.; Chiodo, A.; Miner, J.A.; Choksi, V.R.; Geisser, M.E. The Sensitivity and Specificity of Electrodiagnostic Testing for the Clinical Syndrome of Lumbar Spinal Stenosis. Spine 2005, 30, 2667–2676. [Google Scholar] [CrossRef]

	



Jacobs, W.C.H.; van Tulder, M.; Arts, M.; Rubinstein, S.M.; van Middelkoop, M.; Ostelo, R.; Verhagen, A.; Koes, B.; Peul, W.C. Surgery versus Conservative Management of Sciatica Due to a Lumbar Herniated Disc: A Systematic Review. Eur. Spine J. 2011, 20, 513–522. [Google Scholar] [CrossRef]

	



Garozzo, D.; Zollino, G.; Ferraresi, S. In Lumbosacral Plexus Injuries Can We Identify Indicators That Predict Spontaneous Recovery or the Need for Surgical Treatment? Results from a Clinical Study on 72 Patients. J. Brachial Plex. Peripher. Nerve Inj. 2014, 9, 1. [Google Scholar] [CrossRef]

	



Lurie, J.; Tomkins-Lane, C. Management of Lumbar Spinal Stenosis. BMJ 2016, 352, h6234. [Google Scholar] [CrossRef]

	



Ammendolia, C.; Stuber, K.; de Bruin, L.K.; Furlan, A.D.; Kennedy, C.A.; Rampersaud, Y.R.; Steenstra, I.A.; Pennick, V. Nonoperative Treatment of Lumbar Spinal Stenosis with Neurogenic Claudication: A Systematic Review. Spine 2012, 37, E609–E616. [Google Scholar] [CrossRef]

	



Shabat, S.; Folman, Y.; Leitner, Y.; Fredman, B.; Gepstein, R. Failure of Conservative Treatment for Lumbar Spinal Stenosis in Elderly Patients. Arch. Gerontol. Geriatr. 2007, 44, 235–241. [Google Scholar] [CrossRef]

	



Whitman, J.M.; Flynn, T.W.; Fritz, J.M. Nonsurgical Management of Patients with Lumbar Spinal Stenosis: A Literature Review and a Case Series of Three Patients Managed with Physical Therapy. Phys. Med. Rehabil. Clin. N. Am. 2003, 14, 77–101. [Google Scholar] [CrossRef]

	



Macedo, L.G.; Hum, A.; Kuleba, L.; Mo, J.; Truong, L.; Yeung, M.; Battié, M.C. Physical Therapy Interventions for Degenerative Lumbar Spinal Stenosis: A Systematic Review. Phys. Ther. 2013, 93, 1646–1660. [Google Scholar] [CrossRef] [PubMed]

	



Aalto, T.J.; Leinonen, V.; Herno, A.; Alen, M.; Kröger, H.; Turunen, V.; Savolainen, S.; Saari, T.; Airaksinen, O. Postoperative Rehabilitation Does Not Improve Functional Outcome in Lumbar Spinal Stenosis: A Prospective Study with 2-Year Postoperative Follow-Up. Eur. Spine J. 2011, 20, 1331–1340. [Google Scholar] [CrossRef] [PubMed]

	



Messiah, S.; Tharian, A.R.; Candido, K.D.; Knezevic, N.N. Neurogenic Claudication: A Review of Current Understanding and Treatment Options. Curr. Pain Headache Rep. 2019, 23, 32. [Google Scholar] [CrossRef] [PubMed]

	



Dowell, D.; Haegerich, T.M.; Chou, R. CDC Guideline for Prescribing Opioids for Chronic Pain—United States, 2016. JAMA 2016, 315, 1624–1645. [Google Scholar] [CrossRef] [PubMed]

	



Rutkove, S.B.; Sax, T.W. Lumbosacral Plexopathies. In Neuromuscular Disorders in Clinical Practice; Katirji, B., Kaminski, H.J., Ruff, R.L., Eds.; Springer: New York, NY, USA, 2014; pp. 1063–1071. [Google Scholar] [CrossRef]

	



Song, S.H.; Ryu, G.H.; Park, J.W.; Lee, H.J.; Nam, K.Y.; Kim, H.; Kim, S.Y.; Kwon, B.S. The Effect and Safety of Steroid Injection in Lumbar Spinal Stenosis: With or Without Local Anesthetics. Ann. Rehabil. Med. 2016, 40, 14–20. [Google Scholar] [CrossRef]

	



Deyo, R.A.; Mirza, S.K.; Martin, B.I.; Kreuter, W.; Goodman, D.C.; Jarvik, J.G. Trends, Major Medical Complications, and Charges Associated with Surgery for Lumbar Spinal Stenosis in Older Adults. JAMA J. Am. Med. Assoc. 2010, 303, 1259–1265. [Google Scholar] [CrossRef] [PubMed]

	



Kovacs, F.M.; Urrútia, G.; Alarcón, J.D. Surgery Versus Conservative Treatment for Symptomatic Lumbar Spinal Stenosis: A Systematic Review of Randomized Controlled Trials. Spine 2011, 36, E1335. [Google Scholar] [CrossRef]

	



Silvers, H.R.; Lewis, P.J.; Asch, H.L. Decompressive Lumbar Laminectomy for Spinal Stenosis. J. Neurosurg. 1993, 78, 695–701. [Google Scholar] [CrossRef]

	



Estefan, M.; Munakomi, S.; Camino Willhuber, G.O. Laminectomy. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022. [Google Scholar]

	



Bydon, M.; Macki, M.; Abt, N.B.; Sciubba, D.M.; Wolinsky, J.-P.; Witham, T.F.; Gokaslan, Z.L.; Bydon, A. Clinical and Surgical Outcomes after Lumbar Laminectomy: An Analysis of 500 Patients. Surg. Neurol. Int. 2015, 6 (Suppl. S4), S190–S193. [Google Scholar] [CrossRef]

	



Guha, D.; Heary, R.F.; Shamji, M.F. Iatrogenic Spondylolisthesis Following Laminectomy for Degenerative Lumbar Stenosis: Systematic Review and Current Concepts. Neurosurg. Focus 2015, 39, E9. [Google Scholar] [CrossRef]

	



Ghogawala, Z.; Dziura, J.; Butler, W.E.; Dai, F.; Terrin, N.; Magge, S.N.; Coumans, J.-V.C.E.; Harrington, J.F.; Amin-Hanjani, S.; Schwartz, J.S.; et al. Laminectomy plus Fusion versus Laminectomy Alone for Lumbar Spondylolisthesis. N. Engl. J. Med. 2016, 374, 1424–1434. [Google Scholar] [CrossRef] [PubMed]

	



Sharif, S.; Shaikh, Y.; Bajamal, A.H.; Costa, F.; Zileli, M. Fusion Surgery for Lumbar Spinal Stenosis: WFNS Spine Committee Recommendations. World Neurosurg. X 2020, 7, 100077. [Google Scholar] [CrossRef] [PubMed]

	



De Cicco, F.L.; Camino Willhuber, G.O. Nucleus Pulposus Herniation. In StatPearls; StatPearls Publishing: Treasure Island, FL, USA, 2022. [Google Scholar]

	



Blamoutier, A. Surgical Discectomy for Lumbar Disc Herniation: Surgical Techniques. Orthop. Traumatol. Surg. Res. 2013, 99 (Suppl. S1), S187–S196. [Google Scholar] [CrossRef] [PubMed]

	



Lurie, J.D.; Faucett, S.C.; Hanscom, B.; Tosteson, T.D.; Ball, P.A.; Abdu, W.A.; Frymoyer, J.W.; Weinstein, J.N. Lumbar Discectomy Outcomes Vary by Herniation Level in the Spine Patient Outcomes Research Trial. J. Bone Jt. Surg. Am. 2008, 90, 1811–1819. [Google Scholar] [CrossRef]

	



Loupasis, G.A.; Stamos, K.; Katonis, P.G.; Sapkas, G.; Korres, D.S.; Hartofilakidis, G. Seven- to 20-Year Outcome of Lumbar Discectomy. Spine 1999, 24, 2313–2317. [Google Scholar] [CrossRef]

	



Alexandre, A.; Corò, L.; Azuelos, A. Microsurgical Treatment of Lumbosacral Plexus Injuries. Acta Neurochir. Suppl. 2005, 92, 53–59. [Google Scholar] [CrossRef]

	



Nichols, D.S.; Fenton, J.; Cox, E.; Dang, J.; Garbuzov, A.; McCall-Wright, P.; Chim, H. Surgical Interventions for Lumbosacral Plexus Injuries: A Systematic Review. Plast. Reconstr. Surg. Glob. Open 2022, 10, e4436. [Google Scholar] [CrossRef]

	



Safavi-Abbasi, S.; Feiz-Erfan, I.; Shetter, A.G. Neurolysis. In Encyclopedia of the Neurological Sciences, 2nd ed.; Aminoff, M.J., Daroff, R.B., Eds.; Academic Press: Oxford, UK, 2014; pp. 406–407. [Google Scholar] [CrossRef]

	



Lipinski, L.J.; Spinner, R.J. Neurolysis, Neurectomy, and Nerve Repair/Reconstruction for Chronic Pain. Neurosurg. Clin. N. Am. 2014, 25, 777–787. [Google Scholar] [CrossRef]

	



Kim, D.H.; Murovic, J.A.; Tiel, R.L.; Kline, D.G. Intrapelvic and Thigh-Level Femoral Nerve Lesions: Management and Outcomes in 119 Surgically Treated Cases. J. Neurosurg. 2004, 100, 989–996. [Google Scholar] [CrossRef]

	



Kitagawa, R.; Kim, D.; Reid, N.; Kline, D. Surgical Management of Obturator Nerve Lesions. Neurosurgery 2009, 65 (Suppl. S4), A24–A28. [Google Scholar] [CrossRef]

	



Dahlin, L.B. Techniques of Peripheral Nerve Repair. Scand. J. Surg. 2008, 97, 310–316. [Google Scholar] [CrossRef] [PubMed]

	



Kornfeld, T.; Vogt, P.M.; Radtke, C. Nerve Grafting for Peripheral Nerve Injuries with Extended Defect Sizes. Wien. Med. Wochenschr. 2019, 169, 240–251. [Google Scholar] [CrossRef] [PubMed]

	



Osgaard, O.; Husby, J. Femoral Nerve Repair with Nerve Autografts. Report of Two Cases. J. Neurosurg. 1977, 47, 751–754. [Google Scholar] [CrossRef] [PubMed]

	



Cao, Y.; Li, Y.; Zhang, Y.; Li, S.; Jiang, J.; Gu, Y.; Xu, L. Different Surgical Reconstructions for Femoral Nerve Injury: A Clinical Study on 9 Cases. Ann. Plast. Surg. 2020, 84 (Suppl. S3), S171–S177. [Google Scholar] [CrossRef] [PubMed]

	



Shacklock, M.; Rade, M.; Poznic, S.; Marčinko, A.; Fredericson, M.; Kröger, H.; Kankaanpää, M.; Airaksinen, O. Treatment of Sciatica and Lumbar Radiculopathy with an Intervertebral Foramen Opening Protocol: Pilot Study in a Hospital Emergency and In-Patient Setting. Physiother. Theory Pract. 2022, 1–11. [Google Scholar] [CrossRef]

	



Metz, L.N.; Deviren, V. Low-Grade Spondylolisthesis. Neurosurg. Clin. N. Am. 2007, 18, 237–248. [Google Scholar] [CrossRef]

	



Abdu, W.A.; Sacks, O.A.; Tosteson, A.N.A.; Zhao, W.; Tosteson, T.D.; Morgan, T.S.; Pearson, A.; Weinstein, J.N.; Lurie, J.D. Long-Term Results of Surgery Compared With Nonoperative Treatment for Lumbar Degenerative Spondylolisthesis in the Spine Patient Outcomes Research Trial (SPORT). Spine 2018, 43, 1619–1630. [Google Scholar] [CrossRef]

	



Hennemann, S.; de Abreu, M.R. Degenerative Lumbar Spinal Stenosis. Rev. Bras. Ortop. 2021, 56, 9–17. [Google Scholar] [CrossRef]

	



Bae, J.; Lee, S.-H.; Wagner, R.; Shen, J.; Telfeian, A.E. Full Endoscopic Surgery for Thoracic Pathology: Next Step after Mastering Lumbar and Cervical Endoscopic Spine Surgery? BioMed Res. Int. 2022, 2022, 8345736. [Google Scholar] [CrossRef]

	



Kim, H.S.; Raorane, H.D.; Wu, P.H.; Heo, D.H.; Sharma, S.B.; Jang, I.-T. Incidental Durotomy During Endoscopic Stenosis Lumbar Decompression: Incidence, Classification, and Proposed Management Strategies. World Neurosurg. 2020, 139, e13–e22. [Google Scholar] [CrossRef]

	



Liang, J.; Lian, L.; Liang, S.; Zhao, H.; Shu, G.; Chao, J.; Yuan, C.; Zhai, M. Efficacy and Complications of Unilateral Biportal Endoscopic Spinal Surgery for Lumbar Spinal Stenosis: A Meta-Analysis and Systematic Review. World Neurosurg. 2022, 159, e91–e102. [Google Scholar] [CrossRef]

	



Häckel, S.; Christen, S.; Vögelin, E.; Keel, M.J.B. Exposure of the Lumbosacral Plexus by Using the Pararectus Approach: A Technical Note. Oper. Neurosurg. 2023, 24, e1–e9. [Google Scholar] [CrossRef] [PubMed]

	



Kurze, C.; Keel, M.J.B.; Kollár, A.; Siebenrock, K.A.; Klenke, F.M. The Pararectus Approach—A Versatile Option in Pelvic Musculoskeletal Tumor Surgery. J. Orthop. Surg. 2019, 14, 232. [Google Scholar] [CrossRef] [PubMed]

	



Liu, G.; Chen, J.; Liang, C.; Zhang, C.; Li, X.; Hu, Y. The Pararectus Approach in Acetabular Fractures Treatment: Functional and Radiologcial Results. BMC Musculoskelet. Disord. 2022, 23, 370. [Google Scholar] [CrossRef] [PubMed]

	



Sanuki, N.; Kodama, S.; Seta, H.; Sakai, M.; Watanabe, H. Radiation Therapy for Malignant Lumbosacral Plexopathy: A Case Series. Cureus 2022, 14, e20939. [Google Scholar] [CrossRef]

	



Cao, X.; Gao, X.-S.; Li, W.; Liu, P.; Qin, S.-B.; Dou, Y.-B.; Li, H.-Z.; Shang, S.; Gu, X.-B.; Ma, M.-W.; et al. Contouring Lumbosacral Plexus Nerves with MR Neurography and MR/CT Deformable Registration Technique. Front. Oncol. 2022, 12, 818953. [Google Scholar] [CrossRef]

	



Chen, A.M.; Hall, W.H.; Li, J.; Beckett, L.; Farwell, D.G.; Lau, D.H.; Purdy, J.A. Brachial Plexus-Associated Neuropathy After High-Dose Radiation Therapy for Head-and-Neck Cancer. Int. J. Radiat. Oncol. 2012, 84, 165–169. [Google Scholar] [CrossRef]

	



Kong, Y.; Kuss, M.; Shi, Y.; Fang, F.; Xue, W.; Shi, W.; Liu, Y.; Zhang, C.; Zhong, P.; Duan, B. Exercise Facilitates Regeneration after Severe Nerve Transection and Further Modulates Neural Plasticity. Brain Behav. Immun. Health 2022, 26, 100556. [Google Scholar] [CrossRef]

	



Chen, Y.-W.; Li, Y.-T.; Chen, Y.C.; Li, Z.-Y.; Hung, C.-H. Exercise Training Attenuates Neuropathic Pain and Cytokine Expression after Chronic Constriction Injury of Rat Sciatic Nerve. Anesth. Analg. 2012, 114, 1330–1337. [Google Scholar] [CrossRef]

	



Kami, K.; Tajima, F.; Senba, E. Exercise-Induced Hypoalgesia: Potential Mechanisms in Animal Models of Neuropathic Pain. Anat. Sci. Int. 2017, 92, 79–90. [Google Scholar] [CrossRef]

	



de Freria, C.M.; Van Niekerk, E.; Blesch, A.; Lu, P. Neural Stem Cells: Promoting Axonal Regeneration and Spinal Cord Connectivity. Cells 2021, 10, 3296. [Google Scholar] [CrossRef]

	



Kadoya, K.; Lu, P.; Nguyen, K.; Lee-Kubli, C.; Kumamaru, H.; Yao, L.; Knackert, J.; Poplawski, G.; Dulin, J.N.; Strobl, H.; et al. Spinal Cord Reconstitution with Homologous Neural Grafts Enables Robust Corticospinal Regeneration. Nat. Med. 2016, 22, 479–487. [Google Scholar] [CrossRef]

	



Dulin, J.N.; Adler, A.F.; Kumamaru, H.; Poplawski, G.H.D.; Lee-Kubli, C.; Strobl, H.; Gibbs, D.; Kadoya, K.; Fawcett, J.W.; Lu, P.; et al. Injured Adult Motor and Sensory Axons Regenerate into Appropriate Organotypic Domains of Neural Progenitor Grafts. Nat. Commun. 2018, 9, 84. [Google Scholar] [CrossRef]

	



Cofano, F.; Boido, M.; Monticelli, M.; Zenga, F.; Ducati, A.; Vercelli, A.; Garbossa, D. Mesenchymal Stem Cells for Spinal Cord Injury: Current Options, Limitations, and Future of Cell Therapy. Int. J. Mol. Sci. 2019, 20, 2698. [Google Scholar] [CrossRef]

	



Qu, J.; Zhang, H. Roles of Mesenchymal Stem Cells in Spinal Cord Injury. Stem Cells Int. 2017, 2017, 5251313. [Google Scholar] [CrossRef]

	



Zachar, L.; Bačenková, D.; Rosocha, J. Activation, Homing, and Role of the Mesenchymal Stem Cells in the Inflammatory Environment. J. Inflamm. Res. 2016, 9, 231–240. [Google Scholar] [CrossRef]

	



Huang, Y.-C.; Huang, Y.-Y. Biomaterials and Strategies for Nerve Regeneration. Artif. Organs 2006, 30, 514–522. [Google Scholar] [CrossRef]

	



George, P.M.; Lyckman, A.W.; LaVan, D.A.; Hegde, A.; Leung, Y.; Avasare, R.; Testa, C.; Alexander, P.M.; Langer, R.; Sur, M. Fabrication and Biocompatibility of Polypyrrole Implants Suitable for Neural Prosthetics. Biomaterials 2005, 26, 3511–3519. [Google Scholar] [CrossRef]

	



Lladó, J.; Haenggeli, C.; Maragakis, N.J.; Snyder, E.Y.; Rothstein, J.D. Neural Stem Cells Protect against Glutamate-Induced Excitotoxicity and Promote Survival of Injured Motor Neurons through the Secretion of Neurotrophic Factors. Mol. Cell. Neurosci. 2004, 27, 322–331. [Google Scholar] [CrossRef]

	



Huang, E.J.; Reichardt, L.F. Trk Receptors: Roles in Neuronal Signal Transduction. Annu. Rev. Biochem. 2003, 72, 609–642. [Google Scholar] [CrossRef]

	



Song, S.; McConnell, K.W.; Amores, D.; Levinson, A.; Vogel, H.; Quarta, M.; Rando, T.A.; George, P.M. Electrical Stimulation of Human Neural Stem Cells via Conductive Polymer Nerve Guides Enhances Peripheral Nerve Recovery. Biomaterials 2021, 275, 120982. [Google Scholar] [CrossRef] [PubMed]








[image: Biomedicines 11 00756 g001 550] 





Figure 1. Anatomy of the Lumbar Spine. (A) Superior, posterior and lateral aspect of the lumbar vertebrae and the associated osseous structures. (B) The sagittal and transverse cross-sections of the lumbar intervertebral disc and its three component parts—the nucleus pulposus, annulus fibrosus, and endplate. (C) The sagittal and anterior aspect of the articulating lumbar vertebrae—note the intervertebral foramen formed between the pedicles of the neighboring vertebrae [9]. Adapted from Ebraheim et al. [9]. 
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Figure 2. Overview of the Dermatomal and Myotomal Innervations of the Spinal Nerves. (A) Diagram of the respective dermatomal distributions for the 31 pairs of spinal nerves as they travel along their distinct paths from posterior to anterior [15]. (B) Myotomal distributions of the lumbosacral spinal nerves. The muscle groups are color-mapped to reflect the rate of response upon individual intraoperative nerve root stimulation [16]. Adapted from Whitman et al. and Schirmer et al. [15,16]. 
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Figure 3. Anatomy of the Lumbosacral Plexus. Coronal view of the lumbosacral plexus and its branches [19]. 
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Figure 5. Repair strategies for lumbar spinal pathology and lumbosacral plexopathy. (A) Repair strategies used in lumbosacral plexopathy. Upper Left: Intrapelvic repair of the sacral plexus. Upper Right: Intraspinal repair of ruptured ventral roots with sutured nerve grafts. Lower Left: Intraspinal and extrapelvic reconstruction of the sacral plexus by means of nerve grafts to gluteal and sciatic nerves. Lower Right: Nerve transfers by means of nerve grafts from fascicles of femoral nerve to gluteal and sciatic nerves [60]. (B) Technique of microdiscectomy is shown. Panel A shows a posterolateral disk herniation. Panel B shows a small incision made with a surgical microscope and a small laminotomy. Panel C shows a discectomy being performed [45]. Adapted from Deyo et al. and Lang et al. [45,60]. 
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Table 1. Nerves of the lumbosacral plexus and their respective muscular and sensory innervations [20].
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	Nerve
	Muscles
	Sensory Distribution





	Lumbar Plexus
	Iliohypogastric (L1-2)
	-
	Inferior abdominal wall



	
	Ilioinguinal (L1-2)
	-
	Medial Groin



	
	Genitofemoral (L1-2)
	-
	-



	
	Lateral femoral cutaneous (L3-4)
	-
	Anterolateral thigh



	
	Obturator (L2,3,4)
	Adductor long

Adductor magnus

Gracilis
	-



	
	Femoral (L2,3,4)

Saphenous (L2,3,4)
	Quadriceps

-
	-

Medial leg and foot



	Sacral Plexus
	Sup. Gluteal (L4-5)
	Gluteus medius

Tensor fascia lata
	-



	
	Inf. Gluteal (L4-S1)
	Gluteus maximus
	-



	
	Sciatic (L4-S2)
	Anterior tibialis

Peroneus longus

Gastrocnemius

Soleus

Foot muscles
	Foot

Lateral leg



	
	Pudendal (S2,3,4)
	External anal sphincter
	Perineal
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