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    Welcome to Neuroendoscopy and Interventional Pain Medicine, Vol. 1: Regenerative Medicine & Peripheral Nerve Endoscopy, a comprehensive volume that explores the latest advancements in regenerative medicine and minimally invasive endoscopic techniques. This book brings together the expertise of leading practitioners and researchers at the forefront of these transformative fields.




    The growing impact of low back pain on individuals' health and lifespan is a significant concern, and this volume begins by addressing this issue with a focus on future care models that support healthy longevity. The book offers insights into targeted strategies for improving patient outcomes. Advancements in cell-based regeneration are crucial for treating degenerative disc disease. The current concepts and limitations of these strategies, highlighting both the potential and challenges in this evolving field, are discussed in depth. The clinical applications of regenerative strategies are further explored by providing a global perspective on the burden of low back pain and the promise of innovative treatments. Bioengineering strategies for injured or degenerative intervertebral discs are examined, and cutting-edge approaches to disc repair and regeneration are presented. Additionally, an in-depth look at current therapy strategies for vertebral endplates is provided, summarizing valuable information on treatment options for these critical structures. Stem cell therapy holds great promise for spinal cord injury, and the current concepts and advancements in this area are discussed, showcasing the potential for significant breakthroughs in patient recovery and rehabilitation. Minimally invasive and endoscopic techniques continue to revolutionize peripheral nerve decompression, as in ultrasound-guided or single portal endoscopic carpal tunnel release. These innovative approaches offer less invasive solutions for patients suffering from carpal tunnel syndrome. The use of ozone and PRP injections for symptomatic lumbar herniated discs is covered, and the respective chapter provides insights into these emerging treatment modalities and their effectiveness in alleviating pain and improving function. Lastly, the potential of allogeneic stem cell therapy for painful intermediate lumbar degenerative discs is explored, offering a glimpse into the future of regenerative medicine for spinal conditions.




    Each chapter in this volume is carefully selected to reflect contemporary trends and innovations in regenerative medicine and endoscopic techniques as they apply to neuroendoscopy and interventional pain management. This book aims to meet the demands of patients, healthcare providers, and policymakers by addressing the need for safer, more efficient, and cost-effective solutions. The editors hope that Vol. 1 of Neuroendoscopy and Interventional Pain Medicine: Regenerative Medicine & Peripheral Nerve Endoscopy serves as an invaluable resource for clinicians and researchers dedicated to advancing the field and improving patient care.
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      Abstract




      The human desire for everlasting youth and well-being has persisted throughout history. In the modern era, advancements in medicine and the emerging field of longevity have brought this age-old aspiration closer to realization. The remarkable increase in global life expectancy from a mere 30 years in 1870 to an impressive 71 years today, is a monumental healthcare achievement over the past century and a half. This achievement carries profound implications for the economy, necessitating a deeper understanding of the aging process and its influence on economic decision-making. Furthermore, it raises concerns regarding the adjustments required in behavior and lifestyle to adapt to extended lifespans while maintaining a high quality of life. The rise in life expectancy has substantial implications for managing chronic health conditions. Low back pain is nearly ubiquitous, and its global disease burden, particularly in high-socioeconomic standard countries, is high.




      The youth and longevity business has carved out a niche from the traditional healthcare industry solely concerned with maintaining a high quality of life while managing the aging process. In this chapter, the authors deliver their perspective on the economic decision-making patterns of an aging population, the demographic changes associated with extended lifespans, and the adaptations in retirement planning and utilization of healthcare systems and social welfare programs. Further, the authors reflect on how aging spine patients adjust their behaviors and lifestyles to align with the demands of prolonged lifespans, prompting considerations of the economic consequences of these adjustments. The pursuit of healthy longevity raises questions about productivity, workforce participation, and the financial implications of supporting extended retire-




      ment periods. Healthy longevity refers to empowering individuals to lead longer lives while maintaining optimal physical, mental, and emotional well-being. Achieving healthy longevity entails making choices that significantly impact long-term health outcomes. The authors describe how the otherwise healthy low back pain patient over 50 should adopt a healthy lifestyle, including regular exercise, balanced nutrition, and stress management, to promote healthy aging while enhancing the quality of life during extended lifespans.
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      INTRODUCTION




      For as long as human history has been documented, pursuing the fountain of youth has remained a steadfast endeavor driven by the desire to achieve an extended and healthier lifespan [1]. Today, fueled by remarkable advances in medical science and the exponential growth of the rejuvenation industry, this ancient dream is gradually becoming a reality. An astounding transformation in global life expectancy is a testament to the remarkable progress achieved over the past 150 years in healthcare. From a meager 30 years in 1870 (Fig. 1), the average lifespan has reached 71 years—an unprecedented milestone [2], leaving a significant health-to-life span gap of 9.2 years [3].




      
[image: ]


Fig. (1))


      Illustration of the health span to lifespan gap of 9.2 years [3].



      Several considerations regarding longevity and low back pain are of concern [4]. Firstly, the substantial increase in life expectancy necessitates a deeper understanding of the aging process and its implications for economic decision-making. With a population composed of individuals living longer, it becomes imperative to examine the complex dynamics of aging, low back pain, and its associated effects on various economic factors. Demographic shifts, such as an aging workforce and increased retirement periods, call for adaptations in retirement planning, social welfare systems, and healthcare services. Understanding the economic consequences of managing low back pain during a prolonged lifespan should enable patients, their physicians, policymakers, and economists to devise effective strategies that ensure economic stability and sustainability in the face of evolving demographic patterns [5].




      Secondly, growing life expectancy raises pressing concerns about the necessary adjustments in behaviors and lifestyle habits to adapt to these long lifespans while preserving a high quality of life despite the burden of degenerative spine disease, which often manifests as low back and neurogenic claudication symptoms. From a practical point of view, it often means that patients need to reassess their choices and habits to navigate the challenges and opportunities presented by healthier longer lives. Associated factors affecting patients' life planning in their later years include financial and career management and healthcare utilization in the context of their overall well-being [1]. Such considerations are essential in enabling individuals to make informed decisions that optimize their well-being throughout their extended lifespans.




      The ultimate goal of healthy longevity is to empower individuals to lead longer lives while maintaining optimal physical, mental, and emotional well-being. The key lies in making proactive and sustainable choices that positively impact long-term health outcomes. Engaging in a healthy lifestyle, encompassing regular exercise, a balanced diet, adequate sleep, stress management, and social connectedness, has been repeatedly shown to contribute to healthy aging and high quality of life significantly [1]. These lifestyle choices are fundamental pillars in the pursuit of healthy longevity, providing a robust foundation for individuals to age gracefully and enjoy enhanced well-being [6].




      The authors of this chapter have become increasingly aware of a changing outlook in the healthy well-aging patient population and the need to offer treatments commensurate with the patient's goals and functional status. Low back pain is a significant concern for many of the authors' patients over age 50. These types of patients need to be better served by the spine care models running in public health care systems, where image-based criteria are often the foundation of medical necessity criteria for intervention or surgery. Frustrated, they often seek out the private practitioner for help. Hence, the need for a more structured care model for these highly functional patients - a care model that goes beyond the notion that healthy lifestyle choices profoundly impact long-term health outcomes and that regular physical activity has been linked to reduced risks of chronic conditions such as cardiovascular disease, diabetes, and certain cancers.




      In this chapter, the authors examine the importance of mental and emotional well-being by highlighting the interplay between psychological health and physical health outcomes. Cultivating practices that foster mental resilience, emotional intelligence, and social support systems contribute to a holistic approach to healthy longevity and are the cornerstone of many business models that revolve around selling the idea of eternal youth.




      

        Commercialization




        Investors, entrepreneurs, and established companies have increasingly recognized the vast potential of the longevity market [7]. They actively invest in driving research, development, and commercialization of cutting-edge products and services. The emergent longevity industry is currently at the forefront of efforts to revolutionize healthcare by devising innovative treatments that target aging and aim to extend a healthy lifespan. This industry encompasses diverse sectors, including biotechnology firms, pharmaceutical companies, supplement manufacturers, longevity clinics, and more [8]. The collaborative efforts of these entities are paving the way for groundbreaking advancements in the field.




        Moreover, governments and health systems have begun to acknowledge the significance of healthy aging initiatives, acknowledging the opportunity to mitigate the soaring healthcare costs associated with age-related diseases. The impact of the COVID-19 pandemic has further underscored the importance of implementing preventive health measures and addressing the specific vulnerabilities that arise with advancing age. This realization has prompted policymakers and healthcare systems to prioritize initiatives that promote healthy aging and focus on proactive measures to enhance overall well-being in aging populations.




        The convergence of investment, entrepreneurial drive, and governmental support signifies a paradigm shift towards prioritizing and harnessing the potential of healthy aging. By fostering collaboration between private and public sectors, we can anticipate accelerated progress in developing effective interventions, therapies, and preventive strategies that address the challenges posed by aging. This concerted effort holds the promise of extending lifespans and ensuring that those extra years are characterized by vitality and well-being.




        Strong future growth of the wellness economy has been predicted by the Global Wellness Institute (GWI) with a post-pandemic resurgence, with an average annual growth rate of 9.9%. By 2025, the wellness economy is projected to reach nearly $7.0 trillion [9]. According to the Global Wellness Institute, the wellness economy accounted for 5.1% of global economic output in 2020, underscoring its significant presence and impact. This sector encompasses eleven distinct areas, each contributing to the overall wellness economy (Fig. 2):
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Fig. (2))


        Graphic illustration of the global wellness economy. Data sourced from the Global Wellness Institute [9].



        1. Personal Care & Beauty: Valued at $955 billion, this sector focuses on products and services related to personal grooming and appearance enhancement.




        2. Healthy Eating, Nutrition, & Weight Loss: With a value of $946 billion, this sector emphasizes promoting healthy dietary practices, nutrition education, and weight management.




        3. Physical Activity: Valued at $738 billion, this sector encompasses various forms of physical exercise, sports, and recreational activities.




        4. Wellness Tourism: With a value of $436 billion, wellness tourism involves travel experiences and destinations prioritizing health, relaxation, and well-being.




        5. Traditional & Complementary Medicine: This sector, valued at $413 billion, includes practices and therapies beyond conventional medicine, such as herbal remedies, acupuncture, and Ayurveda.




        6. Public Health, Prevention, & Personalized Medicine: With a value of $375 billion, this sector promotes public health initiatives, disease prevention, and tailored medical approaches.




        7. Wellness Real Estate: Valued at $275 billion, this sector pertains to the development and design of living spaces that prioritize wellness, incorporating features like green buildings, access to nature, and community health amenities.




        8. Mental Wellness: With a value of $131 billion, this sector addresses mental health and well-being, encompassing services, therapies, and initiatives that promote emotional balance and psychological well-being.




        9. Spas: Valued at $68 billion, the spa industry provides a range of relaxation, beauty, and treatments to enhance physical and mental well-being.




        10. Workplace Wellness: With a value of $49 billion, workplace wellness programs aim to improve employee health and well-being through various initiatives, including fitness programs, stress management, and health screenings.




        11. Thermal/Mineral Springs: Valued at $39 billion, this sector focuses on utilizing natural thermal and mineral springs for their therapeutic properties, offering opportunities for relaxation and rejuvenation.




        These eleven sectors collectively contribute to the growth and dynamism of the wellness economy, shaping a future where well-being and holistic health are central pillars of society and the global economy.


      




      

        Aging




        Aging manifests as a complex process that triggers the progressive functional decline of various tissues and organs. At the molecular, cellular, and physiological levels, aging encompasses many interconnected features, including genome and epigenome alterations, protein homeostasis disruptions, diminished cellular and subcellular functions, and disturbances in immune signaling. As the aging process unfolds, mitochondrial DNA experiences oxidative damage to varying extents, resulting in impaired cellular energy metabolism, cellular dysfunction, and even cell death. The interplay between the antioxidant capacity of mitochondria and age-related changes disrupts physiological cell signaling, compromising cell integrity and hastening aging.




        One notable consequence of aging is the emergence of low-grade chronic inflammation, commonly referred to as inflammation. This persistent state of inflammation has been associated with numerous degenerative disorders in human populations. Intriguingly, inflammation induces local tissue inflammation and systemic changes in endocrine, metabolic, and nutritional systems, further exacerbating pro-inflammatory conditions (Fig. 3).
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Fig. (3))


        Graphic illustration of the relationship between aging and inflammation.



        Inflammaging assumes a global perspective as it is a common biological denominator underlying a range of seemingly disparate age-related pathologies, including atherosclerosis, cardiovascular diseases, type 2 diabetes, metabolic syndrome, sarcopenia, osteoporosis, cognitive impairment, and frailty [10]. Its role in developing painful disc degeneration, known as degenerative disc disease (DDD), has been particularly emphasized. While localized inflammation within intervertebral disc (IVD) tissue has been extensively investigated in recent years, emerging evidence suggests that systemic inflammation also contributes to DDD (Fig. 4).




        Therefore, interventions targeting the reduction and management of inflammation hold significant promise as powerful tools to modulate and counteract age-related health deterioration, functional decline, and cognitive impairment and ultimately extend the population's lifespan [10]. Researchers and clinicians can unlock novel approaches to enhance overall health and well-being during aging by focusing on strategies that aim to mitigate inflammation.


      




      

        Degenerative Musculoskeletal Diseases




        Degenerative musculoskeletal diseases (DMD), encompassing conditions such as osteoporosis, osteoarthritis, degenerative disc disease, and sarcopenia, pose significant challenges for the aging population. These conditions severely restrict mobility and dexterity, increasing the risk of falls and leading to early retirement, diminished well-being, and reduced social participation. Consequently, they profoundly impact the overall quality of life, causing a significant reduction in well-being [10]. Among these DMDs, intervertebral disc (IVD) degeneration is widely acknowledged as contributing to low back pain. While obesity, genetics, trauma, and sedentary lifestyles have been associated with IVD degeneration, the precise cellular and molecular mechanisms underlying this degeneration are complex and multifactorial.
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Fig. (4))


        Graphic illustration of the relationship between localized inflammation within intervertebral disc (IVD) tissue and systemic inflammation which may also contribute to degenerative disc disease.



        IVD degeneration is a significant driver of low back pain (LBP), with a lifetime prevalence of 84%. LBP is the primary cause of disability worldwide, affecting most adults at some point in their lives. Since 1990, the number of years lost to disability due to LBP has risen by 54% [11]. Managing low back pain is challenging, as it is often classified as non-specific, with the specific source of pain remaining unidentified. Furthermore, LBP frequently coexists with other medical comorbidities, requiring additional attention and resulting in poorer treatment response. The persistence of low back pain is evident, with approximately two-thirds of patients still experiencing pain after twelve months.




        A recent study published in The Lancet highlighted the prevalence of low back pain, one of the most common types of pain reported in healthcare settings drawing upon data from the 2021 Global Burden of Disease Study [12]. In a 2023 Lancet publication, the authors estimated the worldwide prevalence of low back pain between 1990 and 2020 across over 204 countries and territories [13]. The findings revealed that in 2020 alone, low back pain affected a staggering 619 million individuals worldwide, with projections indicating a rise to approximately 843 million by 2050, representing a 36.4% rise. In 2020, the global age-standardized rate of years lived with disability (YLDs) was 832 per 100,000 population, ranging from 578 to 1070. Over the period from 1990 to 2020, there was a decrease in the age-standardized rates of both prevalence and YLDs, amounting to 10.4% (with a range of 10.9 to 10.0) and 10.5% (ranging from 11.1 to 10.0) respectively. Notably, 38.8% (with a range of 28.7 to 47.0) of YLDs were attributed to occupational factors, smoking, and high body mass index (BMI) [13]. The most significant increase is expected in Asia and Africa, primarily driven by population growth. However, aging is anticipated to be the main driver in East Asia, South Asia, Latin America, and the Caribbean. The study, published in The Lancet Rheumatology, is part of the Global Burden of Disease Study 2021. The research highlights that older people face a higher risk as the prevalence of low back pain increases with age, with 85 years being the peak age of impact. The high vulnerability of the elderly population highlights the need for specific clinical guidelines for managing low back pain in this group.




        Globally, low back pain accounted for 69 million years lived with disability (YLDs) in 2020, indicating the years spent in suboptimal health. Although there has been a decrease in all-cause YLDs since 1990, low back pain remains the primary driver of YLDs worldwide [13]. The Lancet study identifies several risk factors for low back pain, including smoking, obesity, and occupational ergonomic factors such as repetitive movements and heavy lifting at work [13]. These factors contribute to nearly 40% of the YLDs associated with low back pain. The prevalence of low back pain varies across regions, causes, and age groups. The study analyzes data from 1990 to 2020 in 204 countries and territories. Hungary and the Czech Republic have the highest age-standardized rates of low back pain, while Myanmar and the Maldives have the lowest rates. Population growth and aging are key factors influencing the rankings of different countries in the study [13]. Females exhibited higher global prevalence rates than males across all age groups, with more pronounced differences observed in older age groups, particularly among those over 75 (Fig. 5). The global age-standardized prevalence rate per 100,000 was also higher in females (9330; 95% uncertainty interval [UI] 8370–10,500) than in males (5520; 4930–6190). Prevalence and years lived with disability (YLDs) increased with age, reaching peak rates around 85 years. Among all age groups, the 80–84 age group had the highest YLD rate per 100,000 globally (2440; 1470–3490).
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Fig. (5))


        Global prevalence of low back pain by age and sex in 2020 Shaded areas represent 95% uncertainty intervals. Source: Global Disease Burden Study, 2021.



        The study highlights low back pain's enormous societal and economic impact, including productivity loss due to missed workdays and reliance on pain medication and emphasizes the need for public health prevention strategies, particularly for the elderly, and notes that low back pain leads to more people leaving the workforce than any other chronic health condition among working-age populations. Further, research consistently demonstrates a strong correlation between back pain and reduced physical activity [14]. The limitations imposed by back pain often result in a sedentary lifestyle, as individuals avoid movements that exacerbate their discomfort. However, this lack of physical activity can harm overall health, including weight gain, muscle weakness, cardiovascular problems, and an increased risk of chronic conditions such as diabetes and heart disease [14]. Addressing the challenges associated with DMDs and low back pain requires comprehensive approaches that encompass early detection, effective treatment strategies, and a focus on promoting physical activity and overall well-being. By prioritizing research, prevention, and targeted interventions, we can strive to alleviate the burden imposed by these conditions and enhance the quality of life for individuals affected.


      




      

        Precision Medicine




        The emerging paradigm of precision medicine holds immense potential to revolutionize healthcare by customizing interventions to individual needs, ultimately leading to improved patient outcomes and optimized resource utilization. This transformative approach aims to provide more accurate diagnoses, effective treatments, and targeted preventive strategies, resulting in enhanced health outcomes and a higher quality of life for individuals. In low back pain, advancements in diagnostic tools are being harnessed to identify underlying causes and contributing factors, thereby guiding appropriate treatment and prevention strategies. Significant progress has been made in diagnostic imaging technologies, such as magnetic resonance imaging (MRI) [15-20], positron emission tomography (PET) [21], and computed tomography (CT) [22]. These state-of-the-art imaging modalities have undergone significant advancements in resolution and diagnostic capabilities. By offering detailed anatomical and functional information, they play a pivotal role in detecting, staging, and following various diseases and conditions.




        By leveraging these advanced diagnostic tools, individuals can adopt a proactive approach to their health. Armed with comprehensive information, they can make informed decisions and embrace preventive strategies to maintain optimal wellness and reduce the risk of developing certain diseases or conditions. Precision medicine empowers individuals to understand their unique health profiles and tailor interventions accordingly, promoting early detection, personalized treatment plans, and targeted preventive measures. This individualized approach to healthcare has far-reaching implications [23]. It enables healthcare providers to optimize treatment outcomes by tailoring interventions to each patient's needs, reducing the risk of adverse effects and minimizing healthcare costs associated with trial-and-error approaches [23]. Additionally, precision medicine supports proactive health management, shifting the focus from reactive care to preventive strategies. By identifying risk factors, genetic predispositions, and early disease indicators, interventions can be initiated before symptoms manifest, potentially mitigating the impact of diseases and improving long-term health outcomes.




        Precision medicine in pain management and spine care holds the promise for developing novel therapeutics and interventions thereby decreasing the need for opioids. By understanding the intricate molecular and genetic mechanisms underlying pain syndromes, clinicians involved in interventional and surgical pain management can identify specific targets for intervention and design tailored treatments of pain generators that are more effective and potentially less invasive and costly (Fig. 6).
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Fig. (6))


        Graphic illustration of the four disease groups – osteoporosis, osteoarthritis, degenerative disc disease, and sarcopenia that contribute to disease burden in the elderly and the most likely to respond to cell-based anti-aging treatment cards.

      




      

        Targeted Care Models




        As precision medicine continues to evolve, it has the potential to revolutionize healthcare systems, enhancing patient care and fostering a more personalized and proactive approach to well-being. The latter is relevant to aging but a healthy patient who is held back by low back pain-related problems that ultimately impact the physical and emotional outlook on life. By integrating advanced diagnostic tools, genetic profiling, and targeted interventions, targeted precision medicine represents a significant stride toward improving healthcare outcomes and promoting individualized wellness. Many of the chapters are on novel targeted care models based on the improved understanding of the molecular and genetic mechanism of painful conditions affecting the musculoskeletal system and the spine in particular. Patients will increasingly gravitate towards practitioners who address their individual concerns and offer alternatives to the stalemate frequently playing out in public health care systems where red tape and bureaucracy are directing care employing population-based health care models. These systems will likely prove unsustainable because of constant cost overruns, and rationing – nowadays already seen in many healthcare systems - would be the only way to control cost [24-26]. Here lies the opportunity for those businesses to address the increasingly unmet needs of patients left without help by the traditional care models (Fig. 7).
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Fig. (7))


        Graphic illustration of longevity business model aimed at increasing the lifespan in good health.

      


    




    

      CONCLUSION




      The health longevity market is expected to grow as the world's population ages, and people continue to adopt healthy lifestyles to promote longevity. This includes regular exercise, stress management techniques, sleep optimization, and healthy eating. The marketplace offers various services, products, and experiences intended to support these lifestyle choices. As the quest for eternal youth continues, it is essential to maintain a realistic perspective and focus on promoting healthy lifestyles, preventative care, and advances in medical science. These approaches can significantly improve the quality of life, extend healthy years, and support the overall goal of aging gracefully and maintaining well-being as we age. The intersection of regenerative medicine, stem cells, and intervertebral disc regeneration presents a unique opportunity to promote healthy longevity. By harnessing the regenerative potential of stem cells, clinician-researchers are paving the way for innovative therapies that can restore damaged intervertebral discs, relieve back pain, and improve mobility. The potential preventative effects of these therapies offer the potential to maintain spinal health as people age, contributing to a longer, healthier life with a better quality of life.
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      Abstract




      Degenerative disc disease stands as the predominant etiological factor behind low back pain. In recent years, the therapeutic modality of mesenchymal stem cell (MSC) infusion directly into the nucleus pulposus of the deteriorating disc has gained prominence. The intricacies of the intervertebral disc, a biomechanically robust tissue, span its components - the annulus fibrosus, nucleus pulposus, and cartilaginous endplates. Compromising the integrity of these elements can precipitate advanced disc degeneration due to biomechanical disruption. Animal models have demonstrated the therapeutic potential of MSCs. Particularly, adipose-derived stem cells (ASCs), a subset of MSCs originating from adipose tissue, possess attributes akin to their bone marrow-derived counterparts, metamorphosing into mesodermal structures, encompassing bone, cartilage, muscle, and fat. Their abundance in the human system,




      coupled with minimally invasive extraction methods, makes them appealing for regenerative medicine applications. A comprehensive literature assessment presented in this chapter delineates the therapeutic paradigm of MSCs in addressing degenerative disc disease (DDD) pain. To date, research predominantly centered on the nucleus pulposus, while neglecting the annulus fibrosus and cartilaginous endplates. Notably, clinical manifestations like annular ruptures, Modic alterations, or Schmorl's nodal formations typically hint at pathologies within these overlooked structures. The prospects of successful regenerative interventions within the annulus, endplates, or nucleus pulposus remain controversial, considering the hostile, nutrient-deprived milieu of the deteriorating intervertebral disc often culminating in the swift demise of the introduced MSCs. Singularly targeting the compromised nucleus pulposus via existing MSC-centric regenerative modalities may not achieve disc restoration. Therefore, MSC-based theurapeutic strategies should not just include the nucleus pulposus but also the affected annulus fibrosus and cartilaginous endplates.
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      Introduction




      Low back pain, which plagues nearly 40% of the global populace, stands as a primary driver of muskuloskeletal disability [1]. This affliction predominantly stems from degenerative disc disease (DDD), an insidious condition marked by the degradation of the extracellular matrix and the decline in cellular viability, especially within the nucleus pulposus [2]. As a potential countermeasure, the In vivo reintroduction of live cells into the nucleus pulposus, sourced either from the patient or external donors, is gaining traction as a viable avenue for disc regeneration [3]. The spectrum of cellular candidates under investigation for therapeutic interventions in disc degeneration includes notochordal cells, nucleus pulposus cells, annulus fibrosus cells, chondrocytes, mesenchymal stem cells (MSCs), embryonic stem cells, and induced pluripotent stem cells, among others [4-18]. Of particular interest are the MSCs, residing in assorted stem tissues. These cells encapsulate a diverse cohort comprising pluripotent stem cells, progenitors, and mature cells [20]. Their prolific origin, coupled with their innate potential for self-renewal and versatile differentiation, has elevated MSCs as a favored contender for revitalizing the intervertebral disc via transplantation. Contemporary clinical explorations have elucidated the utility of MSCs, either autonomously or synergistically with biomaterial frameworks, to rejuvenate compromised discs [2, 3]. While these strides are commendable, the MSC-therapies are not covered by most health insurance carriers.




      

        Normal Structures and Natural Healing




        The annulus fibrosus (AF) repair mechanism is hampered, in part, due to the scant cell populations' struggle to metabolize and renew extensive collagen fiber aggregations, an obstacle further exacerbated by a constricted vascular supply [19]. The sophisticated constitution of the AF poses considerable obstacles to tissue regeneration endeavors [20]. Contemporary knowledge offers a modest understanding of the AF's foundational cellular biology, notably concerning the origins and functional capacities of specific cell clusters, and their phenotypic transformations post-trauma or in disease states. The viability of regenerative modalities that can surmount the demanding mechanical stresses and austere intra-disc milieu to realize effective AF regeneration remains unanswered [21].




        Architecturally, the AF is layered into 15-25 concentric laminae, with slanting collagen fibers organized parallelly within each lamina. These fibers' angle-ply orientation (θ) diminishes progressively from ± 62° to ± 45° relative to the vertical axis, transitioning from the disc's periphery towards its center [22]. Glycosaminoglycan proportions amplify from 3% to 8% per wet weight as one traverses from the AF's external to internal sectors, concurrent with a declining type I to type II collagen ratio. The inner AF predominantly hosts spherical fibrocartilaginous cells, while its exterior is rich in elongated fibroblast-resembling cells. The AF environment also nurtures diverse cell types, including peripheral, interlamellar, and stem/progenitor cells.




        The cartilaginous endplate, a svelte hyaline cartilage layer, bears resemblances with articular cartilage. Despite comprehensive studies on articular cartilage restoration, the nuances of endplate repair remain comparatively less explored [22]. Past endeavors in cartilage regeneration often culminated in the emergence of fibrocartilage as opposed to reinstating the native collagen lattice, resulting in functional inadequacy. Consequently, the rejuvenation of pristine cartilaginous endplate structures becomes paramount in addressing back pain and preserving disc nutrient supply. However, the poorly understood mechanisms of endplate restoration, compounded by gaps in comprehension regarding its cellular biology and biomechanics, have stymied the formulation of efficacious therapeutic approaches targeting cartilaginous endplates in the context of low back pain.


      




      

        Normal Structure of the Intervertebral Disc




        The IVD is a fibrocartilage structure that connects the vertebral bodies, contributing to spine mobility and acting as a shock absorber. It consists of three main structures: the nucleus pulposus (NP), the annulus fibrosus (AF), and the cartilaginous endplates (CEPs). The NP, located at the core of the IVD, contains NP stem/progenitor cells, notochordal cells, chondrocyte-like cells, water, and extracellular matrix (ECM) [23]. The ECM of NP comprises proteoglycans and collagen type II, providing hydration and pressure resistance. The AF surrounds the NP and primarily comprises collagen type I arranged concentrically. It has inner and outer regions, with the inner AF containing more collagen type II and proteoglycans, while the outer AF predominates collagen type I [10]. The CEPs, avascular organs, border the vertebral bodies and facilitate nutrient supply through diffusion.




        The nucleus pulposus (NP) serves as the central component of the intervertebral disc (IVD) structure. It consists of various cell types, including NP stem/progenitor cells (NPPCs), notochordal cells, chondrocyte-like cells, water, and extracellular matrix (ECM) [24, 25]. The ECM of the NP is primarily composed of proteoglycans and collagen type II, with proteoglycans attracting water and contributing to the high hydration level of the NP. This hydrated state enables the NP to withstand the pressure exerted on the spinal structure and fulfill its role in resisting compression [25, 26].




        Surrounding the NP is the annulus fibrosus (AF), with cartilaginous endplates (CEPs) bordering the vertebral bodies on the outer side [23, 26, 27]. The AF predominantly consists of concentrically arranged collagen type I [25, 26]. It can be divided into two parts: the inner AF, adjacent to the NP, which contains a higher proportion of collagen type II and proteoglycans, and the outer AF, where collagen type I is more predominant [23, 28]. Compared to the NP, the AF contains less collagen type II. The CEPs, the other hand, are avascular structures with a network of capillaries in the center, which facilitates vascularization of the vertebral bodies [24]. The CEPs serve as a gateway for nutritional supply through a diffusion mechanism [28].


      




      

        Pathophysiology




        The onset of this degenerative cascade is marked by the calcification of the cartilage endplate (CEP) coupled with the attrition of notochordal cells in the IVD [29]. Such calcification impairs the diffusion process, hindering the transport of oxygen and vital nutrients to the IVD [30, 31]. This disruption catalyzes an upsurge in lactic acid concentration, inducing an acidic milieu within the IVD. This acidic ambience not only undermines nutrient supply but also instigates cellular apoptosis, accelerating the degeneration process [26, 32]. Subsequently, there is a downtrend in the extracellular matrix (ECM) synthesis, whereas matrix metalloproteinases (MMPs) – the catalysts of ECM catabolism – either maintain their activity or intensify [31]. Proinflammatory agents, namely interleukin (IL) and tumor necrosis factor (TNF)-α, amplify this catabolic drive. They inhibit proteoglycan and collagen synthesis, accentuate MMP operations, and incite inflammation. The collaborative effects of TNF-α, IL, and nerve fibers play a pivotal role in pain genesis associated with IVD degeneration. As degeneration progresses, the IVD's sensory innervation increases, encompassing the CEPs, which is believed to be influenced by the release of neurotrophic factors by deteriorating IVD cells and vascular tissues, thereby intensifying the pathophysiological pain response [31, 33, 34].




        Both physiologically aged and pathologically compromised intervertebral discs manifest diminished signal intensity in T2-weighted magnetic resonance imaging, leading to the appearance of “black discs” [19]. Disc degeneration due to aging arises from diminished nucleus pulposus cellular activity or numbers, subsequently causing a reduction in ECM, especially proteoglycans, synthesis [19]. Contrastingly, painful degenerative discs are typified by structural breaches and the emergence of vascularized granulation tissue, which originates from annulus fibrosus tears or flawed endplates, permeating into the nucleus pulposus, paired with pronounced nociceptive innervation [35, 36]. Any breach, be it in the annulus fibrosus or endplate, instantaneously modifies the disc's biomechanical dynamics, inducing nucleus pulposus decompression and magnified annulus fibrosus strain [19]. Animal degeneration models have underscored that disruptions in the annulus or endplate invariably precipitate degenerative transformations throughout the disc [37]. As degeneration ensues, the nucleus pulposus contracts and its intrinsic hydrostatic pressure diminishes, shifting a higher mechanical burden onto the annulus fibrosus [19]. In such a biomechanical context, reparative strategies at the cellular level within the annulus fibrosus or nucleus pulposus are rendered impractical, not due to cellular inadequacies but owing to the transformed local biomechanical millieu.
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