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Abstract
Across many of the surgical specialties, the use of minimally invasive techniques that utilize indirect visualization has been increasingly replacing traditional techniques which utilize direct visualization. Arthroscopic surgery of the appendicular skeleton has evolved dramatically and become an integral part of musculoskeletal surgery over the last several decades, allowing surgeons to achieve similar or better outcomes, while reducing cost and recovery time. However, to date, the axial skeleton, with its close proximity to critical neural and vascular structures, has not adopted endoscopic techniques at as rapid of a rate. Over the past decade, increased patient demand for less invasive spine surgery combined with surgeon desire to meet these demands has driven significant evolution and innovation in endoscopic spine surgery. In addition, there has been an enormous advancement in technologies that assist in navigation and automation that help surgeons circumvent limitations of direct visualization inherent to less invasive techniques. There are currently a multitude of endoscopic techniques and approaches that can be utilized in the treatment of spine disorders, many of which are evolving rapidly. Here we present a review of the field of endoscopic spine surgery, including the background, techniques, applications, current trends, and future directions, to help providers gain a better understanding of this growing modality in spine surgery. 
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Core Tip: Endoscopy is a rapidly evolving minimally invasive technique in the field of spine surgery. This review aims to summarize the history, current techniques, and discuss the benefits, limitations, and future directions of this minimally invasive technique.

INTRODUCTION
Minimally invasive surgery (MIS) with integration of endoscopic techniques has continued to expand its application across various surgical specialties due to its applications of smaller surgical corridors and cannulas[1]. Modern endoscopic approaches allow surgeons to reduce incision size, decrease blood loss, and report less postoperative pain, however, a significant learning curve associated with its adoption does exist[2-6]. Currently, most endoscopic procedures are performed within either an existing 3-dimensional (3D) cavity or the enlargement of a potential space, including endoscopy of the gastrointestinal tract, nasal sinuses, cerebral ventricles, and thoraco-abdominal compartments. However, spinal endoscopy involves a different approach as surgical manipulation within confined spaces is performed. Endoscopic spine surgery has been developed as a MIS technique for decompression in patients with lumbar disc herniation and lumbar stenosis, as decompression by lumbar spinal fusion is the gold standard treatment for a variety of lumbar degenerative diseases[7,8]. Reports as early as 2008 describe the first use of endoscopic technology in fusion surgeries, specifically for transforaminal lumbar interbody fusion (TLIF) procedures[9], as previous approaches reported limitations. The first TLIF approach was described as an open technique in 1998 by Harms et al[10]. This was a unilateral approach to the disc space through the ipsilateral facet joint, enabling the placement of an interbody spacer to achieve indirect decompression of impinged nerve roots[11]. With technical refinements and the development of a tubular retractor, the first MIS TLIF was performed and reported as a combination of less tissue disruption and shorter recovery time resulting in reduced postoperative pain, improved clinical outcomes, and lower costs[9-12]. However, recent research has identified potential limitations in the use of MIS TLIF procedures, as it has been suggested that the retraction of muscles during surgery may lead to muscle degeneration and long-term weakness[8]. Although, MIS endoscopy in spine is a novel technique that may distinguish itself from other approaches, it is still in its nascency and several limitations are important to recognize such as: the steep learning curve when transitioning from traditional open surgery to endoscopic techniques[13], limited field of view and lack of resolution, thus making identification of anatomic structures difficult[1,14], and disorientation due to indirect visualization, resulting in the surgeon being unable to accommodate orientation and perspective[1]. It has been proposed that the implementation of advanced optical systems and the refinement of surgical instruments could effectively mitigate the aforementioned challenges. [15]. As endoscopic spine surgery becomes increasingly prevalent, it is critical to understand the applications, progression and continued safety and efficacy of endoscopy in minimally invasive spine surgery. This review addresses previous and current techniques of endoscopic applications in MIS, specifically TLIF procedures, and discusses benefits, limitations, and future perspectives. 

HISTORY OF ENDOSCOPIC SPINE SURGERY
The use of endoscopes in spine surgery dates back to the early 20th century, when they were first utilized for diagnostic purposes (Table 1). In 1931, Burman used arthroscopic tools to perform “myeloscopies” in cadavers which allowed direct visualization of the spinal cord and nerve roots[16]. In 1936, Stern developed a tool called the “spinascope”, which was used by Pool in 1938 to visualize nerve roots of the cauda equina and their accompanying blood vessels in patients using an incision “not over 2.5 mm”[17,18]. The breakthrough of fiber optic technology revolutionized the field of endoscopy during the 1970s. Prior to the 1970s, endoscopes were limited by their ability to transmit light and image quality was poor. The use of fiber optic cables in endoscopes allowed for the transmission of bright, high-quality images and enabled surgeons to visualize the inside of the body in greater detail. It also made it possible to design smaller and more flexible endoscopes, which made it easier for surgeons to access and maneuver within small and confined spaces in the body, such as the spinal canal. The foundation for endoscopic spine surgery was formed by the evolution of a needle–based technique called percutaneous endoscopic discectomy in the 1970s. In 1973, Kambin demonstrated a technique for percutaneous nonvisualized indirect spinal canal decompression—percutaneous nucleotomy-through a posterolateral approach using a Craig cannula[19]. Two years later, Hijikata ran an independent study which demonstrated the same technique using a 2.6-mm cannula[20]. The evolution of this technique was characterzied by the addition of the endoscope. 
During the 1980’s, advancements in technology and techniques became more prominent as the introduction of TLIF was introduced by Harms and Rolinger, which was a lateral approach to the disc space, and reduced the amount of thecal sac and nerve root retraction[21]. Furthermore, this technique afforded a less invasive alternative to traditional posterior lumbar interbody fusion. That following year, Forst and Hausman were the first to introduce the endoscope into the intervertebral disc space[22]. Over time, Kambin published the first endoscopic view of the nucleus pulposus in 1988 and it was followed by Schreiber and Suezawa in 1989, who were the first to perform a percutaneous nucleotomy using endoscopy[23-25]. In the 1990’s, advancements were made in spine endoscopy techniques and technology based on two different approaches, the extraforaminal and interlaminar approaches. A deeper understanding of the “Kambin Triangle” allowed for the expansion of endoscopic spine surgery beyond the limits of percutaneous nucleotomy. Kambin's triangle provided a pathway for the use of larger instruments and channels near foraminal pathology without risking injury to the exiting nerve[19-26]. The concept of a safe zone between the exiting and traversing nerve roots in the foramen allowed endoscopic spine surgery to extend into the foramen. In 1993, Mayer and Brock introduced the use of an angled lens scope to improve visualization of annular pathology[26]. In the mid 1990’s, the introduction of multichannel endoscopes with larger working channels were then introduced by Tsou et al[27] and were later developed and studied in the years to come. 
Furthermore, the YESS endoscope was first designed for the “inside-out” technique by Yeung in 1997, and foraminoscopy was first developed which was described by Mathews in 1996 and Ditsworth in 1998[29-31]. In the same year, Harms et al[10] described the first TLIF approach as an open technique, which was a unilateral approach to the disc space through the ipsilateral facet joint, enabling the placement of an interbody spacer to achieve indirect decompression of impinged nerve roots. During that same year, Kambin and Zhou[31] described workflows for decompressing the lumbar nerve root through anulectomy and relieving lateral recess stenosis. After the turn of the new millennium, further developments and techniques in endoscopic spine surgery were further refined and unveiled. Hoogland introduced the “outside-in” technique using a transforaminal approach in 2003[32]. Two years later, Schubert and Hoogland then described a method for transforaminal endoscopic removal of a sequestered disc fragment using reamers which enlarged the foraminal window by removing the ventral portion of the superior articular process[33]. In 2007, Ruetten et al[34] facilitated the direct endoscopic decompression of foraminal pathology, based on the introduction of multichannel endoscopes with larger working channels by Tsou et al[27] in 1997 and several clinical studies including those by Yeung and Tsou in 2002. 
More recently, studies have further examined techniques and workflow to avoid risk of exiting root injuries. In 2013, Choi et al[36] reported a workflow to avoid such injury such as, measuring the distance from the exiting root to the facet at the lower disc level based on preoperative magnetic resonance imaging scans. Alternative surgical methods, such as microdiscectomy or conventional open discectomy, should be considered if the distance is too small. With current advancements in technology and refinement in techniques, risk of injury and potential barriers are underway of being well studied and understood. 

TECHNIQUES IN ENDOSCOPIC SPINE SURGERY 
There are various endoscopic techniques that can be used to treat spine disorders. These techniques involve using a camera to indirectly view the surgical area (Figure 1), with the camera being inserted into the body through a channel called a working channel (Figures 1 and 2). The size and number of working channels are used to classify different types of spinal endoscopy. The capabilities and benefits of these techniques depend on the size and number of working channels, with a trade-off between having larger or more channels, which can allow for the use of multiple instruments but may cause more tissue disruption, and having smaller or fewer channels, which may cause less tissue disruption but limit the use of multiple instruments. The three most common techniques are full endoscopy, microendoscopy, and biportal endoscopy (Table 2). Full endoscopy involves the use of a single working channel, which holds the endoscope and one surgical instrument in the same tubular device (Figure 2). The working channel only allows for the use of one instrument at a time, so the operator must change the instrument if they want to use a different one. The small size of the working channel means that the camera and the instrument must be moved together, with some modifications allowing for limited independent movement of the instrument's distal end. To create space around the surgical area during full endoscopy, an aqueous environment is typically used to separate tissues. One advantage of this technique is that it causes less collateral tissue damage compared to other techniques. However, the single working channel limits the ability to use multiple instruments concurrently and independently control the camera and instrument movements, which can be limiting during spine procedures. In order to retract tissue during surgery, some full endoscopy techniques use beveled working channels that allow the surgeon to use the working channel as a retractor. The size of the working channel can also limit the ability to implant devices. 
Microendoscopy involves the use of a single, larger working channel that allows for the concurrent use of multiple instruments and independent control of the endoscope. In this category of techniques, a rigid endoscope (microendoscope) is attached to a tubular retractor that includes tissue dilators to reduce the need for muscle retraction. The most common system in this category is the METRx tube assembly. This increased flexibility allows the surgeon to use multiple instruments simultaneously and have both hands free. The larger working channel size also allows for the use of a wider range of tools and the implantation of devices such as interbody cages and bone graft. The main disadvantage of microendoscopy is that it may cause more tissue disruption due to the larger portal size, though the clinical impact of this is not well understood. Another disadvantage is that it is currently performed in a dry environment, without the use of an aqueous field to aid in tissue separation and visualization. 
Biportal endoscopy involves the use of two working channels: one for the endoscope and one for instruments. This approach is similar to arthroscopy techniques used in other arthroscopic procedures and allows for independent control of the scope and instruments, as well as greater freedom of instrument positioning. Biportal endoscopy may be more familiar to surgeons who have experience with other peripheral joint arthroscopy techniques, as many of the principles are similar. Like full endoscopy, biportal procedures use an aqueous environment to create a space around the surgical site. The main disadvantages of biportal endoscopy are the need for multiple access portals, which can cause more tissue disruption, and the limited ability to implant devices. Additionally, the lack of a contained joint space and the need to exchange and co-locate instruments through multiple portals can make the procedure technically more challenging.

SURGICAL APPROACHES IN ENDOSCOPIC SPINE SURGERY
There are two primary approaches most commonly used for endoscopic spine surgery: The posterolateral (or interlaminar) approach and the extraforaminal (or transforaminal) approach. The interlaminar approach involves making a paramedian incision to access the lamina and interlaminar space, allowing the surgeon to directly reach the spinal structures within the central canal and lateral recesses. This technique is similar to open microscopic lumbar/thoracic decompression, which is familiar to many spine surgeons. The decompression process in this technique is also similar to that of open microscopic decompression. This approach is suitable for a wide range of spinal disorders, as many of these conditions involve neural compression in the central and/or lateral recess zones. The transforaminal approach is a posterior-lateral percutaneous approach to the disc or epidural space through the foraminal window that aims to preserve normal musculoskeletal structures. The transforaminal approach involves making a far lateral incision for cannula set up to allow instruments to access the transforaminal and lateral foraminal zones in an area known as Kambin's triangle (Figure 2). This approach provides direct access to the foramen and is often used for isolated, unilateral foraminal conditions or neural compression in the lateral recess or central canal due to ventral disc pathology (Figure 3). One key benefit of this approach is that it can provide direct access to the area of concern without requiring a large skin incision, extensive muscle retraction, unnecessary bone removal, or general anesthesia. However, the transforaminal approach has the disadvantage of being limited in its ability to address many types of lateral recess or central stenosis caused by dorsal pathology.

UPTICK IN STUDIES ON ENDOSCOPIC SPINE SURGERY
In the last few years, investigation into endoscopic spine surgical techniques has erupted with over 250 related publications on the technique in 2020 compared to less than 50 in 2012[37]. The evolution of different techniques within endoscopic spine surgery such as full endoscopy, microendoscopy, and biportal endoscopy has contributed to this tremendous growth, with recent publications exploring efficacy in numerous procedures through the cervical, thoracic, and lumbar spines. Lumbar disc herniation is one of the most common spinal pathologies and numerous randomized controlled trials (RCTs) have shown similar patient pain scores and functional outcomes with microdiscectomy, the gold standard procedure, and endoscopic surgery for lumbar disc herniation[38-40]. A prominent, early clinical trial, by Ruetten et al[41] demonstrated similar pain and disability ratings between 178 patients randomly assigned to either endoscopic discectomy or microdiscectomy for lumbar disc herniation. Endoscopic approaches for transforaminal lumbar interbody fusion (TLIF) have not been extensively studied because endoscopic techniques generally lessen collateral tissue damage and minimize the need for fusion. Moreover, the size of interbody cages used in fusions are usually too large for the endoscopic access channel, thus more expandable cages are being developed for use[37]. Kim et al[42] Examined 87 patients who underwent biportal endoscopic TLIF or MIS TLIF and found significantly lower visual analog scale (VAS) scores in the endoscopic group at two months but no differences in fusion or pain scores at later time points. Furthermore, a case series by Kamson et al[43] demonstrated significant improvement in VAS scores and patient satisfaction in 85 patients who were elected for an endoscopic TLIF. Due to the lack of RCTs (likely due to prior lack of expandable interbody cages), more research is needed to deem endoscopic techniques effective for TLIF procedures. Endoscopic surgery has also been examined in the context of several other common spinal pathologies and procedures including lumbar spinal stenosis, posterior cervical discectomy and foraminotomy, and spondylolisthesis[44-46]. Many of these studies have found endoscopic techniques to be equivalent to open surgery and other MIS techniques with inconsistent benefits of shorter operative times and hospital length of stay[43,45,46]. 

CURRENT TRENDS IN USAGE 
Although literature examining endoscopic spine surgery has increased globally, the technique is still much more commonly utilized in Asia and Europe compared to the United States[47,50]. A recent study evaluating geographical usage trends in endoscopic spine surgery found that 70.3% of Asian surgeons and 55.2% of non-Asian surgeons utilized endoscopic techniques (P = 0.015). Additionally, Asian surgeons used endoscopic decompression techniques which required extensive training twice as much as non-Asian surgeons[50]. The basis of the significant difference in volume of endoscopic procedures between Asia and the United States/Europe is multifaceted. In a recent minireview, Yoon and Wang supported the statement above and discussed the reasons for the low usage rate of endoscopic spine surgery in the United States: (1) A lack of United States billing codes for endoscopic spine surgery; (2) Poor surgeon reimbursement for endoscopic procedures; (3) A lack of profit/interest for medical device companies; and (4) Philosophical differences in goals for spine surgery[47]. In the United States, it is clear financial motivation from surgeons and medical device companies is towards fusion procedures and not endoscopic techniques[37,47]. Because endoscopic procedures minimize the need for fusion, medical device companies will get less revenue (due to less plates, interbody cages, and screws sold to hospitals), and surgeons will be compensated less making United States adoption extremely challenging. 
Another reason for less usage of endoscopic techniques for spinal surgery in the United States is due to a limited number of training and educational programs on the topic. In the United States, there are no formal training programs/fellowships with endoscopic techniques for spinal surgeons[47]. There are occasional cadaver workshops for interested surgeons in the United States, however Kim et al[48] found that these workshops simply introduce the instrumentation and basic technique. The workshops do not offer practical guidelines such as diagnostic workup, surgical indications, and specific procedural steps for management of different spinal pathologies with the endoscopic technique. Due to the training/educational behaviors and steep learning curve related to endoscopic techniques in spine surgery, even highly motivated surgeons in the United States face several challenges when attempting to familiarize and implement endoscopic spine techniques into their repertoire. Overall, financial, educational, and training barriers contribute to the limited utilization of endoscopic spine techniques in the United States. 

LIMITATIONS 
Although the development of enhanced lighting and visualization techniques are critical to the progression and safety of endoscopic approaches in spine surgery, particularly minimally invasive spine surgery, there are barriers to adoption that do exist. Firstly, most surgeons will experience a steep learning curve when transitioning from traditional open surgery to endoscopic techniques[13]. Secondly, the limited field of view and lack of resolution makes identification of anatomic structures difficult to view. Lastly, disorientation from indirect visualization may result in the surgeon being unable to accommodate orientation and perspective[1]. The transition from traditional open surgery to minimally invasive endoscopic surgery is associated with a steep learning curve. The air-tight and tubular approach requires surgeon manipulation and attention shift from the surgical field to indirect use of two-dimensional monitor viewing, in addition to careful hand–eye coordination[13]. Furthermore, Hirano et al[14] described the endoscopic surgical approach to be the opposite of open posterior lumbar decompressions, as microsurgery is done from the outside in, whereas posterior lumbar decompressions are done from the inside out. However, further development of endoscopic instruments may help improve the safety of endoscopic TLIF and reduce the learning curve[4]. In addition, it has been reported that novel surgeons may obtain hands-on training with cadaver simulation when adopting endoscopic surgery for practice[13,50-52].
Aside from the steep learning curve, another common challenge of MIS endoscopic technique is the limited field of view and lack of resolution, therefore making identification of anatomic structures difficult. As anatomical landmarks are absent, there is the possiblity of inadequate exposure during surgery with insufficient decompression, inaccurate placement of cages, and an increased risk of pedicle screw malpositioning[14]. Furthermore, multiple fluoroscopies are required to ensure accurate pedicle screw placement, which may increase the radiation exposure to patients and medical staff[9,14]. Basil et al[1] reported anatomical disorientation is due to the optical angle of the endoscopic generally being between 0° to 30° depending on the spinal level at which the endoscope is used. Thus, endoscopes with larger optical angles can lead to greater surgical disorientation because the human eye is accustomed to a 0° optical angle when viewing the world[1,53]. As the next stages of developments in surgical optical systems occur visualization will improve, helping mitigate such challenges. 

CONCLUSION
Like many other surgical subspecialties in recent years, spine surgery has migrated towards minimally invasive techniques, allowing surgeons to achieve the same goals as they do with open surgery, but with decreased collateral tissue damage and better patient outcomes[13]. Many studies have illustrated adequate functional restoration and decompression of the spine with surgeons utilizing endoscopic techniques[42-47]. Regarding surgical results, the current literature suggests endoscopic techniques are in line with other MIS techniques but not clearly superior. Therefore, more long-term, RCTs comparing endoscopic techniques with other MIS spine techniques are needed to demonstrate additional benefits in the usage of endoscopic techniques. If these studies demonstrate superiority with endoscopic techniques compared to other MIS techniques, then the barriers for adoption of endoscopic techniques in the United States such as medical device company financial motivations and lack of training centers for endoscopic spine surgery may be overcome. Medical device companies in the United States make a large portion of their money in spine surgery from selling hospitals interbody cages, pedicle screws, and rods used during fusion procedures. Historically, endoscopic spine surgery has achieved decompression while minimizing the need for fusion, thus creating an impediment for adoption in the United States. However, recent technological advancements such as biportal endoscopic surgery and expandable interbody cages have popularized endoscopic TLIF procedures. This may be an avenue to allow medical device companies to profit from selling their instrumentation while enabling better patient outcomes with endoscopic techniques. In summary, due to the migration towards minimally invasive techniques, and the ongoing focus on patient-centered care in spine surgery, it is likely endoscopic techniques will integrate even further into the United States and offer an additional MIS technique for patients and surgeons. 
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Figure Legends
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Figure 1 Direct endoscopic view from tubular/retractor-based camera that provides a two-dimensional image on a screen with digital zoom.
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Figure 2 Minimally invasive surgery endoscopic technique. A: Endoscopic cannula inserted in posterior lumbar region; B: Tubular/retractor-based setup where the camera can be inserted into the body through a channel called a working channel.
[image: ]
Figure 3 Direct two-dimensional endoscopic view (top of image as anatomically medial, bottom as lateral, left as cranial, and right as caudal) with dura mater exposed. A: Disc has compressed nerve ventrally; B: Disc irrigated, exposed, and removed to alleviate nerve compression; and C: Nerve has been decompressed.

Table 1 Chronological timeline showing the technical and procedural advancements of endoscopic spine surgery
	Decades
	Events

	1930’s
	1931: Burman's “myeloscopies” in cadavers, successfully visualized the spinal cord and the nerve roots

	
	1936: Stern's development of new instrumentation, termed “spinascope”

	
	1938: Pool's myeloscopies through incisions “not over 2.5 mm”, visualized the nerve roots in great detail 

	1940’s-1950’s
	Technological advancements in optical lens systems and the development of fiber-optics

	1960’s
	1963: Smith's injection of chymopapain intradiscally called "chemonucleolysis", led to “intradiscal decompression"

	1970’s
	1973: Kambin's and Gellmann's feasibility study of mechanical nuclear debulking by inserting Craig cannula via posterolateral approach

	
	1975: Hijikata preformed first percutaneous nucleotomy (posterolateral approach, < 2.6 mm)

	
	1977-1978: Gazi and Caspar introduced microsurgical techniques

	1980’s
	1982: Harms and Rolinger introduced transforaminal lumbar interbody fusions

	
	1983: Forst's and Hausman's introduction of arthroscopy into intervertebral disc space

	
	1986: Kambin further developed percutaneous discectomy

	
	1988: Kambin;s first endoscopy view of herniated nucleus pulposus

	
	1989: Schreiber, Suezawa, and Leu were the first preformed percutaneous nucleotomy under visual control and endoscope (discoscopy)

	1990’s
	1990: Kambin created, "Kambin Triangle", a percutaneous technique

	
	1990: Spine surgeons started doing minimally invasive spine surgery by magnification loupe or under microscope

	
	1991: Kambin and Sampson developed cannula (10 mm-23 mm) for interlaminar and transforaminal endoscopy

	
	1996: (Foraminoscopy) Matthew's preformed a more lateral mass route and prefomed foraminal epidural endoscopic surgery

	
	1997: Yeung had designed YESS endoscope and
developed technique of “inside out” technique 

	
	1998: (Foraminoascopy) Ditsworth's preformed endoscopic transforaminal procedure 

	
	1998: Harms described the first TLIF approach as an open technique

	
	1998: Destandau and Foley developed tubular retractor
system and endoscopy aided spine surgery through interlaminar approach 

	2000’s
	2003: Hoogland introduced the outside- in technique using transforaminal approach

	
	2005-2006: Rutten and Choi extended indications and developed interlaminar endoscopic discectomy

	2010’s
	2013: Choi presented work flow to avoid risk of exiting root injury, a step forward in endoscopic spinal surgery




Table 2 Pros and cons of full endoscopy, microendoscopy, and biportal endoscopy
	Technique
	Pros
	Cons

	Full endoscopy
	Least amount of tissue damage out of the three
	Cannot move camera and tool independently

	Microendoscopy
	Space for more tools, space for implanting devices
	Large portal size 

	
	
	Dry environment only

	Biportal endoscopy
	Independence of tools 
	Most tissue damage out of the three

	
	
	Locating tools more 

	
	Familiarly with other arthroscopic techniques
	Challenging
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