CURRENT TREATMENT OPTIONS FOR INTERVERTEBRAL DISC PATHOLOGIES


Abstract

The complex structure of the intervertebral disc within the spine is well suited to its mechanical function. However, it is also prone to degeneration, which is associated with various clinical symptoms and conditions, ranging from disc herniation to back pain to spinal stenosis. Most patients’ conditions are managed conservatively but a small proportion progress to having surgery. This may be decompression (to remove tissue such as the disc, bone or hypertrophic ligaments impinging on nerves) or fusion of the normally mobile intervertebral joint to immobilise it and so reduce pain. These used to involve fairly major surgical procedures but in the last decade there has been much progress to make the surgery more refined and less invasive, eg using endoscopic approaches. Simultaneously the research world has been studying and developing tissue engineering and cellular techniques for attempting to regenerate the intervertebral disc, whether simply the central nucleus pulposus or a complete intricate assembly to replicate the native structure of this and the surrounding annulus fibrosus, cartilage endplate and bone. To date, none of the complex entities have been trialled, whilst cellular approaches are easier to utilise, have progressed to clinical trials and may offer a better solution.
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Introduction
There is nothing simple about the intervertebral disc.  It is a highly organised structure which has many anatomical and biochemical peculiarities. For example, the healthy adult disc is generally considered to be the largest avascular structure in the body with its cells in the central nucleus pulposus being further from blood vessels (and so a source of nutrients) than in any other tissue. Biochemically, the molecules of the main protein present, collagen, have more crosslinking between them than anywhere else in the body.  

A major function of the intervertebral disc is, of course, mechanical. Interspersed between, but directly attached to the vertebrae at its outer edges, they not only carry large loads due to the body weight and muscle activity, but they must allow movement in all planes to avoid rigidity in the spine. They are located within a 'functional spinal unit’ (FSU)  with its many different components, including ligaments, muscles, facet joints, in addition to the vertebrae and the thin hyaline cartilage endplates between the vertebrae and the discs themselves (Figure 1a).  Each of these units has six degrees of freedom and is exposed to huge forces and moments which are a part of the twisting and bending that it is subjected to, being controlled mostly by the enormously complex arrangement of the paravertebral muscles in three different layers. The cervical discs support a delicate stalk carrying a head weighing ~5Kg, whilst the greatest hydrostatic loads arise in the lower lumbar discs.  This is due largely to body weight and muscle activity and, together with the natural lordotic curvature of the spine here, likely contributes to the lower two discs being most commonly affected by degenerative changes in the disc; this in turn is associated with low back pain.  

The inner nucleus pulposus (NP) and outer annulus fibrosus (AF) derive from different embryological regions (the notochord and sclerotome, respectively) and have different resident cell populations with a very low cell density1. The biochemistry and particularly organisation of the NP and AF also differ greatly. The NP consists of type II collagen and has a higher water and proteoglycan content, being gelatinous in the first decade of Iife in humans, in contrast to the more collagenous (consisting mostly of type I collagen) and highly organised AF with its concentric but interconnected lamellae (Figure 1b). 

Degeneration of the intervertebral disc and clinical sequelae.
Degeneration of the intervertebral disc is very common, with microscopic changes being seen in the first decade of life2. The poor blood supply of the human disc, with only a few millimetres of the outer disc being supplied after the age of two in humans, is believed to be a major reason for the propensity of the disc to degenerate. In fact, it is remarkable that any disc survives intact for the biblical three score years and ten, let alone many years beyond that, as we all live much longer. The hyaline end plates, superior and inferior to the disc, allow diffusion of vital nutrients from the adjacent vertebral bodies to cells inside the nucleus. A reduction in diffusion due to calcification of these end plates (due either to normal ageing or a cumulative stress phenomenon) is the start of degeneration of the soft nucleus pulpous, with progressive degradation and loss of proteoglycan and loss of water. These changes eventually occur throughout the disc but are most severe in the NP; they then lead to fragmentation, fissure formation, vascularisation, nerve ingrowth and loss of disc height3. A



An annulus fibrosus which is no longer adequately supported because of a dehdrated NP may bulge (prolapse) like a flat car tyre, or even rupture as an extruded or sequestrated herniation.  These herniations may irritate or actually compress a branch of the sciatic nerve, resulting in distal radicular symptoms and often unbearable sciatica; if the disc bulges diffusely it may, together with hypertrophied facet joints, contribute to a spinal stenosis syndrome ('jelly legs').  An acute midline rupture of an annulus in the presence of a normal nucleus may produce a large central disc bulge which will compress many branches of the lumbar and sciatic nerve roots on both sides – resulting in a cauda equina syndrome (Figure 2), with lower limb paralysis and loss of control of bladder and bowel.  This is a surgical emergency. In addition, the degenerative changes allow more forces to be transmitted to the outer annulus and vertebrae, culminating in changes like non-marginal osteophytes. 

As the human population ages, more and more people are reaching the last decades of life surviving and coping with altered biomechanics.  Once this process alters at one level, it affects the function at adjacent levels, resulting in a chain reaction- the end result of which is progressive problems, often ending up in a spinal deformity. The rise of adult degenerative scoliosis surgery in the last two decades is proof of that, with the incidence of genetically determined idiopathic adolescent scoliosis not changing, but the incidence of degenerative scoliosis is4. 

Whilst both degenerate (black) discs and disc herniations can be clearly identified, for example on magnetic resonance images (MRIs; Figure 2a-c) and no doubt have some bearing on the pain in some individuals, the clinical symptoms of both these conditions do not always appear to correlate well to the MRI changes5. This may in part reflect the complexity of the nerves and their receptors that control signals and function between the different tissues within the functional spine unit (FSU) as well as the coordination between different FSU’s. Referred pain patterns into the limbs can complicate matters further; this, together with the peripheral and central sensitisation phenomenon in the neural circuits proximal to the peripheral stimulus source often makes a surgeon’s job to pinpoint the source of pain difficult. Added to this, there may be overlay of different genetic controls of pain sensation pathways in different individuals6. A recent large genome wide association study (GWAS) of 509,000 individuals, indicates there to be a very complex genetic architecture overlapping the genetic predisposition to back pain with its biopsychosocial risk factors. The authors of this study suggest that there are two strong molecular axes of back pain, one relating to structural or anatomic disc problems and the other relating to pain perception and processing7.

Current Treatment Options
Non-surgical Treatments
Current treatment options for disc disorders are no different from old treatment options except in the detail.  As ever, if the pain is not intrusive, analgesia will likely improve capability and quality of life until the pain passes.  If pain persists, then exercise, heat, cold, corsetry, acupuncture, radio frequency/shock waves and varying intensities of massage may make the pain better for a while in some individuals, but, as ever, could make it worse in others.  Beyond that we are looking at degrees of invasion such as local infiltration of trigger points with local anaesthetic and steroid, or beyond that again to surgery, if distress, weakness, disability and the passage of time justify it.  There is little more to be said about non-surgical current treatment options for disc problems.  They are harmless in the main, endless in variety of application and success.

Surgical Treatments
There is a broad range of surgical treatments available for certain spinal pathologies. When the natural history of a condition is unlikely to be in the patient’s favour, or non-operative treatment is not effective, then surgical treatment may be offered to the patient. A surgeon’s job is to evaluate by means of clinical history, examination and investigations, situations where surgery is likely to be beneficial. In cases where the main origin of pain is still in the periphery, and localisable to a level, surgical treatments are likely to be successful, but if the pain pattern has peripheral and central sensitisation features, then surgery is unlikely to change that.

There are four main types of surgical procedures:
a.  Decompression for neurological problems
b.  Fusion to abolish motion at a functional spinal unit
c.  Motion preservation/modifying surgery in the form of disc replacement/dynamic fixation devices
d. Deformity surgery to realign biomechanics between a large number of functional spinal units. 

Decompression is performed for compressive disc or disc-osteophyte lesions in the lumbar and cervical spine presenting as radiculopathy, with symptoms of pain and weakness or numbness. The simplest decompression is a discectomy, that is removal of that part of the disc seen to be pressing on a nerve plus any loose fragments in the intervertebral space.  Surgical technique in the lower lumbar spine has progressed from removal (laminectomy) of the posterior arch (lamina) of the vertebra at the relevant level, to small incisions and interlaminar working using a microscope, to percutaneous endoscopic surgery with the surgeon gazing at a TV screen rather than the patient.  Recent advances in surgical techniques for this type of surgery have been the development of Fully Endoscopic Spine Surgery (FESS) which allows interlaminar and transforaminal approaches to deal with disc protrusions and osteophytes8. The interlaminar technique is being used to perform lumbar decompressions as well as cervical discectomies and foraminotomies.  This miniaturisation in treating disc herniations by endoscopy will likely transform this field of spinal surgery just as laparoscopy and minimally invasive surgery has done in the GI and abdominal field of medicine.

Results of decompression surgery are generally good, with 85-90% patients experiencing rapid relief from the symptoms of ‘sciatica’ or ‘brachalgia’. Patients who have surgery are often worse at baseline than conservatively managed patients, but obtain a quicker recovery back to normal, although the long term results may be no different9.  Decompression is also done for compressive spinal cord lesions presenting as myelopathy in the cervical and thoracic spine. The results of this type of surgery are generally good, with 85-90% patients benefiting from it. In cord lesions, recovery is often partial or does not happen, but in most cases further deterioration can be halted. 

Decompression is also undertaken for spinal stenosis, an age-related condition which usually presents late in life, resulting from the intervertebral disc degenerating at one or multiple levels and, or hypertrophy of the facet joints and ligamentum flavum, resulting in circumferential squeeze on the cauda equina.  Patients may complain of progressive pain and weakness in the lower limbs with every additional metre of distance walked.  The only treatment, if treatment is sought, is surgical decompression, probably bilaterally and at multiple levels, much as described for disc prolapse but also perhaps including trimming of those facet joint components which add to the nerve root compression.

Fusion is often done to alleviate pain from a limited number (one or two) of FSUs, using the old principle of abolishing pain by abolishing motion. Nature is trying to do that anyway, as most discs towards the end stage of the degeneration process will end up with adjacent vertebral osteophytes that will stiffen motion, and exchange stiffness for less pain. If the patient’s symptoms are disproportionate, then surgery may be helpful. The techniques to achieve fusion have changed over time, although the basic concept has remained the same. 
The various approaches to fuse a spinal level used to traditionally be either postero-lateral or anterior interbody fusion using autologous iliac crest bone grafts. Instrumentation in the form of pedicle screws (Figure 3) shortened hospital stays for patients, and obviated the need for post-operative bracing. The use of bone graft substitutes and expanders along with better instruments have improved the union rate of these fusions to 90-95%. Minimally invasive techniques to achieve fusion have also been developed with lateral interbody fusions and minimally invasive trans-foraminal fusions. These have helped patients recover and return to their chosen activities faster10. Because there is always some risk that the transplanted bone will not fuse to the spine, clinicians have been looking for something that will enhance the fusion process to produce a higher success rate.  Such a product was considered found in 2002 when early clinical results suggested that BMP-2 (bone morphogenic protein) did improve fusion rates anywhere in the spine when added to bone graft11.  Later studies reported a raft of serious complications: implant displacement, subsidence, infection, low sperm count, radiculitis, ectopic bone formation and osteolysis12; these concerns have inevitably lead to a reduction in the use of BMPs more recently.

Motion preservation/motion modifying surgery of intervertebral joints has always been an attractive option, with the great success achieved by hip and knee replacements serving as an obvious inspiration and example.  The American FDA- approved prospective randomised trials comparing single level fusion with disc replacement in the lumbar spine have been published with 5 year results13, but fears of what happens to these devices in the longer term as they wear out dampens surgical and patient enthusiasm for this technique. Longer results of these devices have not been very successful14. Wear and failure patterns of hip and knee replacements are well known, and similar wear patterns are likely in the spine as well. Whilst revisions of knee and hip arthroplasties are possible, the difficulty in replacing ‘worn out’ disc replacements is a significant surgical and neurological challenge. 

Other motion modifying implants have been introduced, and many have failed to catch the fancy of most surgeons. These include devices attached posteriorly in the lumbar spine to restrict flexion and extension at the end range whilst allowing motion in the mid-range, or devices that constrain the motion across the complete range. In addition, in some patients who may also have osteoarthritic changes in the facet joint, it is difficult to see how a disc replacement alone will serve any long term purpose. Whilst cervical disc implants are generally more satisfactory than in the lumbar region, there have been reports of a large number of disc replacement devices in the cervical spine ending up with heterotopic ossification and fusion naturally15.

Adult deformity surgery has grown a lot in this century, with the ever increasing demands to remain active by a rapidly ageing population forcing surgeons to address this problem. Concepts of whole spine sagittal balance, co-relation with pelvic tilt and relative contributions of various parts of the spine to this overall balance have been put forward16,17.  These concepts are being used to surgically treat this complex but demanding group of patients, but complication rates in some studies have reached 50%18. Surgical techniques have advanced, initially borrowing the open techniques from the expertise of adolescent idiopathic scoliosis surgeons, and building on them. Vertebral osteotomies are used commonly to achieve large corrections, but equally the use and benefit of minimally invasive techniques is likely to grow and help reduce surgical morbidity in this group of patients. Minimally invasive surgery is already being used effectively for dealing with metastatic spine cord compression patients19, and this experience of fixing multiple FSU’s is likely to spill over into adult deformity along with use of better instruments and minimally invasive fusion techniques. 

Most of what has been written above refers to the lumbar spine.  It applies equally to the cervical spine except that cervical discectomy is likely to be combined with anterior interbody fusion to prevent kyphosis deformity.  Surgery of the cervical spine presents an element of greater risk than in the lumbar spine because of the proximity of the spinal cord.  Disc problems in the thoracic spine are uncommon perhaps because of splintage via the ribs to the sternum.

Biological and Cellular Therapies
The dull fact is that the current conservative and surgical treatment options for disc problems are no different from what they were decades ago, except in the details of technique and in the increase in cost.  However, there are exciting treatment options in prospect by cell biologists and biochemists rather than surgeons and which could represent a great advance at last.  This edition of the journal reports some of these advances, and there are others. For example, nucleus pulposus cells may be converted to osteogenesis, so that discs may eventually be turned into bone - providing a cellular and biological fusion, rather than a surgical one20.  Autologous mesenchymal stromal cells have been embedded in tricalcium phosphate and used as a bone graft substitute for spinal fusion in an ongoing trial21. This work holds out the prospect of avoiding the need to harvest bone graft from the pelvis and the associated complications22.
Cells removed from different connective tissues have been injected into intervertebral discs of patients in isolated studies for more than 20 years now, whether these be freshly isolated from, for example, bone marrow, or whether they be culture-expanded to result in a more homogenous population of cells. The populations of autologous and allogeneic cells have ranged from uncharacterised cells isolated from herniated discs23,23 to chondrocytes, fibroblasts, and several sources of mesenchymal stromal cells (MSCs), but most commonly from adipose tissue or bone marrow24,24. Interestingly, MSCs sourced from adipose tissue respond differently to hypoxic conditions, such as would typically be found within the disc, by producing greater levels of angiogenic and neurotrophic factors (Ang2, VEGF A, NGF and NT-3) than bone marrow derived MSCs25,25. 
Whilst most cells in clinical trials have been sourced from adult tissues, there have also been many investigations into notochordal, embryonic and foetal cells, as well as induced pluripotent stem cells (iPS)26,27. Another approach is to trigger the population of endogenous progenitor cells within the disc, identified by various markers such as ‘stem cell’ markers, Notch1, Delta4, Jagged1, C-KIT, KI67, and Stro-128,28; certain glycosaminoglycan epitopes29,30 or Tie+ and GD2+31. The frequency of some of these populations, eg the Tie+ and GD2+ cells decreases with an individual’s age31, which may be a limitation in future clinical strategies. 
Scaffolds and support matrices have also been used; fairly simple chemicals such as collagen and atellocollagen gels and sponges32 or hyaluronan (HA) have commonly been used with and without cells whilst there have also been many sophisticated tissue engineering solutions created in vitro.  Hamilton et al33, for example, have created composite structures of NP, CE and bone, or complete disc-like structures, using a variety of materials such as silk, polycapralactone (PCL) and calcium triphosphate (reviewed in 34). Taking these to a clinical product would require further development and challenges but they do allow excellent test and model systems for studying biological processes.
Repair of the AF alone, such as would likely be beneficial to reduce reherniation, brings different challenges. These are mainly due to the high tensile and shear stresses arising in the outer lamellae which have to retain the high hydrostatic pressure of the inner AF and NP. Whilst some limited natural repair can occur35, it is generally felt that a suitable biomaterial would render a tissue engineered solution more successful. Various collagen preparations have been examined but generally are mechanically inept. Synthetic materials, such as PCL, polylactide and polyglycide monomers and polymers offer more strength or even polyurethane and polyamide, sometimes in conjunction with natural polymers such as HA or fibrin (reviewed in 36,37). 
There has been considerable scepticism about the challenges cells being injected or implanted to regenerate intervertebral disc tissue would face in comparison to, for example, articular cartilage in the knee38,39. Some of these relate to the lack of an adequate nutrient supply to the centre of the disc (the region furthest from the source of nutrients but also most prone to degeneration), but there is also concern about applying cells to the disc via an injection and so creating a puncture hole, since this is known to precipitate degeneration in animal studies40 and humans who had discography as a diagnostic procedure41. The much larger hydrostatic pressure in the centre of the disc is another factor thought to perhaps have a negative effect on implanted cells42. 
Despite these concerns, there are actually some encouraging results coming through from some trials which have been undertaken recently. For example, a Phase 3 trial with a subpopulation of allogeneic Stro3+ mesenchymal progenitor cells (MPCs) sourced from human bone marrow and culture-expanded is underway in the US and Australia following a successful completion of Phase 1 and 2 trials. This success may be due to a different mode of action (MoA) of the implanted cells than often assumed with MSCs. Whilst it is commonly accepted that MSCs can produce immunomodulatory and anti-inflammatory factors, there is also evidence from in vitro and in vivo ovine studies that the MSCs implanted into the disc have the effect of reducing catabolic enzymes such as the aggrecanases (ADAMTS4/5) and the MMPs 2,3,9 and 13, so inhibiting their degradation of proteoglycans and aggrecan43 . Hence if the main MoA is not to differentiate into disc cells with anabolic effects, but rather to reduce catabolism, then if the degradation can be halted, the implanted cells may not even need to remain alive for long, so nutrient flow may be irrelevant.

The Phase 3 trial of MPCs (MPC-06-ID; NCT02412735) has recruited 404 patients and is coming to completion with 24 month follow up in 202044. Patients were randomised to one of 3 arms (saline, hyaluronan (HA) or HA plus 6 million MPCs) and injected once with the appropriate treatment or placebo into the intervertebral disc. Outcome measures are pain via a visual analogue score (VAS) and a reduction in Oswestry Disability Index (ODI) functional score at 12 and 24 months. If this replicates the encouraging results of the Phase 2 trial of 100 patients with 4 arms (saline, HA, HA + 6 million MPCs and HA + 18 million MPCs), it could provide a huge boost to the use of MSCs, not only in the disc but in orthopaedics generally.

Certainly from a safety perspective, there appears to be little of concern for using MSC therapy in orthopaedic conditions. Centeno et al45 demonstrated that in >3000 procedures performed on 2400 patients (59 being in the spine), the incidence of neoplasm up to 9 years post-treatment was actually lower than in the general population.

Conclusion 
The future could be an exciting time for clinicians in the spine field. The demand for regenerative approaches to intervertebral disc and vertebral bone is likely to increase significantly with changing demographics leading to more age-related disc degeneration and better cancer treatments meaning that patients survive the primary carcinoma longer, so more will go on to develop metastases in the spine. Looking even further into the future, treatment options for disc problems could well be largely by injection and the end of surgical interventions as we know them.  



FIGURE LEGENDS


Figure 1a. The intervertebral disc is key to positioning all the other tissues, including the spinal cord (SC) and nerve roots (NR) within a functional spinal unit. Its different regions, the annulus fibrosus (AF), nucleus pulposus (NP) and cartilage endplate (CE) are populated with cells of different phenotypes, which synthesise the matrix in a random pattern in the NP and with a highly structured organisation in the AF.
Figure 1b. The lamellae of the AF are clearly integrated into the adjacent ones via both collagen fibres as seen with a form of polarising light in (A) and schematically (B). There is also an elastin network between and across lamellae (not shown). Image from Schollum et al46.

Figure 2. (A) Degeneration of the intervertebral disc can be identified by loss of signal on MRI (synonymous with loss of water) often described as a ‘black disc’ , seen at L4-5 and L5-S1 (arrows). This may be accompanied by ‘Modic’ changes in the adjacent vertebrae (*).  (B) Herniated disc at L5-S1 (arrow). A cauda equina caused by bilateral herniation of the L4-5 disc (arrow), seen in both an A-P view (C) and axial plane (D). 

Figure 3. (A.)  Post-operative X-ray image of L4-S1 percutaneous pedicle screw fixation providing L4-5 & L5-S1 anterior lumbar interbody fusion.
(B.) Pre-operative lateral erect radiograph of L3-4 degenerative listhesis with severe disc height collapse and foraminal stenosis (indicated with arrow)
(C.) Post-operative erect radiograph of the patient in (B.) with lateral trans-psoas inter body fusion (*) & percutaneous pedicle screw fixation resulting in increased disc height and foraminal dimensions (indicated by arrow).
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